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INTRODUCTION

The introduction of a novel antibiotic or antibaoterial

agent into clinical practice is the culmination of several years

work by relatively large numbers of specialists in widely different

fields of science. The details of the testing procedures employed

in the selection of the compound of choice from a large number of

candidates will vary, depending upon the nature of the substance

being evaluated, but the general principles remain the same.

Thus, although the final proof of the value of an anti¬

baoterial agent is the olinical result obtained when the drug is used

to treat infection it is clearly impracticable to evaluate new drugs

by clinical trial alone. Consequently, the therapeutio potential of

a novel antibiotic must be assessed by study of seleoted parameters in

the laboratory. These include measurement of antibaoterial activity

in vitro and in vivo, and studies of the absorption, distribution and

metabolism of the drug in animals and healthy volunteers. The

toxicology of the compound is also of great importance and is a factor

which calls for the generation of vast amounts of data from animal

studies.

In addition to the evaluation data generated during the

selection or assessment procedures, other parameters are of importance.

For instance, knowledge of the interaction of the test compound with

other available drugs, of the mode of action, and of the rate of

development of resistance, provides information to be considered in

the assessment of activity. Moreover, the potential value of a

compound whioh is in clinical use may be greatly affected by the

emergence of resistant bacteria and understanding of this is important

as part of ongoing evaluation.
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The sections below illustrate the factors involved in the

laboratory evaluation of new antibiotics and in the assessment of

the therapeutic potential of these drugs, by reference to experi¬

mental data obtained in my laboratory in investigations with novel

penicillins or other antibacterial substances.
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I. PRINCIPLES OF LABORATORY EVALUATION PROCEDURES

1. Antibacterial activity In vitro

The primary test of antibacterial activity is usual ly¬

tictermination of the minimum concentration of drug required to

prevent growth of the test organism in liquid or in solid medium

after overnight incubation. The minimum inhibitory concentration

(MIC) determined in this way is the basic measure of antibacterial

activity in vitro, and the relative activities of antibacterial

compounds are measured by comparison of MIC values. However, the

MIC may be greatly influenced by test conditions, and for meaningful

evaluation it is essential that these factors should be taken into

account. For example, the antibacterial activity of certain anti¬

biotics is affected by pH or by composition of the medium, but this

is not usually the oase with penicillins. In addition, the activity

of some antibiotics may be greatly influenced by the presence of

blood or serum as a result of protein binding (1, 6), and the

significance of this is discussed separately (1, 2). Similarly, the

size of inoculum used in the test can have a marked effeot on the MIC,

and this may be an important factor in the measurement of the activity

of 0-lactam antibiotics against P-lactamase-producing bacteria.

For instance, a penioillinase-labile penicillin, such as benzyl-

penicillin, shows a high level of activity against a small inoculum

of a penicillinase-produoing staphylococcus but is inactive when the

inoculum is large, whereas the activity of penioillinase-stable

penicillins is barely influenced by changes in inoculum size (6).

Likewise, the activity of broad-spectrum penicillins against Gram-

negative bacilli is often dependent upon the numbers of cells in the
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test inoculum as a result of ^-lactamase activity (24, 44). However,

an increase in MIC with increase in inoculum size does not necessarily

indicate drug destruction even with p-lactam antibiotics. A small

number of resistant cells may be present in the baoterial population,

and these may grow to visible proportions when a large inoculum is

used but may not be seen when the inoculum is small (14, 42, 44).
The rate at which resistant mutants can be selected in vitro is an

important parameter in the assessment of the therapeutic potential of

a new drug as the rapid development of resistance in vitro is often

paralleled in olinioal practice.

The relationship between the MIC as determined in vitro

and the activity of the antibiotic at the site of infeotion is not

entirely clear. It is generally assumed that the concentration

required for inhibition of bacterial growth at the site of infeotion

is the same as that required in vitro but this may not be the case

as the activity of the compound in vivo may be influenced by a number

of factors. For example, the growth of the organism at the site of

infection may be very different from that in vitro or its response

to the antibiotic may have been altered by exposure to the Immune

mechanism of the host. In addition, the antibiotic concentrations

present in vivo may vary extensively as the compound is absorbed and

excreted resulting in a situation very different to that in vitro

where the drug is present at a given concentration for the whole of

the test, usually 18-24 hours.

Nevertheless, despite these limitations, measurement of

the antibacterial activity of an antibacterial agent by determination

of minimum inhibitory concentrations is an important step in the

evaluation procedure. Experience has shown that the efficacy of a



drug in clinical practice is clearly related to its intrinsic anti¬

bacterial activity, when other parameters such as protein binding

and bioavailability are taken into account.

2. Protein binding

Most antibiotics are bound to some extent to proteins

present in plasma and tissues but a good deal of oonfuslon still

exists over the significance of protein binding. The binding of

antibiotics in serum is usually readily reversible, and the extent

of this binding depends on the structure of the drug in question and

the speoies of animal from which the serum has been obtained (1).

Marked differences occur in the extent of binding in the sera of

different animals and man, and for this reason it is important to

use human serum rather than serum from some other speoies for

laboratory work on antibiotic evaluation.

Protein binding has two important consequences from the

chemotherapeutic point of view. First, the protein-bound drug is

essentially without antibacterial activity and, as a result, the

activity displayed in vitro in the presence of serum is that of the

unbound fraction of the drug (1). Second, protein-bound drug is

relatively nondiffusible. The effect of protein binding in vivo,

therefore, is that a proportion of the drug is sequestered in a

temporarily inactive and nondiffusible form within the vascular

system. As a result, the diffusion gradient from the plasma to

the tissue fluid is determined by the level of free drug in the plasma

and not by the total level of drug and, hence, the concentration of

free antibiotic in the tissues will not be expected to exceed the peak

level of free drug reached in the plasma (2). Binding occurs not



only to serum proteins but also to the proteins present in lymph and

other fluids and, thus, depots of hound drug may exist in various

extravaacular compartments. However, because of the reversible

nature of the binding even highly bound compounds can be cleared

rapidly from the body (2, 6).

Since the levels of free aotive antibiotic in extravasoular

sites are determined by the levels of free drug reached in the plasma,

it would be expected that in order to aohieve a therapeutic effect

the level of unbound drug in the plasma should at least equal the MIC

of the pathogen in question. Examination of data available for a

number of antibiotics which are known to be clinically effective in

the treatment of staphylococcal infections indicates that this is

indeed the case. Thus, it can be shown that despite marked

differences in the extent of binding, level of antibacterial activity,

and total serum levels reached with normal dosage, the peak levels of

free antibiotic in the plasma do exceed the MIC (4).

3. Antibacterial aotivity in vivo

Activity against experimental infections in animals is

considerably more complex than activity in vitro, and interpretation

of in vivo activity in a quantitative sense may be difficult unless

the factors involved are determined separately (3, 36» 39, 40).

For example, activity against an experimental infeotion in a laboratory

animal depends not only on the intrinsic antibacterial activity of the

compound but also on the absorption, distribution, extent of protein

binding, and metabolism of the drug in that particular animal species.

In man these factors might be very different and, as a result, the

clinical value of the drug might not correspond with the findings



12

obtained in the laboratory animal. Differences between laboratory-

animals and man are particularly marked with respeot to absorption

and rates of exoretion of antibiotics. With many antibiotics, for

example, the rate of elimination in mice is particularly rapid, and

an inhibitory level is maintained in the animal for a very short time

compared with man. Harked differences also occur in the extent to

which antibiotics are bound to plasma proteins in man and in

laboratory animals (1) and may complicate the correlation between the

activity in the experimental animal and the probable aotivity if

administered to man.

Nevertheless, studies in experimental animals are of

significance in providing a demonstration of activity against an

infection in a living host. Moreover, if the individual factors

concerned in activity in the animal are measured, i.e. the levels of

drug reached in the blood and tissues, the extent of binding of the

drug in plasma, and the rate at which the drug is eliminated, the

determination of the protective dose may be of undoubted value in

comparing one compound with another. In particular, with knowledge

of these parameters it may be possible to demonstrate real differences

in the activities of related compounds and to draw meaningful conclusions

regarding their potential clinical usefulness which may not be apparent

from studies in vitro alone (38, 39).

4. Bioavailability studies in human volunteers

A crucial step in the assessment of the therapeutic potential

of a novel antibacterial agent is the initial study in which the drug

is administered to human volunteer subjects as there is no sure way

of predicting beforehand to what extent the pharmacological data



obtained in animals will resemble those in man. Attempts to assess

from data the probable relative oral bioavailabilities of

related compounds in man are particularly hazardous. Favourable

results in animals may or may not be reflected in man and vice versa.

For instance, the penicillinase-stable penicillin, flucloxacillin, is

absorbed to a signifioantly greater extent than its analogue,

cloxaoillin, in man but not in animals. Likewise, esters of

oarbenicillin, which itself is not absorbed by the oral route in man

(14), may be well absorbed in man and animals but not necessarily to

the same extent in the various test species (21).

In addition to the measurement of antibiotic levels in serum

and urine of volunteer subjects, in the oase of penicillins it is

possible to measure the exoretion in urine of inactive metabolites,

namely, penioilloio acids, as a guide to metabolism (4, 5).

Similarly, conversion of the administered oompound in the body to

another form or metabolite may be detected by use of suitable chromato¬

graphic or eleotrophoretio techniques (11, 12, 18, 21).

Overall, knowledge of peak serum concentrations, rate of

elimination of the oompound and extent of metabolism in human subjects,

coupled with the results of studies of antibacterial activity in vitro

and vivo, should enable a reliable assessment to be made of the

likely value of the new compound in clinical practice.



II. LABORATORY EVALUATION OF NEW PEKTOTT.T.TNS AWD POSER ANTIBIOTICS

1. Claaaifloatlon of penicillins

For convenience penicillins may be classified into three

groups according to their antibacterial spectra (4)<

(a) Narrow-spectrum penicillins. This group comprises

penicillins that have a spectrum of activity essentially

similar to penicillin G (benzylpenicillin) and inolude

oompounds such as penicillin V, phenethioillin, propicillin

and azidooillin. These penicillins are active mainly

against Gram-positive bacteria and show litti«» or only

moderate activity against Gram-negative bacilli.

(b) Penioillinase-stable penicillins. These are penicillins

that are active against penioillin-resistant strains of

Staphylococcus aureus as a consequence of their stability

to staphylococcal ^-lactamase (penicillinase). This group

inoludes methicillin, oxacillin, oloxaoillin, dicloxacillin,

fluoloxacillin and nafoillin.

(c) Broad-speotrum penicillins. The antibacterial spectra of

these penicillins encompasses Gram-positive and many Gram-

negative bacteria. Examples in clinical use are the

aminopenioillins, ampioillin and amoxycillin, the a-carboxy-

penicillins, oarbenioillin and tioaroillin, and the ureido-

penicillins, azlocillin and mezlocillin. In addition,

there are a number of derivatives or analogues of ampioillin

which hydrolyse to release the latter in vivo, for example,

hetacillin, metampioillin, pivanrpicillin, and talampicillin.



15

2. Penicillinase-stable penicillins

The mechanism of penicillin resistance in Staphylococcus

aureus is inaotivation of the penicillin molecule by production of

the enzyme p-lactamase (penicillinase) which opens the £-lactam ring

to form the antibaoterially-inaotive penioilloic acid. Although

cultures of these strains are resistant to penicillin the individual

cells are intrinsically sensitive. Consequently, when the penicillin

nucleus, 6-aminopenioillanio aold, was isolated it was considered likely

that the choice of suitable side chain structures might result in

penicillins which would be stable to staphylococcal penicillinase and

active against resistant strains.

In 1960, methioillin, the first of the penioillinase-stable

penicillins was introduced into clinical practice. However, although

this changed significantly the problem of the penicillin-resistant

staphylococcus, methicillin itself is intrinsically much less active

than benzylpenioillin against Staphylococcus aureus and must be given

by injection in relatively large doses (4). Accordingly, penioillin

derivatives were sought that would be more active and could be taken

by mouth. These properties were discovered in the isoxazolyl series

of penicillins which ultimately led to the clinical use of oxacillin,

cloxacillin, dioloxacillin and fluoloxacillln.

Early studies with the first of the series, oxacillin

(BRL 1400) showed that the penicillin was active against penicillin-

resistant staphylococci but was rather less active than a later

member, oloxacillin (BEL 1621), which was more stable to staphylococcal

p-lactamase than oxacillin (5). The results of later studies to

oompare the activities of four isoxazole penicillins, oxacillin,

cloxacillin, dicloxaoillin (BEL 1702) and flucloxacillin (BEL 2059)
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confirmed that oxacillin was the least active of the compounds against

3-lactamase-producing staphylococci (6). However, as there were no

marked differences in the levels of antibacterial activity of the four

penicillins, assessment of their therapeutic potential was based upon

protein-binding characteristics and bioavailability data measured

after administration to human volunteers. Thus, flucloxaoillin and

dioloxaoillin were shown to produce significantly higher antibiotic

concentrations in serum and urine after oral administration to man than

did oloxaoillin which was itself distinctly superior to oxacillin in

this respect (6). However, because dioloxacillin was bound to serum

protein to a greater extent than was fluoloxaoillin it was predicted

that the latter would be expected to compare favourably in clinical

use with the other three isoxazole penicillins (6).

3. Broad-spectrum penicillins

(i) Aminopenicillins

Ampioillin (a-aminobenzylpenioillin), the first of the

broad-spectrum penicillins, became available for clinical use in 1961,

since when the compound has achieved very considerable suooess in the

treatment of a variety of infections. As a result, several related

aminopenioillins have been introduced into clinical practice including

amoxycillin, cyclacillin and epioillin. In addition, a number of

drugs that hydrolyse in the body to form ampioillin have been reported,

namely, hetacillin, metampicillin and thiazolldine esters of ampioillin.

(a) Amoxycillin

Amoxycillin (a-amino-g-hydroxybenzylpenioillin), is closely

related to ampicillin and initial studies showed that the antibaoterial

spectra and levels of activity of both penioillins were essentially



similar (7, 9). Thus, both compounds were almost as aotive as

benzylpenioillin against penioillin-sensitive Gram-positive ooooi

but the aminopenioillins were distinctly more aotive against certain

Gram-negative baoilli. In combination with aminoglycosides or with

the penicillinase-stable penicillin, fluoloxacillin, synergistic

effects were observed against certain bacteria (29, 30» 37).

The major difference between amoxycillin and ampioillin is

that the former was found to be absorbed in man to a significantly

greater degree when administered by mouth, and as a result, the

antibiotic concentrations achieved in the serum of human volunteers

were about twioe as high as those of ampioillin (8, 9). Similarly,

the urinary excretion of amoxycillin was about double that of

ampioillin. It was predicted that amoxycillin could be expected to

oompare favourably with ampioillin in clinical use as a consequence

of its good activity and favourable absorption.

Amoxycillin was also found to be significantly more

effective than ampicillin in the treatment of experimental infections.

The comparative therapeutic effects produced by these penicillins in

animals were studied in detail and are discussed separately (39, 40).

(b) Hetaolllin

Hetacillin is the generio name for the compound obtained

by reaction of ampioillin with acetone. The antibacterial activity

of hetaoillin was found to be indistinguishable from that of ampioillin

but it was also shown that hetacillin hydrolysed rapidly in aqueous

solution to liberate ampioillin and acetone (11). Consequently, it

was concluded that the antibacterial activity of hetacillin was due

to the ampioillin formed by hydrolysis, a supposition which appeared

to be supported by the faot that the activities of analogues of



1 8

hetaoillin (condensation products of ampioillin and formaldehyde)

corresponded closely with the rates at which the compounds hydrolysed

to ampicillin. After oral administration to human volunteers electro-

phoretic studies showed that hetaoillin hydrolyaed rapidly in the body

and that only small quantities of unchanged hetaoillin were found din

the blood of the subjects (11). Moreover, the serum concentrations

of ampioillin obtained after administration of hetacillin were found

to be notably lower than those measured with ampicillin. Consequently,

it was concluded that as the therapeutio activity of hetaoillin was

due to the formation of ampicillin in the body and as the blood levels

obtained with hetaoillin were lower than those of ampicillin, there

would appear to be no advantage to be olaimed for hetaoillin.

(o) Metanrpiolllln

Metampicillin is the product produced by the reaction of

ampioillin with formaldehyde. As was the case with hetacillin,

metampioillin was shown to hydrolyse readily in aqueous solution to

liberate ampioillin and so it was not unexpected that the drug showed

antibacterial activity iji vitro similar to that of ampicillin (12).
After oral administration, metampicillin was not found in the blood

of volunteer subjects and the levels of ampicillin obtained with

metampioillin were lower than those produced by ampicillin (12).

On the other hand, unchanged metampicillin was detected in significant

quantities in blood after intramuscular injection. On the basis of

these properties it was concluded that it was unlikely that metampioillin

would offer any therapeutic advantage compared with ampicillin.

(d) Esters of ampicillin

Attempts to improve the absorption characteristics of

ampicillin have included the preparation of esters of ampicillin, in



which the ester is in the exposition of the thiazolidine ring, Such

esters are devoid of antibacterial activity and depend upon hydrolysis

in vivo to the parent penicillin after absorption from the gastro¬

intestinal tract. Studies with a series of laotonyl eaters of

acapicillin and other penicillins revealed that certain phthalidyl

esters of ampioillin were hydrolysed readily by animal tissues and

produced satisfactory blood concentrations of ampioillin in rodents

and squirrel monkeys (13)- In contrast, the phthalidyl esters of

penicillin V and oloxaoillin produced lower antibiotic concentrations

in animals than the parent compounds. The phthalidyl ester of

ampioillin (talampicillin) was shown to produce significantly higher

concentrations of ampicillin after administration to man than did

ampicillin and the compound was recommended for olinioal trial studies

(15).

(ii) Antipseudomonas penicillins
t

Carbenicillin, and related compounds such as tioarcillin and

sulbenicillin with acidic groups in the side chain, have a broad-spectrum

of antibacterial activity, but the most important property of these

compounds is the activity displayed against Pseudomonas aeruginosa, an

opportunistic pathogen which is resistant to penicillins and most

antibiotics. Carbenioillin and its analogues have proved to be of

great value in the treatment of serious infections due to Pseudomonas

aeruginosa and other Gram-negative bacilli. In addition, a number of

aoylated derivatives of ampicillin have been shown to possess anti¬

pseudomonas activity of significance and two compounds, azlooillin and

mezlocillin, have been selected for clinioal use.

(a) Carbenicillin

The antibacterial spectrum of oarbenicillin inoludes a wide

range of Gram-negative bacilli and Gram-positive cooci. For instance,



carbenicillin was as active as ampioillin against Escherichia ooli.

Proteus mirahilis. Salmonella species, Shigella speoies and

Haemonhi1"" influmzae hut was less active than the latter against

Gram-positive ooooi (14). The activity displayed hy carhenioillin

against Pseudomonas aeruginosa was of a moderate order only (15, 1^)

hut as the oompound was shown to possess a low order of toxicity to

experimental animals (15) it was concluded that it would he possible

to treat systemic olinioal infections with high dosage (14, 15) •

Synergy was shown against PBeudomo*i«-» aeruginosa when carhenioillin

was combined with the aminoglycoside antibiotic, gentamioin (16), a

finding of considerable olinioal importance. Apart from its anti¬

pseudomonas activity, carbenicillin was active against certain

ampioillin-resistant strains of Esoheriohia ooli. indole-positive

Proteus species, Enterobaoter species, Citrobaoter speoies and Serratia

maroescens (16, 17), most of which were resistant also to cephalosporins.

Unlike the aminopenioillins, oarbenioillin was not absorbed by the oral

route and had to be administered by injection (14). An important

finding was that special assay procedures were required for the assay

of carbenicillin in body fluids because of the presence in the material

of a small amount of benzylpenicillin formed during the manufacturing

process (14, 18). Belatively high levels of oarbenicillin were found

in the blood and urine of volunteers after intramuscular and intravenous

injection (14) and it was predicted that the compound would be likely

to be effective din the treatment of infections due to Gram-negative

bacilli.

(b) Tioarclllin

A close chemical analogue of carbenioillin, ticaroillin,

was shown to resemble the former penicillin closely in its biological



properties, the most Important difference between the compounds

being that ticarcillin showed a higher level of activity against

Pseudomonaa aaynginoHa (19, 20). As was the case with carbenioillin,

combinations of tioaroillin with aminoglycosides produced synergistic

effeots in vitro and against experimental infections (32, 33).

(c) Carfecillln

Efforts to overcome the lack of absorption of oarbenioillin

after oral administration to man resulted in the preparation of esters

of the compound, but unlike the ampicillin esters described earlier,

the ester group was incorporated in the a-oarboxy side ohain and not in

the thiazolidine ring. Extensive studies with a series of simple alkyl

and aromatic derivatives showed that a number of a-estars were absorbed

by the oral route (21). In general, the aromatic esters produced

higher carbenioillin concentration in the blood of monkeys and volunteer

subjects than did alkyl esters. In addition, the alkyl compounds were

hydrolysed relatively slowly by animal and human tissues and unhydrolysed

ester was found in significant quantities in the blood of volunteer

subjects (21). On the basis of these observations, the a-phenyl ester

of carbenicillin (carfecillin) was seleoted for clinical trial.

The antibacterial activity of oarfecillin in antibacterial

tests iji vitro was shown to be a composite of the intrinsic activity

of carfecillin and of the carbenicillin formed by hydrolysis during

the course of the test. Carfecillin was shown to be more active

in vitro in tests against Gram-positive cooci than the parent compound,

but to be rather less active than the latter against Gram-negative

bacilli (22). Eowever, these findings were largely of academic

interest, as unhydrolysed carfeoillin was not found to vivo because

of the rapid hydrolysis of the ester moiety by body tissues (22, 23).



In the treatment of experimental infections, the compound was almost

as active by the oral route as was parenteral carbenicillin (23), and

it was concluded that carfeeillin would be an effective oral broad-

spectrum penicillin.

(d) Ureldopenioillins

Two ureidopenioillins, azlooillin and mezlocillin have been

introduced into clinical practice, the former with claims to be

especially active against Pseudomonas aeruginosa and the latter to be

a broad-spectrum penicillin with significant activity against

Klebsiella aerogenes. However, the antibacterial activities of the

ureidopenicillins were affected greatly by changes in inoculum size

employed in the antibacterial tests and the compounds were shown to

be relatively unstable to the P-laotamases produced by Pseudomonaa

aeruginosa and Klebsiella aerogenes (24). The significance of these

findings is not clear but pose some questions regarding the significance

of the activities of the compounds.



III. SYNERGY OF PSMTflTT.T.TW COMBINATIONS

Combined antibiotic therapy is often used in the treatment

of serious infections. In many oases the intention is to extend the

antibacterial spectrum but in some instances antibiotics are combined

to produce enhancement of activity. As part of the laboratory

evaluation procedure, an important stage is determination of the

results of interaction of new agents with established drugs.

Penicillins may produce synergistic activity in combination with

other antibiotios (28), but the reverse may also be the case and

antagonistic effects may be demonstrated when a penioillin is combined

with a bacteriostatic antibiotic such as tetracycline or chloramphenicol

(10).

1. Synergy between amoxycillin and aminoglycosides

Enhancement of the bactericidal aotivity of benzylpenicillin

against streptococoi is one of the best known examples of antibiotio

synergy, and the use of penioillin/aminoglycosides for the treatment

of enteroooooal endocarditis is a widely accepted instance of clinical

synergy. Amoxycillin was shown to be more active than ampicillin and

benzylpenioillin against Streptococcus faeoalis and to produce

synergistic bactericidal effects against "this organism when combined

with aminoglycoside antibiotics (29 , 50). During these tests it was

observed that a significant number of strains of Streptococcus faeoalia

possessed a high level of resistance to the older aminoglycosides,

streptomycin and kanamyoin, but were relatively sensitive to the newer

aminoglycosides, gentamioin and tobramycin. Enhanced activity was

shown by the amoxycillin + aminoglycoside combination only when the



2 4

organism was sensitive to the test aminoglycoside. In a later study,

strains of Streptococcus faeoalis resistant to gentamioin and tobra¬

mycin were found in reoent clinical isolates (31) emphasizing the

need for appropriate laboratory tests when combined therapy is being

considered for enterococoal infnotions. Combinations of amoxycillin

and aminoglycosides also produced increased bactericidal effects

against streptococci other than enterooocci, namely, viridans

streptococci and Streptococcus bovls (30). On the basis of these

studies it was considered that amoxycillin could have advantages over

ampioillin and benzylpenicillln in the treatment of enteroooccal

infections and that combined therapy with amoxycillin and amino¬

glycoside antibiotios might be expected to be effioaoious against

severe streptococcal infections.

2. Synergy between a-carboxypenicillins and *"n<"oglyooBides

In a similar fashion, combinations of a-carboxypenicillins

and aminoglycosides have been shown to produce synergistic effects in

the laboratory against Pseudomonas aeruginosa and other Grant-negative

bacilli. Thus, initial studies with oarbenicillin showed that the

growth of Paeudomonas aeruginosa was inhibited by concentrations of

oarbenicillin + gentamicin which were themselves not inhibitory for

the test organism (16). Later studies comparing the effects produced

by combinations of oarbenicillin or tioarcillin with the aminoglycoside

antibiotic tobramycin, showed that similar synergistic effects were

produced by the penicillins in bacteriostatic and bactericidal tests

in vitro (32). It was found, for instance, that enhanced antibacterial

activity was demonstrated by the combinations of antibiotics against

the majority of strains tested. Similar results were obtained when
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ticaroillin was combined with newer aminoglycoside antibiotics

including amikacin, dibekacin and sisomioin (55). As tioaroillin

was more active than carbenicillin against Pseudomonas aeruginosa,

combinations of ticarcillin + tobramycin were more effective than

corresponding combinations containing oarbenicillin but this was not

the case against other Gram-negative bacilli. The synergy demonstrated

in vitro was observed also in tests in vivo and combined therapy of

experimental mouse infections was significantly more effective than

treatment with the individual antibiotics alone (52, 55) • It was

concluded from these studies that combined therapy with ticarcillin

and aminoglycosides would be justified in the treatment of serious

infections caused by Gram-negative baoilli.

5. Synergy between penicillins

An entirely different example of synergy involving penicillins,

for which the mechanism appears to be clearly established, is that

where enhanced activity may be demonstrated between pairs of 0-lactam

antibiotics as a result of competitive inhibition of 0-lactamase

activity. Thus, the resistance of many Gram-negative bacilli to the

broad-spectrum penicillins is often associated with p-laotamase

activity and the ability of these bacteria to destroy the compounds (44).

The penicillinase-stable penicillins such as methioillin or oloxacillin

are not destroyed by the 0-lactamases of Gram-negative bacilli but are

ineffective because these organisms are intrinsically insensitive (44).

However, it was observed that the inaotivation of aatpicillin by

P-lactamasea of certain Gram-negative baoilli was significantly reduced

in the presence of methioillin or cloxacillin and that synergistic

effects were observed when ampicillin was combined with methicillin



26

or oloxacillin (54). It was oonoluded that the synergy observed was

due to the protection of the broad-spectrum penicillin from destruction

as a result of inhibition of the p-laotamase activity of the organism

by the penicillinase-atable penicillin. In a later study it was

confirmed that the enhanced aotivity of a combination of ampioillin

and cloxaoillin was shown to be due to protection of ampicillin from

destruction and it was demonstrated that the combination was effective

against experimental infeotions (55). Significant synergistic effects

were demonstrated against a limited range of Gram-negative bacilli,

presumably because of the relatively large variety of p-laotamases

produced by these organisms (56). However, because the synergy

demonstrated in vitro was reflected also in the treatment of experimental

infections it was oonoluded that treatment of selected infeotions oaused

by certain 0-laotamase-produoing bacteria with combinations of penicillins

might well be justified (55, 57).
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IV. MOPE OF ACTIONi IN VIVO

Although the therapeutic efficacy of a new antibacterial

agent may be predicted with some confidence from knowledge of factors

such as antibacterial activity in vitro, extent of binding to serum

protein, and metabolism and bioavailability in man, there are examples

where this is not the oase and where a better understanding of other

parameters is required.

1. Comparative activities of spiramycin and erythromycin

In comparing the antibacterial activities of the macrolide

antibiotics, spiramycin and erythromycin, it was apparent that the

latter was notably more aotive in bacteriostatic and bactericidal

tests in vitro (38). However, spiramycin was found to be at least

as effective as erythromycin against staphylococcal infections in mice

when the drugs were administered after the onset of infection.

Moreover, spiramycin was the more effective of the compounds in tests

in which the drugs were administered prior to infection of the animals.

Investigations into the distribution of the antibiotics in the mouse

showed that spiramycin was present in lower concentrations than

erythromycin in the blood, but that spiramycin produced hi^ier concen¬

trations than erythromycin in the organs. This effect was particularly

marked at 24 hours and 48 hours after injection when erythromycin was

hardly detected in any of the speoimens in contrast to findings with

spiramycin. These results suggested that the effioacy of spiramycin

against experimental infections was related to its persistence in the

animal body, and that assessment of the therapeutic activity of

spiramycin based solely on in vitro and blood level data mi^it be

misleading.
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2. Comparative activities of amoxycillin and ampioillin

Comparative studies with amoxycillin and ampicillin showed

that both penicillins produced similar levels of antibacterial

activity jn vitro (9) but that amoxycillin was usually significantly

more effective than ampicillin in the treatment of experimental

infections (59) • Amoxycillin produced higher antibiotic blood

concentrations in mloe than did ampioillin after oral administration

and this was a possible explanation for the superior activity of

amoxycillin by the oral route, but this would not explain the results

obtained by injection where the antibiotio blood concentrations were

the same for both compounds. However, it was found that amoxycillin

was more effective than ampioillin in reducing the bacterial counts in

the peritoneal cavity and in the blood of infected animals (39)•

Subsequently, microscopic observation of specimens from mice infeoted

with Escherichia ooli showed marked differences in the effects produced

by the two penicillins on the morphology of bacteria present in blood

and peritoneal fluid. Thus, when the antibiotics were present in the

animal body at concentrations olose to their minimum inhibitory concen¬

trations against the infecting organism, amoxycillin caused the

formation of spheroplast forms which lysed readily, whereas ampioillin

produced long cells or filaments which were relatively stable (40).

On the basis of these observations it was concluded that the

superior -therapeutic activity of amoxycillin was due to the greater

bacteriolytic and bactericidal effeots produced in vivo.



V. RESISTANCE OF BACTERIA TO PENICILLINS AND OTHER ANTIBIOTICS

Knowledge of the incidence and likely rate of mergence of

resistant bacteria to a novel antibacterial agent is of considerable

importance in assessing its therapeutic potential. Also, information

regarding the mechanism or nature of bacterial resistance to anti¬

biotics may be of value in understanding the mode of action of a

compound or its interrelationships with other drugs. A traditional

method of investigating development of antibiotic-resistant bacteria

is by repeated sub-culture of sensitive bacteria in the presence of

sub-inhibitory concentrations of the drug, the process being

continued until resistant organisms are selected. However, caution

must be observed in interpreting the results of such tests, as the

factors responsible for selection in vitro may not apply in vivo, and

the antibiotic-resistant bacteria obtained in this fashion may differ

radically from naturally-occurring antibiotic-resistant strains (41).

Nevertheless, data of this kind are usually sought and interpreted

as part of the evaluation prooedure.

1. Methicillin-resistant stanhyloooool

The mechanism of resistance of wild type strains of

staphylococci to penicillin is that of drug inactivation brought

about by the enzyme, P-lactamase, and consequently these strains were

found to be sensitive to penicillinase-stable penicillins such as

methicillin, oloxacillin or flucloxaoillin. At the time methicillin

was first introduced, naturally-occurring strains of Staphylocoocus

aureus resistant to the drug had not been encountered but soon after,

a number of strains with increased resistance were isolated from



clinical sources. These organisms produced 0-laotamase hut did not

inactivate methioillin or cloxaoillin, and the resistance of these

strains was shown to he due to the presence in each culture of a

minority- population of oells with a high level of resistanoe to the

penicillins (42). The heterogeneous nature of the resistance of

naturally-occurring staphylococci, in which the resistant oells grew

slowly in the presence of the penicillinase-stahle penicillin, led

to difficulties in the routine deteotion of these organisms. It was

found that Tinder normal conditions of testing, methioillin-resistant

staphylococci were not detected if a dilute inoculum was tested, and

even with a large inoculum the presence of resistant cells might not

he observed until after 48 hours of inoubation (42, 43). However,

as the minority resistant cells were known to grow more rapidly in

media containing added sodium chloride, it was suggested that routine

sensitivity testing for methicillin-resistant staphylococci could he

performed satisfactorily utilising agar containing 5% sodium

chloride (43).

2. Mechanism of resistanoe of Gram-negative bacilli to penicillins

The penicillinase activity of bacteria was first described

in 1940 in a strain of Escherichia coli hut this was overshadowed by

the clinical significance of the subsequent demonstration of

penicillinase-produoing strains of Staphylococcus aureus. The

development of the broad-spectrum penicillins with significant

activity against many Gram-negative bacilli resulted in renewed

interest in their resistance to penicillins.

In general, the narrow-spectrum penicillins, phenethicillin

and propicillin, and the penicillinase-stable penicillins were not



active against Gram-negative bacteria but the resistance of the

organisms was not associated with inactivation (44). In contrast,

the resistance of Gram-negative bacilli to ampioillin and benzyl-

penicillin was often due to destruction of the penicillins, although

a number of these organisms also possessed an intrinsic insanaitivity

to the compounds (44). Investigation of the mechanism of inaotivation

suggested that this was due to P-laotamase activity rather than to the

activity of penicillin aoylase (44). More detailed studies oonfixmed

that penioillin-aoylase activity was not a significant factor in the

resistance of Gram-negative bacilli to penicillins, not solely beoause

only a limited number of bacteria produced the enzyme but also because

the cultural conditions of routine antibacterial tests favoured the

produotion of p-laotamase rather than penicillin aoylase (45).

The resistance of Gram-negative bacilli to carbenicillin

was also often associated with P-laotamase activity, but this was not

the case with typical strains of Pseudomonas aeruginosa: p-laotamase

activity could be demonstrated but carbenicillin was not inactivated

(14, 16). Similarly, strains of Klebsiella which showed a relatively

high level of resistance to penicillins, and which produoed significant

quantities of p-laotamase, inactivated carbenioillin to only a limited

extent (46).

5. Development of antibiotic-resistant Gram-negative bacilli

The discovery in the early 1960's that transferable antibiotic

resistance was common and world-wide, led to extensive speculation

regarding the possibility of the rapid development of widespread

antibiotic resistance among Gram-negative baoilli. However, in an

extensive study of enteropathoganio strains of Escherichia ooli



isolated in the U.K. between 1948 and 1968 it was found that

transferable resistance was almost as common among strains isolated

between 1957 and i960 as in strains isolated in 1967 and 1968 (47).

Moreover, strains of E. ooli capable of transferring sulphonamide

resistance were observed among cultures isolated as early as 1951.

It was also observed that ampioillin-resistant strains were common

between 1948 and 1951» tut that they differed from resistant strains

isolated from 1957 onwards in that the ^-lactamases produced by the

early strains were chromosom&lly-mediated, and were not transferable

until the extraohromosomally-mediated p-laotamases of the later

strains (48). These data showed that antibiotic-resistant strains

of B. coli capable of transferring antibiotic resistance became

established in the U.K. at some time between 1951 and 1957 and suggested

that it was unlikely therefore that there would be a rapid and wide¬

spread development of antibiotic resistance among Gram-negative bacilli.

This supposition appears to be supported by the results of

three surveys to investigate the inoidenoe of resistance to ampicillin

and other antibiotics among Gram-negative baoilli isolated in 1961,

1967 and 1975. Overall, there appeared to have been no great changes

in the resistance of bacteria to ampicillin between 1961 and 1967

(49, 50) and that there had been only a relatively small decrease in

the sensitivity of Escherichia ooli isolated in 1975 (51)-



71. ANTIBACTERTAT. AwnrpPY OF ANTIBIOTICS IN BONE CEMENT

Incorporation of antibiotics in acrylic bone oement has

been said to reduce the incidence of infection in patients undergoing

total joint replacement. The original studies reported data with

gentamioin and tetracycline but no results had been described for

p-laotam antibiotics. Accordingly, tests were initiated to compare

the antibacterial activities of penicillins and other antibiotics

incorporated in acrylic bone oement. Surprisingly (in view of the

heat evolved during the polymerisation process) the amounts of

penicillins released from the hardened bone oement (2.5-10$ of the

dose incorporated) were similar to those of heat stable antlbiotios

such as gentamicin, fuaidic acid and clindamycin and, in general, the

penicillins and non-penicillin antibiotics showed similar diffusion

characteristics (52). The initial rapid release of antibiotic

activity in vitro and in vivo, followed by a relatively prolonged

production of low antibiotic concentrations, was consistent with the

leaching of the antibiotios from, or near, the surface of the bone

oement. It was concluded that penicillins incorporated in acrylic

bone oement would demonstrate antibiotic activity in vivo and could

be considered for use under clinical conditions.
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The published work on the binding of antibiotics to serum proteins is extensive.
Nevertheless, data are still incomplete in certain respects. For example, there is little
information on the rate at which antibiotics are bound to the proteins and the rate
at which this complex breaks down. Similarly, although the binding of antibiotics to
serum proteins is known to be essentially reversible it is not certain whether there is
any proportion of the drug which is bound irreversibly. On certain aspects, published
data are available but are conflicting and some lack of agreement exists on the precise
extent of binding of certain antibiotics, particularly of tetracyclines. There is also a

general lack of comparative results on the extent of binding for related antibiotics
obtained from experiments carried out by the same method.
In the present paper, results are given for the effect of certain factors on the binding

of penicillins and other antibiotics in serum and comparative data are also given for the
extent of binding in human serum for all the penicillins at present in clinical use.

methods

Measurement of binding of antibiotics to serum proteins
The extent of binding of penicillins and other antibiotics to the proteins of serum was measured

b" ultrafiltration through Visking viscose-cellulose dialysis tubing. Preliminary experiments indicated
fiat there was no significant difference between the extent of binding in plasma obtained from
heparinized blood and that in serum. The antibiotic present in the protein-free ulti,.filtrate was
measured by microbiological assay and this quantity represented the free, unbound, fraction of
antibiotic in serum. The amount of antibiotic bound to protein was derived by subtracting the
level of free antibiotic from the known total concentration in serum. Before comparative experiments
were made to measure the extent to which different antibiotics were bound to the proteins of human
serum, preliminary investigations were carried out into the effects of various experimental factors
thought likely to influence the extent of binding. These included the effects of antibiotic concentra¬
tion, nature of protein, temperature, individual variation, rate of binding and nature of binding.

Ultrafiltration techniques
Suitable lengths of Visking tubing (0.25 in. internal diameter) were knotted at one end and attached

at the other to a manifold connected to compressed air. Serum samples were introduced into the
tubing before connexion to the manifold and ultrafiltration was then carried out at room temperature
at a positive pressure of 15 lb/in=. The ultrafiltrate was collected in a glass tube which closely
surrounded the Visking sac. In most experiments the volume of serum used was 5 ml., and the
volume of ultrafiltrate collected for assay was about 0.5 ml. In some experiments a volume of
10 to 12 ml. of serum was used which permitted tin adequate sample of ultrafiltrate to be collected in
about 7 min.
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Horse, sheep, rabbit, and calf sera were obtained as commercial samples from Burroughs
Wellcome. Human scrum was obtained from healthy volunteers and pooled before use. The pH
of the fresh human serum was approximately 7.4, but on standing in the refrigerator for a few days
the pH rose to as high as 8.0 or above. Because of this change in pH, in all the experiments the
pH of the serum was adjusted to 7.4 with carbon dioxide before use, although in a limited number
of experiments with benzylpenicillin and cloxacillin the extent of binding did not appear to be
greatly influenced by changes in pH over the range 7.4 to 8.2.
With each antibiotic it was confirmed that there was free passage of the compound through the

membrane without selective filtration when aqueous solutions were placed inside the Visking tube
and air pressure was applied. It was also shown that the ultrafiltrate from normal serum was devoid
of protein. There was no evidence that blocking of the membrane took place during filtration, and
in repeat experiments with different penicillins consecutive samples of ultrafiltrate showed no signifi¬
cant difference in assay results. In contrast, with the tetracyclines there was some evidence that the
concentration in the first sample of ultrafiltrate was e.rroneously low and a subsequent sample was
routinely used for assay. This phenomenon with tetracycline has already been reported by Remington
& Finland (1962).

Measurement o[ free and total antibiotic
The antibiotic content of samples of serum or serum ultrafiltrate was determined by microbiological

assay. Rectangular glass plates (12 x 15 in.) were poured with a layer of nutrient agar (Oxoid No. 2)
inoculated with a suspension of a suitable assay organism. For assay of penicillins and cephalothin,
Bacillus subtilis (N.C.T.C. 8236) or Sarcina lute.a (N.C.T.C. 8340) was employed. The tetracyclines
were assayed with Bacillus cercus (N.C.TC 8035), and novobiocin with the Oxford strain of Staphylo¬
coccus aureus (N.C.T.C. 6571). Holes (7 mm) were punched in the seeded agar with a No. 4 cork-
borer, and these were filled with the test samples or appropriate standard solutions.
For estimation of free concentrations of penicillins in tiltraFiItrate samples, standard solutions were

prepared in 0.05 M-phosp'nate buffer (pH 7.4), preliminary experiments having shown that standard
penicillin solutions in phosphate buffer yielded results identical to equivalent standard solutions
prepared in ultrafiltrate from normal human serum. With the tetracycline antibiotics, however,
preliminary experiments showed that standard solutions in buffer produced inhibition zones which
were significantly larger than those caused by the equivalent solutions prepared in serum ultrafiltrate.
Accordingly, with this group of antibiotics, and with novobiocin and fusidic acid, standard solutions
were prepared in normal serum ultrafiltrate. Total antibiotic concentrations in serum were measured
against standard solutions prepared in normal human scrum, pH 7.4. Inhibition zone diameters were
measured after incubation overnight at 30° C and the concentrations of antibiotic were estimated
by reading from a graph derived from similar assays of standard solutions.

Determination of minimum inhibitory concentrations
Minimum inhibitory concentrations required to prevent growth of bacteria for 24 hr at 37° C

were determined by serial diluiion of the antibiotic in 1 ml. volumes of nutrient broth (Oxoid No. 2).
In addition, minimum inhibitory concentrations were also determined in serum in the same fashion
by serial dilution in 1 ml. volumes of normal human serum, pH 7.4. For the determinations of
minimum inhibitory concentrations in serum, aqueous solutions of the antibiotic were added to give
the desired range of antibiotic concentrations with a final serum concentration of 95%. One drop
of a 1 /1,000 dilution of an overnight culture was added to each tube to give an inoculum of about 10"
organisms. Visual determination of minimum inhibitory concentrations in serum was not always
definite, and with the penicillins the end points were checked by subculturing from the serial dilution
onto antibiotic-free agar, and observing growth after a further 24 hr incubation.

RESULTS

Factors affecting the binding of antibiotics to serum proteins
Concentration of antibiotic. Fig. 1 illustrates the effects of variation of antibiotic

concentration on the extent of binding of certain penicillins in human serum. With
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Fig. 1. Effect of variation in the concentration of penicillin on the extent of binding in serum. Human
serum containing various concentrations of benzylpeniciltin, propicillin or ctoxacillin was
filtered through Visking membranes. The protein-free ultrafiltrates, containing the unbound
compound, were assayed for antibiotic content,

benzylpeniciilin and cioxaciiliri the percentage of unbound drug in serum increased greatly
with increase in concentration above approximately 200 pg/ml. of penicillin. Below this
value changes in concentration appear to have a relatively slight effect on the extent of
binding.

EXTENT OF BINDING OF

Table 1

3EN7.YLPENICII.IJN AND CI. OXACILLIN IN SEP A OF DIFFERENT
ANIMAL SPECIES

Sera containing benzylpenicillin (1 /xg/ml.) or cloxacillin (50 ^tg/ml.) were filtered through Visking
membranes. The ultrafiltrates, containing the free, unbound penicillin of each serum specimen, were
assayed for antibiotic content. Unbound penicillin was calculated as the ratio of the concentration in

ultrafiltrate to the total concentration in serum, X 100

Unbound penicillin ("/,) for

Species
Man
Horse
Sheep
Rabbit
Calf

Benzylpenicillin
49-0
590
70-0
65-0
63-0

Cloxacillin
6-5

30-0
19-5
22'0
25-0

Nature of protein. Table 1 shows the extent of binding of benzylpenicillin and
cloxacillin to sera of different animal species. The extent of binding of a particular
penicillin to serum may differ greatly from one species to another, the results with
cloxacillin in human and horse serum being particularly marked. Thus, in horse serum
the unbound proportion of cloxacillin was about five-times greater than in human serum.
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With both benzylpenicillin and cloxacillin the degree of binding was greatest with human
serum, but the relative binding capacities of the other sera were not the same for
both penicillins.
Concentration of protein. The relationship between concentration of human serum and

extent of binding is shown in Fig. 2 for benzylpenicillin and cloxacillin. Human serum
was diluted to the appropriate concentration with distilled water and the determinations

Unbound antibiotic (%)

Fig. 2. Effsct of variation in the concentration of scrum protein on the extent of binding of benzyl-
peniciliin and cloxacillin. Human serum was diluted with 0.05 M-phosphate buffer (pJ-I 7.4)
to give solutions of various protein concentrations. These solutions containing benzylpenicillin
(1 jug/mi.) or cloxacillin 150 jug/ml.) were filtered through Visking membranes and the protein-
free ultrafilirates, containing the unbound penicillin of each solution, were assayed for antibiotic
content.

cf extent of binding were made by ultrafiltration of samples of aqueous sera containing
benzylpenicillin at 2 ug/ml. and cloxacillin at 50 p.g/ml. of scrum. As would be expected,
the extent of binding of both penicillins decreased as the concentration of protein was
reduced, and the relative increase in unbound antibiotic with decreasing serum concentra¬
tion was very similar for benzylpenicillin and cloxacillin. Nevertheless, with cloxacillin
only about 50% of the penicillin was available as unbound antibiotic even after a ten-fold
dilution of the serum.

Temperature. The percentage binding of benzylpenicillin and cloxacillin in human
serum was determined by ultrafiltration at 37, 22 and 4° C. Solutions of benzylpenicillin
N /ig/ml. of serum) and cloxacillin (50 /tg/ml. of serum) were adjusted to the required
temperature before filtration and the experiments were carried out in temperature
controlled rooms. The temperatures of the samples of ultrafiltrate were checked as they
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were collected and did not differ significantly from the initial temperatures. In several
experiments with benzylpenicillin and cloxacillin, variation in temperature had little effect
on the extent of binding of the penicillins, and with both compounds results obtained
at 37° C differed little from those obtained at 4° C.

Binding in sera of individual human subjects. Serum was obtained from each of six
healthy subjects. Benzylpenicillin was added to give a concentration of 2 /ig/ml. and
the extent of binding was determined by ultrafiltration. Ultrafiltration was repeated the
following day using a further aliquot of each of the samples of sera. One week later
serum was again obtained from the same six subjects and the determination of binding
with benzylpenicillin was carried out on two successive days as before. The results are
shown in Table 2. Differences in binding capacity between one subject and another were
slight and might well be less than the experimental errors inherent in the methods. Further

Tabu. 2

VARIATION IN THE EXTENT OF BINDING OF BENZYLPENICILLIN IN SERA OF INDIVIDUAL
HUMAN SUBJECTS

Serum was obtained from each of six normal subjects and benzylpenicillin added to give a concentration
of 2 The extent of binding was determined by ultrafiltration and the experiment was repeated the
following day using a further aliquot of each scrum sample (Experiment 1). One week later serum was
again obtained front the same six subjects and the determination of binding carried out on two successive

days as before (Experiment 2)

Unbound antibiotic (%) in

Experiment 1 Experiment 2

First Repeat First Repeat
Subject determination determination determination determination

1 47-5 41-0 39-0 36-5
2 47-5 46-0 41-0 39-5
3 49-0 49-0 40 0 40-0
4 57-0 49-5 42-0 40-0
5 49-0 44-5 33-5 35-0
6 50-0 41-5 39-0 40-5

experiments with another group of six subjects using both benzylpenicillin and cloxacillin
confirmed these results and failed to indicate marked differences in binding capacity
between one person and another.
Rate of binding and dissociation of penicillin in human serum. Experiments were

carried out with benzylpenicillin, phenoxymethylpenicillin, phenethicillin, methicillin,
cloxacillin and ampicillin to determine the rate at which binding takes place in human
serum. Ultrafiltration was carried out immediately after the addition of the penicillin
to the serum and further samples were also taken at intervals of time up to 1 hr. The
time taken to obtain the first sample of ultrafiltrate was about 8 min after adding the
penicillin to the serum. With all the penicillins tested the assay of the initial sample did
not differ significantly from any of the subsequent samples indicating that equilibrium
had been reached by the time the first sample had been collected.
The following experiments were also carried out to determine the rate of breakdown

of the penicillin-protein complex. Cloxacillin was dissolved in serum to give a ptnicillin
concentration of 400 ,«g/ml. and a sample of ultrafiltrate was obtained. At this concen¬
tration 13% of the penicillin was present in the serum as free, unbound, cloxaeillin. The
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serum was then diluted fortyfold with 0.05 M-phosphate buffer (pH 7.4) to give a serum
concentration of 2.5%, and samples of ultrafiltrate were taken immediately after dilution
and also at intervals of time up to 1 hr. Assay of the sample taken immediately after
dilution showed 49% unbound antibiotic, and assays of the subsequent samples showed
that the new equilibrium had been established by the time the first sample was taken.
Extent of irreversible binding in serum. Cloxacillin was dissolved in human serum at

a concentration of 400 pg/ml. and a sample of ultrafiltrate was obtained in the usual
way. Under these conditions 87% of the antibiotic was bound to protein. An aliquot
of the original serum solution was then diluted fortyfold with 0.05 M-phosphate buffer,
pH 7.4, which resulted in dissociation of the antibiotic-protein complex and yielded a
solution consisting of 2.5% serum in buffer and cloxacillin at a concentration of 10 pg/ml.
A sample of ultrafiltrate was then obtained and compared with ultrafiltrate from a
solution of 10 pg/ml. cloxacillin in 2.5% serum prepared directly by adding cloxacillin
to 2.5% serum. Results, typical of those obtained when the experiment was repeated,
are shown in Table 3. After dilution of the serum with buffer the concentration of
unbound antibiotic was slightly lower than in the solution prepared directly at the same

Table 3

THE EXTENT OE IRREVERSIBLE BINDING OF CLOXACILLIN IN HUMAN SERUM
Human serum containing cloxaciUin (400 fig/ml.) was diluted fortyfold in 0 05 M-phosphate butler (pH 7-4),
and the unbound penicillin present was measured by ultrafiltration. The extent of binding of a solution of
cloxacillin (10 nslml.) prepared -directly in 2-5% human serum was also determined. The amount of
irreversible binding of cloxacillin to serum is indicated from a comparison of the amounts of free cloxacillin

in the two solutions

Antibiotic
Cloxacillin Serum —

concentration concentration Bound Unbound
Solution (fig/ml.) (%) (%) (%)

Original 400 100 87 13
Diluted fortyfold 10 2-5 49 51
Prepared directly 10 2-5 40 60

serum concentration. Further experiments were also carried out with oxacillin at two
concentrations, 400 and 20 ug/ml., before dissociation by dilution with buffer. As in the
experiments with cloxacillin the concentration of unbound drug was slightly higher in
the solution prepared directly in 2.5% serum than in the corresponding solution obtained
by dilution of normal serum with buffer. These results suggest that some degree of
irreversible binding may take place, although it appears that thir is only a small propor¬
tion of the total antibiotic in normal serum.

Competitive binding between cloxacillin and other substances. The results of experi¬
ments to determine the extent of binding of cloxacillin in human serum in the presence
of substances which are themselves highly bound to serum proteins are shown in Table 4.
In these experiments various concentrations of compounds were added to serum containing
50 pg/ml. cloxacillin. Ultrafiltrates of serum containing these compounds alone showed
no antibacterial activity which would have obscured the activity of unbound cloxacillin,
except in the experiments with novobiocin and sulphonarr.'des. To eliminate activity due
to novobiocin the assay of cloxacillin was performed with a novobiocin-resistant strain
of Staph, aureus', sulphonamide activity was neutralized by the addition of p-amino-
benzoic acid to the assay agar.
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Table 4 shows that the level of unbound cloxacillin in serum was four- to fivefold greater
than normal in the presence of 500 ggfml. of sodium salicylate, y-resorcylic acid, sulpha-
methoxypyridazine or phenylbutazone, but that at a concentration of 100 «g/ml. these
substances resulted only in a slight increase in the amount of unbound cloxacillin. These
results were not influenced by the order in which the cloxacillin was added to the serum,

Table 4

COMPETITIVE BINDING BETWEEN CLOXACILLIN AND OTHER SUBSTANCES
Cloxacillin was added, to give a concentration of 50 ng/ml., to alirjuots of human scrum containing various
compounds at concentrations of 100 and 5C0 pg/ml. The sera were filtered through Visking membranes
and the amount of unbound cloxacillin was measured by assay of the ultrafiltrates. Ultrahltrates of serum
containing these compounds alone showed no antibacterial activity which would have obscured the activity
of unbound cloxacillin, except in the experiments with novobiocin and sulphonamides. To eliminate
activity due to novobiocin the assay of cloxacillin was performed with a novobiocin-resistant strain of
Staph, aureus; sulphonamide activity was neutralized by the addition of />-aminobenzoic acia to the

assay agar

Unbound cloxacillin (%) for
concentration of competitive compound

Competitive compound 100 ;<g/ml. 500 /ig/'ml.
None 6-6 6-6
Sodium salicylate 8-8 33-0
y-Resorcylic acid 10-8 32-0
Sulphamethoxypyridazine 8-0 23-5
Phenylbutazone 10-4 23-0
Sulphadimidine 8-9 20-6
Novobiocin — 7-0

either before or after the addition of the competitive compound to the serum. The
addition of novobiocin at a concentration of 500 Kg/ml. to serum containing cloxacillin
had no significant effect on the extent of binding of cloxacillin although novobiocin is
known to be highly bound to serum proteins.

Measurement of the extent of binding of various antibiotics to the proteins of human
serum

Results for the extent of binding in human serum are given in Table 5 for all the
penicillins in clinical use at present. Results are also given for cephalothin, tetracycline,
chlortetracycline, dcmethylchlortetracycline, novobiocin and fusidic acid. The determina¬
tions of protein binding were carried out by ultrafiltration of human serum, as described
in Methods, at room temperature and pH 7.4. The concentrations of the antibiotics
were governed by the extent of binding of each compound and the sensitivity of the assay
but, in genera], these concentrations were of the same order as those reached in serum
in humans following the recommended dosage schedules. In many instances, determina¬
tions were also made at more than one drug concentration, and for any particular anti¬
biotic no significant differences in protein binding could be detected over the ranges of
concentration used. Data for groups of closely related antibiotics such as phenoxymethyl-
penicillin, phenethicillin and propicillin and tetracycline, chlortetracycline and demethyl-
chlortetracycline were obtained in comparative experiments using the same batches of
pooled serum, although there was no evidence of variation in binding capacity between
one batch of serum and another.
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Table 5

THE EXTENT OF BINDING OF VARIOUS PENICILLINS AND OTHER ANTIBIOTICS IN
HUMAN SERUM

Aliquots of human serum containing the respective antibiotics were subjected to ultrafiltration and the
ultrafiltrate was assayed for antibiotic content. The percentage of bound antibiotic in serum was calculated
as the difference between the total concentration in serum and the concentration in ultrafiltrate divided by
the total concentration in serum, x 100. The concentrations of the antibiotics used were governed by the
extent of binding of each compound and the sensitivity of the assay, but in general these concentrations
were of the same order as those reached in serum in humans following the recommended dosage schedules

Concentration
in serum Unbound Bound

Antibiotic Og/ml.) (%) (%)
Benzylpenicillin 1 41 59
Rhenoxymethylpeniciliin 5 20-3 79-7
Phenethicillin 10 17-3 82-7
Propicillin
"

Rixapen "
10 1P5 88-5
10 8-4 91-6

Phenbenicillin 10 2-8 97-2
Nafcillin 50 13-2 86-8
Oxacillin 50 6-9 93-1
Cloxacillin 50 6-0 94
Methicillin 10 50-7 49-3
Ampicillin 5 82 18
Tetracycline 20 30 70
Chlortetracycline 20 13 87
Demethylch lortetracyclinc 20 11 89
Novobiocin 100 0-8 99-2
Fusidic acid 50 2-8 97-2
Cephalothin 5 23 77

Among the penicillins, ampicillin was the least affected by the presence of human
serum, 82% of the compound being present as free antibiotic. The acid-stable penicillins,
phenoxymethylpenicillin and phenethicillin were both bound to about the same extent,
the extent of binding being such that the free level of each drug was about half that of
benzylpeniciliin. Propicillin was bound somewhat more than phenoxymethylpenicillin and
phenethicillin while phenbenicillin was bound to a significantly greater extent. Among
the group of penicillinase-stable penicillins, nafcillin, oxacillin and cloxacillin were all
highly bound to the proteins of human serum, whereas methicillin was bound to a
relatively small extent, about 50% uf the drug being present in the free form.
Like the penicillins, the tetracycline group of antibiotics showed differences in the

relative extent of binding to serum proteins. Both chlortetracycline and demethylchlor-
tetracycline showed a high degree of binding and were bound to a significantly greater
extent than was tetracycline. With the cephalosporin derivative, cephalothin, about one-
quarter of the compound was present in serum as free antibiotic.
Both novobiocin and fusidic acid were highly bound to the proteins of human serum.

In the case of novobiocin, only 0.8% of the drug was available as unbound antibiotic,
this being the highest degree of binding of antibiotic to serum measured in this series of
experiments.

Effect of serum on antibacterial activity
Results are given in Table 6 for the minimum inhibitory concentrations of benzyl-

penicillin, phenoxymethylpenicillin, phenethicillin, propicillin and cloxacillin, against
Staph, aureus (Smith) in nutrient broth and in 95%, human serum. These compounds
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table 6
CORRELATION BETWEEN THE EXTENT OF BINDING OF VARIOUS PENICILLINS IN
HUMAN SERUM WITH THE DIMINUTION OF THE ANTIBACTERIAL ACTIVITY OF THESE

COMPOUNDS IN THE PRESENCE OF HUMAN SERUM
Minimum inhibitory concentrations of the penicillins against Staph, aureus (Smith) were determined in
nutrient broth and in 95% human serum. The percentage of penicillin bound to serum was calculated as
the difference between the minimum inhibitory concentration in serum and the minimum inhibitory
concentration in nutrient broth, divided by the minimum inhibitory concentration in serum, x 100; this

was compared with values obtained by ultrafiltration

Penicillin

Benzylpenicillin
Phenoxymethylpenicillin
Phenethicillin
Propicillin
Cloxacillin

Average minimum
inhibitory concentration

(pg/ml.)

Extent of binning
(% bound) determined

From tne
minimum

No. of Nutrient 95% Human inhibitory By ultra¬
expts. broth serum concentration filtration
2 002 0-04 50 59
4 0017 0067 75 79
4 0-045 0-18 76 82
4 0055 0-36 85 88
2 0-21 3-1 93 94

differ markedly with regard to the effect of serum on antibacterial activity. In each
instance activity was diminished, but whereas with benzylpenicillin activity was depressed
only twofold, with cloxacillin the decrease was approximately fifteenfold. In the presence
of serum the proportion of the drug bound to protein is generally believed to be without
antibacterial activity (Goldstein, 194')). The percentage of the drug bound can therefore
be estimated from the ratio of the activities in the absence and in the presence of serum.
These values have been calculated and are shown in Table 6, together with values for
the extent of protein binding as determined in the subsequent experiments using ultra¬
filtration. There is a fairly close correlation between the diminution of activity in serum
and the proportion of the drug bound as determined by ultrafiltration.

DISCUSSION

Although some evidence is presented here which suggests that a small proportion of
drug may be irreversibly bound in human serum, the phenomenon of binding appears to
be essentially reversible. Of the factors which affect the equilibrium between protein
and free drug on the one hand and protein-bound antibiotic on the other, the nature of
the drug itself and the type of serum appear to be the most important. For example,
with different antibiotics the amount of unbound drug in human serum may range from
82% with ampicillin to as low as 0.8% with novobiocin. Similarly, for a given antibiotic
the extent of binding in the serum of one animal species may differ greatly from that in
another. With cloxacillin, for example, the proportion of unbound drug in human serum
was 6.5% compared with 30% in horse serum. Variation in binding capacity for
sulphonamides between sera of different animal species has been reported also by Anton
(I960). As with the penicillins reported here, binding of the sulphonamides was generally
highest in human serum compared with that of other species. It is of some interest that
sera from different species appear to have different relative binding capacities for different
antibiotics. It is of particular importance, when a number of substances are evaluated
experimentally in one animal species, that the assumption is not made that the relative
extent of binding of the compounds will be the same in some other species.
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Temperature has been reported as a factor influencing the extent of protein binding of
antibiotics. Klotz, Urquhart & Weber (1950) reported that the extent of binding of
penicillin decreased with increase in temperature and Scholtan & Schmid (1962, 1963)
reported the binding of penicillin and tetracyclines to be lower at 37 than at 4° C. On
the other hand, Wozniak (1960) reported binding of tetracycline to be slightly greater
at 37 than at 2 to 5° C. In the case of sulphonamides, Davis (1943) reported binding
to be little influenced by temperature. In the experiments reported here with two
penicillins, binding was not significant!; influenced by temperature in the range 4 to
37c C.

With regard to the effect of antibiotic concentration on the extent of binding, it is
known that the proportion of unbound drug increases with increase in drug concentration
(Davis, 1943 ; Goldstein, 1949). In the case of certain penicillins a significant difference
in the extent of binding was reported by Scholtan & Schmid (1962) in a range of concen¬
trations as low as 0.5 to 8.0 /^g/ml. On the other hand, from the data given by Kunin
(1961) for certain penicillins there appeared to be little effect of concentration in the range
5 to 20 ;«g/ml., and Verwey & Williams (1962), using dog plasma, reported that variation
in penicillin concentration from 5 to 100 yg/ml, did not alter the percentage of the drug
bound. In experiments reported here with benzvlpenicillin and cloxacillin, the percentage
unbound drug increased sharply at concentrations over approximately 200 /rg/ml. but
at the levels normally achieved in the body during therapy it appears that changes in
concentration do not greatly influence the extent of binding. It appears that in serum
containing penicillin at concentrations of 200 i.,g/ml. or greater a significant proportion
of the binding sites on the serum proteins are occupied, and consequently with further
increase in penicillin concentration the proportion of the drug which can be bound must
fall. As is shown in Table 4 the same binding sites can also be occupied by other sub¬
stances such as sodium salicylate or a suiphonnrrfiae and when this occurs the extent of
binding of a penicillin, such as cloxacillin, is diminished. These substances, however,
must be present at a concentration greater than 100 p.g/ml. in order to occupy a significant
proportion of the binding sites on the serum proteins and thereby diminish the extent
of binding of a penicillin.
Competitive binding in serum between different substances has been described by Anton

(1960) who reported displacement of protein-bound sulphonamide with a number of
substances including phenylbutazone, and the displacement of plasma-bound bilirubin
by sulphonarnides is well established (Odell, 1959). More recently, Kunin (1964) has
reported competitive binding between penicillins and other substances with results similar
to those described here. Competition does not always occur between compounds which
are extensively bound to protein ; in our experiments, novobiocin had no significant
influence on the binding of cloxacillin, presumably because different binding sites were
involved.

Bond, Lightbown, Barber & Waterworth (1963) have reported that the extent of binding
of penicillin in human serum varied from subject to subject and that this difference was
sufficiently mariccd to make the use of pooled serum unsuitable for the preparation of
standards for the measurement of penicillin in the sera of individual subjects. The experi¬
ments reported here have failed to confirm this, and suggest that differences in binding
capacity between one subject and another are slight and not sufficient to influence signifi-
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cantly the assays of serum levels. For all practical purposes the use of normal pooled
serum should give reliable results in the measurement of antibiotic activity.
The results in Table 5 showing the extent of binding of different antibiotics in human

serum emphasize the great variation which exists between one compound and another.
Among the analogues of phenoxymethylpenicillin the differences in binding between
phenoxymethylpenicillin and phenethicillin appear to be slight, but with phenbenicillin
the binding in serum is significantly greater. With the penicillinase-stable penicillins,
binding with cloxacillin is much higher than with methicillin. However, cloxacillin is
considerably more active than methicillin and, from a consideration of the total serum
levels obtained with the recommended therapeutic doses of these compounds, the activity
of the unbound fraction of cloxacillin in serum is at least equal to that obtained with
methicillin. With oxacillin the extent of binding is similar to that of cloxacillin but the
total serum levels obtained are significantly lower for equivalent dosage (Knudsen, Brown
& Rolinson, 1962). Consequently, the levels of unbound oxacillin are also lower than
those obtained with cloxacillin.

With the broad-spectrum antibiotics, differences in binding are particularly marked.
For example, with ampicillin, 82% of the drug in human serum is free penicillin, whereas
with tetracycline only 30% of antibiotic is unbound and with demethylchlortetracycline
the corresponding value is as low as 11%. Total serum concentrations obtained with
ampiciliin are of the same order as those obtained with tetracyclines, and antibacterial
activities in vitro are also comparable against many pathogens. In such instances the
differences in extent of binding of these compounds to the proteins of human serum may
be a significant factor in determining therapeutic effect in vivo.
Our results relating the activity of certain penicillins in nutrient broth with the activity

of these substances in human serum show that there is a fairly close correlation between
the diminution of antibacterial activity in scrum and the extent to which the drug is bound
as determined by ultrafiltration. These observations agree with results already reported
by others (Tompsett, Schultz & McDermott, 1947 ; Colville & Quinn, 1961 ; Quinn,
Colviiie, Ballard, Jones & Debnam, 1962 ; Kirby, Rosenfeld & Brodie, 1962) and support
the view that the protein-bound drug is inactive (Davis, 1942, 1943 ; Goldstein, 1949 ;
Goodman & Gilman, 1955 ; Lambert, 1964), and that the activity in scrum is that of
the unbound fraction. Direct determination of activity of the protein-bound antibiotic
is not possible because dissociation of the antibiotic-protein complex to give an

equilibrium between bound and free drug is unavoidable. From the indirect evidence,
however, it seems that the activity of the bound drug is negligible. Since the protein-
bound drug is essentially inactive and also relatively non-diffusible (Davis, 1943 ; Gold¬
stein, 1949 ; Scholtan & Scbmid, 1962) the levels of unbound drug obtained in the serum
are likely to be more significant than are the levels of total antibiotic (Tompsett et al.,
1947 ; Kunin, 1961 ; Colville & Quinn, 1961 ; Bond et al., 1963). Therefore, in the
evaluation of an antibiotic, due consideration should be given to the extent of binding
to serum proteins, as well as to data relating to in vitro and in vivo activity and to studies
on absorption and excretion.

SUMMARY

I. The binding of penicillins and other antibiotics in serum was studied by ultra¬
filtration techniques.
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2. The nature of the binding was shown to be essentially reversible. The extent of
binding was largely independent of the concentration of antibiotic below 100 pg/ml.,
but above this concentration binding decreased with increase in drug concentration.
Binding of penicillins was little influenced by temperature in the range 4 to 37° C.

3. Results were obtained on the relationship between the extent of binding and the
concentration of serum. The extent of binding of benzylpenicillin and cloxacillin was
also determined in the serum of different animal species. With both compounds, binding
was greatest in human serum. No significant variation was found in the extent of serum
binding between different human subjects.

4. Competitive binding was demonstrated between cloxacillin and other compounds
bound to serum proteins including phenylbutazone, sodium salicylate and sulphonamides.

5. Diminution of antibacterial activity of penicillins in the presence of serum was
directly proportional to the extent of binding as determined by ultrafiltration.

6. Results arc presented for the extent of binding in normal human serum of various
antibiotics including all the penicillins at present in clinical use.

It is a pleasure to thank Mrs Eleanor Fairciough and Mrs Angela Hardstone for much skilled
technical, assistance with the experiments described here.
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Effect of protein binding on levels of ampicillin
and cloxacillin in synovial fluid

The penetration of ampicillin and cloxacillin into synovial fluid has been measured after oral
administration of these penicillins to patients with osteoarthritis or rheumatoid arthritis. The
results show that both penicillins diffuse readily into synovial joint fluid and that concentrations
inhibitory for bacteria commonly associated with septic arthritis can be readily attained in
infected synovial joints following systemic administration of ampicillin or cloxacillin. The
penicillins differed with respect to the levels appearing in the synovial fluid relative to the
levels in serum; in the case of ampicillin (which is not highly bound to serum) the total
levels in synovial fluid were similar to the total serum levels, whereas with cloxacillin (which
is highly bound to serum) the total levels in synovial fluid were notably lower than in scrum.

However, the unbound levels of cloxacillin in synovial fluid and serum were similar, as with
ampicillin, indicating that the degree of binding is important in distribution between serum
and tissue.

Anthea Howe!!, M.B., M.R.C.P., Robert Sutherland, B.Sc., and
George N. Rolinson, Ph.D., D.Sc. London and Surrey, England
Department of Rheumatology and Physical Medicine, The Middlesex Hospital, and Beecham
Research Laboratories

Pyogenic arthritis is still seen frequently
enough to piesent a therapeutic problem.
This occurs most frequently in rheumatoid
arthritis11 but may complicate other ar¬
thritic conditions. Patients with debilitating

O

diseases such as diabetes1 and chronic
leukemia5 are also susceptible to pyogenic
arthritis.

of 17 staphylococcal infections treated
medically were found to be penicillin resist¬
ant. Rimoin and Wennberg15 reported that,
of 32 cases of rheumatoid arthritis com¬

plicated by septic arthritis, 23 were due
to S. aureus, and of the 18 cases in which
antibiotic sensitivities were carried out 11
were found to be penicillin resistant. More
recently, Myers, Miller, and Pinals" re¬
ported that, of 16 patients with rheuma¬
toid arthritis complicated by pyarthrosis,
12 were infected with S. aureus. Numerous
other organisms may also be associated
with joint disease, including the gonococ-
cus, meningococcus, «- and /3-hemolytic
streptococci, Escherichia coli, Proteus sp.,
and Pseudomortas aeruginosa. Klebsiella

The most common infecting organism
is Staphylococcus aureus, and a high pro¬
portion of strains are penicillin resistant.
Argen, Wilson, and Wood1 found this or¬
ganism to be responsible for 25 of 42
cases of suppurative arthritis, and 12 out
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sp., Salmononella sp., and Hemophilus in¬
fluenzae are also encountered, but less
commonly, and in a certain number of
cases an organism cannot be isolated from
the synovial fluid although infection may
be suspected. Here broad-spectrum anti¬
biotics have proved useful.
Adequate antibiotic therapy must be

given promptly in this disease or sevciu
joint damage may ensue. There is a fairly
high mortality rate if the condition is not
treated effectively.10 Systemic administra¬
tion of antibiotics is usually preferred
since intra-articular injection can cause
complications including synovitis.3'8 It is
essential therefore that the antibiotic used
should pass freely into the joint cavity.
Studies on the penetration of penicillins

into synovial fluid have been reported by
a number of authors. Balboni, Shapiro,
and Kydd2 found that levels reached in
the synovial fluid were only slightly lower
than those present in the serum follow¬
ing intramuscular administration of benzyl-
penicillin. The levels in the synovial fluid
tended to lag slightly behind those in the
plasma and this would be consistent with
the diffusion first from the plasma into
the fluid, and then as the drug is cleared
from the plasma, with back diffusion from
the synovial fluid into the vascular system.
Ready diffusion of benzylpenieilliu into
synovial Quid is also evident from the data
of Hirsh, Feffer, and O'Neil,® Joe-son,"
Rapp, Griffiths, and Hobble,17 and Drub:
and associates.6 Viek anct Saritangelo21 have
reported the penetration of penicillin V
and phenethicillin into synovial fluid fol¬
lowing oral dosage. The levels in the syno¬
vial fluid one hour after dosing were ap¬
proximately 20 per cent those in the plasma.
Penetration of nafcillin into synovial fluid
has also been reported by Viek23 who found
that one hour after intramuscular adminis¬
tration the mean serum to mean synovial
fluid level ratio was 5.7:1. Levels of mcthi-
cillin in synovial fluid comparable with
those reached in plasma have been re¬
ported by Rapp, Griffiths, and Hebble17
and penetration of oxacillin into synovial
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fluid has been reported by Myers, Miller,
and Finals.11 Recently, Nelson15 and Parker
and Schmid18 have reported that various
penicillins, including ampicillin, methicil-
lin, and cloxacillin, entered synovial fluid
in therapeutic concentrations following
systemic administration.
It seems clear that benz.ylpenicillin and

other penicillins do penetrate readily into
synovial fluid. However, the levels in the
synovial fluid relative to those in plasma
vary in the different studies reported and
they also vary for the different penicillins
examined. Chemical structure, extent of
protein binding, and degree of permeabili¬
ty of the synovial membrane may be ex¬
pected to influence the relative serum-
synovial fluid levels of antibiotics. Of these
it seemed likely that the differences in
the extent of binding to protein would
have the greatest effect on the distribution
of different penicillins between serum and
synovial fluid.
In view of the variation in results in

the literature for the penetration of peni¬
cillins into synovial fluid, it was considered
of interest to examine in detail the distri¬
bution of ampicillin and cloxacillin be¬
tween the plasma and synovial fluid in
patients and especially to examine the
effect that protein binding might have
on the drug levels reached in the synovial
fluid. The reason for comparing these 2
penicillins in this respect is that ampicillin
is not highly bound in normal human
serum (18 per cent bound) whereas cloxa¬
cillin binding to the serum proteins is
as high as 94 per cent.20
Methods

Thirteen patients (6 women and 7 men,
with an age range of 27 to 62 years) took
part in these studies. All were suffering
from either osteoarthritis (5) or rheuma¬
toid arthritis (8), and all had chronic
effusions of one or both knees. As far
as possible all drugs were stopped 48 hours
before the studies were carried out, but
in some patients corticosteroid treatment
was continued. The penicillins were given
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as capsules of ampicillin trihydrate (Pcxi-
britin) and cloxacillin (Orbenin) by the
oral route, and samples of blood and syno¬
vial fluid were taken over the subsequent
6 hour period. Antibiotic levels were mea¬
sured by a standard agar-diffusion micro¬
biologic assay.12 In this method it is es¬
sential that standard solutions be prepared
in the same fluid as that presented in the
test samples, or, alternatively, a diluent
must be used for which it has been shown

experimentally that the zone diameter-con¬
centration relationship is the same as that
given by the fluid of the test samples.
In the work described here, standards of
arnpicillin and cloxacillin were prepared
in pooled human serum for the assay of
serum samples. Samples of synovial fluid
containing ampicillin were assayed against
ampicillin standards prepared in 0.05M
phosphate buffer pTl 7.0, while synovial
fluid samples containing cloxacillin were as¬
sayed against cloxacillin standards pre¬
pared in 50 per cent pooled human serum
diluted with 0.05M phosphate buffer pll
7.0. In both cases it was established by
prior experiment that these diluents »vcre
appropriate. In addition, a limited number
of standard concentrations of ampicillin
and cloxacillin were prepared in synovial
fluid drawn from each patient prior to
penicillin dosage and agreement between
the zone diameters of these standards and
those used to prepare the standard line was
verified.
The extent of binding of ampicillin and

cloxacillin in the serum and synovial fluid
taken from patients before penicillin ad¬
ministration was measured by ultrafiltration
of the specimens and microbiologic assay
of the protein-free ultra filtrate.20 After peni¬
cillin was administered, the levels of free
antibiotic in serum and synovial fluid were
calculated from the known total concentra¬
tions and the extent of binding.

Results

Ampicillin. Results arc shown in Fig.
I for the levels of ampicillin in serum
and in synovial fluid in 6 patients fol¬

lowing a single oral dose of 500 mg. ampi¬
cillin taken in the fasting state. It will
be seen that the levels in the synovial
fluid followed those in the serum quite
closely. The mean peak level in the syn¬
ovial fluid for the 6 patients was 70 per
cent that reached in the serum, while
the levels in the synovial fluid only lagged
slightly behind those in the serum sug¬
gesting ready diffusion of the drug. The
levels shown in Fig. 1 are those of total
ampicillin present, both bound and free.
However, the extent of binding of ampi¬
cillin in human serum is known to be
low,20 and in the study reported here
the extent of binding of arnpicillin was
measured in the scrum from 4 patients
and 86 to 87 per cent was found to be
free. The extent of binding was also mea¬
sured in the synovial fluid from 9 patients,
and 94 to 100 per cent of the drug was
found to be unbound. It can be assumed
therefore that the levels in synovial fluid
shown in Fig. 1 were essentially all in
the form of free drug and that at least
80 per cent of the drug in the serum was
also present as free antibiotic.
Cloxacillin. Results are shown in Fig.

2 for the levels of cloxacillin in serum and
in synovial fluid in 5 fasting patients fol¬
lowing a single oral dose of 500 mg. It
will be seen that, in contrast with the
results for ampicillin, the levels of cloxa¬
cillin in synovial fluid were substantially
lower than those reached in the serum.

The mean peak level in the synovial fluid
was 22 per cent that reached in the scrum
compared with 70 per cent in the case
of ampicillin. It will be seen however
that the levels of cloxacillin in synovial
fluid were not markedly more prolonged
than those in the serum and the peak
values in the synovial fluid occurred only
slightly later than those in the serum.
This suggested that the lower levels of
eloxaeillin in the synovial fluid were not
the rosuit of a slower rate of diffusion
of this penicillin between ibe serum and
the synovial fluid but were due to some
other cause.
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Fig. 1. Serum (O—
500 mg. ampicillin.

12 i 6

HOURS AFTER DRUG ADMINISTRATION

-O) and synovial fluid (9 9) levels following a single oral do.-o of

Cloxacillin is known to he highly hound
to serum protein, and a second study was
carried out to examine the relationship
between the extent of protein binding
and the relative levels of cloxacillin in
serum and synovial fluid. The extent of
binding of cloxacillin was measured in
scrum and synovial fluid obtained from
each of 6 fasting patients prior to dosage
with 500 mg. of cloxacillin, and the serum
and synovial fluid cloxacillin levels were
assayed over the 4 hour period after dos¬
age. The mean values for the 6 patients

are shown in Fig. 3. It will be seen that
the total level of cloxacillin in the synovial
fluid was again substantially lower than
that reached in the scrum, the mean peak
level in the synovial fluid being 21 per
cent of the peak serum level. On the other
hand, the levels of free, unbound cloxa¬
cillin in serum and synovial fluid were
much closer, and from 2 hours onward
the free levels in the synovial fluid even
exceeded those in the serum.

Ampicillin and cloxacillin. In order to
take into account variation from patient
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10

S 6

u 2

Patient C

HOURS AFTER DRUG ADMINISTRATION

Fig. 2. Serum (O O ) and synovial fluid ( B——S) levels following a single oral dose of
500 nig. cloxacillin.

to patient and to make a more direct com ¬

parison between ampicillin and cloxacillin
with regard to penetration into the syn¬
ovial fluid, both dings were administered
at the same time to 4 patients and the
resulting levels of ampicillin and cloxacillin
were measured.-1 A single oral dose of
1 Cm. of cloxacillin together with 500 mg.
of ampicillin was used in this study. Be¬
cause cloxacillin :s absorbed more rapidly
than ampicillin, breakfast was given be¬
fore dosage in order to delay the absorp¬
tion of cloxacillin and thus bring the time

of peak serum levels for the 2 penicillins
closer together. The extent of binding ofO O

cloxacillin in serum and synovial fluid
was again measured in specimens taken
from each patient before penicillin dosage.
The results are shown in Table I and

Fig. 4. It will be seen that the total levels
of cloxacillin in the synovial fluid were
again considerably lower than those in
the serum but that the levels of free cloxa¬
cillin in serum and synovial fluid were
very similar indeed. In 3 of the patients
the free cloxacillin level in the synovial
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£
N

TOTAL LEVELS FREE LEVELS

Hours after drug administration

Fig. 3. Mean levels of total and free cloxacillin in serum (O-
(■-—S) in 6 patients following a single oral dose of 500 mg.

~0) and synovial fluid

Table I. Ampicillin and cloxacillin serum and synovial fluid levels in patients
at the Middlesex Hospital, London

Patient
Time

('nr.)

Cloxucillin (fig/ml.) Ampicillin
(nz/ml.)

Serum Synovial fluid
Serum

(total)

Stjnovial
fluid
(total)Totat

! % j
I (Free) |

Free

calculated) Total
1 %
j (Free)

Free
(calculated)

A 1 7.4 0.44 1.0 0.23 0.71 0.16
2 17.0 (6.0) 1.02 2.8 (23) 0.64 1.56 0.68
3 17.0 1.02 4.0 0.92 2.47 1.45
4 17.0 1.02 4.5 1.04 2.95 1.58

B 1 24.5 1.62 1.9 0.53 2.05 <0.05
2 17.6 (6.6) 1.17 2.9 (28) 0.81 2.8 0.8
3 12.5 0.83 4.1 1.15 3.25 1.95
4 6.4 0.42 4.8 1.34 3.35 2.38

C 1 6.5 0.39 <1.0 — 1.16 0.2
2 11.5 (6.0) 0.69 1.0 (21) 0.21 1.38 0.4S
3 9.0 0.54 2.7 0.57 1.02 0.73
4 7.45 0.45 2.8 0.59 1.02 0.80

D 1 17.0 1.02 1.0 0.21 2.2 0.66
2 18.3 (6.0) 1.10 6.6 (21) 1.39 3.45 2.0
3 8.65 0.52 4.0 0.84 2.8 1.7
4 4.55 0.27 3.0 0.63 1.83- 1.47

Oral dosage was 500 nig. of nmpiciUm and 1 Cm. of cloxacillin for nonfListing patients,

fluid followed that in the serum very close¬
ly, and the peak levels were also very
similar. In the fourth patient absorption of
cloxacillin was considerably more rapid
and the serum and synovial fluid levels
were correspondingly more out of phase.

Nevertheless, in all 4 patients the levels
of free cloxacillin in the synovial fluid
would clearly seem to be related to the
levels of free cloxacillin in the serum,

whereas the levels of toial drug in syn¬
ovial fluid and serum were markedly dif-
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CLOXACIUIN AMPICILLIN

TOTAL LEVELS FREE LEVELS TOTAL LEVELS

£
t9

HOURS AFTER DRUG ADMINISTRATION

Fig. 4. Levels of total ampicillin, total cloxacillm,
and free cloxacillm in serum (O O) and
syrcial fluid (SI B) of patients following a
single oral dose of one gram of cloxacillin together
with 500 rrg. ampicillin.

ferent. In contrast, with ampicillin, which
is not highly bound to serum protein,
the levels of total ampicillin in the syn¬
ovial fluid followed those in the serum

relatively closely and were generally simi¬
lar to the results obtained in the studies
in which ampicillin alone was administered
(Fig. 1).
Discussion

The results reported here show that am¬
picillin and cloxacillin diffuse readily into
synovial joint fluid following oral adminis¬
tration to patients with joint disease. There
is, however, a marked difference between
the 2 penicillins with respect to the levels
of antibiotic appearing in the synovial
fluid relative to the levels in serum, and
this may be explained by the differences
in the extent of binding to serum protein
of the 2 penicillins. Thus, with ampicillin,
which is not highly bound to serum pro¬
tein, the total levels of bound and unbound
drug in synovial fluid are similar to those
appearing in the serum. In contrast, with
cloxaeiilin which shows a high degree of
binding to scrum protein, the total levels
in synovial fluid are substantially lower
than those in serum. However, the levels
of unbound cloxacillin in synovial fluid
are very similar to the levels of fvee drug
in serum and appear to be in equilibrium
with each other.

Cloxacillin, like other penicillins, is bound
rcvcrsibly to protein in serum and other
tissue fluids with the result that an equi¬
librium exists between protein and free
drug on the one hand and protein-bound
drug on the other. While antibiotic mole¬
cules arc bound to proteins they are rela¬
tively nondiffusiblc. The primary effect
of protein binding therefore is to confine
drug molecules within the vascular system
so that the concentration gradient for
diffusion of drugs from the vascular system
into extravascular fluids is determined by
the level of unbound drug present in the
serum and not by the level of total drug.
When drug molecules diffuse into an extra-
vascular fluid, for example into synovial
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fluid, binding may also occur with protein
present in that fluid and an equilibrium
will again occur between bound and free
drug. The effect of protein binding on
antibiotic distribution between scrum and
an extravascular fluid such as synovial
fluid is shown diagrammatically in Fig. 5.
In the process of diffusion of cloxacillin

from serum into synovial fluid and in the
reverse direction, it would be expected
that the levels of unbound drug would
tend to reach equilibrium while bound
drug in both compartments would repre¬
sent depots of nondiffusible drug. This is
borne out by the results of this study which
show that despite large differences in the
levels of total cloxacillin in serum and
in synovial fluid, the levels of unbound
drug in these fluids were very similar.
In contrast, in the case of ampieillin, the
levels of total drug in the synovial fluid
and scrum were quite similar and this is
consistent with the low level of protein
binding shown by ampicillin. In the syn¬
ovial fluid and also in the serum, ampi-
cillin was present almost entirely as free
drug, and depots of nondiffusibie protein-
bound drug in this case were negligible.O CO

In addition to being relatively nondiffus¬
ible, protein-bound drug is devoid of anti¬
bacterial activity. Levels of free drug are
therefore more meaningful than total levels
when considering antibiotic concentrations
present in tissue fluid in relation to the
sensitivity of particular pathogens. Follow¬
ing a single oral dose of 500 xng. of cloxa¬
cillin the mean peak level of free drug in
the synovial fluid was 0.63 /ig per milli¬
liter and a level of 0.36 ^.g per milliliter
was still present 4 hours after dosage.
These levels, which are similar to the levels
of unbound cloxacillin in serum, may well
be adequate for the treatment of staphy¬
lococcal infections, including penicillin-re¬
sistant strains which are usually sensitive
to 0.25 to 0.5 /j.g per milliliter of cloxa¬
cillin. With ampicillin the levels present
in synovial fluid arc: virtually all as free
drug. Following a single 500 mg. oral
close, the peak levels were generally be-

Protoin bound
antibiotic

SYNOVIAL
?LIID

Protein. bound (na,_aifl-vsibi<;)antioxotio

Jr?V (diffusible)antxoiotic '

SiSUK

Fig. 5. Effect of protein binding on antibiotic
distribution between serum and synovial fluid.

tween 3 and 5 pg per milliliter of ampi¬
cillin. Such levels arc greatly in excess of
the sensitivity values for penicillin-sensitive
staphylococci, «- and /3-hemolytic strepto¬
cocci, gonoeocei, and meningococci and
may bo expected to be adequate also in
the case of many strains of H. influenzae,
E. coli and Proteus. Moreover, it would be
expected that higher levels of ampicillin
or cloxacillin could readily be achieved
in the synovial fluid following higher clos-
ago or parenteral administration.
The studies reported here confirm data

in the literature showing that penicillins
penetrate readily into synovial fluid follow¬
ing systemic administration2' 14>1T-24 and
agree with the conclusions of several auth¬
ors that there is no need for local or

intra-articular administration.3'15'10 More¬
over, the results obtained with the highly
protein-bound penicillin, cloxacillin, offer
an explanation for some of the variation
in the data reported in the literature
for different penicillins and are consistent
with the view that it is the level of
unbound antibiotic in serum which de¬
termines the tissue concentrations of anti¬
biotics.1' T' 13' 19, —

Wo wish to thank Mrs. Eleanor Fairclough for
skilled technical assistance and Drs. A. C. Boyle,
S. Mattingly, and Mary Corbett for permission to
study patients under their care.
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INTRAPERITONEAL CHALLENGE

K. R. Comber, C. D. Osborne, R. Sutherland

Beecham Pharmaceuticals Research Division

Brockham Park, Betchworth, Surrey, England

Experimental intraperitoneal mouse infections are used
universally in the assessment of the therapeutic potential of
novel antibacterial agents and in the majority of cases the
virulence of the infecting organism is enhanced by the concomitant
administration of hog gastric mucin to the animal. Much effort
has been devoted to studies of the preparation, biological mode
of action, and active constituents of hog gastric mucin and there
is a considerable body of knowledge concerning these aspects, as
can be seen from the excellent reviews of Olitski (1948, 1957)•
Surprisingly, there appears to have been much less study of the
effects of therapy on the development of the intraperitoneal
infection in the animal host, despite the extensive use of these
routine tests in the evaluation of compounds.

The influence of hog gastric mucin on the development of
infection in mice after intraperitoneal injection of a strain of
Escherichia coli is illustx-ated in Fig. 1, where it can he seen
that when an inoculum of 105 cells of an overnight culture of the
organism was administered in saline, the bacterial count in the
peritoneal cavity fell rapidly to a count of about 10^ cells/ml
and remained at about this level for the next 7 hours. There
was a rapid appearance of bacteria in the blood following
intraperitoneal injection, reaching a count of about 50 bacteria/
ml., but thereafter the count barely increased over the next
7 hours. In contrast, when the inoculum was injected as a
suspension in J>/a hog gastric mucin, the bacteriaL count in the
peritoneal cavity increased rapidly to in excess of 10^ celle/ml
of washings within 8 hours. Similarly, the blood bacterial count
rose rapidly to a count of 7 x 10® cells/ml at 8 hours. In the
presence of mucin, therefore, the culture was able to proliferate

191
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rapidly in the peritoneal cavity after intraperitoneal injection,
resulting in the rapid appearance of bacteria in blood and the
production of progressive bacteraemia.

□ peritoneal washings
0 blood

1 2 3 4 5 6 7

Hours

FIG. 1. F.ffect of mucin on the proliferation of E, coli (8)
in mice after intraperitoneal injection

The development of bacterial growth in the animal after
intraperitoneal injection of mucin suspensions of different
bacteria varies according to the organism. For example, the
multiplication of the Smith strain of Staphylococcus aureus in
the peritoneal cavity and the blood of mice was very similar
indeed to that of Escherichia coli (strain 8), but with Pseudomonas
aeruginosa (strain 11j, a rather different pattern was observed
(Fig.2). Thus,bacterial growth was very much slower, so that 4 hours
after injection the peritoneal bacterial count had barely increased
by one order of magnitude and by 8 hours the count was less than
10® cells/ml, in contrast to the counts of >10' cells/ml observed
with E. coli and Staph,, aureus. Likewise, in blood the bacterial
numbers increased at a slow rate, and after 8 hours the pseudomonas
count had reached a level of only 10^ cells/ml. With Salmonella
typhimurium (strain 10) growth of the organism was relatively
slow in the peritoneal cavity, (Fig. 2) reaching a count of only
10' cells/ml by 8 hours, but the blood bacterial count rose rapidly
to the levels observed in the peritoneum. It is apparent, there¬
fore, that there are distinct differences in the growth of bacteria
in the animal after intraperitoneal injection of bacterial
suspensions in mucin and it would be expected that these differences
would result in varying responses to therapy.
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Ps. aeruginosa Salm. typhimurium

□APeritoneal

washings
■a Biood

8
hours

FIG, 2. Bacterial counts in mice after intraperitoneal injection
of mucin suspensions of Ps. aeruginosa (11) and

Salm. typhimurium (10).

As might be expected,rhe virulence of an organism may be
influenced significantly by the concentration of mucin in which
the inoculum is administered. Thus, with Escherichia coli
(strain 8) an inoculum of 10' cells in 1% mucin was considerably
less virulent than the same inoculum in 3% mucin - producing
only 40% mortality compared with 100% deaths caused by the latter.
With the same inoculum iri 5% mucin, no increase in mortality
could he expected beyond the 100% deaths obtained with 3% mucin,
but response to penicillin therapy was much less pronounced
showing that the virulence wa.s increasing in proportion to the
quantity of mucin .injected into the peritoneal cavity. This is
probably due to the prolongation of the length of time the mucin
remains in the cavity and consequent persistence of its virulence-
enhancing properties in the host. For example, with an Inoculum
of E. coll (3) in 3% mucin the infection-promoting effects of the
mucin disappear within 4 hours after injection. This was
demonstrated by administering sterile mucin intraperitoneally to
non-infected mice, and subsequently injecting, at intervals,
broth suspensions of E. co'll 8 by the same route (Table 1).
When administration of the bacteria was delayed for 4 hours
after injection of the mucin there was a significant reduction in
mortality compared with results obtained between 0 and 2 hours,
and by 7 hours, the virulence-promoting effects of the mucin were
minimal. The rate of disappearance of mucin from the peritoneal
cavity has therefore, a marked influence on the virulence of the
infection and its response to therapy.
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TABLE 1. Effect of intraperitoneal injection of E. coli 8
in mice pre-dosed intraperitoneally with sterile mucin

Time of infection
after dosing with
sterile mucin

(hours)
0 1 2 4 6 7

% survivors 0 10 10 70 70 90

The effects of a single subcutaneous dose of amoxycillin on
the multiplication of bacteria in the peritoneal cavity after
intraperitoneal injection of B. coli (8) in f/a mucin are shown in
Pig. 3. In untreated mice the peritoneal counts rose rapidly to
greater than lO-' cells/ml by 6 hours. Effective doses of
amoxycillin (200, 50 and 12.5ffig/kg) produced rapid bactericidal
effects and caused 33% reduction in viable counts within 1 to 2
hours after infection. Between 2 and 6 hours,following elimination
of the antibiotic from the animal, there Was a gradual increase
in the bacterial count and 6 to 12 hourSgafter infection the count
rose sharply to levels of between 5 x 10 and 10® cells/ml.
Between 12 and 16 hours the count remained stationary and persisted
at a level of about 10 cells/ml up to 40 hours after injection
after which the count decreased to 10 ceils/ml at 72 hours.

PERITONEAL
CAV'.TY blood

%survivors
0
0

Hours

PIG. 3* Effects of a single subcutaneous dose of amoxycillin on
the bacterial counts in the peritoneal cavity and blood of mice

infected intraperitoneally with E. coli (8)
a, control; □, 200mg/kg; a , 50mg/kg;O, 12.5mg/kg; 0, 3.1mg/kg
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The cessation of growth at 12 hours following the phase of
rapid increase in count between 6 and 12 hours was unexpected
in view of the high numbers of bacteria reached in the peritoneal
cavity during this period and one possibility considered for the
apparent lack of virulence of these organisms was that bacteria
surviving exposure to the penicillins, were in some way deficient.
In order to investigate this possibility, healthy mice were
infected with E. coli (strain 8) (Table 2) and dosed immediately
after infection with a single subcutaneous 200mg/kg or 100mg/kg
dose of amoxycillin, doses normally resulting in 90-100%
protection of the infected animals. A dose (0.5ml) of sterile
mucin was injected intraperitoneally into these mice 6, 8 or
10 hours after infection, and it can be seen that administration
of the mucin between 6 and 10 hours to the amoxycillin-treated
animals resulted in a significant reduction in survivors,
suggesting that the bacteria exposed to amoxycillin in the
peritoneal cavity had not been damaged and were capable of showing
normal virulence. It would appear then that the decline in the
peritoneal growth of treated animals from 12 hours onwards was
a direct result of cellular response within the animal.

TABLE 2. Effect of administering a second dose of sterile mucin
to mice infected with E. coli 8 and treated with

subcutaneous amoxycillin

Time of addition % survivors
of 2nd dose of mucin

(hr. after infection) 100 mg/kg 200 mg/kg

0* 90-95 100

6 15 55

8 50 10

10 10 10

* No 2nd dose

Examination of bacterial growth in the blood of the infected
mice (Fig. 3) showed a similar pattern of bactericidal activity
and a similar dose response, reflecting events in the peritoneal
cavity. Thus, after injection of amoxycillin, the blood counts
in animals treated at the higher dose levels remained between
10^ cells/ml from 1 to 4 hours after infection, followed by
gradual growth between 4 and 8 hours and a phase of more rapid
growth from 8 hours to 10 hours. From 10 hours onwards the rate
of growth declined and counts remained stationary at about
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103 cells/ml for up to 2h hours, after which there was a gradual
fall until no "bacteria were detected in the "blood 72 hours after
infection.

'These findings show that after intraperitoneal injection of
bacteria the blood bacterial counts are related to the rate of

proliferation in the peritoneal cavity and demonstrate that the
inhibitory effects of penicillins on blood bacterial counts
depend not only upon the antibiotic concentrations present in
blood, but also upon the bactericidal effects of the compounds in
reducing the numbers of bacteria in the peritoneal cavity in the
early stages of infection. In turn, reduction of the blood
bacterial count resulted in greater ability of the immune mechanism
of the infected animal to eliminate the high bacterial counts
appearing in the peritoneal cavity after excretion of the antibiotic
from the animal.

In conclusion, the results reported illustrate some of the
factors that influence the development of experimental intra¬
peritoneal mouse infections and demonstrate the value of chemo-
therapeutic tests in the evaluation of antibacterial agents by
measurement of therapeutic effects that could not be predicted
from knowledge of in vitro antibiotic sensitivity of the organism
or of antibiotic blood concentrations alone. The intraperitoneal
mouse infection is often criticised as being a highly artificial
model with little relevance to the clinical situation but proper
understanding of the model and of the effects of treatment of the
infection may contribute significantly to the assessment of the
therapeutic potential of a novel agent.
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I. Introduction

Among the naturally occurring antibiotics it is not unusual to encounter
families of substances in which the members possess a common basic struc¬
ture but differ with respect to some substitucnt group or groups. The
penicillins are an example of such a family, and in this case the common
structure is a fused thmolidinc-|8-lactam ring system (Fig. 1). Attached to
this nucleus at the G-amino position is an acyl radical, which lias become
known as the penicillin side chain, and it is the structure of this side-chain
group which distinguishes one member of the penicillin family from another.
The penicillins shown in Table I are those that wc.re encountered in the

early penicillin fermentations and which, prior to the determination of their
structures, were identified by numerals in the United Kingdom and by the
letters X, G, F, and Iv in the United States. Examination of these individual
penicillins showed that they possessed considerable similarity in biological
properties, notably in the spectrum of antibacterial activity, but significant
differences were also apparent, for example, in the potency against particu¬
lar bacteria and in the extent of binding to scrum proteins. Consideration
of the differences in antibiotic and pharmacokinetic properties led to the
selection of penicillin G (benzylpenicillin) as the preferred compound for
clinical use, and commercial production was greatly facilitated by the dis¬
covery that this penicillin could be produced almost exclusively by in¬
corporating phcnylacetic acid in the fermentation medium thus providing a
source of this particular side-chain structure.

e h^sv.
R—NH-CH—Cs 1 jC(CH3).,

CO—N" 'CH-COOH
X 1— v /

Side Penicillin
chain nucleus

Fig. 1. Structure of penicillin.
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TABLE I i

Naturally Occurring Penicillins j

!
R—NH-CH-C C(CH,),
III i
CO-N CH-COOH j

Penicillin Structure of side chain It

Penicillin G (benzylpenieillin)

Penicillin X (p-hydroxyhenzylpenicillin)

Penicillin F (pentenylpenicillin) CH3-CH2-CH :CH-CH,-CO-
Penicillin dihydro F (pentylpenicillin) CH3(CH2)4-CO—
Penicillin K (heptylpeiiicillin) CH3(CH2)6-CO—

The use of phenylaeotic acid in this wa> as a precursor for the production
of benzylpcnieillin was followed by an extensive investigation of a large
number of monosubstitutcd acetic acid derivatives as possible precursors.
Many of these were found to be acceptable to the mold and resulted in the
biosynthesis of penicillins not otherwise available as natural products. The
object of this work was to exploit the knowledge that the nature of the side
chain could iinlucnce the antibacterial and pharmacological properties of
the penicillin, and it was hoped that in this way novel penicillins might be
obtained with advantageous therapeutic properties. One of the penicillins
prepared during a program of work using precursors (Bchrens ei al., 1948)
was a-phonoxymcthylpenicillin (penicillin V) (Fig. 2) which shows the
important property of acid stability (Brandl and Margreitcr, 1954). Apart
from phenoxymethylpenicillin, however, none of the other penicillins ob¬
tained by this precursor approach appeared to show any significant ad¬
vantage over benzylpenicillin, and, indeed, the diversity of side-chain struc¬
ture which can be obtained in this way is severely limited by the fact that
many carboxylic acids and their derivatives are not acceptable to the mold
as precursors.

ft V O ■ CHt- CO • NH • CH-C"'Sn'C(CHj)!
CO—N CII-COOH

Fig. 2. Structure of phennxymethylpenieillin (penicillin V).
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Another approach to the preparation of penicillins with novel side-chain
structures has been the chemical modification of a penicillin that can itself
be obtained by fermentation. Semisynthetic penicillins of this type were
first prepared from p-hydroxybenzylpenicillin (penicillin X) (Table I), the
p-hydroxy group in the benzene ring facilitating substitution by halogens
and various azo radicals (Coghill et al., 1949). Some of the azo penicillins
prepared in this way were more active in vitro than benzylpenicillin, but the
antibacterial spectrum was not improved and none was considered likely
to be superior to benzylpenicillin in clinical practice.
Semisynthetic penicillins have also been prepared by chemical modifica¬

tion of the p-amino group of p-aminobenzylpenicillm (Doyle and Nayler,
1957; Tosoni et al., 1958), although none of these compounds appeared to
be promising from the chemotherapeutic point of view. However, during
the course of work described by Ballio d al. (1959) on the preparation of
p-aminobenzylpenicillin, certain control fermentations were carried out in
which no precursor had been added and in these fermentations a marked
discrepancy was observed between the results of the biological and the
chemical methods used to assay the penicillin formed. These observations
led to the recognition that in the fermentations carried out in the absence
of side-chain precursors, the penicillin nucleus, 6-aminopenicillanic acid
(Fig. 3) was itself produced as a natural product (Batchelor ct al., 1959).
The isolation of 6-aminopenicillani.c acid provided the starting point for

the preparation of new penicillins by the addition of novel side-chain struc¬
tures by chemical means at the 6-amino group. Several objectives presented
themselves at this time, one of which was the possibility that new penicillins
might show a broader spectrum of antibacterial activity than that shown by
penicillins G and V, particularly with respect to the gram-negative bacilli.
Another possibility was that by the choice of suitable side-chain structures,
penicillins that are stable to staphylococcal penicillinase and active against
the penicillin-resistant staphylococci might be obtained. These and other
objectives have been realized, and it is the penicillins prepared by chemical
reaction with 6-aminopenicillanic acid which are now referred to as the new

penicillins or semisynthetic penicillins.
Semisynthetic penicillins now comprise an important group of antibac¬

terial agents and no fewer than nineteen of these compounds have found a

place in clinical practice. In addition there is a very much larger number

h s.
nh2-ch-c c(ch3)2

I I I
co—n ch • booh

Fiu. 3. Structure of 6-aminopenicillanic acid.
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which have been evaluated in some detail, and, in view of the considerable
mass of published data now relating to semisynthetic penicillins, it may be
opportune to review this group of compounds. Reviews dealing primarily
with structure-activity relationships of the semisynthetic penicillins are
already available (Doyle and Nayler, 1964; Price, 1969, Nayler, 1973).
Thj present review, however, will consider only those penicillins for which
substantial evaluation data have been published. There are at least thirty
different penicillins that fall within this category, and the purpose of this
article is to marshal these compounds into related groups and to present a
comparative assessment of the biological properties which have been deter¬
mined from laboratory and human pharmacology studies. In making this
assessment the views presented are very much those of the authors, and no

attempt is made to present a complete review of the published work.

II. Laboratory Evaluation

Before reviewing the biological properties of the semisynthetic penicillins,
it may be appropriate to consider what criteria are important in the
evaluation of these compounds.
The ultimate test of the value of an antibiotic is the clinical result ob¬

tained when the drug is used to treat infection. However, evaluation of new
drugs by clinical trial alone is clearly impracticable, and laboratory work
in vitro, in experimental animals, and in human volunteers forms the basis
from which compounds are selected for clinical trial. It follows, therefore,
that the parameters studied in the laboratory evaluation phase should be
as complete and as relevant as possible and that the results should be in¬
terpreted with maximum accuracy in relation to the conditions that will
apply when the drug r used clinically.
In addition to the role of laboratory studies in the selection of compounds

for clinical trial, these data are also of value at a later stage when the drug
is in clinical use because differences between closely related compounds
may be difficult or time-consuming to prove by clinical trial and the choice
of one compound over another in clinical use may depend largely on the
data which have been obtained in the laboratory.
With regard to semisynthetic penicillins, and to antibiotics generally,

the parameters important in laboratory evaluation include, first, the anti¬
bacterial activity of the compound in vitro and in vivo, and a knowledge of
the factors that affect activity, and, second, the absorption, distribution,
and metabolism of the drug in animals and in human volunteers. The toxi¬
cology of the compound is also of great importance but is outside the scope
of this review.
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A. Antibacterial Activity in Vitro

Antibacterial activity is usually assessed in the first instance by deter¬
mination of the minimum concentration of drug required to prevent growth
of the test organism in liquid or on solid medium after overnight incubation.
The minimum inhibitory concentration (MIC) determined in this way is
the basic measure of antibacterial activity in vitro, and the results of such
tests are widely used to compare one antibiotic with another. However,
the MIC may be greatly influenced by test conditions, and for meaningful
evaluation it is essential that these factors should be taken into account;
for example, the antibacterial activity of certain antibiotics is affected by
pH or by composition of the medium, but these factors do not appear to be
of great importance as far as most penicillins are concerned. The activity of
some penicillins may, however, be greatly influenced by the presence of
blood or serum as a result of protein binding, and the significance of this is
discussed separately. Similarly, the size of inoculum used in the test may
have a marked effect on the MIC, and an important aspect of this is the
production of /3-lactamase (penicillinase) by the test organism which may
result in drug inactivation. Thus, a penicillinase-labile penicillin, such as

benzylpenieillin, shows a high level of activity against a small inoculum of a
penicillinase-producirig staphylococcus but is inactive when the inoculum is
large. A similar effect can be seen with certain gram-negative bacilli and
penicillins such as ampicillin and carbenicillin. In addition to organisms that
show this inoculum effect, there are also many bacteria in which /3-lacta-
mase production is accompanied by intrinsic resistance and in such cases an
inoculum effect may not be very pronounced.
Where inoculum size influences activity as a result of ^-lactamase forma¬

tion the question arises as to how this should be interpreted in relation to
the clinical situation. Bacterial numbers and /3-lactamase production at the
site of infection may vary considerably, and it might be asked whether a
partial degree of stability would be adequate. Clinical experience, however,
indicates that a high degree of stability to /3-lactamase is, in fact, required
for reliable therapeutic effect. This is evidenced by the findings that benzyl-
penicillin, even in high dosage, is ineffective in the treatment of serious in¬
fections of penicillinase-producing staphylococci and that ampicillin is not
effective in the treatment of Klebsiella infections even though many strains
are quite sensitive when the inoculum tested is small. In the evaluation of
penicillins it would seem wise, therefore, to employ a large inoculum in
sensitivity tests and to give preference to those compounds for which the
degree of stability to /3-lactamase is high.
With penicillins an increase in the MIC with increase in inoculum size is
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commonly regarded as indicating drug destruction, but this is not neces¬
sarily the case. A small number of resistant cells may be present in the
bacterial population, and these may grow to visible proportions when a

large inoculum is used but may not be seen when the inoculum is small.
Methicillin-resistant staphylococci provide a good example of these effects.
In most cases, drug destruction or the presence of resistant mutants ac¬

counts for the effect of inoculum size on activity, but there are also instances
where the reason for the effect of inoculum size is not entirely clear. For ex¬
ample, in the case of carbenicillin and Pseudomonas aeruginosa in tests
using a heavy inoculum, growth of the test organism may be very greatly
diminished at concentrations as low as 25-50 /ig/ml, but some meager

growth may persist even with concentrations of carbenicillin as high as
250 jug/ml; in contrast, using a smaller inoculum, a sharp end point is ob¬
tained with complete inhibition of growth at a level of 25 to 50 Mg/nd
(Knudsen et al., 1967). In this instance drug destruction is not the reason
for the effect, and, although it has been shown that resistant members of the
population can be isolated (Bell and Smith, 1969), this does not seem to
•provide the full explanation for this phenomenon of "tailing."

The relationship between the MIC as determined in vitro and activity of
the antibiotic at the site of infection is also not entirely clear. It is generally
assumed that the concentration required for inhibition of bacterial growth
at the site of infection is the same as that required in vitro, but this may
not be the case. It is possible that bacteria that have grown in vivo and
which have been subjected to body defense mechanisms may show a sensi¬
tivity different from that of bacteria grown in vitro. The relevance of the
in vitro MIC may also be complicated by the fact that in vivo the level of
drug in the body may show marked fluctuations following each dose, and
this is particularly true for penicillins that are usually excreted rapidly.
As a result, an inhibitory concentration may only be present in vivo for a

relatively brief period of time, whereas in vitro the drug is present at a given
concentration for the entire period of the test, usually 18-24 hours. In most
cases the MIC's determined after 18 to 24 hours do reflect closely the situa¬
tion which obtains during the first few hours of the test. Thus, concentra¬
tions of drug that fail to inhibit growth overnight also fail to cause inhibi¬
tion during the early stages of the test and, similarly, concentrations that
prove to be inhibitory after 24 hours also show an inhibitory effect during
the first few hours. This situation is generally true for penicillins and gram-
positive bacteria. With gram-negative bacilli, on the other hand, the results
obtained after overnight incubation do not always reflect the degree of ac¬
tivity shown by the drug during the first few hours of the test. There are
instances where a period of marked bactericidal action may occur initially
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which is followed by a resumption of bacterial growth. After overnight in¬
cubation this growth may reach visible proportions and, as a result, penicil¬
lin concentrations which appear to be subinhibitory after 24 hours may,

nevertheless, have exerted a marked bactericidal effect during the first few
hours of the test. This effect is very evident with carbenicillin and P.
aeruginosa and also with ampicillin and Escherichia coli. In such cases the
effects observed after a few hours might be more relevant to the clinical
situation than the results obtained after incubation overnight.
Despite the limitations discussed above concerning the determination of

the MIC in vitro and the factors involved in interpretation of the results,
this measurement of antibacterial activity is a valid means of comparing
one compound with another. There is no doubt that antibacterial activity
as indicated by the MIC is one of the factors that determine the therapeutic
effect of the drug when used clinically.

B. Protein Binding

Most antibiotics are bound to some extent to proteins present in plasma
and tissues but a good deal of confusion still exists over the significance of
protein binding despite clarification by a number of authors (Davis, 1943;
Goldstein, 1949; Scholtan and Schmid, 1982; Kunin, 1966; Verwey et ai,
1966; Rolinson, 1967). The binding of penicillins in scrum is readily revers¬
ible, and the extent of this binding depends on the structure of the penicillin
in question and the species of animal from which the serum has been ob¬
tained. Marked differences occur in the extent of binding in the sera of dif¬
ferent animals and man, and for this reason it is important to use human
serum rather than serum from some other species for laboratory work on
penicillin evaluation.
Protein binding has two important consequences from the chemothera-

peutic point of view. First, the protein-bound drug is essentially without
antibacterial activity and, as a result, the activity displayed in vitro in the
presence of serum is that of the unbound fraction of the drug. Second,
protein-bound drug is relatively nondiffusible. The effect of protein binding
in vivo, therefore, is that a proportion of the drug is sequestered in a tem¬
porarily inactive and nondiffusible form within the vascular system. As a
result, the diffusion gradient from the plasma to the tissue fluid is deter¬
mined by the level of free drug in the plasma and not by the total level of
drug and, hence, the concentration of free antibiotic in the tissues will not
be expected to exceed the peak level of fxee drug reached in the plasma.
Binding occurs not only to serum proteins but also to the proteins present
in lymph and other fluids and, thus, depots of bound drug may exist in
various extravascular compartments. However, because of the reversible
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nature of the binding even highly bound penicillins can be cleared rapidly
from the body.
Since the levels of free active antibiotic in extravascular sites arc deter¬

mined by the levels of free drug reached in the'plasma, it would be expected
that in order to achieve a therapeutic effect the level of unbound drug in
the plasma should at least equal the MIC of the pathogen in question.
Examination of data available for a number of antibiotics which are known
to be clinically effective in the treatment of staphylococcal infections indi¬
cates that this is indeed the case. Thus, it can be seen that despite marked
differences in the extent of binding, level of antibacterial activity, and total
serum levels reached with normal dosage, the peak levels of free antibiotic
in the plasma do exceed the MIC, and in most cases by a factor of 2 to 4
(Rolinson, 1967).
An adequate level of free antibiotic in the plasma does not in itself ensure

that the drug will diffuse readily into the tissues. Differences do occur in
the rate at which unbound molecules of different antibiotics diffuse across

membranes in the body. However, unless the concentration of unbound drug
•in the plasma is an inhibitory one, it is unlikely that an inhibitory concen¬
tration will be reached in the tissues.

C. Antibacterial Activity in Vivo

As part of the laboratory evaluation of an antibiotic it is important to
shove that it is active in the animal body. Thus, if a compound were found
to be active in vitro but showed little- or no activity in vivo, it would be
necessary to seek an explanation before one could have confidence in the
potential clinical usefulness of the drug. Activity against experimental
infections in animals, however, is considerably more complex than activity
in vitro, and interpretation of in vivo activity in a quantitative sense may be
difficult unless the factors involved arc determined separately. For example,
activity against an experimental infection in a laboratory animal depends
not only on the intrinsic antibacterial activity of the compound but also on
the absorption, distribution, extent of protein binding, and metabolism of
the drug in that particular animal species. In man these factors might be
very different and, as a result, the clinical value of the drug might not cor¬
respond with the findings obtained in the laboratory animal. Differences
between laboratory animals and man are particularly marked with respect
to absorption and rates of excretion of antibiotics. With most penicillins,
for example, the rate of elimination in mice is particularly rapid, and, as a
result, in single-dose protection tests the resulting activity may be pri¬
marily a reflection of the length of time an inhibitory level is maintained in
the body rather than a measure of the antibacterial potency of the drug.
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Single-dose protection tests can, therefore, give results which may be mis¬
leading with respect to the clinical activity in man where the rate of excre¬
tion may be slower and where repeated administration of the antibiotic is
more usual.
Marked differences also occur in the extent to which antibiotics are

bound to plasma proteins in man and in laboratory animals. For example,
the extent of binding of cloxacillin in mouse serum is very much lower than
that in human serum. Again, in mouse serum, nafcillin is more highly bound
than cloxacillin, whereas in man the reverse is the case. Such differences in
protein binding may influence the level of activity in vivo and may compli¬
cate the correlation between the activity in the experimental animal and the
probable activity if administered to man.
The real value of the protection test in experimental animals is that it

does provide a demonstration of activity against an infection in a living
host. The quantitative aspects of such tests, however, are more difficult to
interpret. Unless the individual factors concerned in activity in the animal
are measured, i.e., the levels of drug reached in the blood and tissues, the
extent of binding of the drug in plasma, and the rate at which the drug is
eliminated, the determination of the protective dose may be of limited
value in comparing one compound with another. Even when these pharma¬
cokinetic data arc known for the experimental animal, the corresponding
data in man are required in order to assess the likely clinical value of the
compound. Fortunately, certain pharmacological data can be obtained
from studies in human volunteers including drug levels reached in plasma
and urine, the extent of binding in human serum, the extent of metabolism
of the compound, and the rate of elimination. These data, together with the
results of the in vitro and in vivo studies, enable an assessment to be made
of the probable therapeutic value of the compound in man.

HI. Classification of Semisynthetic Penicillins

Semisynthetic penicillins may be conveniently grouped into three classes
on the basis of their antibacterial spectra. Thus, penicillins that have a
spectrum of activity essentially similar to that of penicillin V and that are
active primarily against gram-positive cocci, are often referred to as
narrow-spectrum penicillins. These compounds have been described as
"acid-stable penicillins" because of their similarity to penicillin V, but this
term is no longer favored since it has become obvious that acid stability is a

property shared by many other penicillins with very different biological
activities. The semisynthetic penicillins that are relatively stable to staphylo¬
coccal penicillinase are referred to as the penicillinase-stable penicillins,
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and this group includes all the compounds in clinical use active against
penicillin-resistant strains of Staphylococcus aureus. The use of the term
"penicillinase-stable" in this way is not particularly satisfactory as other
penicillins, such as phenethicillin, ampicillin, or carbenicillin, are stable to
the /3-lactamases produced by certain gram-negative bacilli, although they
are destroyed by staphylococcal penicillinase. The third group of penicillins
arc the broad-spectrum penicillins, so called because their antibacterial
spectra encompass gram-positive and gram-negative bacteria. The broad-
spcctrum penicillins at present available may be separated into those com¬
pounds resembling ampicillin in activity and those compounds with anti-
pseudomonas activity, but it seems probable that there will be develop¬
ments in the future which will lead to the introduction of semi-syntnetic
penicillins with widely overlapping properties. For the purposes of this
article the semisynthetic penicillins are considered as narrow-spectrum
penicillins similar to penicillin V, penicillinase-stable penicillins, and broad-
spectrum penicillins, and the antibacterial spectra of representative mem¬
bers of these groups are shown in Table II.

IV. Analogs of Penicillin V and Penicillin G

This group of penicillins includes phenethicillin, propicillin, and phen-
beuicillin, which are members of the phenoxy series, and clornetocillih and
azidocillin both of which are analogs of benzylpenicillin. These penicillins
are all acid-stable and relatively well-absorbed after oral dosage, giving
blood levels that are higher than those obtained with penicillin V. Differ¬
ences in serum levels, however, tend to be offset by differences in antibac¬
terial activity or degree of protein binding, and a consideration of all these
properties suggests that the therapeutic advantages of one member over
another may be rather small.

A. PlIENOXY'PENICILLINS

The phenoxypenicillins are all analogs of penicillin V (Table III). The
biological properties of these penicillins also resemble those of penicillin V,
but they show some differences in the level of antibacterial activity, the de¬
gree of protein binding, and the levels of drug present in the plasma after
oral dosage.

1. Phenethicillin

As a result of the asymmetric carbon atom in the side chain of phenoxy-
ethylpenicillin, the antibiotic exists as two diastereoisorners, the commercial
product, phenethicillin, being a mixture of these two isomers. The anti-
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AntibacterialSpectraofSemisyntheticPenicillins0

o

to

Minimuminhibitoryconcentration4O'g/ml)
Narrow-spcctrumpenicillins

Penicillinase-stable penicillins

Broad-spectrum penicillins

Organism

PenicillinGPenicillinV
Phencthicillin
Methicillin
Cloxacillin

AmpicillinCarbcnicillii:

Staphylococcusaureus

0.02

0.05

0.05

1.25

0.1

0.05

1.25

Staphylococcusaureus(penicillinase-
R

R

250

2.5

0.25

It

25

producing) Streptococcuspyogenes

0.01

0.02

0.05

0.25

0.1

0.02

0.5

Streptococcuspneumoniae

0.02

0.02

0.05

0.25

0.25

0.05

1.25

StreptococcusJaecalis

2.5

5.0

5.0

25

25

1.25

25

Clostridiumwelchii

0.05

0.1

0.1

1.0

0.5

0.05

0.5

Neisseriagonorrhoeae

0.01

0.02

0.1

0.1

0.1

0.02

0.05

Neisseriameningitidis

0.02

0.05

0.1

0.25

0.25

0.02

0.05

Haemophilusinfluenzae

0.5

5.0

5.0

2.5

12.5

0.25

0.25

Escherichiacolie

50

125

R

R

It

5.0

5.0

Salmonellatyphi

5.0

125

R

R

R

0.5

5.0

Shigellasonneic

50

250

R

R

R

2.5

12.5

Proteusmirabilis'

5.0

50

250

250

R

1.25

2.5

Indole-positiveProteus'

R

R

R

R

R

250

5.0

Klebsiellaaerogenes

250

it

It

R

R

250

250

Enterobacterspecies"

R

It

It

R

R

250

12.5

Pseudomonasaeruginosa'

.R

R

R

It

It

R

50

W o g3

02

O 2 > z o w
ei

as

w
s3

r

t>

2, O

0BeeehamResearchLaboratories,unpublisheddata. 4Sensitivityofmajorityofstrains.R—MIC>250jig/ml. 'Resistantstrainsarcencountered.

<5
05



semisynthetic penicillins 163

TABLE III

Analogs of Penicillin V

H^ss
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III
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Penicillin Structure of side chain R

Penicillin V (phenoxymethylpenic.iliin) \—och2-co—

Phencthicillin (nl-a-phenoxyethylpenicillin) ^ ^ o-ch-co—
ch.

Propicillin (DL-a-phenoxypropylpeiiicillin) ■</ y—o-ch-co-
CHj

ch3

Phenbcnicil'lin (dl-a-phcnoxybenzylpenicillin) ^—o • ch • co-

r v CH

a-Phnnoxyisopropylpenicillin </ y—O-C-
CH3
co-

\ / I
ch,

a-Phenoxybutylpenicillin r y—o-ch-co—
y=/ ch2ch,-ch,

a-Phenoxyisobntylpenicilliu \ y—° • ch ■ co-
h3c'"h"ch3

bacterial activity of the l-isomer is somewhat greater than that of the i>-
isomer (Gourevit'-h et al, 1960; McCarthy and Finland, 1960; Wallmark
and Finland, 1961; English and McBride, 1962) but does not appear to be
clearly superior to that of the dl mixture which in different studies con-
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sisted of 30 to 34% of the o-isomer and of 66 to 70% of the l-isomer. Blood
level studies reported by Cronk et al. (1960) following oral dosage in man
showed the levels of the d-isomer to be slightly higher than those of the
l-isomer 1 hour after dosage, but at 2 hours the position was reversed and
the levels of the l-isomer were higher than those obtained with the d-isomer.
Phenethicillin (dl-a-phenoxyethylpenicillin) was first introduced into

clinical practice in 1959. The antibacterial spectrum and level of activity is
very similar to that of penicillin V, and the main property of interest in this
penicillin is the antibiotic level reached in the blood after oral dosage. Serum
levels obtained in adult volunteers after a single dose of 250 mg of phene¬
thicillin are shown in Fig. 4 together with the levels obtained with penicillin
V. These results are broadly in agreement with those reported by other
workers (Cronk et al., I960; Morigi et al., 1960; Williamson et al., 1961;
Griffiths and Black, 1962; Kirby et al., 1962; Bond et al., 1963) and they
show that the serum levels of phenethicillin are considerably higher than
those obtained with the same dose of penicilhn V. Not only are the serum
levels of phenethicillin higher than those of penicillin V but they are also
more prolonged, and, as a result, the difference in the levels of these two
compounds becomes more marked at the later time intervals. For example,
from the results shown in Fig. 4, it will be seen that at 0.5 hour after
dosage the level of phenethicillin was only 23% higher than that of penicil¬
lin V, but at 1 hour the level was approximately twice as high, and at 2
hours the difference was nearly threefold.

7

2
hours

3 4

Fig. 4. Blood levels obtained in adult volunteers in the fasting state following a single
oral dose of 250 mg of penicillin V (67 subjects), phenethicillin (89 subjects), and propicil¬
lin (26 subjects) (Beechain Research Laboratories, unpublished data).
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TABLE IV

Urinary Excretion of Penicillin and tiif. Corresponding Penicilloic Acid
Following an Oral Dose of Various Penicillins to Adult Volunteers"

Dose Recovered in urine from 0 to 12 hr (%)''

No. of Penicilloic Penicillin plus
Penicillin subjects Dose (nig) Penicillin acid penicilloic acid

Penicillin V C 500 26 ± 12 34 ± 20 60 ± 23
Phenethicillin 6 500 50 ± 12 23 ± 14 73 ± 17

Propicillin 6 500 45 ± 21 21 ± 14 66 ± 24
Oxacillin 6 500 17 ± 13 16 ± 13 33 ± 24
Cloxacillin 6 500 38 ± 18 11 ± 13 49 ± 26
Dicloxacillin 6 500 33 ± 20 4 ± 8 37 ± 23
Flucloxaeillin 0 500 41 ± 30 4 ± 5 45 ± 28

Ampicillin" 10 250 43 ± 18 11 ± 6 54 ± 20

Amoxycillin" 10 250 63 ± 19 20 ± 11 83 ± 22

" From Cole ct al. (1973), by permission of Antimicrobial Agents cfc Chemotherapy.
6 The values given are the means for the number of subjects as indicated with the limits

of error at the 95% probability level.
' Dose recovered from 0 to 6 hours.

Recent work in these laboratories by Cole el al. (1973) indicates that
the difference in serum levels with phenethicillin and penicillin V may
be the result of a difference in the extent of metabolism rather than a

difference in absorption. Data are shown in Table IV for the amount of
penicillin and corresponding penicilloic acid reocvered in the urine of healthy
adult volunteers following a single dose of antibiotic. It will be seen that in
the case of penicillin V as much as 34% of the dose administered was re¬
covered in the form of the corresponding penicilloic acid and only 26%
was found as unchanged penicillin; in contrast, with phenethicillin, only
22% of the dose was recovered as penicilloic acid and approximately 50%
was excreted as unchanged penicillin. From these results it would appear
that the degree of absorption of penicillin V and phenethicillin may be very
similar but the extent of metabolism of phenethicillin is less. The observa¬
tion that the serum levels of phenethicillin are more prolonged than those of
penicillin V would also be consistent with this difference in the metabolism
of the two compounds. Phenethicillin is also metabolized to a small extent
in Lhc body without loss of biological activity and the resulting penicillin is
excreted in the urine (Rolinson and Batchclor, 1963). This metabolite has
not been identified but the corresponding metabolite of penicillin V has
been shown to be the p-hydroxy derivative (Vanderhaeghe et al.. 1963).
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Serum levels obtained with phenethicillin are undoubtedly higher than
those of penicillin V, and the question arises as to what the clinical sig¬
nificance of this might be. Since most infections are present in extravascular
compartments, plasma levels are of importance in so far as they influence
the level of antibiotic reached at the site of infection. The effect of protein
binding on tissue distribution of penicillin has already been discussed, but
this factor can largely be ignored in comparing phenethicillin with penicillin
V because the two compounds appear to be bound to almost the same ex¬
tent. Bond et al. (1963) reported the binding of phenethicillin to be slightly
lower than that of penicillin V (75.2% compared with 80.1%), whereas
Rolinson and Sutherland (1965) reported the binding of phenethicillin to
be marginally higher than that of penicillin V (82.7% compared, with
79.7%). Diffusion of antibiotic from the plasma into the tissues will be de¬
pendent not only on the peak level reached in the plasma but also on the
period of time a level in the plasma is maintained, and both factors need to
be taken into account when comparing the plasma levels obtained with
ph< nethicillin and penicillin Y. Unfortunately, the relative importance of
the peak level compared with the duration of plasma concentration is not
known and, therefore, it is not easy to arrive at a single numerical value
that expresses the significance of the serum levels of phenethicillin compared
with those of penicillin Y. On the basis of the relative peak plasma levels
and the total areas under the curve, the superiority of phenethicillin over
penicillin V would appear to be approximately twofold, whereas on the
basis of the plasma levels that are present from 2 to 4 hours after dosage,
the superiority would appear to be nearer threefold.
The antibacterial spectrum of phenethicillin is similar to that of penicillin

V. However, examination of the level of activity of phenethicillin indicates
that this is somewhat lower than that of penicillin V, at least against certain
pathogens, and the question has arisen as to how far this difference in ac¬
tivity offsets the advantage in blood levels. Against penicillin-sensitive
strains of Staphylococcus aureus, phenethicillin has been reported to be
twofold less active than penicillin V (McCarthy and Finland, 1960; Griffiths
and Black, 1962; Kirby et al., 1962; Morrison and Williamson, 1962). On
the other hand, Garrod (1960a,b), Shoemaker et al. (1961), Colville and
Quinn (1962), Rollo et al. (1962), Wallmark (1962), Bond el al. (1963),
and Frisk and Tunevall (1963) have reported the activity of phenethicillin
and penicillin Y against staphylococci to be very close, indeed, and to dif¬
fer by less than a factor of 2. With regard to staphylococcal infections, there¬
fore, the superiority of the scrum levels of phenethicillin may be partially,
but not completely, offset by a marginally lower level of antibacterial ac¬
tivity.
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Against the Group A streptococci the published work is quite consistent
in reporting phenethieillin to be twofold less active than penicillin V. In
this case the difference in activity may largely negate the advantage in
blood levels, and against such infections phenethicillin might be expected
to be no more than equal to penicillin V. Most workers have also reported
phenethicillin to be twofold less active than penicillin V against pneumo-
cocci, although Williamson et al. (1961) and Rollo et al. (1962) have
reported results showing phenethicillin and penicillin V to have essentially
the same activity. Frisk and Tunevall (1963) also reported yjhenethicillin to
have almost the same activity as penicillin V against a-hemolytic strepto¬
cocci and pneumococci. Against pneumococcal infections, therefore, a
slightly lower level of antibacterial activity may only partly offset the
advantage in blood levels which phenethicillin shows compared with
penicillin V. Against bacteria other than staphylococci and streptococci,
phenethicillin shows activity similar, or slightly lower, than that of peni¬
cillin V, and the compound is not indicated in the treatment of infections
other than those caused by staphylococci and streptococci.
Phenethicillin does show somewhat greater stability to staphylococcal

penicillinase than does penicillin V and, as a result , theMIC's of phenethicil¬
lin against penicillinasc-producing staphylococci are slightly lower than
those of penicillin V. Results with a number of strains of staphylococci,
which are also typical of results reported by other workers,- are shown in
Table V. The degree of stability to staphylococcal penicillinase, however,
is not great, and it is doubtful whether the activity shown against penicillin-
resistant staphylococci is sufficient to be of clinical value.

2. Propicillin

Propicillin (i>L-«-phonoxypropylpenicillin) is the next member to phene¬
thicillin in an homologous series in the same way as phenethicillin is the next
higher member to penicillin V. In many respects the biological properties of
propicillin are a continuation of the trends that phenethicillin shows as
compared with penicillin V, that is, higher blood levels after oral adminis¬
tration, lower antibacterial activity against certain organisms, greater
stability to staphylococcal penicillinase, and a higher degree of protein
binding. As in the case of phenoxyethylpenlcillin, phenoxypropylpenicillin
exists as two diastereoisomers, the commercial product, propicillin, being a
mixture of these isomers. Studies carried out with the two separate isomers
(Griffiths and Black, 1962) indicate the L-isomer to be slightly more active
than the D-isomer and to give rise to higher blood levels after oral dosage in
man. The results of Wick et al. (1962), however, indicate that the L-isomer
is not clearly more active than the DL-mixture.



168 G. N. ROLINSON AND R. SUTHERLAND

TABLE V

Minimum Inhibitory Concentrations of Penicillin V, Phf.nethicillin, and
Propicillin against Penicillin-Resistant Staphylococci0

Minimum Inhibitory Concentration8 Gig/ml)

Strain Penicillin V Phenethicillin Propicillin

1 0.5 0.25 0.1
2 12.5 0.5 0.5

3 25 1.25 0.5
4 50 2.5 1.25

5 50 50 5.0

6 250 125 25
7 500 125 25
8 500 500 50

9 >500 500 250

" Beecham Research Laboratories (unpublished data).
b Serial dilution in agar using one drop of undiluted, overnight, broth culture as inocu

lum.

Serum levels obtained with propicillin in healthy adult volunteers com¬
pared with phenethicillin and penicillin V are given in Fig. 4. These results
show that the levels reached with propicillin are higher than those of
phenethicillin, and this has been confirmed by a number of other workers
(Williamson et al., 1961; Bond et al., 1963; Frisk and Tunevall, 1963).
Compared with penicillin V, the levels of propicillin at 0.5 and 1 hour after
dosing appear to be approximately twice as high, and at 2 and 4 hours the
difference is approximately fourfold (Naumann, 1962a). As with phenethi¬
cillin, the extent of metabolism of propicillin to Tie corresponding penicilloic
acid is lower than is the case with penicillin V (Table IV), and this may

largely account for the higher and more prolonged plasma levels obtained
with propicillin (Cole et al., 1973). On the other hand, the extent to which
propicillin is metabolized does not appear to be very different from that of
phenethicillin and, therefore, the difference in blood levels between propi¬
cillin and phenethicillin may well indicate a difference in extent of absorp¬
tion. Like phenethicillin, propicillin undergoes some metabolism in the
body to give rise to an active metabolite (Rolinson and Batchelor, 1963).
The amount of this metabolite excreted in the urine appears to be rather
greater than occurs with phenethicillin and may amount to as much as

25-30% of the total penicillin excreted. The biological activity of the
metabolite, however, appears to be similar to that of the parent compound.
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Although the scmm levels of propicillin are considerably higher than those
of penicillin V, the extent of binding to scrum proteins is also greater. Bond
et al. (1963) reported values of 80.1 and 89.3%, and Rolinson and Suther¬
land (1965) 79.7 and 88.5%, respectively, for the binding of penicillin V
and propicillin. These results are in close agreement and indicate the free
levels to be approximately 10% in the case of propicillin compared with
approximately 20% with penicillin V, that is, the proportion of unbound
propicillin is approximately half that of penicillin V. As a result of this dif¬
ference in binding, although the levels of total propicillin in serum are 2-4
times higher than those of penicillin V, the levels of free propicillin at 0.5
and 1 hour after dosing are only comparable and at 2 and 4 hours the dif¬
ference is only twofold. This difference in levels of free antibiotic in the
plasma is barely adequate to compensate for the lower level of antibacterial
activity which propicillin shows, at least against certain organisms. Thus,
against penicillin-sensitive staphylococci, propicillin is two- to fourfold less
active than penicillin V (Williamson et al., 1961; Colville and Quinn, 1962;
Griffiths and Black, 1962; Kirby et al., 1962; Naumann, 1962a; Wallmark,
1962; Bond et al., 1963; Brisk and Tuncvall, 1963), and this difference in
activity is sufficient to negate the advantage which propicillin shows in
terms of free levels in the plasma. On the other hand, against the Group A
streptococci, and particularly against the pneumococcus, the activity of
propicillin is only slightly lower than that of penicillin V. Different workers
have reported marginally different results but, in general, the difference in
activity between propicillin and penicillin V appears to be approximately
twofold (Williamson et al., 1961; Griffiths and Black, 1962; Kirby el al.,
1902; Naumann, 1962a; Wallmark, 1962; Frisk and Tuncvall, 1963).
Against these pathogens, therefore, the difference in activity may not en¬
tirely offset the advantage shown by propicillin in terms of free levels in
the plasma.
Compared with penicillin V, propicillin has a significantly greater degree

of stability t.o staphylococcal penicillinase which is reflected in the MIC's
against penicillinase-producing strains of Staphylococcus aureus. Typical
results are shown in Table V, and it will be seen that the MIC values for
propicillin are significantly lower than those of both penicillin V and phene-
thicillin. In the case of strains of staphylococci that are only slightly resist¬
ant to benzylpenicillin, the activity of propicillin might well be of clinical
value. However, against highly resistant strains of staphylococci the degree
of penicillinase stability of propicillin is inadequate to prevent extensive
inactivation of the drug in this type of test, and with these strains the
MIC values suggest that propicillin would not be clinically effective.
\\ hether, in feet, the clinical value of propicillin in the treatment of penicil-
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lin-resistant staphylococcal infections has been adequately investigated is
perhaps debatable because in 1961 when propicillin was first introduced,
the activity of methicillin against penicillinase-producing staphylococci
was already well established.

3. Phenbenicillin

Phenbenicillin («-phenoxybenzylpenicillin) is well absorbed following
oral administration giving plasma levels which are substantially higher than
those of penicillin V (Carter and Brumfitt, 1962; Rollo et al.t 1962) and
which may even be higher than those obtained with propicillin (Bond et al.,
1963). The antibacterial activity of phenbenicillin against Streptococcus
pyogenes and Streptococcus pneumoniae appears to be comparable with propi¬
cillin, but the level of activity against penicillin-sensitive staphylococci is
slightly lower (Bond et al., 1963). The activity of phenbenicillin against
penicillin-resistant staphylococci is also slightly lower than that of propicil¬
lin and in this respect comparable with that of phenethicillin.
Although phenbenicillin does give rise to high blood levels the compound

is very highly bound to plasma proteins. Bond et al. (1963) and Itolinson
and Sutherland (1965) have both reported that in human serum only 2.8%
of the drug is free and this level of binding may well offset any advantage
phenbenicillin might have in terms of absorption. Phenbenicillin also under¬
goes considerable metabolism in the body, and two active metabolites can
be detected in serum and in urine samples (Rolinson and Batchelor, 1963).
In terms of activity against Bacillus sublilis, Sarcina lutea, and Staphylo¬
coccus aureus, the two metabolites appear to contribute more activity than
the amount of unchanged phenbenicillin and this may complicate the bio¬
logical assay of the blood levels obtained with this penicillin.

4. Other Phenoxyalkylpenicillins
In addition to phenethicillin and propicillin, data have been reported for

certain other phenoxyalkylpenicillins, including phenoxyisopropyl, phen-
oxybutyl, and phenoxyisobutylpenicillin (see Table III), none of which
appear to be clearly superior to phenethicillin or propicillin.
In the case of phenoxyisopropylpenicillin, serum levels after oral dosage

are similar (Kirby et al., 1962) or only slightly higher than those obtained
with propicillin (Frisk and Tunevall, 1963), but the level of antibacterial
activity is three- to fourfold lower than that of propicillin (Kirby et al.,
1962; Frisk and Tunevall, 1963).With phenoxybutylpenicillin, serum levels
have been reported to be higher than those of propicillin (Frisk and Tune¬
vall, 1963), but antibacterial activity, particularly against staphylococci, was
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found to be slightly lower. In the case of phenoxyisobutyipenicillin, Kirby
el al. (1962) reported blood levels to be only equal to those obtained with
penicillin V, although Frisk and Tunevall (1963) reported levels higher
than penicillin V and even slightly higher than those obtained with propicil¬
lin. Both groups of authors, however, reported activity to be lower than that
of propicillin. Phenoxyisopropyl- and phenoxyisobutylpenicillin both show
somewhat greater activity than propicillin against penicillin-resistant
staphylococci but neither compound has found a place in clinicai practice.

Penicillins that are stable in acid solution are not necessarily wed ab¬
sorbed when given by mouth, rlowever, unless the penicillin is relatively
acid-stable, extensive destruction may occur in the stomach before absorp¬
tion can take place. Benzylpenicillin itself is not stable in acid solution and
for this reason it is less suitable for oral administration than is penicillin V
which is acid-stable and well absorbed. Acid stability can be achieved by
introducing an electron-attracting substituent in the ^-position of the
side chain of benzylpenicillin, and a-methoxjhenzylpenicillin is an example
of such a substitution. Claesen et al. (1962) reported the chemotherapeutic
properties of a number of a-substituted benzylpenicillins from which clo-
inetocillin (3,4-dichloro-«-methoxybenzylpenicillin) (Table VI) was

B. Clometocillin

TABLE VI

Analogs of Penicillin G
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• •
8 G

172 g. n. rolinson and r. sutherland

selected for detailed study (Van Dijck et al., 1962; Vanderhaeghe el al.,
1962).
The biological properties of clometocillin resemble those of penicillin V,

phenethicillin, and propicillin, and it is with these penicillins that a compari¬
son should be made. Plasma levels of clometocillin compared with those of
penicillin V and phenethicillin following oral dosage in man were reported
by Vanderhaeghe el al. (1962) but were assayed in terms of activity against
a strain of Streptococcus pyogenes using a twofold dilution technique in
broth, and it is not clear what the relative plasma concentrations were in
terms of microgram of drug per milliliter. Studies carried out in the authors'
laboratory, however, have indicated that the peak concentrations reached
with this penicillin are similar to those with phenethicillin, but the levels at
2 to 6 hours after dosing are somewhat higher than those of phenethicillin
and generally comparable with those of propicillin. The extent of binding of
clometocillin in human serum, however, is higher than that of phenethiciilin
(Rolinson and Sutherland, 1965), and the free levels in the plasma may
be comparable only with those of phenethicillin. As a result, comparison of
clometocillin with phenethicillin rests on antibacterial activity. Vander¬
haeghe et al. (1962) have reported clometocillin to be slightly more active
than phenethicillin against S. pyogenes. The same authors have also shown
that the serum antistreptococcal titers in volunteers were higher with
clometocillin than with phenethicillin. Against Streptococcus pneumoniae
and penicillin-sensitive staphylococci, clometocillin appears to be equal to
phenethicillin in activity but does not show any advantage.
Clometocillin is not stable to staphylococcal penicillinase and, therefore,

does not show useful activity against penicillin-resistant strains of Staphylo¬
coccus aureus. As in the ease of the a-phenoxypenicillins, clometocillin
undergoes metabolism in the body (Vanderhaeghe et al., 1962). A single
metabolite can be detected in the urine which in terms of activity against
Bacillus sublilis may represent as much as 50% of the unchanged penicillin
present in the urine (Rolinson and Batchelor, 1963). The identity of this
metabolite has not been established.

C. Azidocillin

Azidociliin (d-a-azidobenzylpenicillin) (Table VI) shows a spectrum and
level of antibacterial activity very similar to that of benzylpenicillin
(Sjoberg et al., 1968; Tunevall and Frisk, 1968) but differs in that it is acid-
stable and well absorbed in man when given by mouth (Hansson et al.,
1968). Against Streptococcus pyogenes, Streptococcus viridans, Streptococcus
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■pneumoniae, and Streptococcus faecalis, azidocillin appears to be twofold
more active than penicillin V and is marginally more active than benzyl-
penicillin. Against penicillin-sensitive staphylococci, on the other hand,
azidocillin is marginally less active than both penicillin V and benzylpenicil-
lin but the difference is less than twofold. Azidocillin is also as active as

benzylpenicillin against Haemophilus influenzae and in this respect is only
slightly less active than ampicillin Against Haemophilus parainfluenzas,
however, azidocillin has been reported to be considerably less active than
ampicillin (Forsgren, 1969). Like benzylpenicillin, azidocillin is not stable
to staphylococcal penicillinase and does not show useful activity against
penicillin-resistant strains of Staphylococcus aureus.
When given by mouth, azidocillin gives rise to serum levels higher than

those of penicillin V (Ilansson et al., 1968) and comparable with those ob¬
tained with phenethicillin. The level of binding of azidocillin in human
serum is also similar to that of phenethicillin (Sjoberg et al., 1968). On the
basis of antibacterial activity against staphylococci and streptococci and
the levels of free drug obtained in the plasma, azidocillin would appear to
show some advantage over both penicillin V and phenethicillin.With regard
to II. influenzae, azidocillin is clearly superior to both penicillin V and
phenethicillin, but, compared with ampicillin, a slightly lower level of ac¬
tivity against this pathogen and a higher degree of binding in serum suggest
that azidocillin might be inferior.

V. Penicillins Stable to Staphylococcal Penicillinase

Within a few years of the widespread clinical use of penicillin G, strains
of penicillin-resistant, Staphylococcus aureus were encountered w'fc'n increas¬
ing frequency. By 1948, as many as 60% of strains in hospitals were found
to be resistant and, by 1960, the incidence in some hospitals had risen to as
high as 80% (Barber and Rozwadowsha-Dowzenko, 1948; Thompson
et al., 1960; Ridley ct al., 1970). These strains of S. aureus owe their penicil¬
lin resistance to the production of the enzyme, penicillinase (d-lactamase)
which inactivates penicillin G by opening the /3-lactam ring to give the cor¬
responding penicilloic acid (Fig. 5) which is entirely devoid of antibacterial
activity. The correlation between penicillinase production and penicillin
resistance in S. aureus was established by Kirby (1944) and since that time
cross-infection and selection due to penicillin usage has brought about the
increase in the number of resistant strains encountered in hospitals. In
recent years it has been shown that the genetic determinant for penicillinase
production in S. aureus is characteristically located extrachromosomally
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Fic. 5. Inactivation of penicillin by penicillinase.

on a plasmid (Novick, 1963). Transfer of this plasmid from one cell of
5. aureus to another by transduction can take place in vivo (Xovick and
Morse, 1967), and it is probable that this transfer has been responsible for
the spread of penicillin resistance which has occurred among different
staphylococcal phage types.
By 1960 the problem of resistant staphylococci in hospitals was made

even more difficult by the high incidence of strains resistant not only to
penicillin G but also to other antibiotics including tetracycline, strepto¬
mycin, erythromycin, chloramphenicol, and novobiocin. In addition, these
multiple resistant strains were generally characterised by high virulence
and the frequency of these staphylococci in hospitals represented a serious
clinical problem.
Although penicillin-resistant staphylococci produce a penicillinase that

inactivates.penicillin G, the individual bacterial cells are intrinsically sensi¬
tive. and resistance is only apparent when the number of bacteria and,
hence, the amount of penicillinase, is large. With the ability to prepare
novel penicillins from 6-aminopenicillanic acid, it was considered likely that
stability to staphylococcal penicillinase could be achieved by the choice of
suitable side-chain structures. In 1960 the first of the penicillinase-stable
penicillins, methicillin, was introduced into clinical practice and this was
followed by nafcillin, oxacillin, cloxacillin, dicloxacillin, and flucloxacillin.
All these penicillins show a high degree of stability to staphylococcal
penicillinase together with good activity against staphylococci and strepto¬
cocci, although they do not have any other activity of clinical importance.
Two other penicillins, ancillin and quinacillin are also stable to staphylococ¬
cal penicillinase and active against penicillin-resistant staphylococci. Both
compounds have been taken to the stage of clinical trial but neither has
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found a place in clinical practice. Among these penieillinase-stable penicil¬
lins, important differences are shown in the level of antibacterial activity,
the extent of protein binding, and the levels of drug reached in the blood
after both oral and intramuscular administration, and these properties are
summarized in Table VII.
In addition to the penicillins already mentioned, certain penicillin amides

have been shown to possess significant stability to penicillinase. Amides of
phencthicillin and propicillin have been reported to show marked activity
against resistant staphylococci in vitro (Huang el al., 1964), but these com¬
pounds were not active in vivo. However, the amide of a-methoxypropyl-
penicillin has been reported to be active against experimental infections
with penicillinase-producing staphylococci (Huang et al., 1964). Another
penicillin that has been reported to be stable to penicillinase and active
against penicillin-resistant staphylococci in vivo is D-a-guanidinobenzyl-
penicillin (Leanza et al., 1965). However, no reports of clinical trials have
appeared with this compound nor with the amide of a-methoxypropylpcni-
cillin.

A. Metiiicillin, Nafcillin, and Ancillin

1. Methicillin

Mcthicillin (2,6-dimethoxyphenylpenicillin) (Table VIII) is highly
stable to staphylococcal penicillinase, and, although the intrinsic activity

TABLE VII

Antistathylococcai, Activity, Serum Bin-ding, and Oral Absorption op
Phn'icilunase-Stabi.e Penicillins"

Minimum Inhibitory
Concentration, Extent of

S. aureus (mg/rnl) binding in
Date of human Oral
first, Penicillin- Penicillin- serum absorption

Compound report sensitive resistant (% bound) in man

Methicillin 1960 1.25 2.5 49 None
Ancillin 1961 0.20 0.80 91 Moderate
Nafcillin 1961 0.20 0.40 87 Poor
Oxacillin 1961 0.15 0.40 93 Moderate
Cloxacillin 1962 0.2 0.35 94 Good

Quinacillin 1964 0.5 1.25 40 None
Dieloxacillin 1964 0.15 0.30 97 Very good
Flucloxacillin 1970 0.15 0.30 95 Very good

° Beeehain Research Laboratories (unpublished data).
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TABLE VIII

Metiiicilein, Nafcm.i.in, and Ancilun"
H

R—NH • CH—C C(CH,),
III
CO—N CH • COOH

Penicillin Structure of side chain R

OCH,

Methicillin (2,C-dimethoxyphenylpenicillin)

Nafcillin (2-ethoxy-l-naphthylpenicillin)

Ancillin (2-biphenylylpeniciilin)

" Penicillins stable to staphylococcal penicillinase.

of the compound against staphylococci is relatively low, penicillinase-
producing strains are almost as sensitive to methicillin as are non-penicil-
linase-producing strains (Rolinson et al., 1960). This stability to staphylo¬
coccal penicillinase results from an extremely high Km value (Novick,
1962), that is to say greatly diminished affinity between the penicillin and
the penicillinase enzyme molecules.
Most strains of penicillin-resistant Staphylococcus aureus are inhibited

by methicillin at a concentration of 2 to 3 pg/ml, and strains of Streptococcus
pyogenes and Streptococcus pneumoniae are generally inhibited at a level of
0.2 pg/ml or less. Methicillin is also highly active against the gonococcus
and the meningococcus. Strains of Haemophilus influenzae, on the other
hand, are generally inhibited only at a level of 2 pg/ml or more, and
Streptococcus faecalis and the gram-negative bacilli are relatively resistant.
In contrast with most of the other peniciliinase-stable penicillins, methicillin
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is not highly bound to serum proteins. Rolinson and Sutherland (1965)
have reported the level of binding in human serum to be 49% which is simi¬
lar to that of benzylpenicillin, and the antibacterial activity of methicillin
is not significantly affected by the presence of serum.
Methicillin is unstable in acid solution and is not absorbed in man when

given by mouth and must be administered parenterally. Like benzylpenicil¬
lin, absorption is rapid and the compound is also excreted rapidly. Thus,
following administration of a single 1.0-gm intramuscular dose, Knudsen
and Rolinson (1960) reported mean peak serum concentrations of 17 ag/ml
0.5 hour after injection, falling to about 5 ag/ml at 2 hours, and to sub¬
inhibitory levels by 4 hours. Approximately 60% of the dose is excreted in
the urine within 3 hours, and about 70% can be recovered in the 0-6 hour
period after injection (Knudsen and Rolinson, 1960; Foltz et al., 1962).
Administration of probenecid results in significantly increased and pro¬
longed serum concentrations following intramuscular injection (Stevenson
and Harrison, 1960). After intravenous administration of a 1.0-gm dose,
Cronk and Morigi (1961) reported that the serum concentrations of methi¬
cillin were 60 pig,'ml after 5 minutes but had fallen to 7 ag/ml after 1 hour,
indicating rapid excretion of the drug.
Although the intrinsic antistaphylococcal activity of methicillin is very

much lower than that of many other penicillinase-stable penicillins, this
difference in activity is very much less in the presence of serum and, there¬
fore, methicillin is still regarded by some clinicians as one of the drugs of
choice in the treatment of severe staphylococcal infections where parenteral
therapy is required.

2. Nafcillin
Nafcillin (2-ethoxy-l-naphthylpenicillin) (Table VIII) shows some struc¬

tural similarity with methicillin. However, the level of activity of nafcillin
against penicillin-resistant staphylococci is considerably greatei than that
of methicillin and is comparable with that of the isoxazolyl penicillins. Most
strains of penicillin-resistant Staphylococcus aureus are inhibited by nafcillin
at a level of 0.2 to 0.8 pig/ml (Klein and Finland, 1963b; Rosenman and
Warren, 1963; Hopper et al., 1964). Group A streptococci and pneumococci
are also highly sensitive to nafeillin and in this respect the compound is
rather more active than the isoxazolyl penicillins (Hopper et al., 1964).
The extent of binding of nafcillin to serum proteins is relatively high, and
Rolinson and Sutherland (1965) have reported the compound to be 87%
bound to human serum. As a result of this degree of protein binding, activity
against staphylococci is markedly diminished in the presence of serum.
For example, Rosenman and Warren (1962) found that the activity of naf-
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cillin in 50% human serum was reduced eightfold, and under these condi¬
tions the compound was only twofold more active than methicillin. Simi¬
larly, in experiments carried out in 95% human serum, Barber and Water-
worth (1964) reported the activity of nafcillin against a penicillin-resistant
strain of <S. aureus to be only equal to that of methicillin.
Unlike methicillin, nafcillin is absorbed when given by mouth but the

blood levels obtained are not high, and Whitehouse et al. (1963) concluded
that serum concentrations following a 1-gm dose of nafcillin would be in¬
adequate for the treatment of staphylococcal infections. Klein and Finland
(1963b) reported rather higher levels using a buffered preparation of the
sodium salt of nafcillin, but the mean peak level following a 1-gm dose was
only 6.6 gg/ml, and only 11% of the dose was recovered in the urine over
0 to 12 hours. Serum levels of nafcillin were also found to be substantially
lower when the drug was given after food. Sidell et al. (1963) and Kunin
(1966) have reported that blood levels following oral dosage of nafcillin
are lower than those obtained with oxacillin, and Whitehouse el al. (1963)
have suggested that the low blood levels obtained with nafcillin may result
because the compound is not highly stable at low pH. More recently, Kind
et al. (1970) have suggested that the low levels may be due to inactivation
of nafcillin in the liver and this might also account for the relatively low
serum levels and urinary excretion of nafcillin following intramuscular ad¬
ministration (Klein and Finland, 1963b; Kunin, 1966),
In summary, the high activity of nafcillin against gram-positive cocci,

including penicillin-resistant staphylococci, appears to be offset to a con¬
siderable extent by the degree of binding to serum proteins and the low
levels of drug obtained in the blood, particularly after oral dosage.

3. Ancillin

Ancillin (2-biphenylylpenicillin) (Table VIII) is also an analog of methi¬
cillin, but unlike the latter it is acid-stable and is absorbed when given by
mouth (Dolan et ah, 1962). Ancillin is more active than methicillin against
penicillinase-producing staphylococci and its antibacterial spectrum is
generally similar to that of nafcillin and oxacillin. However, ancillin ap¬

pears to be rather less stable to staphylococcal penicillinase than is nafcillin
and oxacillin (Gourevitch et al., 1962; Hogan et al., 1962), and its level of
activity against penicillin-resistant staphylococci is also slightly lower
(Gourevitch et al., 1962; Hogan et al., 1962; Kirby et al., 1962; Abu-Xassar
et al., 1963). The degree of binding of ancillin to serum proteins is high and
similar to that of oxacillin (Kirby et al., 1962), and activity is diminished in
the presence of serum to a similar extent to that seen with oxacillin and
nafciliin (Gourevitch et al., 1962; Sabath et al., 1963).
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Ancillin is relatively well absorbed in man when given by mouth (Far-
quhar et al., 1962), but the peak levels reached in the blood appear to be
somewhat lower than those obtained with oxacillin (Gourevitch et al.,
1962; Kirby et al., 1962; Sabath et al., 1963). Over the 6 hour period after
drug administration, Sabath et al. (1963) found that 27% of the dose had
been excreted in the urine. The same authors also reported that after intra¬
muscular administration of ancillin the resulting serum levels were only
slightly higher than those obtained by oral dosage, and only 35% of a 500-
mg dose was recovered in the urine over the 6 hour period following injec¬
tion.
Ancillin has not found a place in clinical practice, probably because the

antibacterial activity and absorption of this compound are inferior to those
of other penicillinasc-stable penicillins.

B. Isoxa.zolyl Penicillins

Four members of this series of penicillins are now in clinical use, namely,
oxacillin, cloxacil'in, dicloxacillin, and flucloxacillin (Table IX). In addi¬
tion, some evaluation data concerning another member of this series, BRL
1577, have also been published.
These particular isoxazolyl penicillins are very stable to staphylococcal

penicillinase and show high activity against penicillin-sensitive and penicil-

TABI,E IX

Isoxazoi.yl Penicillins"

R

/ X d^S^
conhch c c(chj),

—( n co—n chcooh\ ° ch3

Side chains
Penicillin II Hi

Oxacillin (3-phenyl-5-inethyl-4-isoxazolylponieillin) H H
Clo.xacillin [3-(2-eh!orophonyl)-o-methyl-4-isoxazolyl- CI H

pcnicillinj
Dicloxacillin [3-(2,0-(li< hlorophcnyl)-5-i.iet hyl-l- CI CI

isoxazolylpenieillin]
Flncloxacillin |3-('2-ch!oro-ti-fluorophenyl)-5-methyl-4- CI F

jsoxazolylpenicillin]

" Penicillins stable to staphylococcal penicillinase.
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lin-resistant staphylococci. They are also liighly active against pyogenic
streptococci and pneumococci. When given by mouth, these compounds
are well absorbed, although the resulting blood levels are adversely affected
by food. All these members of the isoxazole series are highly bound to
plasma proteins. Oxacillin, cloxacillin, dicloxacillin, and flueloxacillin differ
slightly in their degree of antibacterial activity but primarily in the levels
of unbound drug reached in the blood after oral dosage.

Oxacillin, Cloxacillin, Dicloxacillin., and Fludoxacillin

Comparative results are shown in Tables X and XI for the antibacterial
activity of oxacillin, cloxacillin, dicloxacillin, and flucloxacillin and the
blood levels achieved after oral dosage. The data shown are taken from re¬
sults reported by Sutherland el al. (1970) in a comparative assessment of
the properties of these four isoxazolyl penicillins. Flucloxacillin is a rela¬
tively new penicillin and so far there are few experimental reports in which
this compound has been compared with other isoxazolyl penicillins, but the
results shown in Tables X and XI for oxacillin, cloxacillin, and dicloxacillin
are in good general agreement with the results of many other investigators
including Auhagcn et al. (1962a), Knox el al. (1962), Knudsen el al. (1962),
Sidell el al. (1964), Gravenkemper el al. (1965), and Knott et al. (1965).
Against penicillin-sensitive staphylococci, oxacillin, cloxacillin, dicloxa¬

cillin, and flucloxacillin all show essentially the same activity. Similarly,
against penicillin-resistant, staphylococci, cloxacillin, dicloxacillin, and
flucloxacillin show comparable activity but oxacillin is slightly less active
as a result of a lower degree of stability to staphylococcal penicillinase. All
four isoxazolyl penicillins are highly active against the /3-hemolytic strepto¬
cocci, .although cloxacillin is marginally less active than the other three.
Against Streptococcus pneumoniae, cloxacillin, dicloxacillin, and flucloxacil¬
lin are equal in activity, but oxacillin is significantly more active, the dif¬
ference being one twofold dilution. There are no important differences in
the activity of these isoxazolyl penicillins against organisms other than the
pyogenic cocci. Activity against the gonococcus and meningococcus is
relatively high but is probably not of clinical importance. Strains of
Haemophilus influenzae are generally only inhibited by levels of 5 to 10
/ig/rnl, and against the gram-negative bacilli these isoxazolyl penicillins
are virtually inactive.
With regard to comparison with other penicillinase-stable penicillins,

Sidell ct al. (1963) and Hopper et al. (1964) reported cloxacillin and nafcillin
to be essentially equal in activity against penicillin-resistant staphylococci.
However, Barber and Waterworth (1964) reported cloxacillin to be more
active than nafcillin, but in tests carried out in 95% human serum the two
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TABLE X

Antibacterial Activity of Oxacillin, Cloxacillin, Dicloxacilun, and
Fllcloxacilltn"

Minimum inhibitory concentration 0/g/ml)4

Organism Oxacillin Cloxacillin Dicloxacillin Flucloxacillin

Staphylococcus aureus
Penicillin-sensit ive 0.15 0.21 0.17 0.16
Penicillin-resistant 0.41 0.34 0.28 0.31

/3-hemolytic streptococci 0.07 0.1 0.08 0.07

Streptococcus pneumoniae 0.09 0.22 0.20 0.21

° From Sutherland el al. (1970), by permission of the British Jfedical Journal, London.
6 Mean values.

compounds showed equal activity. Against the ^-hemolytic streptococci,
cloxacillin and nafcillin show a similar level of activity but, against S.
pneumoniae, nafcillin appears to be significantly more active than cloxacil¬
lin (Sidell et al., 19(53; Barber and Waterworth, 1964).
The isoxazolyl penicillins are all highly bound to serum proteins (Table

VII), but, whereas oxacillin, cloxacillin, and flucloxacillin are bound to a
similar degree, the extent of binding of dicloxacillin is significantly higher.
Consequently, the high serum concentrations obtained with dicloxacillin,

TABLE XI

Serum Concentrations of Oxacillin, Cloxacillin, Dicloxacillin, and
Fltjcloxacillin in Volunteers following a Single Oral Dose"

Mean free level4
Mean total level (/ig/ml) Cg/ml)

Dose *

Penicillin (nig) I hr 1 hr 2 hr 3 hr 4 hr 1 hr 2 hr

Oxacillin
Cloxacillin
Flucloxacillin

Dicloxacillin

500 5.6
500 8.4
500 13.9
250 6.9
250 6.4

4.9 1.5
9.2 4.5
14.5 6.7
8.8 5.0
9.3 6.7

0.6 0.2
<2.0 <2.0
4.4 2.2
2.2 <1.0
3.1 1.4

0.34 0.1
0.55 0.27
0.76 0.35
0.46 0.26
0.29 0.20

" From Sutherland et al. (1970), by permission of the British Medical Journal, London.
4 Calculated from the extent of binding in human serum.
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as a result of its excellent absorption characteristics, are to a large extent
offset by its extensive serum binding which limits the availability of active
drug in the body (Kunin, 1966; Medical Letter, 1968).
The isoxazolyl penicillins are all absorbed after oral administration, but

there are significant differences in the serum levels obtained. Data in Table
XI show that the total levels obtained with cloxacillin are about twice as

high as those obtained with oxacillin, whereas those of dicloxacillin and
flucloxacillin are approximately double those of cloxacillin. These differences
art also reflected in the proportion of the dose that can be recovered in the
urine. In fasting volunteers, approximately 25% of an oral dose of oxacillin
is excreted in the urine as active penicillin, compared with 30-40% in the
case of cloxacillin and 50-60% with dicloxacillin and flucloxacillin (Knud-
sen et al., 1962; Sutherland et al., 1970). However, although the total serum
concentrations for a given oral dose of oxacillin, cloxacillin, dicloxacillin,
and flucloxacillin might be expressed as 1:2:4:4, respectively, because the
extent of binding of dicloxacillin is greater than that of the other penicillins,
the levels of active unbound drug would be 1:2:2:4.
As with other penicillins, the serum levels of the isoxazolyl penicillins are

higher and more prolonged as a result of concomitant administration of
probenecid. Absorption of the isoxazolyl penicillins is adversely affected
by the presence of food, and the peak serum levels reached are substantially
lower than those obtained in the fasting state.
As in the case of the phenoxyalkyl series, differences in blood levels after

oral dosage with different members of the isoxazolyl series may be the result
of differences in metabolism rather than differences in absorption. For ex-
amp'e, Rosenblatt et al. (1968) reported that the plasma half-life of oxacillin
in patients with almost no renal function was approximately half that of
dicloxacillin whereas cloxacillin occupied an intermediate position. These
authors also found that in healthy volunteers the amount of oxacillin re¬
covered in the urine after intravenous administration was lower than that
of dicloxacillin. These results are consistent with a more rapid rate of degra¬
dation of oxacillin compared with dicloxacillin and are further supported
by the. data of Cole et al. (1973) shown in Table IV. In the case of oxacillin
after oral dosage in man, approximately 16% of the dose could be recovered
in the urine as unchanged penicillin and a further 16% in the form of the
corresponding penieilloic acid, but with dicloxacillin and flucloxacillin,
some 30-40% was recovered as penicillin and less than 5% as the degrada¬
tion product. When the amount of penicilloic acid is taken into account
the absorption of these isoxazolyl penicillins appears to be rather similar.
This difference in extent of metabolism may also account in part for the
differences in the blood levels obtained with oxacillin, cloxacillin, and
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flucloxacillin after parenteral administration (Rosenblatt et al., 1968;
Sutherland et al., 1970).
Data on another member of the isoxazole series, BRL 1577 (5-methyl-3-

p-chlorophenyl-4-isoxazolylpenieillin) have been reported by Barber and
Waterworth (1962) and by Knox et ah (19G2). This isoxazolyl penicillin is
slightly less active than cloxacillin against penicillin-resistant staphylococci,
and the blood levels obtained after oral dosage are approximately half those
obtained with cloxacillin; as a result the compound has not found a place in
clinical practice.
The isoxazolyl penicillins undergo some metabolism in the body to give

rise to active metabolites. In the case of cloxacillin the penicillin metabolite
has been isolated from urine and shown to have antibacterial activity
almost indistinguishable from the parent compound (Nayler el al., 1962).
By using this preparation of the metabolite, it was shown that approxi¬
mately 10% of the penicillin excreted in the urine was in the form of the
metabolite (Rolinson and Batchelor, 1963). In the case of oxacillin, paper
chromatography indicated that the extent of metabolism was somewhat
greater than with cloxacillin. The metabolite that occurs with dicloxacillin
has been shown to differ from the parent compound in having a hydroxyl
function in the 5-methyl group on the isoxazole ring (Van Harken el al.,
1970).

C. Pyrazocillin

Pyrazocillin[]-(2,6-diehlofophenyl)-4-methyl-5-pyrazo!ylpenieillin] (Fig.
6), is closely related in structure to dicloxacillin and contains a pyrazole
ring in the side chain instead of an isoxazole ring. Koczka ct al. (1970) have
reported the activity of pyrazocillin against penicillin-resistant staphylo¬
cocci to be equal to that shown against penicillin-sensitive strains indicating
a high degree of stability to staphylococcal penicillinase. The level of ac¬
tivity of pyrazocillin against penicillin-resistant staphylococci was also
reported to be comparable with that of dicloxacillin. Regarding the extent
of binding, Koczka et al. (1970) reported studies with bovine serum but not

Fig. 6. Structure of pyrazocilliu.
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with human serum, and it is known that the extent of binding of penicillins
may differ in the sera of different species. Koczka el al. (1970) also reported
data on serum levels of pyrazocillin after oral administration in mice and
dogs but not in man.
Data obtained in the authors' laboratory show pyrazocillin to be as active

as dicloxaeillin against penicillin-resistant staphylococci and to be rather
less bound than dicloxacillin in human serum. The serum levels obtained in
human volunteers after oral dosage, however, were found to be less than
half those of dicloxacillin, and the compound would not appear to offer a
clear advantage over existing isoxazolyl penicillins.

D. Quinacillin

Quinacillin (3-carboxy-2-quinoxalinylpenicillin) (Fig. 7) shows an un¬
usual spectrum of antibacterial activity in that the compound is highly ac¬
tive against staphylococci but shows quite low activity against other
bacteria which are usually sensitive to penicillins, for example, streptococci,
micrococci, and gram-positive bacilli. Against the gram-negative bacilli,
quinacillin is almost inactive (Richards et al., 1963).
In subsequent studies on this compound, Hale et al. (1964) found quina¬

cillin to be approximately fourfold more active than methicillin against
penicillin-resistant staphylococci and almost equal in activity to cloxacillin.
However, Barber and Watcrworth (1964) reported quinacillin to be only
twofold more active than methicillin and in comparison with cloxacillin,
quinacillin appeared to be approximately fourfold less active. The activity
of quinacillin against staphylococci would, therefore, seem to lie somewhere
between that of methicillin and cloxacillin. Quinacillin is not highly bound
to serum proteins. Bough et al. (1971) reported the extent of binding in
human serum to be 39.5% which is similar to that of methicillin and con¬

siderably lower than that of the isoxazolyl penicillins. Barber and Water-
worth (1964), however, reported that, whereas the minimum inhibitory
concentration of methicillin in tests carried out in 95% human serum was
the same as that in nutrient broth, the MIC of quinacillin showed a two- to
fourfold increase, and the concentration required to inhibit a large inocu¬
lum in 95% serum was the same for methicillin, quinacillin, and cloxacillin.

H s
CO-NH-CH-C' Wrlciqh

i i i
CO—N CH • COONa

COONa

Fig. 7. Structure of quinacillin-
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From a biochemical point of view, quinacillin is of particular interest in
that it is a poor inducer of staphylococcal penicillinase. However, quinacil¬
lin, like methicillin and the isoxazolyl penicillins, is so highly stable to
staphylococcal penicillinase that the therapeutic significance of diminished
induction of penicillinase formation seems doubtful.
Although quinacillin is acid-stable, it is not absorbed in man when

given by mouth (Bough et al., 1971), but when administered by intramuscu¬
lar injection the serum levels of quinacillin (Christie et al., 1966) appear
to be very similar to those obtained with the same dose of cloxacillin
(Knudsen et al., 1962). Limited clinical experience with quinacillin was re¬

ported to be good (Christie et al., 1966), but the compound has not found a
place in medicine. This may be because quinacillin does not show a clear
advantage over the existing penicillins with respect to resistant staphylo¬
cocci and also because the compound can only be used parenterally.

E. Staphylococci Resistant to Penicillinase-Stable Penicillins

("Methicillin-Resistant Staphylococci")

The incidence and rate of emergence of drug-resistant strains of bacteria
are important aspects of the clinical usefulness of an antibiotic, and an ex¬
ample of this is the resistance of Staphylococcus aureus to the penicillinase-
stable penicillins. These staphylococci arc commonly referred to as methi¬
cillin-resistant staphylococci, but it should be made clear that such strains
are also resistant to all the other penicillins and cephalosporins which are
in clinical use.
At the time methicillin was first introduced into clinical practice the inci¬

dence in the United Kingdom of strains of S. aureus resistant to the drug
was extremely low and possibly less than 0.1% (Jevons, 1961; Parker and
Hewitt, 1970). Jevons et al. (1963) reported the results of testing over
27.000 strains of S. aureus isolated over the period 1960-1962 and found an
incidence of resistant strains of 0.37%. Since that time the numbers of
methicillin-resistant staphylococci appear to have increased but this may be
partly as a result of the use of more sensitive test methods such as incuba¬
tion at 30°C (Anncar, 1968) or the use of 5% salt agar (Barber, 1964).
Some indication of the incidence of methicillin-resistant staphylococci in
the United Kingdom may be gained from the data of Parker and Hewitt
(1970) showing the frequency of such strains isolated from lesions in patients
in eight London hospitals. These results show a frequency of about 1% in
the period 1964-1967, 2 5% in 1967-1968, and 5% in 1968-1969. Since
19C9, however, the frequency of methicillin-resistant staphylococci in these
particular hospitals has not continued to increase and for the years 1969-
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1970 and 1970-1971 the frequency was found to be 2.3 and 3.0%, respec¬
tively (Parker, private communication).
Although the overall frequency of methicillin resistance is relatively low

the distribution of such strains is extremely patchy. In a few hospitals a

single strain has become endemic, and in such instances the methicillin-
resistant strains account for a substantial proportion of the total staphylo¬
coccal isolates. One hospital in the United Kingdom, for example, has re¬

ported recently that 58% of all staphylococcal infections were caused by
methicillin-resistant strains (Hale and Selkun, 1970). In other hospitals,
on the other hand, methicillin-resistant staphylococci have been encoun¬
tered only rarely (Ridley et al., 1970). In addition to the uneven distribu¬
tion of strains within a particular country, there is also a marked difference
in the frequency of methicillin-resistant staphylococci in the different
countries of the world. In the United States, for example, although methi¬
cillin-resistant strains were encountered as early as 1960 (Barrett et al.,
1968), they have remained relatively uncommon and, up to 1967, there had
been only 1 well-documented case of serious infection caused by a methicil¬
lin-resistant staphylococcus (Bulger, 1967). More recently, an incidence of
methicillin-resistant strains of 1.4% has been reported for the Boston City
Hospital (Barrett et al., 1968), and O'Toole et al. (1970) have reported an
outbreak in Seattle involving 6 cases of infection due to type-84 methicillin-
resistant S. aureus. In contrast, in the Zurich canton of Switzerland as early
as 1966, 17% of staphylococcal infections were caused by methicillin-
resistant strains (Benner and Ivayser, 1968) and a high incidence of such
strains has been reported in other parts of Europe, notably in France
(Bastin et al., 1967) and Denmark (Jessen et al., 1969).
The frequency of methicillin-resistant staphylococci in different countries,

and in different hospitals within a given country, does not appear to be re¬
lated to the usage of methicillin and similar penicillins. For example, sig¬
nificant numbers of resistant strains were encountered in Poland (Parnas
and Jablonski, 1961) before any of the penicillinase-stable penicillins had
been used clinically in that country. Parker and Hewitt (1970) have also
drawn attention to the poor correlation between the spread of methicillin-
resistant staphylococci and the usage of methicillin and have pointed out
that widespread dissemination of such strains has been observed in hospi¬
tals that use very little of the drug.
Although naturally occurring strains of S. aureus that arc resistant to

methicillin usually produce large quantities of penicillinase, this is not the
mechanism of resistance since the penicillinase-stable penicillins are not
inactivated by these staphylococci. Also, it can be shown that penicillinase-
negative mutants of methicillin-resistant staphylococci have a reduced
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sensitivity to penicillins and cephalosporins compared with penicillinase-
negative mutants derived from strains that are sensitive to methicillin
(Dyke, 1969). Methicillin-resistant staphylococci typically show a hetero¬
geneous resistance to the drug due to the presence of a small number of
cells possessing a high level of intrinsic insensitivity and which are able to
grow in the presence of high concentrations of the penicillinase-stable
penicillins (Sutherland and Rolinson, 1964). The proportion of resistant
cells in each culture is very small and when this feature was recognized it
raised the question as to whether infections caused by such strains might
successfully be treated with methicillin or cloxacillin since inhibition of the
majority of the bacterial population by the penicillin might allow body
defense mechanisms to overcome the resistant minority. Ayliffe and Barber
(1963), for example, expressed the view that it was possible that infections
with these strains would respond to treatment with large doses of methicil-
lin, and it would appear that some infections have, indeed, been treated
successfully with methicillin or cloxacilli'n (Benner and Kayser, 1968;
Turner and Cox, 1967). Nevertheless, it is also clear that serious infections
do occur with methicillin-resistant staphylococci that do not respond to
treatment with the penicillinase-stable penicillins (Harding, 1963; Chab-
bert ct al., 1965; Benner and Kayser, 1968; O'Toole el al., 1970) or cephalo¬
sporins (Acar et al., 1971).
Certain of the penicillinase-stable penicillins can appear to be slightly

more active than other members of this group particularly if small inocula
arc tested. However, the presence of resistant cells which can grow in high
concentrations of'any of these penicillins can readily be demonstrated
under appropriate test conditions. From the point of view of comparative
evrtuation of the compounds and their therapeutic usefulness the penicil¬
linase-stable penicillins and cephalosporins should all be regarded as es¬
sentially inactive against the methicillin-resistant strains of S. aureus.

VL Broad-Spectrum Penicillins

A. Aminopenicillins

The introduction of an amino group in the a-position of the side chain of
benzylpenicillin confers a high degree of acid stability together with en¬
hanced activity against gram-negative bacteria. The resulting penicillin,
ampicillin, was introduced in 1961 and has achieved considerable clinical
success as an oral broad-spectrum antibiotic. More recently, two compounds
closely related to ampicillin, namely, amoxycillin and epicillin, have ap¬
peared in clinical practice and a further analog of ampicillin, BL-P 875,
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has also been evaluated in some detail. In addition to these penicillins
with an a-amino group, data on two other aminopenicillins, betacin and
cyclacillin, have been published and the latter compound has recently be¬
come available for clincal use. Certain "pro-penicillins" that hydrolyze in
the body to give rise to ampicillin have also been introduced clinically;
these compounds are hetacillin, metampicillin, and pivampicillin.
The main characteristics of this group of aminopcnicillins include a wide

spectrum of activity against gram-positive and gram-negative bacteria
and a low degree of binding to serum proteins. Most of these penicillins
are also well absorbed when given by mouth (Table XII).

TABLE XII

Aminopkniciiains

R-SH -CTT-C^S^C(CH,)l,
i I I
CO -N CH COOH

Penicillin Structure of side chain It

Ainpicillin (r>( — )-a-:un;nobenzylpenieillin)

Epicillin (D-a-amino(l ,4-cyclohexadicn-l-yl)-
methylpenicillin)

BL-P 875 (n-a-amino-3-thienylmethylpenicillin)

Amoxycillin (n(— )a-amino-p-hydroxybonzyl-
pcnicillin)

Bctacin (d( — )a-phcnyl-ft-aminocthylpenicillin)

CO—

Cyclacillin (l-aminocyclohexylpenicillin)
NH.



3

semisynthetic penicillins 189

1. Ampiciliin
One of the original objectives of the work on derivatives of 6-amino-

penicillanic acid was to obtain penicillins with a broader spectrum of ac¬
tivity than that shown by benzylpenicillin, and this was realized with the
preparation of a-aminobenzylpenieillin. This compound was originally pre¬

pared as the dl-racemic mixture with the laboratory number BRL 1060,
but it was subsequently shown that the n(—) isomer was significantly more
active than the l(+) tpimer, and the compound in clinical use with the
generic name of ampiciliin is d(— )~a-aminobenzylpeniciliin (Table XII).
Ampicillin differs from benzylpenicillin not only in its antibacterial

spectrum but also in the fact that it is highly stable under acid conditions.
At pH 2 and 37°C the loss of activity after 2 hours is no more than 5%, and
even after storage overnight under these conditions nearly 50% of the ac¬

tivity is retained. For oral administration, ampicillin is generally used in
the form of the free acid, either as the trihydrate or as the anhydrous
compound, but more recently the potassium salt has also been used as an
oral preparation (Cahn and Levy, 1969). The free acid of ampicillin shows
low solubility in water and for parenteral administration the sodium salt is
used.
The antibacterial activity of ampicillin was first described by Rolinson

and Stevens (1961) and these data have subsequently been confirmed and
extended by many other workers including Auhagen el ol. (1962b), Ross
et al. (1962), Klein and Finland (1963a), Anderson el al. (1964). A compari¬
son of the activity of ampicillin with that of benzylpenicillin is shown in
Table II.

Against the pyogenic st reptococci, pneumococci, and penicillin-sensitive
staphylococci, ampiciiiin is only slightly less active than benzylpenicillin
and against Streptococcus iriridans the level of activity is equal or slightly
greater. Ampicillin is also somewhat more active than benzylpenicillin
against Streptococcus fnecalis. As with benzylpenicillin, however, the level
of activity of ampiciliin against enterococci is considerably lower than
against other gram-positive cocci. Against S. faecalis, ampicillin shows a

synergistic effect in combination with aminoglycoside antibiotics, including
streptomycin, kanamycin, and gentamicin as is the case with benzylpenicil¬
lin (Sonne and Jawetz, 1968; Wilkowske et al., 1971). Ampicillin is com¬
parable with benzylpcnicillin in activity against Corynebacterium diph-
theriae, Clostridia, and Actinomyces israelii (Blake, 1963) and is more active
than benzylpenicillin against Listeria monucylogenes (Seeliger et al., 1967).
Ampicillin is not stable to staphylococcal penicillinase and, consecpiently, is
not active against penicillin-resistant staphylococci.
In general, the gram-negative bacteria are less sensitive to ampicillin
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than are the gram-positive organisms, but the gram-negative cocci are
highly sensitive. The meningococci are sensitive to a concentration of 0.05
Mg/rn! and in this respect the activity of ampicillin is comparable with that
of benzylpenicillin. The gonococci show an interesting pattern of sensitivity
in that, although ampicillin is slightly less active than benzylpenicillin
against the strains that are fully sensitive to penicillin, against the penicil¬
lin-resistant strains showing MIC values of 0.5 jug/ml or greater, ampicillin
is 2-4 times more active than benzylpenicillin (Odegaard, 1962; Reyn and
Bentzon, 1968; Keys et al., 1969; Johnson et al., 1970). Other gram-negative
bacteria against which ampicillin is particularly active include Haemophilus
influenzae, Bordetella pertussis, Brucella species, ancl Pasteurella species and
these are generally inhibited at concentrations of 0.1 to 0.5 /xg/mL
Against the gram-negative bacilli, including Escherichia coli, Shigella

species, Salmonella species, and Proteus mirabilis, ampicillin is 5-10 times
more active than benzylpenicillin, and most strains of these bacteria are
inhibited by concentrations of 1 to 5 /xg/ml. To some extent this enhanced
activity against gram-negative bacilli, compared with benzylpenicillin, is
due to the greater stability of ampicillin to the /3-lactamases produced by
these organisms (Ayliffe, 1963; Smith, 1963; Sutherland, 1964). However,
sensitive strains of P. mirabilis and Salmonella typhi do not appear to pro¬
duce /3-lactamase, and against these organisms the enhanced activity of
ampicillin may be due to greater reactivity with the target site or to better
penetration of the bacterial cell wall. In this connection, Izalci et al. (1968)
have shown that ampicillin and benzylpenicillin were equally effective in
inhibiting an isolated transpeptidase system from E. coli, whereas the in¬
tact bacterial cells were considerably more sensitive to ampiciliin than to
benzylpenicillin.
Although ampicillin shows a broad spectrum of activity most strains of

indole-positive Proteus, Klebsiella/Enterobacler species, Serratia, Mimeae
and Herrellea, Bactcroides fragHis, and Pseudomonas aeruginosa are re¬
sistant. Bacteria resistant to ampicillin are often found to produce
lactamase which is able to inactivate the drug and in some cases this forms
the basis of the resistance. Certain d-lactamases produced by ampicillin-
resistant organisms can be competitively inhibited by other penicillins,
including methicillin and cloxacillin, which are themselves stable to these
d-lactamases (Hamilton-Miller et al., 1964; Sutherland and Batchelor,
1964; Cole el al., 1972). As a result, a combination of one of these penicillins
with ampicillin can show a synergistic effect against certain ampicillin-
resistant organisms. However, the concentration of the competitive in¬
hibitor required to bring about a therapeutically useful degree of synergism
is relatively high and the number of pathogens for which such synergism
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can be demonstrated is rather low (Sutherland and Batchelor, 1964; Bach
el al., 1967).
In addition to the production of a ^-lactamase, many ampicillin-resistant

bacteria are intrinsically insensitive and this may be due to decreased per¬

meability of the cell (Smith et al., 1969). The enhanced activity of ampicillin
against resistant bacteria in the presence of ethylenediaminetetraacetate
(EDTA) is consistent with such a permeability barrier (Weisser et al., 1968).
Despite the fact that ampicillin has been in widespread clinical use since

1961, there are few surveys published concerning changes in the incidence
or resistance to the drug. As already mentioned, ampicillin resistance
in many bacteria is associated with ^-lactamase production and among the
Enterobacteriaceae the genetic determinant for /3-lactamase synthesis is
frequently extrachromosomal and can readily be transferred from one bac¬
terial cell to another by conjugation. Moreover, such ampicilhn R factors
have clearly existed for some time. For example, transferable resistance to
ampicillin has been demonstrated for strains of E. coli and Shigella sonnei
isolated in Mexico in 1956 (Evans et al., 1968) and in E. coli isolated in
London in 1961 (Sloeombe and Sutherland, 1969). The transfer of extra-
chromosomal It factors by conjugation can be very rapid, and, in view of
the prevalence of transferable resistance in the Enterobacteriaceae, it might
have been expected that the frequency of ampicillin resistance would have
increased very- considerably since 1961.
In the case of certain pathogens an increase in ampicillin resistance has,

indeed, occurred, although the increase is by no means uniform in different
countries nor in different areas of the same country. For example, in the
United Kingdom in recent years, a marked increase in ampicillin resistance
has occurred in Salmoirlla typhimurium Type 29 isolated from man and
animals (Anderson and Lewis, 1965) and this resistance is transferable.
Similarly, Winshell et al. (1970) reported that in the eastern United States
the incidence of ampicillin-resistant S. typhimurium had increased over the
period 1965-1969 reaching a figure of 23.4%; but, more recently, Cherubin
et al. (1972) reported that the incidence in the same area in 1970 had
dropped to 12.9%. In contrast to these changes in resistance in the United
Kingdom and the United States, GuirRe (1971) has reported that ampicillin
resistance has remained relatively constant at about 10% of strains of S.

. typhimurium isolated from animals in Holland between 1966 and 1969. In
S. sonnei, a high incidence of ampicillin resistance now exists in strains iso¬
lated in the London area (Davies et al., 1970), although it is of interest that
the resistance in this case does not appear to be transferable (Davies et al.,
1968). In the United States, a rapid increase during the past 4 years in
ampicillin-resistant shigellae in theWashington D.C. area has been reported
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by Ross et al. (1972); whereas Farrar and Eidson (1971) have reported that
the incidence of ampicillin-resistant S. sonnei in Atlanta between 1967 and
1970 was only 3.7%.
In other pathogens there is little evidence for an increase in the incidence

of ampicillin resistance. For example, in E. coli, although a high proportion
of ampicillin-resistant strains are able to transfer their resistance (Smith
and Armour, 1966; Datta, 1969; Slocombe and Sutherland, 1969), surveys
indicate that the frequency of resistant strains has not increased markedly
since 1961 despite extensive usage of the drug (Slocombe and Sutherland,
1969; Weil and Pagano, 1970; Gillespie et al., 1971; McCraeken, 1971).
The incidence of ampicillin resistance in P. mirabilis and H. influenzae
also appears to have remained essentially unchanged.
As with other penicillins, ampicillin is bactericidal in action and concen¬

trations close to the minimum inhibitory values result in marked bacteri¬
cidal effects against gram-positive and gram-negative bacteria. Ampicillin
is also not highly bound to serum proteins (20% bound), and the antibac¬
terial activity of the compound is not significantly influenced by the pres¬
ence of serum. These properties together with high activity in vitro and a
broad antibacterial spectrum combine t o give rise to good activity against
experimental infections in animals (Acred et al., 1962).
Ampicillin is relatively well absorbed after oral administration in man,

and from 30 to 50% of the drug is excreted as unchanged penicillin in the
urine (Knudsen et al., 1961; Auhagen el al., 1962b; Naumann, 1962b;
Klein and Finland, 1963a). Peak serum concentrations are reached at about
2 hours, after which there is a gradual fall to low but detectable levels at 8
hoes. Increasing the dose results in a corresponding increase in scrum con¬

centrations, and administration of probenecid results in markedly higher
serum levels. Administration of ampicillin by intramuscular injection results
in serum levels 2-3 times higher than those obtained with an equivalent
oral dose, and 60-70% of the dose can be recovered in the urine (Eickhoff
et al., 1965; Naumann, 1965). Ampicillin is excreted in the urine largely as

unchanged ampicillin, and only a small proportion appears in the form of
the biologically inactive penicilloic acid (Table IV). Elimination takes place
via the kidneys, but a significant amount does appear in the bile and biliary
concentrations are several times higher than those in the blood (Ayliffe
and Davies, 1965; Mortimer et al., 1969). As with other penicillins, ampicil-
lin does not diffuse readily across the blood-brain barrier in the healthy
state (Bunn et al., 1963), but ampicillin may be present in the cerebrospinal
fluid in significantly higher concentrations when the meninges are inflamed
(Lithander, 1964). Ampicillin appears to diffuse well into other compart¬
ments of the body, and good levels have been reported to occur in lymph,
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amniotic fluid, pleural fluid, and synovial fluid (Acred et cl., 1962, 1970a;
Bleeher et al., 1966; Nelson, 1971; Howell et al., 1972).

2. Compounds That Hydrolyze to Give Ampicillin

a. Hetacillin. This drug [6-(2,2-Dimethyl-5-oxo-4-phenyl-l-imidaz-
olidinyl) penicillanic acid] is the condensation product resulting from the
reaction between ampicillin and acetone (Hardcastle et al., 1966) (Fig. 8).
In dilute aqueous solution and at neutral pH, hetacillin hydrolyzes rapidly
to liberate ampicillin and acetone, the half-life at 37°C being 20-30 minutes
(Magni et al., 1967; Sutherland and Robinson, 1967; Brown et al., ^969;
Smith and Hamilton-Miller, 1970). It is not surprising, therefore, that the
antibacterial activity of hetacillin in vitro should appear indistinguishable
from that of ampicillin, and it may be that hetacillin is itself devoid of
antibacterial activity prior to its hydrolysis to ampicillin (Sutherland and
Robinson, 1967; Smith and Hamilton-Miller, 1970; Medical Letter, 1971).
Hydrolysis of hetacillin to ampicillin also takes place rapidly in the body.
Sutherland and Robinson (1967) have reported that following oral ad¬
ministration of hetacillin to man, only trace amounts of unchanged
hetacillin could be detected and these were only present during the first 90
minutes after dosing. From 90 minutes onward, only ampicillin could be
detected, and at no time was the amount of unchanged hetacillin more than
a very small proportion of the total antibiotic present in the blood. Simi-

+

H,C

\

/
CO

Ampicillin Acetone

H3C^ ""CH3 CO-N CH COOH

Hetacillin

Fig. 8. Reaction between ampicillin and acetone to form hetacillin.
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larly, Brown et al. (1969) reported that, following intramuscular ad¬
ministration of hctacillin, hydrolysis to ampicillin was rapid.
In the initial studies on absorption of hetacillin given by mouth the peak

levels of antibiotic in the blood were reported to be similar to those ob¬
tained when ampicillin itself was administered (Bunn e' al., 1966; Kirby
and Kind, 1967). The peak levels with hetacillin were reached somewhat
later than with ampicillin and as a result the blood levels obtained with
hetacillin were reported to be slightly more prolonged. These findings have
not been entirely confirmed by later work, and the studies reported by
Magni et al. (1967), Ridley (1967), Sutherland and Robinson (1967), Modr
el al. (1970), and Kahrimanis and Pierpaoli (1971) show that the peak anti¬
biotic levels following administration of hetacillin are substantially lower
than those obtained with ampicillin itself. These studies do confirm, how¬
ever, that absorption is rather slower with hetacillin and that the blood
levels at 6 to 8 hours after dosing are marginally higher than those obtained
with ampicillin, but it is questionable whether this is of therapeutic sig¬
nificance.
In concentrated aqueous solutions, such as are used for parenteral ad¬

ministration, hetacillin has been reported to be more stable than ampicillin
(Kahrimanis and Pierpaoli, 1971). However, when administered intra¬
muscularly, peak blood levels obtained with hetacillin are considerably
lower than those obtained with ampicillin (Bunn et al., 1966; Sutherland
and Robinson, 1967), and although they are slightly more prolonged it is
doubtful whether this is of clinical importance. The conclusion reached in
the Medical Letter (1972) is that hetacillin does not offer any advantage
over ampicillin.
b. Metampicillin. The approved name for the compound obtained by re¬

action of ampicillin with formaldehyde is mctampicillin (Fig. 9). This drug
has been described as a-methyleniminobenzylpenicillin, but it is possible
that the hydrated form, namely, a-hydroxymethylaminobenzylpenieillin
may also be present. Metampicillin was first described as a new broad-
spectrum penicillin by Ferrcro (1967) who also reported the compound to
be more stable than ampicillin to the jS-lactamasc produced by the bacterial
flora of the rat intestine. In subsequent studies, metampicillin was reported
to give rise to higher blood levels than ampicillin after oral and intramuscu¬
lar administration to man (Franehi and Perraro, 1967) and to result in
significantly higher levels in bile than obtained with ampicillin when the
drugs were given parenterally (de Yccchi Pellati el al., 1970; Lancle, 1970).
Metampicillin does, indeed, show a broad spectrum of antibacterial ac¬

tivity, but the report by Ferrero (1967) failed to mention that metampicillin
hydrolyzes rapidly in dilute aqueous solution to give ampicillin, the half-
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\ H M^—CH-CONHCH—^C(CH,), + ,C=0
I I I I 3 2 '
NH2 CO—N CH COOH H

Ampicillin Formaldehyde

H
— CH-CO-NH-CH— C X(CH3), + H,0 (' N>—CH • CO • NH • CH—C C(CH,L

I III \—/ I 1 I I
N-CH2 CO-N—CHCOOH —J NH-CHj-OH co_n CH - COOH

Metampicillin

c-MethyleneiininobenzyipenicilUn a-Hydroxymethylaminobenzylpenicillin

Fig. 9. Reaction between ampicillin and formaldehyde to fonn metampicillin.

life at neutral pTI and 37°C being approximately 60 minutes (Sutherland
et al., 1972b). It is probable, therefore, that the activity of metampicillin in
such tests was largely due to the liberation of ampicillin. In this connection,
Sutherland et al. (1972b) have reported that the antibacterial spectrum
and level of activity shown by metampicillin is very similar to that of ampi¬
cillin and that neither compound showed significant activity against penicil-
linase-producing bacteria.
Following oral administration to man, Sutherland et al. (1972b) re¬

ported that unchanged metampicillin could not be detected either in blood
or in urine and ampicillin alone was present, although the levels of ampicillin
in the blood were somewhat lower than those obtained following an equiva¬
lent dose of ampicillin itself. These results are in contrast with those of
Franehi and Perraro (1967) who reported that antibiotic levels after ad¬
ministration of metampicillin were higher than those obtained with
ampicillin. Franchi and Perraro, however, used metampicillin standards to
assay the levels in the blood and, since the resulting antibiotic is ampicillin,
which in blood gives rise to larger zones of inhibition than does metampicil¬
lin, the assay for metampicillin would be erroneously high.
Following intramuscular injection of metampicillin, Sutherland et al.

(1972b) have reported that the antibiotic present in the blood was pre¬
dominantly ampicillin, but small amounts of unchanged metampicillin
were detected up to 1 hour after dosing. Urine specimens showed the pres¬
ence of ampicillin only. The same authors also reported that the levels of
ampicillin in the blood following intramuscular administration of metampi-
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cillin were lower than those normally obtained following injection of
ampicillin itself.
Metampicillin can be detected in the blood more readily after intramuscu¬

lar injection than after oral dosage, probably because hydrolysis of metam¬
picillin is very rapid under acid conditions and the compound may largely
undergo hydrolysis in the stomach before being absorbed. At neutral pH,
metampicillin is more stable and after parenteral administration complete
hydrolysis does not occur so rapidly. Also metampicillin hydrolyzes slowly
in human scrum probably as a result of binding to serum proteins. These
factors may account for the presence of small quantities of unhydrolyzed
metampicillin in blood shortly after intramuscular administration. The
exact extent of protein binding of metampicillin is not known, but the anti¬
bacterial activity is greatly diminished in the presence of serum.
The relatively slow rate of hydrolysis in serum may account for the fact

that antibiotic levels in the bile appear to be higher following parenteral
administration of metampicillin than they are with ampicillin dosage (de
Vccchi Pellati et al., 1970; Landc, 1970). In these studies, however, it is not
clear whether the antibiotic in the bile was assayed in terms of metampicil¬
lin or ampicillin and the results reported are, therefore, somewhat difficult
to interpret, but it may well be that metampicillin is rapidly eliminated in
the bile and then undergoes hydrolysis to ampicillin.

c. Pivampicillin. Efforts to improve the absorption characteristics of
penicillins have included esterification of the 3-earboxyl group. An example
of such a penicillin ester is penamecillin, the acetoxymethy 1 ester of benzyl-
penicillin (Agersborg el al.. 1966), which has been in clinical use for a num¬
ber of years, although in this case the levels of benzylpenicillin obtained in
the serum after administration of penamccillin are only slightly higher than
those obtained with the sodium salt of benzylpenicillin itself (Agersborg
et al., 1966; Hulbert, 1972).
More recently a series of hydrolyzable acyloxymethyl esters of ampicillin

have been described with the claim for substantial improvement in absorp¬
tion resulting in significantly higher levels of ampicillin after oral adminis¬
tration than are obtained with ampicillin itself (von Daehne et al., 1970).
The preferred compound, the pivaloyloxymethyl ester of ampicillin, pivam¬
picillin (Fig. 10), has been reported to give ampicillin serum concentrations
in man 2-3 times greater than those obtained with an equivalent dose of
ampicillin (von Daehne et al., 1971; Foltz el al., 1971; Jordan et al., 1971).
Pivampicillin is relatively stable in acid solution and hydrolyzes slowly

in neutral solution with the liberation of ampicillin, but hydrolysis is very
much more rapid in the presence of scrum, blood, or tissue homogenates of
various animal species (von Daehne et al., 1971). It is believed that after
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// \ ,<■' XV~~CH- CO-NH-CH—C C(CH.),
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,

NH2 CO-N CH-C00-CH20-C0-C(CH3)3
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esterases
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Ampicillin Formaldehyde

Fig. 10. Structure of pivampicillin and its hydrolysis to ampicillin.

oral administration, pivampicillin is absorbed intact and is then hydrolyzcd
by nonspecific esterases to give pivalic acid and the unstable hydroxymethyl
ester of ampicillin which, in turn, decomposes spontaneously into ampicillin
and formaldehyde (Fig. 10) (von Daehne et al., 1971). It is clear that hy¬
drolysis of the ester in the body is very rapid after oral administration, and
in the study of von Daehne et al. (1971) in man, the concentration of the
ester in the blood at no time exceeded 2% of the ampicillin concentration
and within 15 minutes more than 99% of the drug was found to be present
in the form of ampicillin.
Studies in human volunteers have shown that pivampicillin is absorbed

more rapidly and more completely than ampicillin. After oral administra¬
tion of pivampicillin in man, the resulting peak levels of ampicillin in the
serum were reached approximately 1 hour after dosage and were 2-3 times
higher than the peak levels obtained with ampicillin itself which were
reached 1.5-2 hours after dosage (von Daehne et al., 1971; Foltz et al.,
1971; Jordan et al., 1971). It should be noted, however, that these studies
were carried out using an equivalent dosage of ampicillin, and 358 mg of
pivampicillin are required to contain the equivalent of 250 mg of ampicillin.
The superior absorption of pivampieillin, compared with ampicillin, is also
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reflected in the proportion of the dose recovered in the urine, the values
given by von Daehne el al. (1971), Foltz et al. (1971), and Jordan et al.
(1971) range from 29 to 46% with ampicillin and from 56 to 73% with
pivarnpicillin. Foltz et al. (1971) and Jordan et al. (1971) have reported
that food did not adversely affect the absorption of pivampicillin. whereas
with ampicillin absorption was significantly depressed. Data obtained in
the authors' laboratory, however, indicate that food interferes slightly with
the absorption of pivampicillin and ampicillin and to a similar extent with
both compounds.
Although pivampicillin h/drolyzes rapidly to ampicillin in the bod}',

Foltz cl al. (1971) reported evidence of hepatotoxicity in the dog during the
course of toxieological studies, but it was noted that an impurity was
present in the pivampicillin used. In view of these effects, clinical studies
in the United States were being held in abeyance pending further investiga¬
tions, although the drug has now been approved for clinical use in certain
other countries.

3. Analogs of Ampicillin

a. Epicillin. The generic name epicillin has been assigned to the struc¬
tural analog of ampicillin [D-amino(l ,4-cyclohcxadien-l-yl) methylpenicil-
lin] (Table XII) in which the benzene ring has been replaced by the par¬
tially reduced 1,4-cyclohexadicnyl system (Dolfini et al., 1971). The chem¬
ical and biological properties of epicillin, including acid stability, penicilli¬
nase stability, serum binding, and oral absorption are essentially the same
as those of ampicillin; also the antibacterial spectrum and the level of
activity of epicillin arc virtually identical with those of ampicillin both
in vitro (Basch et al., 1971) and against experimental infections in mice
(Gadebuseh et al., 1971).
Although the two compounds are very similar in antibacterial activity,

Basch et al. (1971) have reported that epicillin was found to be more active
than ampicillin against Pseudomonas aeruginosa and that 50% of 56 clinical
isolates were sensitive to epicillin at 100'/ig/ml, whereas only 12.5% were
inhibited by the same concentration of ampicillin. Data obtained in the
authors, laboratory confirm that epicillin is very slightly more active than
ampicillin against P. aeruginosa, but both compounds show a very low
level of activity against this organism. Compared with carbenicillin, both
epicillin and ampicillin are at least 10 times less active, and it is doubtful
whether the difference between epicillin and ampicillin is of any clinical
significance.
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A number of clinical studies have demonstrated the efficacy of epicillin
against infections due to sensitive gram-positive and gram-negative bac¬
teria, but it remains to be seen whether epicillin will show any therapeutic
advantage compared with ampicillin.
b. BL-P 875. This drug (a-amino-3-thienylmethylpenicillin) is a close

analog of ampicillin in which the benzene ring has been replaced by a

thiophene ring (Table XII). The antibacterial spectrum and level of ac¬
tivity in vitro are indistinguishable from those of ampicillin, but against
experimental infections in mice the compound has been reported to be up to
tw ice as active as ampicillin (Price et al., 1969a). Blood levels following oral
administration to mice were also higher than those obtained with ampicillin,
and Price and his colleagues concluded that if this proved to be also the
case in man the compound might justify clinical trial. Xo further reports
have appeared in the literature.

c. Amoxycillin. This drug [d(—)-n-amino-p-hydroxybenzylpenicillin tri-
hydrate] is a close analog of ampicillin (Table XII) in which a hydroxy
group has been introduced in the para position of the benzene ring of the
side chain. Like ampicillin, amoxycillin is acid-stable and shows an anti¬
bacterial spectrum and a level of activity very similar to those of ampicillin
(Neu and Winshell, 1971b; Sutherland and Rolinson, 1971). The extent of
binding to serum proteins is also the same as that of ampicillin.
Amoxycillin differs from ampicillin in that it is better absorbed when

given by mouth, both in animals (Acred et al., 1971b) and in man (Neu and
Winshell, 1971c; Bodey and Nance, 1972; Gordon et ah, 1372; Kosmidis
ct al., 1972; Sutherland et al., 1972a), and, as a result, the levels reached in
the blood and in the urine, are considerably higher than those obtained
with ampicillin. In studies in human volunteers, following oral administra¬
tion, the peak serum levels are reached at the same time as those of ampicil¬
lin but are about twice as high, and the total area under the serum curve is
also approximately double that for arnpicillin. Over the first 6 hours after
dosing, some 60-80% of the dose can be recovered in the urine as unchanged
penicillin (Ncu and Winshell, 1971c; Sutherland et al., 1972a).
The presence of food does not significantly decrease the amount of

amoxycillin absorbed in volunteers (Neu and Winshell, 1971c; Sutherland
et al., 1972a), but, if the drug is taken immediately before or after a meal,
absorption is delayed slightly, as is the case also with ampicillin. Adminis¬
tration of probenecid results in higher and more prolonged blood levels.
Against experimental infections in mice the activity of amoxycillin is of

particular interest (Acred et al., 1971b). When given by mouth, amoxycillin
is more active than ampicillin. This may not be unexpected because the
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compound is better absorbed in mice as it is in man and the blood levels are
considerably higher than they are with ampicillin. When given subcu-
taneously to mice, however, the blood levels of amoxycillin and ampicillin
are essentially the same, yet amoxycillin is again more active. Recent re¬
sults obtained in the authors' laboratory indicate that, in vivo, amoxycillin
has a more rapid and more complete bactericidal effect than ampicillin
against certain gram-negative bacilli and this may account for the superior
activity of amoxycillin against experimental infections even when the
blood levels for the two compounds arc similar.

4. Belacin

This drug [d(— )-a-phenyl-/3-aminoethylpenicillin] is a /3-amino analog of
ampicillin (Table XII). The antibacterial spectrum of this compound is
very similar to that of ampicillin (Testa et al., 1964; Acocella et al, 1965),
activity against gram-negative bacteria being comparable with that of
ampicillin but, against the gram-positive organisms, betacin is somewhat
less active.
Betacin differs markedly from ampicillin in that it is poorly absorbed in

man when given by mouth (Acocella ct al., 1965). The poor oral absorption
of betacin is apparently not due to lack of acid stability since the compound
is similar to ampicillin in this respect,. Nevertheless, the peak serum concen¬
trations obtained in human subjects with a 500-mg dose of betacin were
reported to be 10-20 times lower than those normally obtained with an

equivalent dose of ampicillin. Poor absorption was also reflected in the fact
that only 2.5% of the dose was recovered in the urine over the 9-hour period
after dosing. On the other hand, after intramuscular administration, peak
serum levels ranging from 2.6 to 5.8 Mg,/ml were measured 1 hour after a
dose of 250 mg of betacin and 55% of the dose was excreted in the urine.
Although betacin is relatively well absorbed when given by intramuscular
injection the compound would not appear to offer any advantage over ampi¬
cillin. No clinical data have been reported for this compound.

5. Cyclacillin,

Alburn et al. (1968) reported the preparation of a number of aminoali-
cyclie penicillins, one of which was 1-aminocyclohexylpenicillin which has
subsequently been given the approved name of cyclacillin (Table XII).
These authors considered it would be of interest to prepare such penicillins
since it was known that 1-aminocyclopentane carboxvlic acid is rapidly
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absorbed and transported like natural L-amino acids and is also slowly
excreted.

Cyclacillin has been described by Yurchenco et al. (1970) as having a
broad spectrum of activity against gram-negative and gram-positive bac¬
teria, including penicillin-resistant staphylococci. The level of activity of
cyclacillin in vitro, however, is relatively low (Roserman et al., 1968;
Yurchenco et al., 1970). Compared with ampicillin, for example, cyclacillin
is 5-20 times less active against penicillin-sensitive staphylococci and
Group A streptococci, and 20-50 times less active against Streptococcus
pneumoniae. Against the gram-negative bacilli, cyclacillin is only active at
levels of 25 Mg/ml or greater, and in this respect the compound is some
10-20 times less active than ampicillin. Like ampicillin, cyclacillin is in¬
active against Klebsiella and Pseudomonas. Against penicillinase-producing
staphylococci, Roscnman et al. (1968) reported cyclacillin to be about twice
as active as ampicillin and to show MIC values of 3.9 to 125 ng/ml with a
mean of 25.3 /rg/ml, whereas the data of Yurchenco et al. (1970) show
cyclacillin to be only equal to ampicillin in activity in vitro. Data obtained
in the authors' laboratory indicate that cyclacillin is marginally more ac¬
tive than ampicillin against penicillinase-producing staphylococci but ac¬
tivity is greatly influenced by inoculum size.
The binding of cyclacillin to serum proteins is low and similar to that of

ampicillin (approximately 20% bound in human serum) and activity is not
significantly reduced in the presence of serum.
Against experimental infections in mice, cyclacillin has been reported to

be considerably more active than might have been expected on the basis of
in vitro activity (Hopper et al.,. 1968; Yurchenco et al., 1968, 1970). Against
gram-positive penicillin-sensitive organisms, cyclapillin was found to be
comparable with ampicillin in activity in vivo, although against gram-nega¬
tive organisms cyclacillin was two- to fivefold less active. Yurchenco and
co-workers offered no explanation for the relatively good activity of
cyclacillin in vivo, but data obtained in the author's laboratory show that
cyclacillin is extremely well absorbed in mice when given by mouth, and
peak serum concentrations are obtained which are 5-10 times higher than
those of ampicillin (Acred, unpublished data). Blood levels of cyclacillin
in the mouse are also slightly more prolonged than those of ampiciliin. It
seems likely, therefore, that the relatively good activity of cyclacillin in the
mouse is due to good absorption which offsets its low in vitro activity.
Whether this will apply in man is not clear.
Data on absorption and excretion of cyclacillin after oral dosage in man

have been published by Mashimo et al. (1970), Miki et al. (1970), Okubo
et al. (1970), and Ueda et al. (1970). Absorption of cyclacillin was found to
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be rapid, and peak levels of 10 to 18 Atg/ml were obtained 30-60 minutes
after a dose of 500 mg. These levels arc 2-3 times higher than those normally
obtained with ampicillin. After reaching the peak value, however, the blood
levels of cyclaeillin were found to fall rapidly and only trace amounts could
be detected at 4 and 6 hours. Over the first 6 hours after dosing, approxi¬
mately 50% of the drug could be recovered in the urine. It seems clear that
cyclaciliin is well absorbed in man when given by mouth but it remains to
be seen whether this is sufficient to compensate for the low level of anti¬
bacterial activity.
In studies in man, Martin and White (1971) have reported that, although

cyclacillin was effective in suppressing penicillin-sensitive staphylococci in
nasal carriers, it failed to inhibit peniciliin-resistant strains. These authors
concluded that it was unlikely that cyclacillin would be effective against
infections caused by penicillin-resistant staphylococci. Similarly, in the
monkey, cyclacillin failed to protect against a lethal staphylococcal infec¬
tion which was treated successfully with nafcillin, although high concentra¬
tions of cyclaciliin were measured in the experimental animals after oral
dosage (Carlisle and Saslaw, 1971).
Further data will be required to assess the clinical value of this penicillin.

B. Penicillins Active against Pseudomonas

Activity against Pseudomonas aeruginosa is not a property usually as¬
sociated with penicillin. Certain semisynthetic penicillins containing acidic
side chains, however, do show important activity against this pathogen.
The penicillins comprising this group (Table XIII), namely, carbenieillin,
ticarcillin, sulfocillin, and suncillin, have a number of biological properties
in common, of which the most important is the activity against P. aerugi¬
nosa. In addition, however, these penicillins show significant activity against
other gram-negative bacilli, including certain bacteria that are generally
resistant to ampicillin, for example, the indcle-positivc Proteus and Entero-
bacter, although strains of Klebsiella are generally resistant. A further prop¬
erty in common is a marked degree of stability to staphylococcal penicil¬
linase. This results in some degree of activity against penicillin-resistant
staphylococci, but it is doubtful whether this is adequate to be of clinical
importance. The penicillins of this group also share the properties of not
being highly bound to serum proteins and not being absorbed when given
by mouth. In addition to these penicillins with acidic side chains, certain
A'-aeyJatcd derivatives of ampicillin also show marked activity against
Pseudmnonas, and data have been published on three compounds of this
type in which the a-substituent in the side chain incorporates a ureido
group.



117

SEMISYNTHETIC PENICILLINS 203

1. a-Carboxypenicillins
e. Carbenicillin. This drug (disodium a-carboxybenzylpenieillin) was

the first penicillin to be described showing significant activity against
Pseudomonas aeruginosa, and the biological properties of this compound
have been reported by numerous authors (Brumfitt et al., 1967; Knudsen
et al., 1967; Bo ley and Terrell, 1968; Smith and Finland, 1968; Silverblatt
and Turck, 1969; Standiford et al., 1969). Carbenicillin used clinically is a
mixture of two diastereoisomers. The two epimers have been isolated in
pure form and found to be indistinguishable in their antibacterial activity
(Butler el al., 1970). This may well be due to rapid epimerization under the
conditions of the test. In many respects the antibacterial spectrum of
carbenicillin resembles that of ampicillin (Table II). The compound is ac¬
tive against Streptococcus pyogenes, Streptococcus pneumoniae, and penicillin-
sensitive staphylococci, although the level of activity is very much lower
than that of ampicillin. Against Haemophilus influenzae, Neisseria gonor¬
rhoeae, and Neisseria meningitidis, carbcnicillin is highly active and com¬

parable in this respect with ampicillin. Carbenicillin also shows activity
close to that of ampicillin against Escherichia coli, Proteus mirabilis, Sal¬
monella species, and Shigella species and, in keeping with ampicillin, car¬
benicillin is not active against most strains of Klebsiella. Carbenicillin avail¬
able commercially contains a small amount of benzylpenicillin present as
an impurity. This does not affect significantly the activity of carbenicillin
in terms of the MIC's, but for the assay of carbenicillin in serum or other
body fluids it is advisable to use a test organism that is sensitive to car¬
benicillin but resistant to benzylpenicillin (Burnett and Sutherland,
1970).
Carbenicillin is not highly bound to seium proteins. Knudsen et al.

(1967) reported the extent of binding in human serum to be 47% which is
similar to that of benzylpenicillin. Antibacterial activity is not significantly
diminished in the presence of serum.
Although the activity of carbenicillin resembles that of ampicillin in

many respects, there are also important differences. The greatly diminished
level of activity against pyogenic cocci has been referred to and the activity
of carbenicillin against Streptococcus faecalis is also very low compared with
that of ampicillin. Unlike ampicillin, carbenieillin shows a distinct degree
of stability to staphylococcal penicillinase. Most strains of penicillin-
resistant staphylococci aie inhibited by carbenicillin at a level of approxi¬
mately 25 ag/ml even when a heavy inoculum is used, but this is probably
not of clinical value. Carbenicillin does show important activity, however,
against most strains of indole-positive Proteus species, i.e., P. morganii,
P. rettgeri, and P. vulgaris, and the compound is also active against the
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majority of strains of Enterobacter and Citrobacter (Slocombe and Suther¬
land, 1970). In general, strains of E. colt and paracolon resistant to ampicil-
lin are also resistant to carbenicillin, but some strains that arc resistant to
ampicillin but relatively sensitive to carbenicillin have been encountered
(Brumfitt et al., 1967; llolinson and Sutherland, 1968). Xeu and Swarz
(1969) have shown that in the case of strains of ,3-laetamase-producing
E. coli in which the enzyme is located superficially and is episomally
mediated, there is a high level of resistance to both ampicillin and carbeni¬
cillin, but strains in which the /5-lactamase is controlled chromosomally are
somewhat less resistant to ampicillin and are sensitive to carbenicillin.
The activity of carbenicillin also differs notably from that of ampicillin

with respect to P. aeruginosa. Using a moderately large inoculum, most
strains of P. aeruginosa are inhibited by carbenicillin at a level of 50-100
Mg/ml (Knudsen et al., 1967), whereas ampicillin is virtually inactive against
this organism. Ampicillin itself is relatively stable to the /3-laetamsae pro¬
duced by most strains of P. aeruginosa but lacks int rinsic activity. Carbeni¬
cillin is also highly stable to this /3-lactamase and, in addition, is able to
reach the target site in the bacterial cell.
The activity of carbenicillin against P. aeruginosa is somewhat compli¬

cated by the fact that in serial dilution tests a sharp end point is not ob¬
tained when the inoculum is very heavy (Knudsen et al., 1967). In tests
carried out on agar, growth is usually diminished very markedly at a con¬
centration of approximately 25 yug/ml, but some sparse growth may be
seen even at a concentration as high as 125 ^g/ml and this meager growth is
more readily apparent in broth dilution tests than it is on agar. With a
somewhat smaller inoculum, however, a relatively sharp end point is ob¬
tained. This phenomenon of "tailing" is not the result of drug inactivation,
nor does it appear to be due to the selection of resistant mutants. Sensitivity
tests carried out on the growth persisting at high concentrations usually
indicated unchanged sensitivity, although Bell and Smith (1969) have re¬

ported that by careful colony isolation, resistant variants can be picked off
from the film of growth occurring at high concentrations of carbenicillin.
However, this would not seem to explain the results obtained in liquid
culture in which a period of marked bactericidal activity can occur which
is then followed by extensive bacterial growth (Knudsen et al., 1967) which
may reach visible proportions. Yet, in tests using this growth as inoculum,
the sensitivity appears unchanged and a period of bactericidal action is
again followed by regrowth.
Against strains of P. aeruginosa, carbeuicillin frequently shows a syner¬

gistic action in combination with gentamicin and this can be seen in vitro
(Brumfitt et -al., 1967; Rolinson and Sutherland, 1968; Phair et al., 1969;
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Sonne and Jawetz, 1969) and iy, vivo (Acred et al., 1971a; Konitfkova and
Prat, 1971). However, some degree of inactivation of gentamicin has been
reported to occur in combination with carbenicillin (McLaughlin and
Reeves, 1971), but the rate of inactivation is extremely slow and it is doubt¬
ful whether it is of any clinical significance when the two drugs are used in
combination (Eykyn el al., 1971; Klastersky, 1971; Levison and Kaye,
1971; Lynn, 1971; Riff and Jackson, 1971).
When carbenicillin was first introduced to medicine, it was appreciated

that strains of P. aeruginosa show a range of MIC values and therefore do
not show a uniform level of sensitivity to the drug. Some strains of P.
aeruginosa, notably those isolated from sputum, are highly sensitive and in¬
hibited by levels of 1-2 /ig/'ml. The majority of strains, however, showMIC
values of 50-100 /ig/ml, and some are only inhibited by concentrations as

high as 500 fig/ml. In these strains, sensitivity to carbenicillin is not related
to drug inactivation. Strains of P. aeruginosa typically produce a /3-lacta-
mase but this does not inactivate carbenicillin, and the relative insensitivity
of some strains is the result of intrinsic resistance. More recently, however,
Lowbury et al. (1969) and Newsom (1969) have reported the isolation of a
small number of carbenicillin-resistant strains of P. aeruginosa which pro¬
duce a /3-lactamase that does rapidly inactivate carbenicillin. In the strain
reported by Ncwson (1969) the genetic control appears to be chromosomal,
but in the strains isolated by Lowbury et al. (1969) the ^-lactamase is
transferable and is similar to the R-factor-mediated ^-lactamase of E. coli
(Fullbrook et al., 1970; Sykes and Richmond, 1970). It seems probable that
in these strains resistance to carbenicillin has been acquired as a result of
R-faetor transfer from another species (Ayliffe et al., 1972).
The isolation of strains of P. aeruginosa showing increased resistance fol¬

lowing treatment with carbenicillin has been reported, although in some of
these patients the dose of carbenicillin used was relatively low (Darrell
and Waterworth, 1969; Holmes et al., 1970) and the use of suboptimum
doses may well contribute to the in vivo emergence of resistance (Marks
and Eickhoff, 1970). By using high dosage of carbenicillin, Bodey et al.
(1971) have reported that emergence of carbenicillin-resistant Pseuclomonas
has not been a problem despite widespread use of the drug.
Carbenicillin is not absorbed when given by mouth but can be given by

intramuscular or intravenous administration. Because of the relatively low
level of activity of carbenicillin against P. aeruginosa, high intravenous
dosage is required in order to achieve inhibitory levels in the blood and tis¬
sues. Knudsen el al. (1967) reported that levels of 140 /ig/ml were reached
in the blood after the intravenous administration of 1 gm carbenicillin,
but these levels fell rapidly to approximately 50 /ig/ml after only 1 hour.
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Bodcy et al. (1969) have reported, however, that serum levels oT* over 300
gg/ml are achieved following an intravenous dose of 5-gm carbenicillin and
that levels in excess of 100 Aig/ml are maintained when 5 gm is administered
over a 2-hour period every 4 hours, making a daily dose of 30 gm.

Following an intramuscular dose of 1 gm of carbemicillin. peak serum
levels of about 20 ag/ml are obtained (Brumfitt et al., 1967; Knudsen et al.,
1967; Smith and Finland, 1968), indicating good absorption although these
levels would not be expected to be inhibitory against most strains of
Fseudomonas. Levels of 2000-4000/rg/ml are achieved in the urine, however,
following an intramuscular dose of 1 gm, and over 80% of the dose can be
recovered in the urine. The use of probenecid results in higher and more
prolonged blood levels when carbenicillin is given intramuscularly (Knudsen
et al., 1967) but has little effect when given intravenously (Bodey el al.,
1969). As with other penicillins, carbenicillin does not diffuse readily into
the cerebrospinal fluid in patients with uninflamed meninges (Bodey et al.,
1969), but measurement of the levels of carbenicillin present in lymph in
animals (Chisholm et al., 1968) and man (Bodcy et al., 1969) indicate that
the drug diffuses well into the tissues.
b. Carbenicillin Indanyl Sodium (Carindacillin*). Although carbenicillin

itself is not absorbed when given by mouth, certain a-carboxy esters of
carbenicillin arc well absorbed by this route and undergo rapid hydrolysis
in the body to yield carbenicillin. One such compound is the 5-indanyl ester
(Table XIII), carbenicillin indanyl sodium (English ct al.. 1972).
In bacteriological media of the type used to determine antibacterial ac¬

tivity, the indanyl ester of carbenicillin hydrolyzes slowly to give carbenicil¬
lin. The resulting activity in vitro, therefore, is a combination of the ac¬

tivity of the ester per se and the activity of carbenicillin. Against the gram-

positive cocci the ester shows greater activity than carbenicillin. but against
the gram-negative organisms the activity seen is that resulting from the
liberation of carbenicillin (English et al., 1972).
In the animal body the indanyl ester of carbenicillin hydrolyzes very

much more rapidly than in vitro. As a result the activity of the ester in vivo
can be regarded as that of carbenicillin, and Butler et al. (1971) have re¬

ported that only trace amounts of the ester could be detected in serum.
Data obtained in the authors' laboratory also show that, in human volun¬
teers, hydrolysis to carbenicillin is rapid but some unhvdrolyzed ester could
be detected in serum collected 30 minutes after oral dosage and in urine
from 0 to 2 hours.
Carbenicillin indanyl sodium is highly acid-stable and is well absorbed

from the gastrointestinal tract (English et al., 1972). Bran et al. (1971) and
* Approved name, British Pharmacopeia Commission.
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TABLE XIII

Penicillins Active Against Pseudomonas aeruginosa

H s-
R—NH • CH-C X(CH.)2

I I Is2
CO-N—cr-coon

Penicillin Structure of side chain R

Carbeuicillin (disodium-a-carboxybenzylpenieillin)

Carbenicillin indanyl sodium (5-indanyl ester of)
carbenicillin)

Ticarcillin («-carboxy-3-thienylmethylpenicillin)

Sulfoeillin («-sulfobcnzylpenicillin

Suncilliil (a-sulfpaminobonzylpenicillin)

BL-P 1654 (n-«-(3-pu.mylurei('.o)benzylpenicillin]

Wallace et al. (1971) have reported that peak levels of carbenicillin of about
10 pg/ml are obtained 1-2 hours after a single 1-gm dose of the ester in
man, although Burgy (1972) has reported levels of only 11.2 pg/ml after a
2-gm dose. About 30-35% of the dose can be recovered in the urine from

COONa

I
CO
I
NH
I
C=NH
J
NH2
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0 to 6 hours, and concentrations of carbenicillin of approximately 1000 ng/
ml are obtained in the urine with a dose of 1 gm, With regard to Pseudo'
monas aeruginosa, Wallace et al. (1971) conclude that, although the serum
levels reached with the indanyl ester appear suboptimal the drug might be
of clinical value in the treatment of urinary tract infections.

c. Ticarcillin. This drug (a-carboxy-3-thienylmethylpenicillin) (Table
XIII) is an analog of carbenicillin and resembles the latter very closely in its
biological properties (Sutherland et al., 1971). Against the gram-positive
cocci the activity of the compound is very similar to that of carbenicillin,
including the level of activity against penicillin-resistant staphylococci.
Against Escherichia coli, ticai cilliri appears to be equal or slightly more ac¬
tive than carbenicillin and, similarly, against Proteus mirabilis, and also the
indole-positive Proteus species, activity appears to be equal to that of car¬
benicillin (Adler el al., 1971; Bodev and Deerhake, 1971; Neu and Winshell,
1971a; Sutherland et al., 1971). The activity of ticarcillin against E. coli is
also comparable with that of ampieillin. Most strains of E. coli resistant to
ampicillin are also resistant to ticareillin but, as with carbenicillin, a certain
number of ampicillin-resistant strains are relatively sensitive to this penicil¬
lin (Neu and Winshell, 1971a; Sutherland et al., 1971). Ticarcillin is highly
active against meningococci and Haemophilus influenzae and in this respect
the level of activity has been reported to be slightly higher than that of
ampicillin (Sabath et al., 1971). Ticarcillin is bound to human serum to the
same extent as carbenicillin (Sutherland et al., 1971) and antibacterial ac¬
tivity is not significantly diminished in the presence of serum.
Ticarcillin is of particular interest in that it is 2-4 times more active than

carbenicillin against P. aeruginosa in vitro (Adler et al., 1971; Bodey and
Deerhake, 1971; Neu and Winshell, 1971a; Sutherland et al., 1971) and
in vivo (Acred et al., 1971a). The majority of strains of P. aeruginosa are
thus inhibited at a concentration of approximately 25 pg ml, whereas a
concentration of 50-100 pg/rnl is required for inhibition with carbenicillin.
In view of the fact that a very high dosage of carbcnicillin is required in
order to achieve inhibitory levels in the body, the increased activity of
ticarcillin may well be of clinical importance. As with carbenicillin, combi¬
nations of ticarcillin with gentamicin show a synergistic effect against
Pseudomonas in vitro and in vivo (Acred et al., 1971a; Neu and Winshell,.
1971a; Sutherland et al., 1971).
Ticarcillin is not absorbed when given by mouth. The drug is well ab¬

sorbed, however, after intramuscular injection, and the resulting serum
levels are somewhat higher than those obtained with carbenicillin (Suther¬
land and Wise, 1971). These levels are further increased by the use of pro¬
benecid. Following a 5-grn intravenous dose of ticarcillin, peak serum con-
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ccntrations of approximately 400 /ug/ml are obtained and the levels remain
in excess of 100 Mg/ml for at least 2 hours (L. Lees, unpublished data).
Ready diffusion into extravascular compartments is indicated by results

obtained in the dog showing that levels of unbound tiearcillin in lymph fol¬
low closely those in plasma (Acred et al., 1971a).

2. Sulfocillin

Sulfoeillin (a-sulfobenzylpenicillin) (Table XIII) shows some chemical
similarity to carbenicillin in that both penicillins have acidic side chains
and they also resemble one another very closely in their antibacterial ac¬
tivity (Nakazawa, 1971; Tsuchiya et al., 1971; Yamazaki and Tsuchiya,
1971). Against a number of pathogens including penicillin-sensitive staphyl¬
ococci, streptococci, pneumococci, Escherichia coli, Proteus species, Sal¬
monella species, Shigella species, and Pseuclornonas aeruginosa, sulfocillin
and carbenicillin appear to be equally active. Against penicillin-resistant
staphylococci, however, sulfocillin is slightly more active than carbenicillin
and this is associated with greater stability to staphylococcal penicillinase.
The extent of binding of sulfocillin to serum proteins is slightly higher than
it is with carbenicillin, but the difference is probably not important. Sulfo¬
cillin does not appear to be absorbed from the gastrointestinal tract, and
the distribution and excretion of the drug is reported to be similar to that
of carbenicillin (Okubo, 1971).

3. Suncillin

Suncillin is the generic name for a-sulfoaminobenzylpenicillin (BL-P
1462) (Table XIII). Evaluation data have been published by Bodey and
Stewart (1969), Price ct al. (1969b), Barza et al. (1971), Bodey and Deer-
hake (1971), and Price et al. (1971). The antibacterial spectrum of suncillin
resembles that of carbenicillin, but the level of activity against Escherichia
coli and indole-positivc Proteus species appears to be substantially lower.
On the other hand, against Proteus mirabilis the data of Bodey and Deer-
hake (1971) indicate suncillin and carbenicillin to be equal in activity, and
Bodey and Stewart (1969) have also reported suncillin to be more active
than carbenicillin against Enterobacter. Against Pseudomonas aeruginosa,
Bodey and Stewart (1969) reported suncillin to be slightly more active than
carbenicillin but the authors pointed out that the tests with the two com¬

pounds wore not carried out at the same time, and, in a later paper, Bodey
and Decrhake (1971) reported results showing suncillin and carbenicillin
to be almost identical in activity. In these tests, both compounds were one
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dilution less active than ticarcillin. Barza et al. (1971) also reported suncilljn
and carbenicillin to be almost identical in activity against P. aeruginosa,
and the same authors showed that suncillin and gentamicin were synergistic
in action against Pseudomonas. The activity of suncillin is unaffected by
the presence of 50% human serum (Barza et al., 1971), indicating that the
compound is not highly bound to serum proteins. In a limited clinical trial,
suncillin has been reported to be effective in the treatment of Pseudomonas
infections when administered at a dose of 18-24 gm/'day by the intravenous
route (Bodey and Rodriguez, 1970).

4. Ureidopenicillins
Three a-substituted benzylpenicillins have been described in which the

a-substituent incorporates a ureido group. The compound that has been
evaluated in most detail is BL-P 1654 [6-a-(guanylureido)phenylacetamido-
penicillanic acidj (Table XIII). This penicillin shows an interesting anti¬
bacterial spectrum which to some extent combines the activity of ampicillin
with that of carbenicillin (Adler et al., 1971; Bodey and Stewart. 1971;
Price ct al., 1971; van Scoy el al., 1971). Against Streptococcus pyogenes,

Streptococcus pneumoniae, and Streptococcus faccalis, the activity of BL-P
1654 is greater than that of carbenicillin and approaches that of ampicillin,
although, against penicillin-sensitive strains of Staphylococcus aureus. BL-P
1654 is considerably less active. The drug is not stable to staphylococcal
penicillinase and is inactive against penicillin-resistant staphylococci unless
the inoculum used in the test is very small. Against Escherichia coli and
Proteus mirabilis the activity of BL-P 1654 is very similar to that of ampi¬
cillin. In the authors' experience the activity of BL-P 1654 against Haemo¬
philus influenzae is also similar to that of ampicillin, although Price et al.
(1971) reported BL-P 1654 to be more active. Indole-positive Proteus and
Enlerobacter species have been reported to be considerably less sensitive to
BL-P 1654 than to carbenicillin (Adler et al., 1971; Bodey and Stewart,
1971; van Seoy et al., 1971).
In tests using a small inoculum, Price el al. (1971) found BL-P 1654 to be

considerably more active than carbenicillin against Pseudomonas aeruginosa,
the majority of strains being inhibited at a level of 8 ^g. ml. whereas a con¬
centration of 32-64 yrg/ml was required in the case of earbenicillin. With a
very small inoculum, Bodey and Stewart (1971) also found BL-P 1654 to
be more active than carbenicillin. The activity of BL-P 1654 against P.
aeruginosa, however, is greatly influenced by inoculum size, and this effect
is even more marked than with carbenicillin. For example, van Scoy et al.
(1971) reported that in liquid culture the MIC values for a group of strains
of P. aeruginosa ranged from 3.9 to 15.6 Mg/nil with an inoculum of 103
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polls, nil, from 15.6 to 62.5 ng/ml with an inoculum of 105 cells/ml and from
500 to 1000 Mg/ml with an inoculum of 107 organisms/ml. In tests on solid
medium, by using an inoculum of 105 colony-forming units, these authors
found- the activity of BL-P 1654 to be only equal to that of carbenieillin.
Similar results have been reported by Adler el al. (1971), and in MIC tests
on agar using a 10~3 dilution of overnight broth culture as inoculum, the
MIC for 161 strains of P. aeruginosa was 25-50 ng/ml for both BL-P 1654
and carbenicillin, whereas the corresponding value for ticarcillin was 12.5
eg/ml.
The extent of binding of BL-P 1654 in human serum is marginally lower

than that of carbenicillin, but in the authors' experience activity against
Pseudomonas is, nevertheless, greatly diminished in the presence of serum.
In the mouse, BL-P 1654 is poorly absorbed when given by mouth, although
it is well absorbed after parenteral administration (Price el al., 1971).
However, according to van Scoy el al. (1971) and Bodey and Stewart
(1971), a major limitation to the clinical use of this drug by the parenteral
route is the low aqueous solubility of the compound.
In addition to BL-P 1654, evaluation data on two other n-ureidopenicil-

lins, BL-P 1532 and BL-P 1597, have been reported by Bodey and Stewart
(1971). The antibacterial spectra of these two compounds are generally
similar to that of BL-P 1654 but some differences are shown in the level of

activity against different pathogens. In comparative tests, Bodey and Stew¬
art (1971) found BL-P 1597 to be slightly more active than BL-P 1654
against P. aeruginosa, but BL-P 1532 was significantly less active. Against
E. coli and P. mirabilis, on the other hand, both BL-P 1597 and BL-P 1532
appeared less active than BL-P 1654. Data obtained in the authors' labora¬
tory confirm that BL-P 1597 shows good activity against P. aeruginosa,
but this activity is offset by a high level of binding to plasma proteins.

VII. Amidinopenicillanic Acids
Derivatives of 6-aminopenieillanic acid with nonacyl moieties on the

amino group have generally shown little activity of interest (Price, 1969;
Hoover and Stedman, 1970), but a recent report has described a number of
disubstituted amidino derivatives of 6-aminopenicillanic acid with an
unusual spectrum of activity (Lund and Tybring, 1972). The compound
with optimum activity, 6/3-[(hexahydro-17/-azepin-l-yl)methylene-
aminojpenicillanic acid (FL 1060) (Fig. 11) was reported to be relatively
inactive against gram-positive cocci but was highly active against some
gram-negative bacteria including Escherichia coli, Proteus mirabilis,
Klebsiella pneumoniae, and Salmonella and Shigella species. Data obtained
in the authors' laboratory confirm that this compound shows a high degree
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N—CH=N CH-C
H m

CH-C C(CH3)2
III
CO—N CH • COOH

Fig. 11. Structure of FL 1060 {6|3-[(hexahydro-l//-azcpin-i-yl)methyleneamino]-
penicillanic acid}.

of activity against dilute inocula of cells of certain gram-negative bacilli
but that it is relatively inactive against large inocula. The significance of
this difference in activity with different inocula will have to be established,
but the unusual antibacterial spectrum of these amidino derivatives is of
the greatest interest. Some evidence is also advanced by Lund and Tybring
(1972) to suggest a difference in the mode of action of FL 10G0 and am-

picillin against E. coli. The compound is poorly absorbed in man when
administered by the oral route but is well absorbed in the form of the
pivaloyloxymethyl ester (L0vens Kemiske Fabrik, 1971).
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'"J use of inothiuiLliu, 2,ti-dirnotlioxvphonyl,
1 podleillin, in tho treatment of infections caused

by ponioiliinaso-producing strains of staphylococci
is now well established.in clinical practice. Its one
disadvantage is that it must, bo given by injection
sinco it is unstable in acid solution and poorly
absorbed from tlio gastrointestinal tract. This
article describes a now penicillin which does not
suffer from this defect, and is, moreover, active at
lower correal cations than inethicillin. Clinical
investiga lions are being reported concurrently olso-
wluito'.

Chemistry
Any lation of O-aminoponicillani • acid with reactive

derivatives of several types of sterioally hindered
enrboxylie acid gives penicillins which resist inactiva¬
t-ion by penicillinase. These penicillins vary con¬
siderably in their chemical and antibacterial proper¬
ties, and a particular class which combines resistance)
to ho ill penicillinase and mineral acid with useful
activity agythist most Clmm-positive bacteria consists
of 3,5-disnbstitilted 4-isoxazolyl penicillins (I). The
prr.paral ion of two such penicillins, b'fi'T.1400t
('Oxacillin') 11; .21 — C„H3, IV = CH3] and its
isomer, BUL. 1-154 [I; It - CII„ R' = C.HJ, has
*'Orbenin*, licjcliam lleseareh Laboratories, Limited, registered

trade mark.

t 'Prostaphlin*, lU'istol Laboratories, Inc.,registered trade mark.
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been described in detail2. Many other penicillins of
type (I) have been prepared3 and examined, and one
of them, 3-0 chlorophenyl-5-methyl-4-isoxa?.olyl peni¬
cillin [II; J3i£D.1021], has been selected as the com¬
pound of choice.
BRL.\Q>2\ is available as tho sodium salt mono-

hydrate, which forms a colourless microcrystalline

/S\
R—C C.CO.XH.CH—CH C(CH3).

II II III*
N C—R' CO—X CH.CO.Na

(I)

/S\
C.CO.NH.OH—CH 0(CH.,)2
ij II!

N C—CHa CO—N CH.CO5.Na
\o-/

(IX) BRL.1621*

powdor. It is freely soluble in cold water to give a
solution stable at 5'"' C for one week. A I per cent
solution in water has [al® + 163° and pH of ti-O-7-5.
Tho half-life in solution in 50 per cent aqueous alcohol
at pH 1-3 and 35° C as determined by a previously
described method4 is 100 min, which is approximately
equal to that of HULA 400 and penicillin V.

Animal Studies, Toxicology and Pharmacology
Protection testa. Tho protective effect of BllL. 182.1

against tho penicillin-resistant Staphylococcus pyogenes
Russell (type 80) was estimated using the method of
Selbie and O'Grady4 as modified by Brown and
Acred8. Groups of 10 mice (18-22 g) were infected
by injecting into tho muscle sheath of tho thigh
0-2 ml. of a 1/2 dilution of an overnight growth of
Staphylococcus pyogenes Russell. URL. 1021, inothi-
cillin and ponicillin G were administered in doses of
200 and 50 mg/kg orally and subeutaneously, daily
for three days, the first injection being given immedi¬
ately following tho infection. An infected control
group received no treatment. Tho maximum thigh
diameter of each mouse was measured with calipers
on the first, second, third and sixth day after infection.
The results are expressed as the percentage protection
calculated in the following manner.

mean daily thigh enlarge- mean daily thigh enlarge-
mcnt infected controls merit penicillii)_group 100

mean daily thigh enlargement of infected controls x 1
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Acute toxicities. The acute oral, subcutaneous
and intravenous toxicities were determined in malo
mice (18-22 g). 10 mice being used at each doso
level. The LDln values (g/kg) for the various routes
wore respectively > 50, 3-0 and 1*2 g/kg.
Prolonged tests, (i) Rats. BRL. 1021 was admini¬

stered orally and subcutaneously to groups of 12
male rats over a period of 12 weeks at doses of 500
and 100 mg/kg. A control group of rats received
0-2 Tnl./100 g normal saline subcutanoously.
During the test, daily weights and food intake wore

recorded. Weekly observations were made of packed
coll volume, white cell counts, and qualitative tests
for proteins, sugars and occult blood wore carried out
on urine specimens. Spectroscopic examination of
the blood of the rats in all groups and haemoglobin
concentration was determined on the last week of the
experiment.
All rats wore killed at the end of tho test and post¬

mortem examinations made. Weights of tho spleens,
livers, kidneys, adrenals and testes were recorded.
In addition to determination, of organ weights at
autopsy, tho following tissues were removed for
histological examination, salivary gland, lymph
node (mesenteric), thymus, thyroid, heart, lung,
liver, kidney, adrenal, spleen, testes, bono marrow,
stomach, duodenum, pancreas and small intestine.
The tissues at tho site of injection were also removed.
No JuScjiiatological, biochemical, histological or organ
weight abnormalities were observed. Macroscopically
tho only untoward effect was small areas of necrosis
noted at the si to of injection in tho rats rocoiving
HHP. 1153 1 500 mg/kg suhcutaneously. These tissue
reactions wore only seen during the first 3 weeks
of tho tost after which time they disappeared.
(2) Dogs. HRh. it)21 was administered in doses of

2,000 and 500 nig/kg twice daily to groups of 3 dogs
for a period of 4 weeks. Tho following biochemical
and liaauatological estimations were made at tho
beginning and end of the test: ESR (mm/h), PCV
(per cent), lib G (per cent), reticulocytes (per cent),
MCIIO (per cent), total wliito coll count and differen¬
tial count, blood urea (rng per cent), blood glucose
Tallin l. Vkhchttaiu; wiotkotios bv Mi.1621, mf.tuicii.lin and
I'KNicillih O in Mtck infected wi'l'U Staph, injooenes Russell

(p e s1c ii.l in -k fisistant)

Pur ceut protection
Dose

Penicillin (mg/kg) Oral Subcutaneous

RRLMYIX £00 08-3 97-0
BRL. 1021 50 58-6 83-9
Metlilclllin £00 Inactive 84-7
MotUicilHn 50 Inactive 40-2
Penicillin £00 Inactive Inactive
Pciiic'lliit a 50 Inactive Inactive

3
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rug per cent) senan proteins—total, albumin,
if, a.r, £1- and v-globulins, alkaline phosphatase
KA units, SGPT units and presence of bilirubin. At
autopsy tho following organs were weighed: brain,
h.-art, iungs, liver, spleen, pancreas, kidnoys, thyroids,
adrenals and gonads. In addition to these, tho
histology included examination of: stomach, ileum
and colon, cervical and mesenteric lymph glands,
salivary glands, skeletal muscle and bone marrow.
No luomatological, biochemical or histological abnor¬
malities were noted.
Local toxic effects. There were no observable tissuo

reactions to intradermal and intramuscular injection
of I per cent solutions of tho penicillins in groups
i :i per group) of guinea pigs and rats 3 days after tho
injection. The only observable reactions to admini¬
stration of 10 per cent solutions were a hardening of
the skin mid erythema around the sitos of tno intra¬
dermal injections.
Following the subconjunctival injection in rabbits

of 0*5 ml. of a 50 per cent solution, ISKL. 1621 pene¬
trates into the aqueous humor hut an opacity of
the cornea develops which persists for at least 14
days with only a slight- decrease in tho intensity. It
would appear, therefore, that BllL. 1631 is contra-
indicated for ophthalmological use.
General pharmacology. The effect of BILL. 1021

Table 3. ALlNIMCM INHIBITORY CONCENTRATION ov JJJIL.M21 (Serial
dilutions in afiar, incubated at 37°C. for 2+ hours)

Si.ULO'8/ml.)
Penicillin O Kill, .1021

■i-taph. aureus (6 strains) 002 -0*05 01- 0 25
Strep. 0-hue)nob/tic (5 strains) 0*002-0*005 0 05-0*1

vi-i-.huu (4 strains) 0002- 0-05 0*1
•st.f'V. pHtt tnoiriue (5 strains) 0 01- 0 02 0*1-0*5
Sareina I idea 0*005 0*25

faecuUs 12*5 25
roll 50 >250

I 'rr>W;ti8 vulgaris 50 >250
Sahn. typhi 2*5 > 250
Sunn. tyvhiifiurima 1*25 > 250

pyoc.yanea > 250 >250
shigella Shigav. 50 50
Aerobucter aerogenes 250 > 250

falile :i. Activity or ltJU.. 1021 auainst iresii Clinical IsoiAtks
OF I'F.NlCILLIN-UKilSTANT STAPHYLOCOCCI COMPARE!! WITH THAT OF

YlETIlII.TLr.lN

M.T.C. (HK/nil.)
Penicillin (,' Mefchicillin BUL.MMll

staph. aureus strain C'440 500 2*5 0-5
Staph. aureus straiu ('405 500 2-5 0*5
.Staph. aureus strain C417 250 2*5 0*5
Staph, aureus strain C444 250 .1*25 0*5
staph, aureus strain C452 250 2*5 0*5
Staph, aureus strain C443 250 1 25 0*25
Staph, aureus strain C442 X25 2-5 0*5
Staph, aureus strain C427 25 1*2:» 0*25
Staph, aureus strain C433 25 1*25 0-25
Staph, aureus strain C420 5*0 1 25 0 25
S'aph. aureus strain 0121 2*5 1*25 0-25

>fapk. aureus strain C438 0*1 2*5 0*5

4



TableI.ActivityuvBRLMilcomparedwithURL.HOOusingStaphylococcirecentlyisolatedclinically M.I.C./iu/IHL'

125or502512-55-1)2-51-250'50-250120-05O'Oil001 itrea'crorless
Penicillin-sensitivestrains(total152)PenicillinO196370URLMW!2874410Jililj.162113181352 Penicillin-resistantstrains(total230) PenicillinGSi20314014113210J311L.140030748720121MIL.10212001104051
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on the blood pressure and respiration was determined
in the anesthetized cat.
Four cats were anaesthetized with a chlovalose

(1 per cent) uretliano (5 per cent) mixture. Doses of
up to 100 nig/kg administered intravenously had no
effect on the blood pressure but doses in excess of
this up to 400 mg/kg had slight hypotensive effects
which usually did not exceed 10 mm mercury.
The responses to adrenaline (5-0 eg), acetylcholine

(0-2-0-5 pg), histamine (0-5-5-0 ;ig), were unaffoeted
by doses of 200 mg/kg of BRL.i021. Repeated doses
of BRL. 1621 at o-min intervals increasing from
25, 50, 100, 200 and 400 mg/kg wore given. Death
occurred when the cat had received a total of 1-0 g/kg.
BRL. 1021 penetrates poorly into the C.S.F. After

a dose of 500 mg/kg intramuscularly in rabbits the
concentration in the C.S.F. was no greater than
2-:i pg/ml. 1 h after administration, while the corre¬
sponding serum concentration was 370 pg/ml.
7?iJL.1621 is eliminated from the body bv excret ion

in high concentration both in the bile and urine of
rats. After the oral administration of 100 mg/kg
18-7 per cent is recovered in the urine after 24 h.
while after intramuscular administration 12-1 per
cent is recovered. 10-2 per cent of the oraflv admini¬
stered antibiotic can bo accounted for in the bile.

Metabolism in animals. Paper chromatographic
examination of the urine collected over 24 h from
ruts which had received 100 mg/kg BRL. 1021 intra¬
muscularly, indicated the proaonce, in small amounts,
of two motabolites. Further investigation of these
substances is in progress.

Microbiology
Antibacterial activity. Minimum inhibitory con¬

centrations (M.l.C.) for bacteria wore determined as
described previously7. It will bo soon from Table 2
that URL. 1021 is highly active against Staph, aureus.
Strep, pyogenes, Strep, viridans and Strep, pneumoniae,
hut against Strep, faecalis and the Grarn-ncgstiva
bacilli the level of activity is very low. Ponieillin-
sensitive staphylococci wero usually' inhibited by
0-1-0-25 pg/'ntl. Strep, pneumoniae, Strep, viridans
and fi-haemolytic Streptococci wero usually inhibited
by 0-1 pg/ml.
Penicillin BRL. 1021 is primarily of interest for its

activity against penicillin-resistant staphylococci.
Results in Table 3 show that BRL. 1021 is appreci¬
ably more active than methicillin in this respect.
Results for the activity of URL. 1G2J against a larger
number of hospital strains of Staph, aureus are
shown in Table 4. The total of 382 cultures tested

6



1

Table 5. Activity of BRI.. 1621 compared with HIIL. 1100 in
Tests with and witiioct Humax Serum, using 36 Strains or

Staphylococci recently isolated clinically

Serial dilution in agar M.I.C. /ig/ml. and number of
strains

5 0 2*5 1-25 0*5 0-25 012 005 002
and

%
and

over beloxr
Penicillin U 20 7 2 3 4
JUILMV11
XM.iGtM + 23

8
10

21
3

6 L

MX. 1100 i 13 17 3
MX.MOO + 3 28 5

■> denotes agar containing -10 per cent human scrum

comprised 152 penicillin-sensitive (penicillin G M.I.C.
< 01 jig,'mi.) and 220 penicillin-resistant (ponioillin
G M.l 0-1 fig/ml. or groator). Taking the ponicillin-
senwitive strains, only ono required a concentration
of MlJ,. 1021 as high as 1-25 pg/ml. to inliibit growth
and approximately 05 por cent of the strains showed
M.I.C. values in the range 0-05-0-25 gg/ml. Of the
total of 220 penicillin-resistant strains only two
roqiiirod a concentration as high as 1-25 pg/ml. for
inhibition and 97 per cent of the strains showed M.I.C.
values in the range 0-125 0-5 pg/ml. The largest
singlo gionp of strains wore those with an M.I.C.
value of 0-2.5 pg/ml.
Comparative results are also included in Table 4

for B!lt,.\ 100 (oxacillin). It will bo seen that
BHL 1021 is slightly more active than BRB. 1400.
Of the total of 220 penicillin-resistant strains, only
two showed an M.I.C. as high as 1*25 pg/ml. with
IJ/'L.MVU. whereas with BRL. 1100 the corresponding
number of strains was 21) (15 por cent).
Deterruination of M.I.C. values in solid modia and

in broth give similar results and M.I.C. values aro
not sigruti'-untly influenced by inoculum size.
biffed of serum on. activity. Activity of IIRL. 1621

is depressed bv the presence of human sorum to
an extent somewhat greater than is the case with
mothieiilin. Results are shown in Table 5 for 26
strain;-, of staphylococci. In the absence of sorum all
were inhibited by 0-5 ;tg/ml. URL.ld'iV or less and
most, of the strains were inliibited by 0-25 pg./ml.
In t lie presence of human serum, however, the major¬
ity of the strains required 1-25 pg/ml. to prevent
growth. It will be seen from Table 5 that BRL. 1400
is also influenced by serum, the extent being similar
to that with BRL.W21.
Bactericidal activity. Viable counts in broth cul¬

tures containing BRL. 1621 wore carried out in a
manner similar to that, of Miles, Misra and Irwin".
Roiiieiliiii BRL.XCrl I is highly bactericidal to penicillin-
rosistimt staphylococci at concentrations only slightly
higher than the M.I.C. values. In bactericidal tosts

7
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T*S> 6. Stability op BRL.HCl to Staphylococcal Penicillinase
Compared with BKL. 1400 axp .Meihicillin

1 At a concentration of 50 i'Z ml. :

/ig/ml. reniainin-j
(min) Penicillin G Me ihicilUu BRLAfrlX i>'i?X.140U
0 50 (50) ♦ 50 50 50
15 0 (35) to 46 43
30 0 (17) 47 42 30
45 0 (6) 40 39 33
60 0 (0) 45 35 27
00 0 (0) 42 2S 18

" Penicillinase at a dilution of 1/1,000.
At a concentration of 2,000 eir/ml. :

fSlral. remaining
: . 'mill) Penicillin G Methteillin 1IIIL.1621 IMT.AiOO

0 2,000(2,000)* 2.000 2,000 2,000
15 0 (1,600) 1.840 1,550 1,340
::0 0(1,400) 1.720 1,350 830
60 0 (S20) 1,520 800 250

' Penicillinase at a dilution of 1/200
I

DEL. 1624 is substantially more active thanmothieillin
.-ir.-l also slightly more active than BEL- 1'tOO. At a
concentration of 2-0 at; 'ml. FtllL. 1021, o kill of
approximately 99-9 per cent is obtained in 7 li in
broth cultures of penicillin-resistant staphylococci.
Activity of BEL. 1021 by the paper disk method-

\\ batman antibiotic assay disks 0 nun diameter
were iisod with two le\»els of BEL. 1021, 2 jig and
-ig itor disk. Jfutriont agar plates were inoculated

with tho test organism to result in dense but non¬
confluent growtli and the disbos were loft at room
Temperature for 3-4 h with the disks in place before
incubating at 37° C overnight. For a range of
staphylococci of varying penicillin G sensitivity the
zone diameters with BEL. 11>21 showed a fairly good
correlation with tho M.I.C. values for the strains.
Using a 2 jrg disk the zone diameters ranged from
19-29 mm, depending on the strain,.atul with a 5 pg
disk tho range was 22-33 mm diameter, including the
d iemotor of the disk. Very heavy inoculum, and
particularly tho presence of blood in the agar, results
in smaller zone diameters.
Stability to penicillinase. A ponieiffinase-produeing

-train of Staph, aureus was grown as described
previously', and the whole culture, including tho colls,
was used as enzyme. The tests on penicillinase
Stalsflity of BEL. 1021, BHLA4Q0 and mothioiliin
were carried out at two levels of substrate, 50 pg/ml.
and 2,000 pg/ml. One volume of the enzyme was
added to two" volumes of phosphate buffer, pH 7,
eoiiiaiiung the penicillin. Tho reaction mixture was
■. abated at 37° C and assays carried out at intervals

time. Because of the extreme instability of
; -nicilKk (.{ to penicillina-e. a parallel test was carried
o~.it with penicillin G in which tho penicillinase was
present at a given dilution since with the penicillinase
a: the concentration used foi' the niothieiilin and

S
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isoxuzolo teste the penicillin O was destroyed almost
instantaneously. It will bo soon from Table 0 that
Hillj. 1G21 is extremely stable to penicillinase,
although slightly loss stable than mothicillin, and
that URL. 11)21 is slightly more stable than MIL. 1400.
It should bo noted, that the penicillinase stability
of IJRLA621, and also that of BEL:1400 ami methi-
ciltin, is greatly influenced by the concentration of
the compound present, in the test. With those com¬
pounds, the' concentration of substrate is a limiting
factor for penicillinase activity except at very high
concentrations and the stability of these compounds
is iurgoly due to this ofl'ect of substrate concentration
on rate of enzyme action. Consequently, tho lower
the concentration of these penicillins the more stable
thoy become to penicillinase.
Tunieillm URL. 1(121, liko mothieillm, is a powerful

inducer of penicillinase formation.
Timergetiee of remnluttge to URL. 1621. By repeated

sub culture of staphylococci in the presence of
fSRL.Mi-!, resistant strains can be selected out in a

stepwise manner similar to that seen with penicillin
fr, mothicillin and other penicillins. Single step
mutants of high resistance to BRLA621 have not
been, quorum tored in laboratory experiments with
staphylococci. On the other hand, naturally occur¬
ring staphylococci resistant to methicillin" tiro also
resistant to lift&. 1021, although since BRLA62L
is a more active compound the M.I.C. values with
URL. 1021 against, tiieso resistant strains are lower
than tluiao for methicillin. This means that although
the M.I.O. values fur mothicillin may be above tho
serum levels normally obtained, the same may not
be the case with LRU 1021. For example, certain
strains showing M.I.C. values of 12-5-25 p.g/ml.
with mothioilUit wore found to bo still sensitive
to 1 25 jig/ml. URLAti21. In general, tho highly
resistant strains which showed M.I.C. values of
125 pg/cnl. and over with ruethicillin, also showed
M.I.O. values with />7'/,.i021 above tlie concentra¬
tions obtainable in tho body but ono strain showing
an M.I.O. value of 50 gg/lul. with methicillin was still
.sensitive to T25 pg/ml. URL. 15"' 1.
MetaholUe of BRLAG'21. After administration of

URL. 1021, either orally or intramuscularly, in normal
human subjects a small proportion of tho compound
undergone a metabolic change in the body to give
rise to another penicillin. This metabolite is present
in tho serum as well as in tho urine, and in human
beings approximately 10 por cent of tho penicillin
excreted is in the foxm of the metabolite. A similar
metabolite also occurs with BRL. 1400.
Tho metabolite of URL. 1021 has been isolated and

0



TouiLi 1 to have antibacterial activity very similar to
BRL. 1021 itself. Moreover, using Sarchia htUn and
also a penicillin-resistant staphylococcus as tost
■rganism. BRL. 1621 and the metabolite both have
the same ring-diameter concentration relationship
in the cup-plate assays.
In view of the very close similarity in tho biological

properties of the metabolite and BllL. 1021 itself,
and also in view of the small amount of themetabolite
formed it seems quite certain that the latter does not
m any way complicate the determinations of serum
levels or tho general evaluation of BRLAG-l.

We wish to acknowledge tho guidance accorded by
Mr. K. P. Doyle, director of research. Biockham
Park, in tho preparation of the manuscript. We also
thank oar many colleagues who assisted in the work
discussed in this article.
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Flucloxacillin,
a New Isoxazolyl Penicillin,
Compared with Oxacillin,

Cloxacillin, and Dicloxacillin
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Summary: Flucloxacillin, a new isoxazole penicillin,is active against penicillinase-producing strains
of Staphylococcus aureus and is well absorbed in man
after oral and intramuscular administration. Compared
with isoxazole penicillins in current clinical use—namely,
oxacillin, cloxacillin, and dicloxacillin—flucloxacillin has
proved as active against Gram-positive cocci, including
penicillin-resistant staphylococci. The extent of binding
of flucloxacillin to the protein of human serum was simi¬
lar to that of oxacillin and cloxacillin and less than that of
diclox.tciilin. In man flucloxacillin given orally produced
total and free serum levels higher than those obtained
with oxacillin and cloxacillin; total serum levels similar
to those of dicloxacillin, and free levels greater than
those of dicloxacillin. Similarly, after intramuscular injec¬
tion the free serum levels of flucloxacillin were higher
than those of oxacillin, cloxacillin, and dicloxacillin.

Introduction

The isoxazolvl series of semisynthetic penicillins, first synthe¬
sized and evaluated in these laboratories (Doyle et al., 1961;
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Hanson et al., 1965), combines resistance to penicillinase with
acid stability and activity against Gram-positive bacteria. The
isoxazole penicillins in current clinical use—namely, oxacillin,
cloxaciilin, and dicloxaciliin—are absorbed when given by
mouth or by injection and show significant activity against
penicillin-resistant staphylococci and other Gram-positive
cocci. The therapeutic efficacy of the isoxazole penicillins in
the treatment of staphylococcal and streptococcal infections is
now well established.
Oxacillin, cloxaciilin, and dicloxacillin have closely related

chemical structures (Fig. 1), and the antibacterial activities of
these compounds are also similar, though oxacillin is some¬
what less active than cloxaciilin and dicloxaciilin against
penicillin-resistant staphylococci, and cloxaciilin is rather less
active than oxacillin and dicloxacillin against pneumococci
(Knudsen et al., 1962; Bennett et al., 1965; Knott et al., 1965).
The main differences among the isoxazole penicillins lie in
the serum concentrations obtained after administration of the
compounds and in the extent to which they are bound to
serum protein.
Oxacillin, the first member of the series, gives rise to

serum concentrations which are substantially lower than those
obtained with cloxaciilin both by mouth and by injection
(Kniidsen e: al., 1962; Bunn and Milidch, 1964;
Gravenkemper et al., 1954), while dicloxaciliin results in
serum levels higher than those of cloxaciilin when given by
mouth (Bennett et al., 1965; Knott et al., 1965). Dicloxacillin,
however, is more highly bound to serum protein than is cloxa¬
ciilin (Gloxhufcer et al., 1965; Kunin, 1966), and this factor
may be held to detract from the superior levels of total aud¬

it R,
Oxacillin H H
Cloxaciilin CI H
Dicloxacillin CI CI
Flucloxacilli n CI F

Flucloxacillin, 3-(2-chloro-6-fluorophenyU-
5-methyl-4-i soxazolyl penicillin, sodiurn salt
monohydrate

Molecular weiqht 493'9
(sodium salt monohydrate)

Fig. 1.—Isoxazolyl penicillins in clinical use.



biotic measured in the plasma (Gloxhuber et al., 1965; Rolin-
son, 1967; Medical Letter, 1968).
In this present paper the properties of a further member of

the isoxazole series is reported. This compound (3-(2-chloro-
6-fluorophenyl)-5-methyl-4-isoxazolyl-penicillin has the generic
name flucloxacillin (Floxapen) (Fig. 1) and details are given
regarding antibacterial activity, protein binding, and serum
levels of this new penicillin in comparison with oxacillin,
cloxacillin, and dicloxacillin.

Materials

Flucloxacillin is available as the sodium salt monohydrate,
in which form it is a white or off-white crystalline powder. It
is freely soluble in water, and a solution of 10% w/v fluclox¬
acillin in phosphate buffer (pH 7-0) retains 98% of its initial
potency after storage for 14 days at 5° C. A 10% solution of
flucloxacillin in water has a pH of 5-7.

Antibacterial Activity of Flucloxacillin
Minimum inhibitory concentrations (M.I.C.) required to

prevent growth of the test organisms for 24 hours at 37°C.
were determined by serial dilution in nutrient broth (Oxoid
No. 2) or nutrient agar (blood agar base, Oxoid). Horse blood
(5%) was incorporated in the media for tests with strep¬
tococci, pneumococci, and Haemophilus species. For tests in
liquid medium the inoculum was normally one drop (0-03
ml.) or an overnight broth culture of the test organism (about
107 cells) in 5 mi. of medium. Serial dilutions in agar were

poured into Petri dishes and inoculated with a multiple-
inoculating device delivering a drop (0003 ml.) of an
overnight broth culture (about 105 cells).
Antibacterial Spectrum.—The antibacterial spectrum of

flucloxacillin compared with cloxacillin and benzylpenicillin is
shown in Table I, where it can be seen that flucloxacillin was
active against the Gram-positive bacilli tested and against
Gram-positive cocci, with the exception of Streptococcus
jaecalis. In general, the Gram-negative bacteria tested were
relatively insensitive to flucloxacillin, the enterobacteriaceac
requiring concentrations of 500 pg./ml. or greater for inhibition.
Strains of Haemophilus influenzae, Bordetella pertussis,
Pasteurella septica, and Brucella abortus were more susceptible,
but were only inhibited by 5 0-12-5 /xg/ml. In contrast, the
gonococci and meningococci were sensitive to flucloxacillin, and
were inhibited at a concentration of 0-1 p-g./ml. Flucloxacillin
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was as active as cloxacillin against the test organisms and was
generally five to ten times less active than benzylpenicillin

Table I.—Antibacterial Spectra of Flucloxacillin, Cloxacillin, and Benzyl-
penicillin

M.I.C. (ng./ml.)
Organism

Flucloxa-
cillin

Cloxa-
cillin

Benzyt-
penicillin

Staphylococcus aureus* 0-1-0-25 0 1-0 25 0 02
Staphylococcus aureus f 0-25-0-5 0-25-0 5 >50

fl-Haemolycic streptococcus 0-05-0-1 0-1 0-01
a-HaemoIytic streptococcus 0-5 0-5 0-05
Streptococcus pneumoniae 0 25 0 25-0-5 0-01
Streptococcus faecalis 25 25 5 0
Bacillus subtUis 0-5 0-5 0-1
Bacillus anthracis 0-5 0" 0-05
Sarcinu lutes 0-25 0 25 0-005
Listeria monocytogenes . . 1 25 1 25 0-05
Coryne'eacterium diphthgriae 0-25 0 1 0-02
Erysipelotkrix rhusiopcthiae 0-25 0 1 0-05
Clostridium tetani 0-25 0-5 0-02
Clostridium tvelchii 0-25 0-5 002
Neisseria gonorrhoeae* 0-1 0-1 0-01
Neisseria gonorrhoeaef 2 5 2-5 0-1
Neisseria meningitidis 0 1 01 001
rfc-mophiius influenzae . 5-0-12-5 12 5-25 0-5
Bjrdet'illa pertussis 12-5 25 0 5
Pasieurclia septica 12-5 12-5 01
Brucella abortus 5 0 5 0 01
Escherichia ccl: .. >500 >500 50
pro tens mirabilis >500 500 5-0
Salmonella typhi >500 500 5-0
Shigella sonnet >500 500 12-5
Klebsiella aeroger.es >500 >500 >500
Pseudotnonas aeruginosa >500 >500 > 500
Vibrio cholerae 500 250 1-25
Candida albicans >500 > 500 > 500

I

•Penicillin-serlsitivc. J-Penicillin-resistant.

against Gram-positive bacteria, with the exception -of
pcnicillinase-producing strains of staphylococci which were
resistant to benzylpenicillin but sensitive to flucloxacillin.
Activity against Streptococci.—Flucloxacillin was inhibitory

to /3-haemolytic streptococci at concentrations of 0-05-0-1
jxg./ml., and inhibited most of the pneumococci tested at
concentrations of 0-1-0-25 /zg./ml. (Table II). Against these
organisms fiucloxacillin was as active as dicloxacillin and
oxacillin, and was slightly more active than cloxacillin.
Activity against Staphylococci.—All four isoxazole penicillins

showed a similar level of activity against penicillin-sensitive
strains of staphylococci compared with 0-02 /xg./ml. for ben-
zvlpcnicillin (Table III). In the case of the penicillin-resistant
staphylococci most strains were inhibited by flucloxacillin at a
concentration of 0-25-0-5 pg./ml.; both flucloxaciUin and
dicloxacillin were marginally more active than cloxacillin,
while oxacillin was the least active of the four isoxazole



TableII.—M.I.C.ValuesofFlucloxacillin,Cloxacillin3Dicloxacillin,andOxacillinAgainstStreptococciandPneumocccci
Organism

No. of Strains

Penicillin

M.I.C.andNo.ofStrains
>1-25

1-25

0-5

0-25

01

0-05

0-02

0-01

0005

0-002

f

Flucloxacillin

5

5

Cloxacillin

10

p-haemolytic

1°\

Dicloxacillin

6

4

streptococcus

I

Oxacillin

4

5

1

I

BenzyIpenicillin

7

3

f

18

Flucloxacillin.

I

12

3

1

1

18

Cloxacillin

5

9

3

1

Sir.«{
18

Dicloxaciliin

1

11

4

1

1

pneumoniaej
8

Oxacillin

6

2

8

Benzylpcnicillin

i

7

1
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penicillins (Table III). The stability of flucloxacillin to
staphylococcal penicillinase compared with benzylpenicillin
was further illustrated by determining the effect of altering
the inoculum size on the relative activities of the penicillins
against a penicillinase-producing strain of Staphylococcus
aureus. In this test, benzylpenicillin was active against an
inoculum of a 1/1,100 dilution of an overnight culture at a
concentration of 0-25 /ig./ml., but against an undiluted culture
the M.I.C. of benzylpenicillin was raised to 125 pg./ml. as a
result of the penicillinase activity of the large inoculum. In
contrast, tire M.I.C. of fiucloxacillin increased only twofold,
from 0-25 to 0-5 gg./ml., under the same conditions.
Methicillin-resistant. Staphylococci. — Naturally occurring

strains of methicillin-resistant staphylococci were also resis¬
tant to fiucloxacillin as well as to cloxacillin and dicloxacillin
(Table IV). The resistance of these strains of staphylococci was
not due to inactivation of the penicillin in question but to an
intrinsic resistance. Such strains comprised mixed populations
of cells of which only a minority was resistant while the
majority was of normal sensitivity (Sutherland and Rolinson,
1964). As a result of this heterogeneity a small inoculum
appeared sensitive to the isoxazole penicillins, whereas a large
Inoculum appeared resistant.
pH and Antibacterial Activity of Flucloxacillin.—The

M.I.C.s of flucloxaciliin against Staph, aureus were deter¬
mined in nutrient broth incorporating M/20 phosphate buffer
at pK 5-8, pH 7-2, and pK 8-0. The activity of flucloxacillin
was not greatly influenced by the pH of the medium, the
penicillin being generally two to four times more active at pH
5 S than at pH 7-2 or above.

Table III.—Relative Activities of Flucloxacillin, Cloxaciliin, Dicloxacillin,
and Oxacillin Against Staphylococcus aureus

Penicillin
No. |
of

Strains
Mean

M.I.C. (pig./ml.) and No. of Strains

1-25 0-5 0-25 01 005 0 02 0 01

Penicillin'sensitive Staphylococci
Flucloxaciliin 65 016 6 14 43 2
Cloxaciliin .. 65 0-21 10 29 26
Dicloxacillin 65 017 2 27 33 3
Oxacillin 43 0-15 2 13 26 2
Benzyl-
penicillin 38 0 03 12 25 1

Penicillin-resistant Staphylococci
Flucloxacillin 72 0 31 1 22 43 4 2
Cloxacillin . . 72 0-34 1 29 37 5
DicloxacUlin 72 0-28 1 17 44 9 1
Oxacillin 72 0-41 6 39 23 4



Table IV.—Relative Activities of Flucloxacillin, Cloxacillin, and Dicloxa-
cillin Against a Naturally Occurring Methicillin-resistant Strain of Staphylo¬

coccus aureus 1757

Inoculum
(No. of Ceils)

M.I.C.* (jzg./ml.)

Flucloxacillin Cloxacillin Dicloxacillin

24 hr. 48 hr. 24 hr. 48 hr. 24 hr. 48 hr.

20 X 10*
20

2 5
0-1

50
1-25

2-5
0-25

25
0-5

1-25
0-25

50
0-5

•Serial dilution in nutrient broth.

Bactericidal Activity.—In viable-count experiments both
fiucloxacillin and cloxacillin showed a similar degree of
bactericidal activity against a penicillin-resistant strain of
Staph, aureus, and concentrations only slightly greater than
the M.I.C. resulted in a substantial reduction in the viable
count during the first few hours (Fig. 2).

trations (gg./ral.).

Effect of Serum on Antibacterial Activity.-—Flucloxacillin
was 10 to 20-fold less active in 95% human serum than in
nutrient broth, and a similar reduction in activity was also
seen with cloxacillin and dicloxacillin. Thus the minimum
bactericidal concentrations of these penicillins against two
penicillinase-producing strains of Staph, aureus increased
from 0-15 gg./ml. in nutrient broth to 1-5-3-0 gg./ml. in human
scrum.
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Binding of Flucloxacillin to Serum Proteins
The extent of binding of flucloxacillin and the other

isoxazole penicillins to the proteins of human serum was
measured by an ultrafiltration technique (Rolinson and
Sutherland, 1965) in which pooled human serum, pH 7-4,
containing 50 jug. of the test penicillin per ml. was filtered
through Visking viscose-cellulose dialysis tubing. The
penicillin content of the protein-free ultrafiltrate was
measured by microbiological assay, and this quantity
represented the free unbound fraction of penicillin in serum.
The amount of protein-bound penicillin was derived by sub¬
tracting the level of free penicillin from the known total con¬
centration in serum. The results of the ultrafiltration
experiments are shown in Table V, where each value reore-

Table V.—Extent of Binding of hoxazolyl Penicillins in Human Serum

Penicillin % Bound % Free

93-1 o-9
Cloxscillin 94-0 6-0

96 9 3 1
FlucJotticillm 94-7 5-3

sents the mean of at least three determinations. It will be
seen that the unbound levels of flucloxaciffin, cloxacillin, and
oxacillin were very similar. Dicloxacillin, on the other hand,
was bound to serum protein to a significantly greater extent,
the unbound fraction of didoxacillin being almost exactly half
that of cloxacillin.

Sensitivity Disc Tests
Flucloxacillin sensitivity discs (5 /xg.) produced inhibition

zones in tests with penicillin-sensitive and peniciliinase-
producing strains of Staph, aureus which were of the same
order as those obtained with 5 fig. cloxaciilin sensitivity discs.
Naturally occurring strains of Staph, aureus, resistatu to
methicillin and to the isoxazole penicillins, often appeared to
be sensitive to fluclcxacillin discs, as with cloxacillin discs,
though resistant colonies were sometimes observed within the
inhibition zones when a large inoculum of cells was examined
after overnight incubation at 37° C., and were common after
incubation for 48 hours at 37° C. Dilute inocula almost
invariably appeared sensitive when tested at 37°C., as is the
case for methicillin and cloxacillin (Sutherland and Rolinson,
1964). Resistance to flucloxacillin was generally readily dem¬
onstrated when sensitivity tests were incubated at 30°C.



(Annear, 1968) or involved the use of 5% NaCl agar (Barber,
1964; Sutherland, 1964), as is the case with other
penicillinase-stable penicillins.

Absorption and Excretion in Human Volunteers

Assay in Serum and Urine
The concentrations of flucloxacillin and other isoxazole

penicillins in serum and urine were measured by standard
cup-plate microbiological assay with Sarcina lutea N.C.T.C.
8340 as assay organism (Knudsen et al., 1962). For the assay
of serum specimens, standard solutions of flucloxacillin, clox-
acillin, or dicloxacillin were prepared in.pooled human serum
to give a range of 0-5-50 jug./ml.; for urine specimens the
standard solutions were prepared in M/20 phosphate buffer,
pH 7-0, over a range of 0-25-20 /ig./ml. Oxacillin was more
active than the other penicillins against Sarcina lutea
N.C.T.O. 8340, and was diluted in serum to give a range of
0-1-10 jxg./ml. or iri buffer from 0-05 to 5 /ig./ml. The plates
were incubated overnight at 30° C., the inhibition zone dia¬
meters were measured, and the concentrations of the test speci¬
mens were derived from the standard line constructed from
the standard solution.

Oral Administration

The penicillins were given in gelatin capsules as a single
dose of 250 or 500 rag. to .healthy fasting volunteer subjects.
Blood specimens were taken at j, 1, 2, 3, 4, or 6 hours after
administradon of the dose, and urine was collected over the 0
to 6-hour period. Levels of total antibiotic were measured by
microbiological assay, and the serum concentrations of free,
unbound antibiotic were calculated from these total levels and
from the values for the extent of binding of the isoxazole
penicillins in human serum..
Data in Table VI represent the total and free serum levels

obtained in numerous studies with fasting subjects given
single oral doses of flucloxacillin, dicloxacillin, cloxacillin, or
oxacillin. It will be seen that the total serum levels of oxacillin
were substantially lower than those of cloxacillin, and likewise
the free levels of oxacillin were less than those of cloxacillin.
With dicloxacillin, a 250-mg. dose produced total serum levels
comparable to those attained with the 500-mg. dose of clox¬
acillin. Dicloxacillin, however, is bound to serum protein to a
significantly greater extent than cloxacillin, and consequently



TableVI.—ScrumConcentrationsinVolunteers(ASingleDoseintheFormofagelatincapsulewasTakenbyVolunteersintheFastingState) Penicillin

Dose

No.of Subjects

MeanTotalLevel
(fjLg./ml.)

MeanFr
eeLevel*

(ixg./mi.)

thr.

1hr.

2hr.

3hr.

4hr.

•ihr.

1hr.

2hr.

3hr.

4hr.

Oxacillin

500

25

5-6

4-9

1-5

06

0-2

0-39

034

0-1

0-04

0-01

Cioxacilhn

500

122

8-4

9-2

4-5

<20

<20

0-5

055

0-27

—

—

Flucloxacil'in

500

53

139

145

6-7

4-4

2-2

0-73

076

0-3^

023

0-12

I .udoxacillin

250

48

6-9

8-8

5-0

2-2

<1-0

0-36

0-46

3-26

0-12

—

Flucloxacillin....
125

11

1-9

5-8

2-9

11

<1-0

0-1

0-31

015

006

—

Dicloxauilm

250

84

64

9-3

6-7

3-1

1-4

0-2

0-29

0-2

0-1

0-04

•Freelevelsinscrumsamplescalculatedfromthetotallevelsandextentofbinding.Freeconcentrationsinhumanserumwerefoundtobeoxacillin6-9%,cloxacillin60°f,,dicloxacillin3-1%,andflucloxaciilin5-3%.
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when this factor is taken into account the peak free levels of
dicloxacillin were only about half those of cloxacillin. In the
case of flucloxacillin, the total levels obtained with a 250-tng.
dose were similar to those obtained with 250 mg. of diclox¬
acillin; but because flucloxacillin is bound to serum protein to
a lesser degree than dicloxacillin the free serum levels of
flucloxacillin were considerably higher than those of diclox-
acilLin. The total levels of fiucloxacillin after administration of
a 250-mg. dose were almost equal to those obtained with 500
mg. of cloxacillin, and as the extent of binding of both
penicillins is very similar, the unbound levels of flucloxacillin
were only slightly lower than those of cloxacillin.
The mean values for flucloxacillin and cloxacillin obtained

from three separaf cross-over studies involving 43 healthy
volunteers are shown in Fig. 3. A single dose of 500 mg. was
given in capsule form to the fasting subjects. It will be seen
that at all times the serum levels of total antibiotic were con¬

siderably higher in the case of flucloxacillin than with clox-
acillin. Levels of free flucloxacillin were also significantly
higher than those of cloxacillin, since the extent of binding of
these two compounds is similar.
Similarly, data in Fig. 4 show the mean values for fluclox-

aciiiin and dic'oxadllm obtained in two separate cross-over
studies involving 32 subjects in the fasting state. In these
studies a single dose of 250 ing. was given by mouth in
capsule form. It will be seen that the serum levels of total
antibiotic were similar for the two penicillins. As a result of
the difference in serum binding, however, free levels of

O 9

08 -

0-7

Ob

O.s

0-4

O 3

0-2

O-l

O

Fig. 3.—Serum concentrations of flucloxacillin and cloxacillin after a single
500-mg. oral dose to fasting human subjects. Cross-over studies in -13

subjects.
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Total levets f rec I eve I *

Time { hours)

I-IG. 4.—Scrum concentrations of flucloxaciilin and dicloxacillin after a single .

250-mg. oral dose to fasting human subjects. Cross-over studies in 32 subjects.

fludoxacillin were substantially higher than those of diclox-
aciiiin. At the peak levels this difference was about twofold.
In these studies the absorption of the isoxazoie penicillins

showed considerable variation between one volunteer and

another, and there was also considerable variation in the time
at which peak blood levels were reached, though such varia¬
tion is not apparent from die mean values as shown in Figs. 3
and 4. For example, in the cross-over studies with fluclox-
acitlsn and cloxacillin, at a dose of 500 mg. the peak levels of
total antibiotic for the 43 subjects involved ranged from 3 4
to 2-5-5 itg./ml. in the case of flucloxaciilin and from 1-5 to
30-0 /.g./rr-J. with doxatiiiia. Mean peak levels, irrespective of
the time the peak was reached, were 14-7 /xg./'ml. for fluclox¬
aciilin and 9-6 pg./ir'. for cloxacillin, and as a result ox a simi¬
lar degree of serum binding the peak levels of unbound
fiucloxacillin were also significantly higher than those of clox¬
acillin. In the cross-over studies with fludoxacillin and
dicloxacillin, at a dose of 250 mg., a wide range of peak
values (from 3-0 to 26-0 pg./ml. with both penidllins) was
again seen among the subjects involved. Mean peak total
levels of flucloxaciilin and dicloxacillin were similar (11-0
Mg./ml.), but as a result of the difference in protein binding
the mean peak levels of free flucloxadliin were considerably
higher than those of dicloxadllin.

Urinary Excretion
In the cross-over study with flucloxacillin and cloxacillin at

500 mg. (Fig. 2), 50-5% and 39-5% of the doses respectively
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were recovered in the urine collected over 0-6 hours. In the

study with flucloxacillin and dicloxacillin at 250 mg. (Fig. 4)
the recovery was 55% and 59% respectively over the same
period.

Effect of Food on Absorption
Flucloxacillin was given at a 250-mg. or 500-mg. dose to

volunteer subjects one hour after they had eaten a standard
breakfast. Absorption of flucloxacillin was delayed and the
peak serum concentrations were about half those obtained in
fasting subjects (Table VII). Similar effects have been

Table VII.—Effect of Food on Oral Absorption of Flucloxacillin

Doss State
No.
of

Subjects

Average Serum Concentrations (ug./mi.) Excretion
0-6 hr.
<%)(mg.) i hr. 1 hr. 2 hr. 3 hr. 4 hr. 6 hr.

250-f Fasting
Non-
fasting

48

8

6-9

< i o

8-8

2-6

5-0

5-2

2-2

4-6

A

JOw Ao
— 59

56

r
500 «

I

Fasting
Non-
fasting

43

12

ui

<1-0

12-6

3-2

8 4

79

4-6 2-2

3-6 <1-0

50

35

reported for cloxaeillin and oxacillin (Knudsen et al., 1962;
Gravenkemper el a!., 1964).

Intramuscular Administration

Total and free serum levels are shown in Fig. 5 for clox-
aciliin, dicloxacillin, and flucloxacillin administered as single
intramuscular injections of 250 mg. to healthy volunteers. The
total levels of flucloxaciliin were slightly higher than those of
dicloxacillin, which in turn were higher than those of clox¬
acillin. Taking the extent of binding into consideration it will
be seen that the free levels of flucloxacillin were appreciably
higher than those of cloxacillin or dicloxacillin.
Data for oxacillin, cloxacillin, and flucloxacillin after intra¬

muscular injection of a single 500-mg. dose to volunteers
are shown in Fig. 6. Total and free levels of the three com¬
pounds were similar with regard to the peak values, but the
levels of flucloxacillin were considerably more prolonged than
those of oxacillin and slightly more prolonged than with clox¬
acillin.
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Discussion

Our results show that flucloxacillin was generally similar to
oxacillin, cloxacillin, and dicloxacillin, in terms of spectrum
and level of activity against Gram-positive bacteria. Thus

Fig. 5.—Serum concentrations after a single intramuscular injection of
250 tng. in human subjects.

Fig. 6.—Serum concentrations after a single intramuscular injection rf
500 mg. in human subjects.
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flucloxacillin was as active as cloxacillin and dicloxacillin
against penicillinase-producing strains of Staph, aureus and
was more active than oxacillin in this respect. The four
penicillins were equally active against penicillin-sensitive
staphylococci, while cloxacillin was the least active against
/3-haemolytic streptococci and pneumococci.
In common with oxacillin, cloxacillin, and dicloxatillin,

flucloxacillin showed a high degree of binding to :,erum pro¬
teins. In the tests reported here flucloxacillin was bound to
serum protein to a similar extent as oxacillin and cloxacillin,
but to a markedly lesser extent than clicloxacillin. Thus> for
the same level of total antibiotic in serum, the unbound levels
of oxacillin, cloxacillin, and flucloxacillin would be about
twice as high as the unbound levels of dicloxacillin.
Flucloxacillin was well absorbed in people after administra¬

tion by both oral and intramuscular routes. When given by
mouth flucloxacillin gave rise to total serum levels equivalent
to those obtained with dicloxacillin, and superior to those of
cloxacillin and oxacillin. Moreover, when the extent of serum
binding of these penicillins was considered the free levels of
flucloxacillin were superior to those of dicloxacillin as well as
those of cloxacillin and oxacillin. The relationship of the total
serum levels for a given oral dose of oxacillin, cloxadlliu,
riicioxaciiiin, and flucloxacillin might be expressed approxi¬
mately as 1:2:4:4, respectively, but the levels of unbound
penicillins would be 1:2:2:4. Thus the superior absorption of
dick'xacillirs compared with cloxacillin is counterbalanced by
the higher serum binding of the former (Kunin, 1966;
Medical Letter, 1963) whereas the higher total levels of
flucioxacillin also represent higher free levels of active
penicillin. Hence the administration of oral flucloxacillin
results in serum levels of unbound drug higher than these
obtained with oxacillin, cloxacillin, or dicloxacillin, thus provid¬
ing higher concentrations of active antibiotic for tissue dis¬
tribution (Scholtan and Schmid, 1962; Kunin, 1965, 1966;
Vcrwey et ah, 1966). Similarly, after administration by intra¬
muscular injection the serum levels of total flucloxacillin were
superior to those of the other isoxazole penicillins, and con¬
sequently the levels of unbound antibiotic are also greater for
flucloxacillin than for oxacillin, cloxacillin, or dicloxacillin.
In addition to our data, experiments carried out in these

laboratories by Mr. P. Acred and Mrs, P. Hunter have shown
that flucloxacillin is highly active against experimental infec¬
tions in mice with penicillin-resistant staphylococci. Considera¬
tion of the particular properties of flucloxacillin—namely,
antibacterial activity, protein binding, and absorption in
human subjects—shows that the compound is superior to
oxacillin, cloxacillin, and dicloxacillin, and suggests that the
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clinical efficacy of flucloxacillin may be expected to compare
favourably with those isoxazole penicillins at present in
clinical use.

We wish to thank Dr. ]. H. C. Nayler and his colleagues for
preparing the penicillins used in these studies, and Mrs. Eleanor
Fairclough for sk'lled technical assistance.

Addendum

D. M. Brown, Beccham Research Laboratories, writes:
Acute toxicity determinations were carried out in the mouse
and in the dog. In the mouse the LD50 was established at 3-8
g./'kg. orally and 2-2 g./kg. subcutaneously. In tire dog, doses
up to 10 g./kg. were administered orally, but all dogs vomited
when they received 4-5 g./kg. and a lethal effect in the
species could not be established. Long-term toxicity studies
ware carried out in the rat and in tire dog. Doses of 200, 500,
and 2,000 mg./kg. orally and 250 mg./kg. subcutancously
were administered to both species, but in the dog study the
high dose had to be reduced to 1,000 mg./kg. as most of the
animals vomited after receiving the drug.
Laboratory studies, which included urine and blood bio¬

chemistry turd haematology, were carried out at 0, 4, 12, and
2,5 weeks in the rat and at 0, 6, 12, 18, and 24 weeks in the
dog. At termination (25th week) necropsy was carried out on
all animals and the essential organs were removed for
histopathclogy. No adverse reactions were noted except very
slight irritation at die site of the subcutaneous injections.
Teratologicai studies were performed in the rat and the

mouse, doses of 200 and 500 mg./kg. being administered
orally during days 6-15 of pregnancy in tire rat and days 8-17
of .pregnancy in the mouse. No adve.se reactions were noted,
in the mothers or the fetuses except in the rat at the high
dose, which was greatly in excess of the therapeutic dose,
where there was an increased incidence of resorptions.
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Of-Amino-p-Hydroxybenzylpeniciilin
(BRL 2333), a New Semisynthetic Penicillin:

In Vitro Evaluation
R. SUTHERLAND and G. N. ROLINSON

Beecham Research Laboratories Betchworth, Surrey, England

a-Amino-/)-hyciroxybenzylpenicillin (BRL 2333) is a new broad-spectrum
semisynthetic penicillin comparable to ampicillin in spectrum and level of
activity in vitro. The new penicillin was active against penicillin-susceptible
strains of gram-positive cocci, Neisseria species, Haemophilus influenzae,
Escherichia coli, Proteus mirabilis, Salmonella species, and Shigella species.
Like ampicillin, BRL 2333 was not active 3gainst penicillinase-producing strains
of staphylococci, Klcbsiclla-Enterobacter species, or strains of Pseudomonas
aeruginosa. BRL 2333 was bactericidal in activity, as are other penicillins, and
the activity of the compound was not significantly influenced by the presence
of scrum.

a-Amino-p hydroxybenzylpenicillin (BRL
2333), a new semisynthetic penicillin synthe¬
sized in the chemistry laboratories of Beecham
Research Laboratories (4), has a spectrum and
level of activity similar to that of the broad-
spectrum penicillin ampiciliin (6). However,
BRL 2333 differs from ampicillin in that it is
absorbed to a greater extent after oral admin¬
istration to human subjects arid gives rise to
concentrations in serum approximately twice as

high as those obtained with equivalent doses of
ampicillin (3, 5). The data presented in this
paper were derived from experiments designed
to compare the relative in vitro antibacterial
activities of BRL 2333 and ampicillin.

MATERIALS AND METHODS

BRL 2333 is D(-)a-auiino-p-liydroxybenzylpenici]lin
trihydrate (Fig. 1). l! is an off-white, free-fiuwing
powder with a solubility in water of 0.4 g/100 ml at
room temperature. In simulated gastric juice (pH 1.5), a
1% solution of BRL 2333 at 37 C has a half-life of 17 hr

compared with a half-life of 12 hr for ampicillin.
Ampicillin used in these studies was ampiciltiu irihydrate
(Beecham Research Laboratories; 840 pg/mg, free acid);
BRL 2333 contained 830 pg/mg (free acid).

Cultures. The bacteria used in these studies were

mainly clinical isolates provided by hospitals in the
United Kingdom and were classified by standard fermen¬
tation and biochemical reactions.
.Minimal inhibitory concentrations. Antibacterial ac¬

tivity was determined by serial dilution of the antibiotics

in 5-rnl volumes of nutrient broth (Oxoid no. 2) or
18 rnl volumes of nutrient agar (Blood Agar Base,
Oxoid). For tests in liquid medium, the inoculum was
one drop (0.03 ml) of an undiluted overnight broth
culture, and for tests with solid medium, 1 drop (0.003
ml) of an overnight broth culture delivered with a

multiple inoculating device. Minimal inhibitory concen¬
trations were determined after 18 hr of incubation at

37 C.

Bactericidal activity. The test bacteria were incubated
at 37 C in nutrient broth containing known concentra¬
tions of the antibiotics. Samples were taken at intervals,
and 0.02-nd volumes of suitable dilutions were pipetted
onto nutrient agar plates with a standard dropping
pipeite. Colonies were counted after 18 hr of incubation
at 37 C, and the number of viable bacteria was esti¬
mated.

Binding to serum. The extent of binding of the
antibiotics to protein of human serum was measured by
ultrafiltration of serum containing known concentra¬
tions of the antibiotics through a cellulose acetate
(Visking) dialysis membrane (7). The amount of anti¬
biotic present in the protein-free ultraf.ltrate represent¬
ing unbound antibiotic was measured by microbiological
assay.

Susceptibility discs. Susceptibility discs containing
selected quantities of BRL 2333 or ampicillin were
prepared by pipetting 0.02-ml volumes of standard
aqueous solutions of the penicillins onto the surface of
Whatman antibiotic assay filter-paper discs (Whatman
AA discs. 6.0-mm diamet:r). The discs were dried at
37 C for 30 to 60 min prior to use. The inhibition zones
produced with these discs against numerous clinical

411
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Fig. 1. Structure of a-amino-p-hydroxybenzylpeni-
cillin (BRL 2333).

isolates of bacteria of known susceptibility to BRL
2333 and ampicillin were determined by two
methods, (i) In the method described by Bauer et al. (2),
a standardized inoculum was swabbed on the surface of
Mueller-Hinton agar (Difco) plates, (ii) Nutrient agar
(Blood Agar Base, Oxoid) plates were flooded with an

overnight culture of the test organism, and excess
culture was removed with a pasteur pipette. In both
methods, inhibition zones were measured after overnight
incubation at 37 C.

RESULTS

Antibacterial activity. The antibacterial spec¬
trum of BRL 2333 against grain-positive and
gram-negative bacteria i« shown in Table 1. It
can be seen that BRL 2333 was active at low
concentrations against gram-positive cocci, in¬
cluding streptococci, pneumococci, and peni¬
cillin-susceptible staphylococci, and against
gram-positive bacilli, including corynebacteria,
listeria, and aerobic and anaerobic spore-bearing
bacilli. The compound was not active against
peiucillinase-prodncing strains of Staphylococ¬
cus aureus, because of instability to this partic¬
ular ^-lactamase. BRL 2333 was also active
against gram-negative bacteria, including gone-
cocci, meningococci, Haemophilus influenzae,
Bordctelle pertussis, Pasteurellu species, Escheri¬

chia coli, Proteus mirabilis. Salmonella, and
Shigella species. Gram-negative organisms which
were not susceptible to BRL 2333 included

Table 1. Antibacterial spectrum ofa-amino-
p-hydroxybenzyl penicillin (BRL 2333)

Organism Minimal inhibitory
concn (jig/m')"

Staphylococcus aureus NCTC 6571 .

S. aureus6 \

Beta-hemolytic streptococcus
Alpha-hcmolytic streptococcus
Streptococcus pneumoniae
S. faecalis
Bacillus anthracis
B. subtilis ATCC 6633

Corynebucterium diphtheriae
Frysipelothrix rhusiopathiae
Listerui monocytogenes NCTC 5348 .

Sari ina lutea NCTC 83*10
Clostridium tetani
C. ivelthii
Brucella abortus NCTC 8226
B. melitemis MCt'C 8223
B. suis NCTC 506!
Bcrdetella pertussis
Haemophilus influenzae
Neisseria gonorrhoeae
N. meningiliiiis
Pasteurella septica NCTC 948
Escherichia colt NCTC 10418
Salmonella typhi
Shigella sonnei
Klebsiella uerogenes
FseuiloeHnas asruglnosa
Proteus ntirabilis
P. morgana
P. rettgeri
P. vulgaris
Vibrio choleras NCTC 8021

0.1

250

0.01
0.01
0.05
1.25
0.25
0.25
0.02
0.02
0.1
0.005
0.05
0.05
0.25
0.1

0.25
0.5
0.25
0.01
0.02
0.5
5.0

1.25
2.5

250
>500

2.5
250
50
250

5.0

a Serial dilution in agar.
h I'enic'liirvi'C-producing strain.

Table 2. Activity ofa-urnino-p-hydroxykenzylpenicillin (BRl. 2333) and ampicillin
against gram-positive cocci*

Organism Penicillin
Minimal inhibitor y concn6 (pg/ml)

1.25 0.5 0.25 0.12 0.0.5 0.02 0.012 0.005

Staphylococcus aureus BRL 2333 .. _ 4 19 1 _ — _

(24 strains) Ampidliin - - 1 19 4 - - -

Streptococcus pyogenes PRL 2333 - - - - - 3 17 -

(20 strains) Ampicillin - - - - - 7 11 2

S. pneumoniae BRL. 2333 - — - - 6 5 1 -

(12 strains) Ampicillin - - - - 4 4 3 1

5. faecalis BRL 2333 1! 5 - - - - - -

(16 strains) Ampicillin 16 - - - - - - -

" Results show i.ie number of strains for which a given concentration was the minimal inhibitory concentration.
° Serial dilution in agar.
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Klebsiella-Enterobacter species, Pseudomonas
aeruginosa, and indole-positive Proteus species.

Results are given in Table 2 comparing the
activities of BRL 2333 and ampicillin against
gram-positive cocci. BRL 2333 was as active as
ampicillin against the test strains of Staphylo¬
coccus aureus. Streptococcus pyogenes, S.
pneumoniae, and S faecalis. Likewise, BRL
2333 showed activity similar to that of ampi-
cillin against clinical isolates of gram-negative
bacteria (Table 3); strains of E. coli. P mirahilis.
Salmonella species, and Shigella sonnei were
generally susceptible to both penicillins at con¬
centrations of 5 pg or less/ml. There was com¬

plete cross-resistance between BRL 2333 and
ampicillin, and strains of gram-negative bacilli
which were resistant to ampicillin were resistant
to BRL 2333. Strains of Klebsiella-Enterobacter
species and Serratia rnarcescens were generally

insusceptible to BRL 2333 and ampicillin.
BRL 2333 inhibited most of the test strains of
H. influenzae at concentrations of 0.25 to 0.5
pg/ml, and was similar in activity to ampicillin
against this species (Table 4). BRL 2333 was as
active as ampicillin against Neisseria gonor¬
rhoeae. Both penicillins were slightly less active
than benzylpenicillin against susceptible strains
of gonococcus, but were rather more active than
the latter against penicillin-insusceptible
strains (Table 4).
Bactericidal activity. The relative bactericidal

activities of BRL 2333 and ampicillin are com¬

pared in Fig. 2, which illustrates the results of a
viable count experiment with the two penicil¬
lins. Both compounds brought about a rapid
reduction in the viable count of E. coli NCTC
10418 at concentrations of 5 and 20 pg/ml.
Effect of serum. The bactericidal activities of

Table 3. Activity ofa-amino-p-hyclroxybenzylpenicillm (BRL 2333) andampicillin
against gram-negative bacilli*

Organism Penicillin
Minimal inhibitory concn6 (ng/ml)

>100 100 50 25 12.5 5.0 2.5 1.25

Escherichia coli DHL 2333 16 1 1 2 42 90 9 5

(166 strains) AmpiciUin 12 5 1 1 23 91 29 4
Proteus mirabilis BRL 2333 8 — - — 11 28 25

(72 strains) Ampicillin 8 - - - — 1 25 38

Shigella sonnei BRL 2333 3 1 1 - 2 6 3 -

(16 strains) Ampicillin 2 2 - - 8 3 i
Salmonella species BRL 2333 - - - - - - 8 2

(10 strains) Ampicillin - - - - - - 7 3
Klebsielia-Enterobacter BRL2333 18 1 - - — 1 -

(22 strains) Ampicillin 17 -
a 1 1 - 1 -

Serratia marcescens BRL 2333 7 6 3 1 — 1 — —

(18 strains) Ampicillin 5 10 '
- 2 - 1 - -

a Results show the number of strains for which a given concentration was the minimal inhibitory concentration.
b Serial dilution in *gar.

Table 4.Activity of a-ammo-p-hydroxybenzylpenicillin (BRL 2333) and ampicillin
against Haemophilus influenzae and Neisseriagonorrhoeae*

Organism Penicillin
Minimal inhibitory concn (ng/ml)

1.0 0.5 0.25 0.1 0.05 0.025 0.001 0.005

H. influenzaeb BRL 2333 8 27 30 14 2 1 — —

(82 strains) Ampicillin 5 21 40 13 3 - - -

N. gonorrhoeaec BRL 2333 - - 5 1 3 3 1 -

(12 strains) Ampicillin ... - 3 4 - 2 4 -

Benzylpenicillin 1 3 - 1 - 2 3 3

a Results show the number of strains for which a given concentration was the minimal inhibitory concentration.
b Serial dilution in chocolate-blood-ag:ir
cSerial dilution in PST agar (Oxoid) + 1G% lysed horse blood.
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BRL 2333 AMPICILUN

Fig. 2. Bactericidal activity of a-amino-p-hydroxyhcnzylpenicilltn (BRI. 233) against Escherichia coli NCTC 10418.

BRL 2333 and ainpicillin against S. aureus
Smith were determined in nutrient broth and in
human serum. The presence of human serum did
not reduce the activity of either drug. The
minimal bactericidal concentration of both

drugs against this strain was 0.06 pg/ml in both
the presence and absence of serum.
Extent of binding to serum. BRL 2333 was

not highly bound to the protein of human
serum, 83% of the penicillin being present in
human serum as unbound active antibiotic. The
results in Table 5 show that the extent of

binding to serum of BRL 2333 was similar to
tha. of ainpicillin and less than that of benzyl-
penicillin or catbenicillin.
Combination with penicillinase-stable penicil¬

lins. Combinations of BRL 2333 with penicil-
linase-stable penicillins such as methicillin or
cloxacillin often showed enhanced activity
against /3-lactamase-producing strains of Kick
siella-Enterobacter, Proteus species, and Shigella
sonnet: Table 6 shows examples of this effect. In
general, the enhancement of the combination of
BRL 2333 with methicillin or cloxacillin was

only pronounced when either of the latter
penicillins was present at a relatively high
concentration (100 pg/ml). At lower concentra¬
tions of the penicillinase-stable penicillin (e.g.,
10 pg/ml), synergistic effects were less frequent
and less pronounced.
Susceptibility discs. The standardized single-

disc method described by Bauer et al. (2)
recommends the use of a 10-pg- ampicillin disc

Table 5. Extent of binding ofammino-p-hydroxy-
benzylpeniciHtn (IIhi. 2.1331 in human scrum

Penicillin

Bkl. 2333 . .

Ampicillri) .. .

Benzylpenjcillin
Carbcnieiltin . .

bo* aid "ound.

(v.) <%)

83 17

82 18

41 59

53 47

Table 6. Antibacterial activities ofcombinations
ofu-emitto-p-hydrvxybemylpeniciUin (URL 2333)

and rneihicillin or cloxaciilin

Orgaiiirni
Minima! inhibitory concn

(Mg/ml)" of URL 2333

Alone Plus

meihidllin''
PHs

cloxacillin^

Escherichia coli
37 128 1.25 1.25
83 >500 500 50

Klebsiella uerogertcs
A 250 1.25 25

C 500 50 123
Paracolon 232 125 2.5 1.25

Eroteus morganii
A 25 25 12.5
G 250 1.25 2.5

P. vulgaris K 250 50 12.5

Shigella sonnci
5147 250 125 5.0

4387 250 50 2.5

a Serial dilution in nutrient attar.
b Present in a concentration of 100 MS/"1'.
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for determining the susceptibility of bacteria to
ampiciilin. In the series of tests reported here,
which adhered strictly to the conditions of the
method referred to above, a disc containing 15
Ag of BRL 2333 was almost exactly equivalent
to a 10-Atg ampiciilin disc, and the interpretation
of zone sizes recommended for a 10-Atg ampicii¬
lin disc apply equally to a 15-Atg BRL 2333 disc
(Table 7). Inhibition zones produced with a disc
containing 10 A<g of BRL 2333 were consistently
smaller than those produced with a 10-pg ampicii¬
lin disc.

In the series of tests in which plates Hooded
with a large inoculum of cells was used, a

method favored in many laboratories, a disc-
containing 25 Atg of BRL 2333 produced inhibi¬
tion zones similar to those obtained with a 25-pg
ampiciilin disc. In these tests, the 25-pg disc
produced inhibition zones at least 15 mm in
diameter with gram-negative bacilli susceptible
to 5 A'g or less/ml of BRL 2333 or ampiciilin.

Table 7. Correlation between antibiotic susceptibility and
inhibition zones produced with a urnino-p-hydroxybenzyl-

penicillin (BRI. 23d3) and ampiciilin
susceptibility discs"

Organism
Inhibition zone diam. (mm)

Resistant Inter¬

mediate
Susceptible

S. aureus 20 or less
11 or loss

21-28
12 13

29 or more
14 or moreAll others

a Based on method of Bauer et al. (2). The results shown
were obtained with 10-jig ampicillm discs and l5-/ig BRL 2333
discs.

DISCUSSION

The data presented in this paper show that
the new semisynthetic penicillin BRL 2333 is
similar to ampiciilin with respect to antibacterial
activity, bactericidal activity, and extent of
binding to the protein of human serum. BRL
2333 is, however, absorbed to a greater degree
than ampiciilin after oral administration to
humans (3, 5) and produces greater levels of
antibacterial activity in serum than are obtained
with equivalent doses of ampicillin. Moreover,
BRL 2333 has been demonstrated to be superior
to ampiciilin in the treatment of experimental
animal infections (1). In view of these results,
BRL 2333 would appear to warrant clinical trial.

1
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t^-Amino-^-Hydroxybeiizyipenicillin
(BRL 2333), a New Semisynthetic Penicillin:

Absorption and Excretion in Man
E. A. P. CROYDON and R. SUTHERLAND

Beecham Research Laboratories, Betchwort'n, Surrey, Englattd

a-Ainino-p-hydroxybenzylpeniciliin (BRL 2333) is a new broad-spectrum
semisynthetic penicillin similar iii activity to ampicillin. After oral administra¬
tion to healthy volunteer subjects, BRL 2333 produced concentrations in
serum approximately twice as high as those obtained with equivalent doses of
ampicillin. BRL 2333 was excreted in,urine in higher concentrations than was
ampicillin, and approximately 60% of the dose of BRL 2333 administered was
recovered in the urine in the first 6 hr after administration. Higher and more

prolonged concentrations in serum were obtained with concomitant administra¬
tion of probenecid, and the absorption of BRL 2333 was little influenced by
the presence of food.

BRL 2333, a-amino-p-hydroxybenzylpenicil-
lin, is a new semisynthetic penicillin derived
from 6-aminopenicillaiiic acid. The antibacterial
spectrum and level of activity of this new

penicillin are similar to those of ampicillin (4),
but BRL 2333 is generally more effective than
ampicilliri in the treatment of experimental
infections in mice (1).
The present communication describes studies

on the absorption arid excretion of BRL 2333 in
healthy volunteer subjects, and crossover absorp¬
tion and excretion studies in comparison with
ampicillin.

MATERIALS AND METHODS

The absorption and excretion studies described here
were carried out in two panels of 12 healthy volunteer
subjects, consisting of 16 men with an average age of 29
years (range, 22 to SO years) and an average weight of 74
kg (range, 55 to 87 kg) and 8 women with an average age
of 31 years (range. 22 to 38 years) and an average weight
of 59 kg (range, 50 to 70 kg). Crossover studies were
carried out to determine the effect of fond and the
effect of probenecid on the absorption and excretion of
BRL 2333. BRL 2333 was also compared in crossover
studies with umpiciliin and pivampicilliu. In these
crossover studies, there was generally an interval of
1 week between the two halves of the study.
Ampicillin used in these absorption studies was

ampicillin trihydrate [Eenbritin, Beccham Research Lab¬
oratories (840 pg/mg. free acid)| and BRL 2333 was

a-amino-p-hydroxybenzylpenicillin trihydrate (830
pg/mg, free acid). Pivampicillin (the pivaloyloxymethyl
ester of ampicillin) was supplied by Leo Laboratories
Ltd. as the ester hydrochloride.

In the studies on absorption in the fasting state,
volunteers were requested to take nothing by mouth
after midnight of the day prior to the study. The test
penicillin, BRL 2333 or ampicillin, was administered in
plain gelatin capsules with a little water at 9:30 AM on
the day of the test. The subjects were allowed to eat a
standard breakfast after the 1 hr blood specimen was
taken. In experiments to determine the effect of food on
the absorption of BRL 2333. the volunteers were
instructed to partake of a normal breakfast prior to
administration of BRL 2333.

Samples of venous blood were collected at 0.5,
1, 2, 4, and 6 hr after drug administration, and urine was
collected in the first 6 hr after administration. Serum
was separated by centrifugation and stored at -20 C until
assayed on the following day. The concentrations of
BRL 2333 iri serum and urine specimens were deter¬
mined by a conventional large-plate agjr-diffusion
method similar to that described for ampicillin (3) assay,
with Sarcina lutea ATCC 9341 as assay organism.

Urine from subjects given BRL 2333 was spotted (6
pliters) on filter-paper strips (Whatman no. 1, 1 cm
wide) and chromatograplied with a butanol-ethyl alcohol
solvent system (/i-butanol-ethanol-water. 4:1:5, v/v. top
phase). Standard solutions of BRL 2333 were prepared
in 0.05 m phosphate buffer (pH 7.0) and chroma-
tographed. Chromatography w as carried out overnight at
5 C, and the chromatograms were dried at 40 C. The
penicillins were located by placing the dried chroma-

427
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tograms on nutrient agar (Blood Agar Base, Oxoid)
seeded with a spore suspension of Bacillus subtilis ATCC
663_ and incubating overnight at 37 C.

RESULTS

Absorption and excretion in fasting subjects.
Data in Table 1 show the concentrations of BRL
2333 obtained in the serum of fasting volunteer
subjects after administration of single oral doses
of ir.5, 250, 375, 500, 625, and 1,000 mg. It
can be seen that increasing the dose resulted in a

correspond Lng increase in the serum concentra¬
tions. The mean peak concentrations at 2 hr
were 2.6 pg/ml with the 125-mg dose, 5.3 pg/ml
with the 250-mg dose, 10.8 pg/ml with the
500-mg dose, and 19.7 pg/ml with the 1,000-mg
dose. In these studies, the concentrations' in
serum fell quite rapidly to relatively low levels at
6 hr, as is generally the case with penicillins. The
compound was well tolerated, and no side
effects were observed at any time during the
tests.

•n these studies in fasting subjects, the
amount of BRL 2333 excreted in the urine in
the 6-hr period after oral administration varied
from 54% of the 125-mg dose to 66% of the

1,000-mg dose (Table 1). The average concentra¬
tions of BRL 2333 measured in the pooled urine
collected over the 6-hr period after dosing were
as follows: 125-mg dose, 210 pg/ml (range, 96
to 380 pg/ml); 250-mg dose, 580 pg/ml (range,
280 to 1,320 pg/ml); 500-mg dose, 850 pg/ml
(range, 360 to 1,300 pg/ml).

Bioautographic examination of urine from
subjects receiving BRL 2333 failed to show the
presence of any biologically active metabolite.
Effect of food. Results given in Table 2 show

the mean drug concentrations in serum obtained
in crossover studies with 250- and 375-mg doses
of BRL 2333 in volunteers in the fasting and
nonfasting state. In both studies, the concen¬
trations reached in serum were slightly lover
and slightly more prolonged in the non-

fasting subjects compared with fasting subjects.
The amount excreted in the urine in the 6-hr

period after dosing was similar in fasting and
nonfastiug subjects receiving the 375-mg
dose, hut ui the study with a 250-mg dose the
fasting subjects excreted 56% of the dose com¬

parer] with 70% excretion for the nonfasting
subjects.
Effect of probenecid. The effect of adininis-

Table t. Absorption and excretion of n-amim-p-hydroxyhenzylpenicillin (BRL 2333)after
oral administration to fasting kmrnn subjects

I>OS*

(n»e)
No.
of

XUbitfCU

Mean coma in serum OijoVi] j t) (in:

excretion,
0-6 hr

i% of close)0.5 br „ 1 hi 2 In 4 hr 6 hi

125 22 0.4' t tO.Sy 1.46 (±1.0) 2 62 (±0.94) 0.57 (t0.27) 0.15 (±0 07) 54 (±13)
250 22 1.73 (±1.48) 4.00 (±2.12) 5.31 (±1.09) 0.98(10.39) 0.30(±0.ll) 62 (±21)
375 11 2.00 (±1.53) 4.41 (±2.00) 7.10(11.7!) 1.60 (±0.48) 0.44 (±0.13) 67 (±13)
500 12 232 (±2.09) 7.61 (±3,09) 10.80 (±2.92) 2.34 (±0.84) 0.84 ( ±030) 59 (±.5)
625 11 2.91 (±2.78) 9.53 (±6.45) 11.40 (±3.79) 3.90(±1.88) 1.22(10.58) 55(114)

1,000 12 4.53 (±3.9) 11.30 (±6.3) 19.70 (±5.4) 5.50 (±1.5) 1.46 (±0.46) 66(±1C)
m Standard deviation.

Table 2. Effect offood on the absorption and excretion of
ct-amino-p-hydroxybenzylpenicillin (BRL 2333} in human subjects11

Dose

(n*; State
Mean concn in serum tug/ml)

Urine

excretion,
0-6 hr

(% of dose)0.5 hr 1 hr 2 hr 4 hr 6 hr

250 Nonfasting 1.2 4.3 4.7 1.6 0.5 70

Fasting 2.0 4.8 5.2 1.1 0.4 56
375 N'onfasting 2.5 5.9 5.9 2.5 0.8 53

Fasting 2.1 5.5 7.3 1.6 0.5 53

•Twelve subjects were tested at each dosage.
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tering probenecid (0.5 g at 11.5 hr and 0.5 g at
1 hr prior to the test) on the absorption and
excretion pf a 250- and 375-mg dose of BRL
2333 administered to fasting human subjects is
shown in Table 3. It can be seen that the
administration of probenecid resulted in a
marked increase in the mean concentrations of
BRL 2333 in serum, the difference being sta¬
tistically significant at 2, 4, and 6 hr with the
250-mg dose and at 1,2, 4, and 6 hr with the
375-mg dose. The administration of probenecid
also resulted in a statistically significant reduc¬
tion in the amount of drug excreted in the uri.ie
during the 6-hr period after dosing (Table 3).

Comparison with ampicillin. The mean con¬
centrations in serum obtained in crossover

studies to compare the absorption and excretion
of BRL 2333 and ampicillin after administration
of a 250- and 500-mg dose to fasting subjects
are illustrated in Fig. 1 and Fig. 2. Both
penicillins produced mean peak concentrations
in serum at 2 hr, and in both studies the mean

peak concentrations of BRL 2333 were approxi¬
mately double those produced with ampieilliii
(250-mg dose: BRL 2333, 5.3 pg/ml, ampicillin,
2.7 pg/ml; 500 mg dose: BRL 2333, 10.8 pg/ml,
ampicillin, 6.3 pg/ml). The serum concentrations
of BRL 2333 were markedly higher than those
of ampicillin throughout the 6-hr period and
were statistically significant (P = 0.05) at 1, 2,
and 4 hr after administration. The better absorp¬
tion of BRL 2333 was reflected in the urinary
excretion of the two penicillins; approximately
60% of the dose of BRL 2333 was recovered in
the urine compared with an average of 40% in
the case of ampicillin.
Comparison with pivainpicillin. Improved

concentrations of ampicillin in scrum have re¬

cently been reported (2) after the oral admini¬
stration of various esters of ampicillin, particu¬
larly pivampicillin (the pivaloyloxymethyl
ester). After absorption, pivampicillin is hydro-
lyzed to ampicillin in the body.
It was, therefore, of interest to compare the

concentrations of BRL 2333 in serum with the

ampicillin concentrations produced in serum
after oral administration of pivampicillin. The
data on pivampicillin reported by Daehne et al.
(2) relate to a dosage of 358 mg of the
anyhydrous penicillin. Studies were therefore
carried out comparing 358 mg of anhydrous
pivampicillin with 358 mg of anhydrous BRL
2333.

hr.

Fig. 1. Drug concentrations in the serum of 12
fasting human subjects after a single 250-mg close of
a-amino-p-hydroxybenzylpenicillin (BRL 2333) or

ampicillin.

Table 3. Effect ofprobenecid on the absorption and excretion ofa-amino-p-hydroxy-
bemylpeniciilin (URL 2333) in fasting human subjects

Dose

(ing)
No.
of

subjects
Regimen

Mean concn in serum (ug/ml)
Urine

excretion,
0-6 hr

(% of dose)0.5 hr I hr 2 hr 4 hr 6 hr

250 it With 1.8 4.7 7.7 3.1 1.1 54

probenecid
12 Without 1.5 3.8 5.1 1.0 0.3 67

probenecid
375 11 With 2.8 7.3 11.8 4.7 1.5 S3

probenecid
11 Without 2.0 4.4 7.1 1.6 0.4 67

probenecid
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hr.

Fig. 2. Drug concentrations in the serum of 12
fasting human subjects after a single 500-rng dose of
a-ammn-p-kyJroxyhenzylpenicttlin (BRL 2333) or
ampicilUn.

hr.

Fig. 3. Drug concentrations in the serum of 15
'fasting human subjects after a single 358-rng dose of
ct-amino-p-hydroxybenzylpenicillin (BRL 2333) or piv-
ampicitlin (pivaloyloxymethyl ester ofarnpicillin).

Data in Fig. 3 show that pivarnpicillin was
absorbed more rapidly than BRL 2333, and over
the first hour after dosage the levels of ampicil¬
Un obtained by administration of pivampicitlin
were higher than the BRL 2333 concentrations
in serum during the same period. Peak serum

concentrations of BRL 2333 however, were

reached later (2 hr after dosing) and were

slightly higher than those with pivatnpiciliin, and
over the period from 2 to 6 hr the levels of BRL
2333 were higher than those of pivainpicillin.
The superior levels of BRL 2333 are also
reflected in a greater total area under the curve

compared with pivampiciltin.

DISCUSSION
I

The data presented here show that BRL 2333
is well absorbed when given to fasting or
nonfasting human subjects, and that the oral
absorption of BRL 2333 is not greatly reduced
after ingestion of food. As with other penicillins,
administration of probenecid results in increased
serum concentrations and in a decrease in the
amount excreted in urine in the first 6 hr.

Similarly, increasing the dose administered
causes a corresponding increase in the serum
concentrations attained, a characteristic of peni¬
cillin therapy.

In crossover studies to compare the absorp¬
tion anil excretion of BRL 2333 and ampicitlin,
the mean peak concentrations of BRL 2333 in
serum were double those produced with the
equivalent dose of ampiciilin, and the serum
concentrations of BRL 2333 were substantially
higher than those of anipicillin over the 6-hr
period after urug administration. Similarly, the
excretion of BRL 2333 in urine was corres¬

pondingly greater than that of ampiciilin, and
high levels of BRL 2333 were reached in urine.
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Amoxycillin: A new Semi-synthetic Penicillin
R. SUTHERLAND, E. A. P. CROYDON, G. N. ROLINSON

Summary

Amoxycillin (a-amino-p-hydroxybenzylpenicillin) is a
new semi-synthetic penicillin with a broad spectrum of
antibacterial activity similar to that of ampicillin.
Penicillin-sensitive strains of staphylococci, streptococci,
and pneumococci were sensitive to concentrations of
0-1 or less of amoxycillin/ml. Strains of Haemophilus
influenzae were inhibited by a level of0-5 ug 'ra!, and most
strains of Escherichia coli, Proteus mirabilis, Shigella
sonnei, Salmonella species, and Streptococcus faecalis
were sensitive to a concentration of 5 ng or less
of amoxycillin/ml. Penicillinase-producing strains of
Staphylococcus aureus and strains of Pseudomonas
aeruginosa, indole-positive Proteus, Klebsiella, and
linterobacter were insensitive to amoxycillin. The new
penicillin was bactericidal in activity, as with other
penicillins, and its antibacterial activity was not reduced
in the presence of serum. After oral administration to
volunteer subjects amoxycillin produced serum con¬
centrations twice as high as those obtained with similar
doses of ampicillin, and the penicillin was recovered
unchanged in high concentrations in the urine. The
absorption of amoxycillin was not greatly influenced by
food, and administration of probenecid resulted in
increased and more prolonged concentrations of amoxy¬
cillin in serum.

Introduction

Amoxycillin (Amoxil; BRL 2333; ot-amino-/> hydroxybenzyl-
penicillin) is a new semi-synthetic penicillin synthesized in
these laboratories (Long et al., 1971). The compound has a
chemical structure related to that of ampicillin (Fig. I) and its
antibacterial spectrum and level of activity are similar to those
of ampicillin (Neu and Winshell, 1971a; Sutherland and Rolin-
son, 1971). However, amoxycillin is better absorbed than
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R. SUTHERLAND, b.SC., Senior Research Bacteriologist
E. A. P. CROYDON, m.b., b.S., ChiefMedical Adviser on Chemotherapeutics
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ampicillin after oral administration to human subjects and
produces serum concentrations considerably higher than those
of ampicillin (Neu and Winshell, 1971b; Croydon and
Sutherland, 1971). Results are reported here to compare the
antibacterial activities and absorption and excretion in man of
amoxycillin and ampicillin.

Materials and Methods

Amoxycillin is available as D(-)-a-amino-p-hydroxybenzyl-
penicillin trihydratc (Fig. 1) which, like ampicillin trihydrate,
is relatively insoluble in water (0-4% v/w at room temperature),

CH.CO. NH.CH—CH
W I I I | CHj

NH, C N CH. COOH .3H,0
o'

Mol.wt. 419-46

Amoxycillin. BRL 2333
D (-)■-«-omino-j>- hydroxy benzy1 penicillin trihydfote

fig. 1—Structure of amoxycillin.

but aqueous solutions may be readily prepared in phosphate
buffer, pH 8 0. The penicillin is relatively stable to acid and a
1% solution at 37"C has a half-life in simulated gastric juice
(pH 1-5) of 17 hours compared with a half-life of 12 hours for
ampicillin. Amoxycillin used in these studies had" an assigned
potency of 830 pg/mg, and ampicillin trihydrate (Penbritin) a
potency of 840 ng/mg, both expressed in terms of anhydrous
free acid.

Antibacterial Activity.—Minimum inhibitory concentrations
required to inhibit growth of the test organisms for 18 hours at
37'JC were measured by serial dilution in agar (Blood Agar Base,
Oxoid) or nutrient broth (No. 2, Oxoid). Agar plates were
inoculated with one drop (0 003 ml) of an undiluted overnight
culture delivered with a multiple inoculating device. For tests
in liquid medium the inoculum used was normally one drop
(0-03 ml) of an overnight broth culture (about 10' cells) in
5 ml of medium.

Binding to Serum Protein.—The extent of binding of amoxy¬
cillin and other penicillins to protein of human serum was

560/72
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measured by ultrafiltration of serum containing known con¬
centrations of the test penicillin through a cellulose acetate
(Visking) dialysis membrane (Rolinson and Sutherland, 1965).
The amount of penicillin present in the protein-free ultrafiltrate
representing unbound antibiotic was measured by micro¬
biological assay with Bacillus subtilis A.T.C.C. 6633 as assay
organism.

Assay in Serum and Urine.—The concentrations of amoxy¬
cillin and ampicillin in serum and urine were measured by stand¬
ard large plate microbiological assay with Sarcina lutea N.C.T.C.
8340 as assay organism (Kn.udsen, Rolinson, and Stevens, 1961).
For the assay of serum specimens standard solutions of amoxy¬
cillin or ampicillin were prepared in pooled human serum to
give a range of concentrations from 0 01 to 0 5 u-g/ml; for urine
specimens the standard solutions were prepared in M/20
phosphate buffer, pH 7-0, over the same range of concentra¬
tions. The specimens were diluted as required to an estimated
concentration midway in the concentration range (0 05-0 1 v-g/
ml). The plates were incubated overnight at 30 C, the inhibition
zone diameters were measured, and the concentrations of the
test specimens were derived from the standard line constructed
from the standard solutions.

Absorption and Excretion Studies.—The penicillins were
administered in gelatin capsules as a single dose of 12.5, 250,
500, or 1,000 mg to healthy male and female volunteer subjects.
Venous blood was taken half an hour, one hour, and two,
four, and six hours after administration of the penicillin, and
urine was collected over the six-hour period. In fasting studies
the subjects received the test penicillin after an overnight fast,
and were allowed a standard breakfast after the one-hour

specimen was taken. In studies to determine the effect of food
on absorption, the penicillin was administered one hour alter
breakfast.

Results

ANT IBAGTERIAI ACT?VIT *

The antibacterial spectrum of amoxycillin against Cram-
positive and Gram-negative bacteria is shown in Table 1.
It can be seen that the compound was active at low concentra¬
tions against Gram-positive cocci, except penicillin -resistant
staphylococci, and against Gram-positive aerobic and anaerobic
bacilli. Penicillinase-producing strains of Staphylococcus aureus
were resistant to amoxycillin as a result of p-lactamase activity.
Gram-negative bacteria sensitive to amoxycillin included
gonococci, meningococci, Haemophilus influenzae, Bordetclla

BRITISH MEDICAL JOURNAL 1 JULY 1972

table I—Antibacterial Spectrum of Amoxycillin

Organism

Staphylococcus aureus N.C.T.C. 6571
Staph, aureust
Streptococcus pyogenes
Str, viridans
Sir. pneumoniae
Str. faecalis
Bacillus anthracis
B. subtilis A.T.C.C. 6633
Corynebacterium diphtheriae
Erysipelothrix rhusiopathiae
Listeria monocytogenes N.C.T.C. 5348
Sarcina lutea N.C.T.C. 8340
Clostridium leiani
CI. toelchii
Bacteroides fragilis
Brucella abortus N.C.T.C. 8226
B. melitensis N.C.T.C. 8223
B. suis N.C.T.C. 5061
Bordeiella pertussis . .*
Haemophilus influenzae
Neisseria gonorrhoeae
N. meningitidis
Pasteurella septica N.C.T.C. 948
Escherichia colt N.C.T.C. 10418
Salmonella typhi
Shigella sonnei
Klebsiella aerogenes
Proteus mirabths
P. morganii
P. religeri
P. vulgaris . .

Pseudomonu> aeruginosa
•S'errufiu marcescens

Vibrio cholerae N.C.T.C. 8021 ..

I

Minimum Inhibitory
Concentration (ixg/ml)*

01
250

0 01
001
0 02
05
0-25
0-25
0 02
0 02
0*1
0-005
0-05
0 05
25
0-25
0-1
0 25
0 5
025
0-02
0-02
0 5
5-0
1 25
2-5

250
2-5

250
50
250

>500
100
50

•Serial dilution in agar. tPeniciUiiiase-producing strain.

pertussis, Pasietirella septica, Escherichia coli, Proteus mirabilis,
anti Salmonella and Shigella species. Strains of Pseudomonas
aeruginosa, indole-positive Proteus species, Klebsiella and
Unlerobacter species, Serraiia marcescens, and Bacteroides
fragtiis were relatively insensitive.
The activities of amoxycillin and ampicillin against Gram-

positive cocci, 11. influenzae, and gonococci are compared in
Table 11 and against Gram-negative bacilli in Table HI.
Amoxycillin was as active as. ampicillin against staphylococci
and nneumocbcci and was slightly more active than the latter
against fi-liaemolytic streptococci and enterococci. Strains of
H. influenzae were inhibited by concentrations of both peni¬
cillins, of 0 1-05 (tg/ml, amoxycillin being slightly less active
than ampiciilin. Both penicillins were somewhat less active than
bcnzylpenicillin against sensitive strains of gonococcus, but
showed slightly greater activity than the latter against penicillin-
insensitive strains. Amoxycillin generally showed activity similar
to tliat of nrnpicillin against Gram-negative bacilli and most
strains of /•'. coli, P. mirabilis, Sh. sonnei, and Salmonella species
were sensitive to 5 gg or less of amoxycillin/ml. Ampicillin-
resistar.t strains of Gram-negative bacilli were found to be resist¬
ant also to amoxycillin, indicating complete cross-resistance
between these two penicillins.

TABLE U—Activity of Amoxycillin and Ampicillin against Gram-positive Cocci, It. influenzae, and Gonococci

Organism No. of Penicillin
M.I.C.* (ng/ml) and No. of Strains -

Strains 1-0 0-5 0 25 0-12 0-05 0 02 0-01 0-005

Staph, aureus 29
Amoxycillin

Ampicillin

6

2

20

21

3

6

fc-haemolytic streptococci 28
Amoxycillin

Ampicillin

3

15

25

11 2

Str. pneumoniae 13
Amoxycillin

Ampicillin

6

7

6

6

6

4 1

Str. faecalis 53
Amoxycillin

Ainpicillin

11

29

39

24

3

H. influenzae 98
Amoxycillin

Ampicillin

8

5

29

21

4.1

46

20

20 6

N. gonorrhoeae 13
Amoxycillin
Ampicillin
Benzylpeniciilin 1 3

5
3

1
4
I

3 3
2
2

1
4
3 •

•Serial dilution in agar.
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TABLE III—Activity of Amoxycillin and Ampicillin against Cram-negative Bacilli

Organism
No. of
Strains Penicillin

M.I.C.* (pg/ml) and No. of Strains

>100 100 50 25 12-5 j 5-0 2-5 1-25
or less

E. coli 206
Amoxycillin

Ampicillin

23

19

1

5

1 | 2i
i : i

46 | 115
26 | 113

13

37

5

4

P. mirabilis 90
Amoxycillin

Ampicillin

13

13

i
i ! n

i
: 1

28

26 0*'^3
•O00j
1

Sh. sonnet 26
Amoxycillin

Ampicillin

5

2

1 I 1
4 1

4 U

11

4

8 1

Salm. species 20
Amoxycillin

Ampicillin

2

2

8

7

10

11

Klebsiella-Enterobacter 29
Amoxycillin

Ampicillin

25

21

2

3

f

2 1 1

S, marcescens 18
Amoxycillin

Ampicillin

7

5

6,

1Q

3 1

2 1

•Serial dilution in agar.

BACTERICIDAL ACTIVITY

Like ampicillin, amoxycillin was bactericidal in activity, and
levels only slightly lower than the minimum inhibitory concen¬
tration resulted in a rapid reduction in the viable counts of the
test organisms.

EFFECT OF SERUM

The antibacterial activity of amoxycillin was not reduced in the
presence of 95% human serum. The extent of binding of amoxy¬
cillin to the protein of human serum as measured by ultra¬
filtration was found to be 17%, leaving 83% of the penicillin in
serum as unbound active antibiotic. This degree of binding was
similar to that of ampicillin (18% bound) and iess than that of
bcnzylpenicillin (59% bound).

SENSITIVITY DISCS

In general, amoxycillin sensitivity discs produced inhibition
zones similar to those obtained with equivalent ampicillin discs.
In tests, in which plates were flooded with a large inoculum of
cells resulting in dense confluent growth, a 25-ug amoxycillin
disc produced inhibition zones of 15 mm or greater in diameter
with Gram-negative bacilli sensitive to 5 gg of amoxycillin/ml.

ABSORPTION AND EXCRETION IN FASTING SUBJECTS

The results in Table IV show the amoxycillin serum concentra¬
tions obtained in fasting volunteers after a single oral dose of
125, 250, 500, and 1,000 mg. The results are the summation
of the mean values obtained in a number of separate studies

carried cut bver a period of time. The number of studies and
the total number of volunteers is indicated in the table. Data
obtained with ampicillin, under the same experimental condi¬
tions, after a single oral dose of 250 and 500 mg are also shown
in Table IV for comparison. It can be seen that increasing the
dose resulted in a corresponding increase in the amoxycillin
scrum concentrations, and the mean peak serum concentrations,
measured two hours after administration, were 2-7 pg/ml with
the 125-mg dose, 51 gg/ml with the 250-mg dose, 10-8 pg/ml
with the 500-rug dose, and 20-6 fjg/ml with the 1,000-mg dose.
The serum concentrations fell relatively rapidly from two hours
onwards, reaching quite low levels at six hours.
In other studies, not included in Table IV, amoxycillin serum

concentrations of 0-14 pg/ml at eight hours and 0-08 pg/ml at
11 hours were measured after a 250-mg dose to volunteer sub¬
jects. The amount excreted in the urine during the six-hour
period after administration ranged from 58 to 68% of the dose
administered, and bioautographic examination of the urine
showed the presence only ofunchanged amoxycillin. The average
concentration of amoxycillin in pooled urine co'iected over the
six-hour period after dosing was 580 pg ml (range 50-1,600 ng/
ml) for the 250-mg dose and 1,100 pg/ml (range 115-1,850 ng/
ml) for the 500-mg dose.
The mean serum concentrations produced in these studies

after a single 250-tng or 500-mg dose of amoxycillin were twice
as high as those obtained with the same doses of ampicillin in
fasting subjects in different studies done under the same experi¬
mental conditions, and the amounts of amoxycillin excreted in
the urine during the six-hour period were significantly higher
than those of ampicillin (P < 0 001) (Table IV). The absorption
and excretion of amoxycillin and ampicillin in fasting subjects
was also compared directly in cross-over studies in which the
same groups of subjects were given single 250-mg and 500-mg
oral doses of the penicillins. The results of these studies are

TABLE l\~Absorption and Excretion of Amoxycillin after Oral Administration to Fasting Human Subjects

Penicillin Dose No. of *
Total
No. of
Subjects

Mean Scrum Concentration (jtg'ml) | Excretion in
Urine (Mi hr

of dose(mg) Studies \ hr 1 hr 2 hr 4 hr 6 hr !

Amoxycillin

125
250
500

1,000

4
7
3
2

38
76
32
22

0-7 (0'3-0-9)*
21 (17-2 5)
2 7 (17-3-7)
4-2 (2-4-6 0)

2 0 (1-6-2-5)
4 6 (4 0-5 2)
8 0 (6 4-9 7:
11-9 (8-3-15 4 .

2-7 (2 4-3 0-
5-1 (4-7-5-4)
10 8 (9 6-12-0)
20-6 (18-2-23 0)

0-7 (0 5-0 8)
11 (09-1-2)
2-9 (2-4-3-4)
5-8 (4-8-6-7)

0 2 (0 16-0-24) |
0 4 0 33-0 43' :
10 .(0 8-1-3)
17 1-3-2 0-

58 (52-64)
64 (59-68)
68 (63-73)
67 (60-74)

Ampicillin

i ! 1O!to©Ol1o© 1 1

14
12

131
.23

0-9 (0 7-10)
1-6 (12-1-8)

2 1 (i-S-2-3)
4 0 (3-5-4-4)

2 6 (2-4-2-8)
5-2 (4 9-5 6)

0 7 (0-67-0 8)
16 (1 45-1-7)

0 25 (0-22-0-28)
0-56 (0 5-0 62; !

i

37 (34-40)
48 (45-53)

•f igures in parentheses are 95",, confidence intervals.

Ik
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table v—Effect of Food on the Absorption of Amoxycillin in Human Subjects

Dose
(mg)

No. of
Subjects Penicillin State

Mean Serum Concentration (jxg/ml)

i hr 1 hr 2 hr 4 hr 6 hr

f Non-fasting 1*2 4 3 4-7 1-6 05
250 12 Amoxycillin <

I Fasting 20 4-8 5-2 11 0-4

shown in Figs. 2 and 3, which confirm the data in Table IV—•
namely, that the mean serum concentrations obtained with
amoxycillin were about twice as high as those with ampiciilin.
Administration of 1 g of probenecid before dosing with

amoxycillin resulted in increased and prolonged antibiotic serum
concentrations and in a reduction in urinary excretion, which is
characteristic of the effect of probenecid on the absorption and
excretion of penicillins in general.

EFFECT OF FOOD

Mean serum concentrations obtained in a cross-over study after
a 250-mg dose of amoxycillin in fasting and non-fasting volun¬
teers are shown in Table V. In this study the non-fasting
volunteers ate a normal breakfast one hour before taking the
penicillin. It will be seen that the levels of amoxycillin achieved
in serum after food were very similar to those obtained in the
fasting state".

e

cr

c

O

o
u

FIG. 2—Mta.l serum concentration* of amoxycillin and
ampiciUm after a single 250-ing oral dose ill 'J cross-over
study in 12 fasting subjects.

Amoxycillin

o
U

t

Hours
fig. 3—Mean serum concentrations of amoxycillin and
ampiciilin after a single 500-mg oral dose in a cross-over
study in 12 fasting subjects.

The results presented here show that the antibacterial spectrum
and level of in-vitro activity of amoxycillin is similar to that of
ampicillin. Likewise, amoxycillin is not highly bound to serum
protein and its activity is not reduced in the presence of serum,
Amoxycillin is evidently well absorbed when given to fasting and
non-fasting subjects and produces scrum concentrations twice
as high as those produced with equivalent doses of ampicillin.
Increasing the dose of amoxycillin results in a corresponding
increase in serum concentrations, which is characteristic of
penicillins. The urinary excretion of amoxycillin :s significantly
higher than that of ampicillin and 60-70% of an oral dose of the
compound appears unchanged in the urine. The taking of food
does not significantly alter absorption of amoxycillin, which
may be an important benefit, and the serum concentrations of
amoxycillin are markedly increased after administration of
probenecid.
The antibacterial activity of amoxycillin and its favourable

absoi prion and excretion characteristics are also reflected in
annual studies, and amoxycillin has been shown to be superior
to ampicillin in the treatment of experimental infections
("tared ez ul., 1971). The properties of amoxycillin suggest this
new semi-synthetic penicillin may have clinical advantages over
ampicillin.

w'e wish to thank Dr. J. II. C. Nayler and his colleagues for
preparing the amoxycillin used in these studies and Mrs. Eleanor
Fairclough for skilled teclmical assistance.
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In vitro Antibacterial Activity of Amoxicillin alone
and in Combination with other Antibiotics
R. Sutherland1)

Amoxicillin hat ein bn itcs Spektrum antibaktcrieller Aktivitiit. Es ist ebenso aktiv wie Am-
piciilin gegcnliber grampositiven Kokkeu unci Stabchen, Neisserien, Haemophilus influenzae,
Jr. coli, Salmonellen, Shigellen und Proteus mirabilis. Ebenso wie Ampicillin ist Amoxi¬
cillin relativ unwirksam gegcniiber pcnicillinasebildenden Staphylokokken, Klebsiella/'Entero-
bacter und Pseudomonas aeruginosa. Amoxicillin hat einen baktcrizidcn Wirkungstyp, seine
Wirksamkeit wird in Gegenwart von Serum nicht verhindert. 1m Papicrblaltchentest sind die
Ergebnisse mit Amoxicillin ahnlieh denen vo.u Ampicillin bci Verwendung aquivulenter Biatt-
chen. Gegeniiber Enterokokken zeigt die Kombination von Amoxicillin mit Aminoglycosidan-
tibiotika Synergismus, wahrend die bakterizide Wirkung von Amoxicillin durch Chlorampheni¬
col odcr Tefracyclin aufgehobon wird. Kombinationen von Amoxicillin mit Sulfonamiden lie-
Gen lediglic'n additive Effckte erkennen. In der Kombination mit Flucloxacillin lieC sich mit
Amoxicillin gegeniiber gewissen resistentcn gramnegaliven Bazillen als Ergebnis der Penicil-
linasehcmnuing cine gesteigerte Wirksamkeit demonstrieren.

Amoxicillin showed a broad-spectrum of antibacterial activity in vitro and was as active as ampi-
ciiiin against Gram-positive cocci and bacilli, Neisseria, H. influenzae, E. coli, Salmonellae,
Shigellae and P. mirafcilis. Like ampicillin. amoxicillin was relatively inactive against penieil-
linasf-producing staphylococci, Klebsiella/Enterobactcr and Ps. aeruginosa. The new penicillin
was bactericidal in action and its activity was not reduced in scum. In disc sensitivity tests
amoxicillin discs gave results similar to those produced by equivalent ampicillin discs.
Synergism was demonstrated by combinations of amoxicillin and aminoglycoside antibiotics
against enterococci, whet ess the bactericidal activity of the penicillin was antagonised by chlor¬
amphenicol or tetracycline. Combinations of amoxicillin and sulphonamides showed additive
effects only. In combination with flucloxacillin, amoxicillin demonstrated enhanced activity
against certain resistant Gram-negative bacilli as a result of penicillinase-inhibition.

Amoxicillin, D(—)u-amino-p-hydroxyben-
zylpenicillin, is a new semi-synthetic penicil¬
lin with a broad-spectrum of antibacterial
activity that is generally similar to that of
ampicillin [7, 12,]. The new penicillin is,
however, significantly more effective than

J) Sutherland, R. Dr., Beechant Research Labora¬
tories, Chemotherapeutic Centre, Betchworth, Sur¬
vey, England.

ampicillin in the treatment of experimental
infections in animal [1, 3,] and produces
serum concentrations after oral administra¬
tion to man approximately twice as high as
those obtained with ampicillin [8, 11,]. Data
are reported here to compare the relative in
vitto antibacterial activities of amoxicillin
and ampicillin, and to show the effects that
may be produced when amoxicillin is com¬
bined with other antibiotics.

7
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Table 1. Antibacterial Spectrum of Amoxicillin.

Organism MIC, ug/ml')

Staphylococcus aureus NCTC 6571 0.1
St. aureus (penicillinase-producing) 250
fl-haemolytic streptococcus 0.01
u-haemolytic streptococcus 0.01
Streptococcus pneumoniae 0.05
S. faecalis 0.5
Bacillus anthracis 0.25
Corynebacterium dipbtheriae 0.02
Erysipelothrix rhusiopathiae 0.02
Listeria monocytogenes 0.1
Clostridium tetani 0.05
Bacteroides fragilis 25
Brucella abortus 0.25
Bordetella pertussis 0.5
Haemophilus influenzae 0.25
Neisseria gonorrhoeae 0.01
N. meningitidis 0.02
Pasteurella septica 0.5
Escherichia coli NCTC 10418 5.0
Salmonella typhi 1.25
Shigella sonnei 2.5
Klebsiella aerogenes 250
Enterobacter aerogenes 250
Pseudomonas aeruginosa >500
Proteus mirabilis 2.5
Proteus sp. (indoie-positive) 250
Serraiia mareescens 250
Vibrio cholerae 5.0

') Serial dilution in agar

Antibacterial Spectrum

Amoxicillin is active against a wide range of
Gram-positive and Gram-negative bacteria
and its antibacterial spectrum is illustrated
in Table 1. It can be seen that amoxicillin
was inhibitory at low concentrations against
Gram-positive cocci including streptococci,
pneumococci and penicillin-sensitive staphy¬
lococci, and against Gram-positive aerobic
and anaerobic bacilli. However, amoxicillin
was not active against pcnicillinase-produc-
ing strains of Staphylococcus aureus as a
consequence of this instability to staphylo¬
coccal penicillinase. Gram-negative bacteria
sensitive to amoxicillin included gonococci,
meningococci, Haemophilus influenzae, Bor¬

detella pertussis, Pasteurella septica, Esche¬
richia coli, Proteus mirabilis and Salmonella
and Shigella species. Bacteria that were rela¬
tively insensitive to amoxicillin included
Klebsiella and Enterobacter species, Pseudo¬
monas aeruginosa, Serratia marcescens, in-
dole-positive Proteus species and Bacteroi¬
des fragilis.
The activities of amoxicillin and ampicillin
against Gram-positive cocci arc compared in
Fig. 1 and against Gram-negative bacilli in
Fig. 2. The results show that amoxicillin was
as active as ampicillin against staphylococci
and pneumococci, and appeared rather more
active against (3-haemolytic streptococci and
Streptococcus faecalis. Among the Gram-ne¬
gative bacteria most of the test strains of E.
coli, P. mirabilis, Shig. sonnei and Salmonella
species were sensitive to 5 ,ug amoxicillin/ml
or lower. Against these bacteria amoxicillin
showed a level of activity similar to that of
ampieillin. Bacteria that were resistant to
amoxicillin were resistant also to ampicillin
and there appeared to be complete cross-re¬
sistance between the two penicillins.
The activity of amoxicillin against gonococci
was of interest as can be seen from Fig. 3
comparing the relative activities of amoxicil¬
lin, ampicillin and penicillin G against peni¬
cillin-sensitive and penicillin-insensitive
strains of gonococci. The two semi-synthetic
penicillins were rather less active than peni¬
cillin G against gonococci that were highly
sensitive to penicillin G, but amoxicillin and
ampicillin were as active as the latter com¬
pound against strains that showed a decreas¬
ed sensitivity to penicillin G.

Bactericidal Activity

Like other penicillins, amoxicillin is bacteri¬
cidal in activity and against most bacteria Mi¬
nimum Bactericidal Concentrations (M.B.C.)
were only slightly higher than the M.I.C. va-

8
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Fig. i. Distribution of M.i.C. va¬
lues of amoxicillin and ampicillin
against Grant-positive cocci.
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Fig. 2. Distribution of M.I.C. va¬
lues of amoxicillin and ampicillin
against Gram-negative bacilli.
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lues (Table 2). An exception was the entero-
coccus and a significant proportion of cells
of this organism survived in the presence of
relatively high concentrations of amoxicillin,
as is the case with other penicillins such as

ampicillin or benzylpenicillin.
The bactericidal effects of low concentrations
of amoxicillin against a sensitive strain of E.
coli is illustrated in Fig. 4 where it can be
seen that concentrations of 2.5 ug/'ml or 10.0
,ug amoxicillin/ml brought about a rapid re¬
duction in the viable count of the organism.

(1) Penicillin G MIC <0 05 JJg/m! (97strains)
co 40 i

20-;
f n M

0 002 0 01

(2) Penicillin G MIC

□ Pen. G
EDI Amox
□ Amp

40

20

0 001 0 005 0 02

0 05 0 25 fig/ml
>0'05pg/ml (70strairs)

_n

0 5 ng/mi

Fig. 3. Relative activities of amoxicillin, ampicillin
and penicillin G against penicillin-sensitive and pe¬
nicillin-insensitive gonococci.
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Table. 2. Bactericidal activity of amoxicillin.

Organism M.I.C. M.B.C.
(ug/ml) (ug/ml)

Escherichia coli 2.5 5.0
Salmonella typhi 0.5 0.5
Proteus mirabilis 1.25 2.5
Staphylococcus aureus 0.05 0.1

Streptococcus pyogenes 0.01 0.01
Streptococcus faecalis 0.5 >50

Control

■5pg/ml./

E. coli NCTC 30418.

Effect of Serum

Amoxicillin is not highly bound to serum

protein. In ultrafiltration experiments 17 °/o
was serum-bound leaving 83 % of the peni¬
cillin as unbound active drug. This value is
similar to that of ampicillin (IS % bound)
and les than that of benzyipenicillin (59 %

bound). As a consequence of this low level
of binding to serum protein, the activity of
amoxicillin is not significantly influenced by
the presence of human serum. For example,
the Minimum Bactericidal Concentration of
amoxicillin against Staphylococcus aureus
Smith was found to be 0.06 pg/ml when de¬
termined in nutrient broth or in 95 % human
serum.

Sensitivity-disc testing

In antibiotic disc sensitivity tests the inhibi¬
tion zones produced by amoxicillin were ge¬
nerally of the same order in size as those pro¬
duced by equivalent strength ampicillin
discs. Various strength ampicillin discs, na¬
mely 2pg, 10 ug and 25 pg ampicillin discs
are available commercially, and tests were
carried out to compare amoxicillin discs with
ampicillin discs. The data showed that 2 ug
amoxicillin discs were suitable for testing
Grain-positive cocci but were not suitable for
testing Gram-negative bacteria save for very
sensitive organisms such as H. influenzae or
Neisseria. In general, a 10 pg amoxicillin
disc produced reasonably satisfactory results
against Gram-negative bacteria but inhibi¬
tion zones tended to be rather small when a

large inoculum was used in the test. This is
illustrated by the results in Table 3 which
show the inhibition zones produced by amo¬
xicillin 10 ug and 25 pg discs against large

Table 3. Effect of disc strength and inoculum size on inhibition zones produced by amoxicillin discs against
29 strains of Escherichia coli. (M.t.C. 5.0 ug/ml or less)

Disc

(pg)
Inoculum ')

6—10

No. of strains with inhibition
zone diameter (mm)

11—15 16—20 21—25 26—30

10 Undiluted 25 4

1/1000 2 14 12 1

25 Undiluted 9 18 2
1/1000 1 27 1

') Plates were flooded with an overnight broth culture diluted as shown.

10
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Fig. 5. Regression line relating in¬
hibition /one diameters produced
25 j.ig amoxicillin disc and M.T.C.
values (inoculum, an overnight
undiluted broth culture).
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and small iuocula of sensitive strains of E.

coli. Jt can be seeti that with the undiluted

inoculum nearly ail of the strains gave inhi¬
bition zones of less than .15 mm in diameter

against the, .10 ug disc. With the dilute inocu¬
lum, oi with live 25 iig disc inhibition zones
were larger as might be expected. Results
with a 25 ug amoxicillin disc generally show¬
ed a relatively clear distinction between sen¬
sitive bacteria and resistant bacteria as can

be seen from the regression line in Fig. 5 de¬
rived from tests with a wide range of bac¬
teria.

Antibacterial activity
in combination with other antibiotics

When one antibiotic is combined with an¬

other the resulting effect may be greater than
the sum of the antibacterial effects of its com¬

ponents (synergism), it may be smaller (an¬
tagonism) or it may be the same (additive or

indifference). According to Jawetz and Gun¬
nison [4] the combination of two bactericidal
antibiotics may result in synergism, but a
bactericidal antibiotic combined with a bac¬
teriostatic agent may produce antagonism.
Data are reported here to demonstrate the

various effects arising from the combination
of amoxicillin with other antibiotics.

a) Synergism

The classic example of synergism between
antibiotics is that demonstrated by benzyl-
penicillin in combination with streptomycin
against the (micrococcus, Streptococcus fae-
calis [5 j. T hus, the penicillin is bactericidal
against S. faecalis but fails to sterilise cul¬
tures of the organism, streptomycin is rela¬
tively ineffective, but a combination of the
two substances produces a total bactericidal
effect. A similar rcsuit is obtained when

amoxicillin is combined with aminoglycoside
antibiotics and data in Table 4 show the bac¬

tericidal activities of amoxicillin, alone and
in combination with streptomycin, kanamy-
cin, or gentamicin against enterococci. In
these bactericidal tests amoxicillin on its own

was inactive but combinations of amoxicillin
and aminoglycoside antibiotics were effective
at low concentrations. However, the amoxi¬
cillin/aminoglycoside combination was active
only when the test organism was sensitive
to the aminoglycoside component of the
combination, as can be seen from Table 4.
Although amoxicillin failed to sterilise cul-

II
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Table 4. Synergism between amoxicillin and aminoglycoside antibiotics against 12 strains of enterococci.

Antibiotic Combination

Minimum

0.25 0.5

Bactericidal Concentration of amoxicillin (pg/ml)
and number of strains

1.0 2.5 5.0 10 25 50 100 >100

Amoxicillin
Amoxicillin + Streptomycin (20 tig/ml)
Amoxicillin + Kanamycin (20 pg/ml)
Amoxicillin + Gentamicin (10 pg/ml)

1
5

6 3

12
2 2 7')
4 1 2 -)
3

The aminoglycosides were inactive at the concentrations tested.
l) Streptomycin M.I.C. >5000 ug/ml; 2) Kanamycin M.I.C. >5000 ug/ml.

iablc 5. Synergism between amoxicillin and flucloxacillin against penicillinase-producing Gram-negative
bacilli

MIC (ug/ml)
Organism Amoxicilln Flucloxacillin Amoxicil lin + Flucloxacillin

Escherichia coli 500 1000 50 + 50

Shigella sonnei 1000 1000 50 + 50

Enterobacter cloacae 500 500 25 + 25

Klebsiella aerogenes 500 1000 50 + 50
Proteus morgana 500 > 1000 50 + 50

10"

10"

2 104-

10

/

V

*(yg/nii)

control

pen. G (TO)*

"aiiiox. (T0>

oen. G «'!0)

amox. (!0)

3 6 24 48hours

Fig. 6. Bactericidal activities of amoxicillin and
benzylpenicillin against Streptococcus faecalis.

10c

§ 10e
V)

© 104
o

1021

0

control

srn(2CT)*

Jfios.. 0

amox. (TO)
+ sm (20)

3 6 24 48
hours

Fig. 7. Synergism between amoxicillin and strepto¬
mycin in a viable count experiment with Strepto¬
coccus faecalis.

tares of S. faecalis in bactericidal tests it did
show pronounced bactericidal activity
against the test organisms and this is illustra¬
ted in the viable count experiment in Fig. 6.
Thus, amoxicillin demonstrated a rapid bac¬
tericidal effect against the test strain of entero-
coccus and was more effective than benzyl-
penicillin, but neither compound was able to
sterilise that culture. However, amoxicillin
was synergistic with streptomycin and a com¬
bination of subinhibitory concentrations of
the two antibiotics produced a total bacteri¬
cidal effect (Fig. 7).

b) Antagonism

The antagonism resulting from the combina¬
tion of amoxicillin with a bacteriostatic agent
is illustrated in Fig. 8 comparing the effects
of amoxicillin, tetracycline and a combina¬
tion of amoxicillin and tetracycline on the
viable count of a sensitive strain of E. coli.
Amoxicillin produced a rapid bactericidal ef-

12
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Control
10

E 106

10

10'

/

V

Amox(5)*Tet(5)

Tetracycline(5)

Amoxyclllin(5)
24 hr

Fig. 8. Antagonistic effect of tetracycline on the
bactericidal activity of amoxicillin against E. colt
were 10418.
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i 10e
_co
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10'
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• s."'pbztriethav-,
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t \Amox 2-5-SM 100
g

ne too

24 hours

Fig. 9. Additive etfcct of a combination of amoxi¬
cillin and sulpharnethoxazole against E. coli NCTC
10438.

tetracycline was no more effective than tetra¬
cycline alone. Similar results were obtained
in experiments with amoxicillin and chlor¬
amphenicol, illustrating the antagonism that
may result from combining a bactericidal
antibiotic with a bacteriostatic agent.

c) Indifference

According toManten and Wisse [6] the com¬
bination of penicillin with bacteriostatic sub¬
stances does not always result in antagonism
and one example is the additive effects obser¬
ved when penicillins are combined with sul-
phonamides. Results in Fig. 9 show the
effects of combining amoxicillin with sulpha-
mexothazolc, and it can be seen that the
combination of these compounds produced
a bactericidal activity as great as that of
amoxicillin alone, in agreement with the pre¬
dictions of Manten and Wisse [6J.

Fig. 10. Sensitivity disc test with amoxicillin, 25
iig disc (A), flucloxacillin, 25 [ig disc (F), and
disc containing 25 tig amoxicillin and 25 gg
flucloxaciilin (AF), against a penicillinase-produc-
ing strain of E. coli.

feet, tetracycline was bacteriostatic in action
only, and the combination of amoxicillin and

d) Synergism arising from peniciliinase-inhi-
bition

The resistance of certain Grant-negative ba¬
cilli to amoxicillin or other broad-spectrum
penicillins is usually associated with penicil¬
linase production and the ability of these
bacteria to destroy the compounds. Syner¬
gism can often be demonstrated by combi¬
nations of broad-spectrum penicillins toge¬
ther with penicillinase-stable penicillins and
this is generally ascribed to competitive in¬
hibition of (1-lactamase activity by the peni¬
cillinase-stable penicillin [2, 10]. Thus, the
penicillinasc-stable penicillin moiety of the
combination is inactive against the test or¬
ganism, but is not destroyed by its penicil¬
linase and is able to inhibit the enzyme,

thereby protecting the broad-spectrum peni¬
cillin.

Synergism of this type can be readily dtnion-

13
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e
CO

~a>
o

Fig. 11. Synergism between amoxicillin and
flucloxacillin in a viable count experiment witb a

penicillinase-producing strain of a Shigella sonnei.
(Figures in brackets show residual amoxicillin con¬

centration in ug/ml).

strated by amoxicillin and penicillinuse-stab-
le penicillin, such as the isoxazoiylpenicil-
lins, against certain penicillinase-producing
Gram-negative bacilli. For example, the re¬
sults of a disc-sensitivity test with a combi¬
nation of amoxicillin and flucloxacillin are

illustrated in Fig. 10; a 25 ug amoxicillin
disc or a 25 ug flucioxacillin disc failed to
inhibit the growth of a peniciliinase-producing
strain of E. coil, but a large zone of inhibi¬
tion was produced by the disc containing
25 pg of each penicillin.

Results in Tabic 5 show the enhanced acti¬

vity of a combination of equal parts of
amoxicillin and flucloxacillin against a num¬
ber of amoxiciilin-resistant bacteria, ft can

be seen that the amoxicillin/flucloxacillin
combination was effective in inhibiting the
growth of the test organisms at concentra¬
tions one-twentieth of the inhibitory concen¬
trations of the individual penicillins. Exami¬
nation of the cultures showed that the bac¬
teria destroyed amoxicillin during the course

of the tests, but that in the presence of
flucloxacillin the extent of inactivation of
amoxicillin was significantly reduced, in¬
dicating that the synergism observed between
the penicillins was associated with inhibition
of penicillinase.

This is illustrated in greater detail in the
viable count experiment shown in Fig. 11
where it can be seen that amoxicillin was

ineffective at a concentration of 100 ug/ml
against a penicillinase-producing strain of
Shigella sonnei but that combinations of
amoxicillin and fluloxacillin produced bac¬
tericidal effects against the test organism. In
this test it was obvious that flucloxacillin re¬

duced the rate or extent of inactivation of
amoxicillin by the test strain of Shig. sonnei,
presumably as a result of competitive inhi¬
bition. It is possible however, that some me¬
chanism of synergism other than penicillin-
ase-inhibition was also operating, as the
synergism observed during the first six hours
of the test appeared to be greater than could
be accounted for solely by protection of
amoxicillin. For example, the combination
containing lOgg amoxicillin/ml together with
100 ug flucloxacillin/ml was markedly more
active than 100 ug amoxicillin/ml in the early
part of the test even although there was 50 ug
amoxicillin/ml present in the amoxicillin cul¬
ture at the end of the six hours period. This is
one of several aspects of synergism between
penicillins which is currently under investi¬
gation [9].
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Laboratory and Pharmacological
Studies in Man with Hetacillin

and Ampicillin
R. SUTHERLAND,* b.sc.

O. P. W. ROBINSON,* m.b., b.s.

Hetacillin is the generic name for 6-(2,2-dimethyl-5~oxo-4-
phenyl-l-imidazolidinyl)penicillanic acid, which is prepared by
the reaction of ampicillin with acetone (Hardcastle et al., 1966)
(Fig. 1). The antibacterial spectrum of hetacillin has not been
reported in detail, but Bunn et al. (1966) have stated that
hetacillin has essentially the same spectrum of activity in vitro
as ampicillin. Absorption and excretion studies with hetacillin
in man have been reported by Bunn el al. (1966) and by Tuano
et al. (1966). The results of clinical trials with hetacillin were
reported at the Sixth Interscience Conference on Antimicrobial

A /CHj
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I i I |Nchl
C'H !

mm, CO-

AMPICILtlN
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Acrcj,
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I | | CH3 + HiO
/ "\ CO—N CH. CCOH
CHj CHj

HETACIl.tin

Fig. 1.—Structure of hetacillin.

Agents and Chemotherapy (Philadelphia, U.S.A., 1966—pro¬
ceedings in press).
The experiments reported here were designed to investigate

the hydrolysis of hetacillin to ampicillin in vitro and in man,
and to compare the antibacterial activities, and the absorption
and excretion in man, of hetacillin and ampicillin.
* Beecham Research Laboratories, Betchworth, Surrey.
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Hydrolysis of Hetacillin to Ampicillin
In aqueous solution hetacillin hydrolyses to form ampicillin

and acetone. The formation of ampicillin was demonstrated
by thin-layer chromatography as described by Hardcastle et al.
(1966). The formation of acetone was demonstrated by gas
chromatography. Fig. 2 shows the rate of hydrolysis of heta- ,

cillin to ampicillin at 37° C. in aqueous solution at pH 7.
Under these conditions hydrolysis of hetacillin was rapid, so
that within 15 minutes at 37° C. more than 50% of an aqueous
solution of 1 mg. of hetacillin per ml. in M/40 phosphate
buffer, pH 7, had hydrolysed to ampicillin, and at the end of
60 minutes there was virtually no unchanged hetacillin in
solution. The rate of hydrolysis under acid conditions (pFI 2)
was less rapid, but after 60 minutes there was about 50%
conversion of hetacillin to ampicillin.

TIME (mlnutsj)
Fig. 2.—Hydrolysis of hetacillin to ampicillin in aqueous
solution. The formation of ampicillin from a solution of
1 mg. hetacillia ml. in M/40 phosphate buffer at f ll 7.0

and 37° C. was measured by hydros"lamine assay.

Antibacterial Activities ol Hetacillin and Aoipiciilin
The minimum inhibitory concentrations of hetacillin and

ampicillin required to prevent growth of bacteria for 24 hours
at 37° C. were determined by serial dilution of the compounds
in nutrient broth and in nutrient agar. The effect of serum
on the antibacterial activities of the compounds was measured
by serial dilution of the compounds in nutrient broth and in
95% human serum. After overnight incubation at 37° C.,
subcultures were made on to antibiotic-free agar, and the end-
points were read after overnight incubation. The extent of



Table I.—Relative Antibacterial Activtties of Ampicillin ar.i Hetacillin

Organism

Escherichia coli 0111 . .

Klebsiella aerogenes A*
Salmonella typhi . <

Salmonella typhimurium
Shigella flexneri
Proteus mirabilis
Proteus mtrabilis 889*
Proteus morganii H
Pseudomelia: pyocyanea
Haemophilus influenzae
Staphylococcus aureus
Staphylococcus aureus*
Streptococcus pyogenes
Streptococcus pneumoniae
Streptococcus faecalis .. .. \

* PenicilJinase-producing strain.

M.t.C. (pg./ml.)

Ampicillin Hetacillin

2-5
500

1-25
1-25
2*5
1-25

>500
50

>500
05
005

250
002
005
1-25

2-5
500

1-25
1-25
2-5
1*25

>500
50

>500
0-5
0-05

250
002
005
1-25

Table II.—Hfject of Serum on the Antibacterial Activities of Ampicillin
and Hetacillin Against Staphylococcus aureus Smith

Compound % Bound in
Human Serum

M.I.C. (/ig./ml.)

In Nutrient Broth In Human Serum

Ampicillin
Hciacillin

16
16

0 03
0-03

t+\oo6o

binding of the compounds to the protein of human serum was
measured by ultrafiltration of serum containing hetacillin or

, ampicillin (Rolinson and Sutherland, 1965).
The minimum inhibitory concentrations of hetacillin and

ampicillin against a range of bacteria are given in Table I, where
it can lie seen that the antibacterial activities and spectra of
both compounds were identical. Similarly, both compounds
were bound to the protein of human serum to the same extent
and showed the same activities in the presence of human serum
(Table II).

Absorption and Excretion of Iletacillin and Ampicillin
in Human Subjects

Tire subjects who took part in the studies described below
were healthy men or women aged 18 to 49 years. Cross-over
studies were carried out in which the same groups were given
either hetacillin or ampicillin, followed by the alternative drug
one week later. Blood specimens were normally taken half,
one, two, four, and six hours after administration of the com^
pound. In certain studies three-hour and eight-hour specimens
were also collected. After separation of the sera the specimens
were assayed on the same day, except when eight-hour specimens
were collected and these were kept overnight at 4° C. before
assay. During the six-hour period after administration of the
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compounds urine was collected for measurement of antibiotic
content.

Antibiotic serum concentrations were measured by a standard
agar-diffusion assay technique with Sarcina lutea as assay
organism (Knudsen et al„ 1961). Serum specimens were suit¬
ably diluted in normal human serum, or in some studies in
4% bovine plasma albumin, fraction V, and standard solutions
of hetacillin and ampicillin were prepared in the same diluents.
The plates were incubated overnight at 30° C., when the
diameters of the inhibition zones were measured.
Serum and urine samples from subjects who received ampi¬

cillin were assayed against standard solutions prepared from
ampicillin. Similarly, samples from subjects who received
hetacillin were assayed against hetacillin standards, though, in
fact, standard solutions prepared from hetacillin and ampicillin
gave the same inhibition-zone diameters in this assay. This is
not surprising in view of the speed at which hctacillin hydro¬
pses to ampicillin.

Conversion of Hetacillin to Ampicillin in Man
The amounts of. unchanged hetacillin appearing in the blood

stream of human subjects after the oral and intramuscular
administration of hetacillin were measured. Hetacillin was

separated from ampicillin by high-voltage agar-gel electro¬
phoresis—essentially the technique described by Lightbown and
de Rossi (1965) being used—and the compounds were demon¬
strated by bioautography.
After oral administration of hetaci'.Iin, ampicillin alone was

detected in the blood stream for the first 30 minutes after
dosing. Thereafter, unchanged hetacillin was detected in small
and variable amounts in some subjects up to 90 minutes after
administration, after which ampicillin alone was present in the
blood stream. The amount of unchanged hetacillin present at
any time represented a small fraction of the total antibiotic,
and at the time of peak antibiotic serum concentrations ampi¬
cillin only was present. On intramuscular administration of
hetacillin, small amounts of unchanged hetacillin were first
detected after 30 minutes, declining to trace quantities 120
minutes later. Whenever hetacillin was detected this was

generally only a small fraction of the total antibiotic in the
blood stream.

Oral Absorption Studies
The compounds were administered as ampicillin free acid

and hetacillin free acid in 250-mg. gelatin capsules. The results
of these studies are summarized in Table III.



TableIII.—AbsorptionandExcretionStudiestsithtletacillinandAmpicillininMan
Study

No.of Subjects

Dose

Route

j iCompound

MeanSerumConcentration(/ig./ml.)~
UrinaryExcretion 0-6hr.

\hr.

1hr.

2hr.

3hr.

4hr.

6hr.

8hr.

%oiuut»e

A

12

250mg.

Oral{

Hetacillin* Ampicillin$

0-35 1-34

109 3*13

2-45 3*80

"

096 097

0-28 0*31

—

36 63

E

12

250mg.

Oral{

Hetacillint

<0-05

0-31

093

0-91

0-57

0*23

—

21

Ampicillint

0-48

1-49

2*09

1-33

0*69

0-24

—

40

C

15

500mg.

Oral/

Hetacillin* Ampicillint

0-51 1-71

194 3*46

2*96 4-62

—

0-99 1*40

J-51 0*53

39 55

D

11

500mg.

Oral-j*
HeuciUinf Ampicilim*

0-35 0-86

119 2*69

2-68 4-82

iso 232

1*30 1*32

0-59 0-44

0-30 0-21

25
50

E

12

500mg.

Oral«,

Heiacillint
,AmpicillinJ

0-24 1-57

1-23 4-27

2-46 492

249 4-44

2*16 2-63

0*72 0*77

0-35 0-25

48 71

_

12

8

500mg. 250mg.

Oral/ (non-fasting)> Intramuscular̂

Hetacillinf

0-12

0*70

1*06

107

1*20

0*68

0-46

27

V

G

Ampicillint Hctacillin* Ampicillin^

1*17 1*23 5*7

2*56 2*3 5-8

2-98 3*2 2*9

2-36

1*26 1*7 0*8

0*38 0*66 0-29

0-17

41 84 88

H

8

500mg.

Intramuscular<
jHetacillin* ampicillint

1-9 7-4

3*7 9*2

5*0 6*7

—

3*6 2*4

1*9 1*2

-

75 86

'MaterialpreparedintheselaboratoriesbyDr.J.H.C.Nayler.fVersapen,BristolLaboratoriesLimited.$Penbritin,BcechamResearchLaboratories.
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Studies A B, C, and D (Figs. 3 and 4).—In these studies
hetacillir. and ampicillin were given to subjects who fasted for
12 hours before receiving the compound until after the one-
hour blood specimens were taken. With both the 250-mg. dose
and the 500-mg. dose the serum concentrations obtained after
the administration of hetacillin rose; mc.e slowly than those
obtained with ampicillin, reaching peak levels at two hours
which were substantially lower than the ampicillin peak serum
concentrations which also occurred two hours after administra¬
tion. The serum concentrations obtained with hetacillin also
fell more slowly than those of ampicillin, and from four hours
onwards after administration the levels obtained with hetacillin

TIME (houu)
Fig. 3.—Mean serum concentrations in 24
lasting subjects after single 250-mg. oral dose
of hetacillin and ampicitlin. ©=-Hetacillin.

0=Ampiciilin.

Fig. 4.—Mean serum concentrations in 26 fisting subjects
after single 500-mg. oral dose of hetacillin and ampicillin.

• =-Hetacillin. Q — Ampicillin.



were of the same order as those of ampicillin. The mean
urinary excretion after a 250-mg. dose was 28% in the case of
hetacillin and 51% with ampicillin, and after a 500-mg. dose
was 32% for hetacillin and 52% for ampicillin.
Study E (Fig. 5).—This study was carried out to compare

hetacillin and ampicillin under conditions similar to those
described by Bpnn et al. (1966) in their studies on the absorp¬
tion and excretion of these substances. A single 500-mg. oral
dose of hetacillin or ampicillin was administered to fasting
subjects who abstained from food for 12 hours before dosing
until tliree and a half hours after. In addition, the subjects

TIME: (houi i)

Fic. 5.—Me,in serum concentrations of 12 fasting subjects
after single 500-mg. oral dose of hetaciliin and ampicillin.

• = Hetacillin. o :=Ampicillin.

were given 400 ml. of water at the time of dosing as described
by 11unn et al. (1966) and were allowed water during the experi¬
ment. Under these conditions the absorption and excretion
of both compounds was greater than was observed in the fasting
studies previously described (C and D), but the rise and fall of
the serum concentrations followed essentially the same pattern
as before. Thus the ampicillin senim concentrations were from
two to eight times higher than those obtained with hetacillin
in the three-hour period after dosing, and were similar for
both substances four to eight hours after administration. The
mean urinary excretion of ampicillin in the six-hour period after
dosing was 71% and that after hetacillin 48%.
Study F—Non-fasting (Fig. 6).—A single 500-mg. dose of

hetacillin and ampicillin was administered immediately before
the subjects had a standard breakfast of bacon and egg, toast,
and coffee. The serum concentrations obtained in the non-

fasting subjects were lower than those observed in the fasting
subjects, the presence of food having a particularly marked
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effect on hetacillin, the serum concentrations remaining at about
1 /tg./ml. from one to four hours after administration of the
compound. The ampicillin serum concentrations were not
depressed to anything like the same extent, and were from 2 to
10 times higher than those obtained with hetacillin for the first

TIME (hour-.)
Fig. o.—Aleau serum concern rat ion ^ in 11 non-fasting
subjects after a single 500-nig. oral Jose of heiacillin and

ampicillia. Hetacillin. Q~ Ainpicillin.

three hours after dosing. The levels obtained with iietacillin
fell more slowly than with ampiciliin, and the serum concen¬
tration;! obtained with hetueilliri were higher than those of
ampicillin from six to eight hours after administration.

Intramuscular Stud.es (Figs. 7 and 8)
The compounds were dissolved in 2 ml. of sterile water and

injected immediately by deep intramuscular injection into the
upper and outer quadrant of the buttock. Hetacillin was
administered as the potassium salt and ampicilliu as the sodium
salt, as doses equivalent to 250 mg. and 500 nig. of urnpicillin
pure free acid. Ampicillin was absorbed more rapidly and the
peak serum concentrations obtained one hour after administra¬
tion were about twice as high as the peak serum concentrations
obtained two hours after administration of hetacillin. The
seriun levels measured in subjects receiving hetacillin fell more
slowly and were higher than those of the ampicillin group four
hoars and six hours after administration of the substances.
After administration of hetacillin urinary recovery over a six-
hour period was slightly less than that of ampiciJlin.
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Fig. 7.—Mean serum concentrations in eight
subjects after a single 250-mg. intramuscular
dose of hetaciilin and ampiciUin. 9~Hcta-

cillin. O -AmpiciUin.

TIME (houri)
Fig. 8.—Mean serum concentrations in eight
subjects after a single 500-mg. intramuscular
dose of hetaciliin and arnpicillin. •=Hetaciilin.

0==AmpiciUin.

Measurement of Antibacterial Activities of Sera

The antibacterial activities of pooled sera from fasting subjects
who received single 500-mg. oral doses of hetacillin and ampi-
cillhi (Study E) were determined by serial dilution of the sera in
5 % blood agar. The serum-agar mixtures were poured into petri
dishes and inoculated with a drop of an overnight broth
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culture of the test organisms—namely, Staphylococcus aureus,
/8-haemolytic streptococcus, and Streptococcus pneumoniae.
After overnight incubation at 37° C. the maximum dilutions
of sera inhibiting growth of the test organisms were determined.
The results of this experiment are shown in Fig. 9, where it
can be seen that in general the antibacterial activities of pooled '
sera taken half, one, two, and three hours after dosing from

STAPHYLOCOCCUS AUREUS j9-haemolytic streptococcus

25b
STREPTOCOCCUS PNEUMONIAE

m.i.c. (pq./mt)
hstoclllin 005
omplciilin OOS

serum concentrations

h I 2 3
TIME tlioufil

S I

Fig. 9.—Antibacterial activity of sera of fasting human subjects after a
single 500-ujg. oral dose of hetaciUin or aropicillic.. "Antibacterial
activity of serum is expressed as the reciprocal of the highest dilution of
serum inhibiting growth of the test organism, f Serum concentrations
measured by agar-diffusion assay using Sarcina lu'.ea as as3,iy orgairism.

•=Hetacillin. 0 =AmpicUlm.

subjects who received ampicillin were greater than those of sera
from subjects receiving hetacillin. At later time intervals-
namely, four, six, and eight hours after administration of the
compounds—the antibacterial activities of sera from both groups
of subjects were the same.
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Discussion

Hetacillin is prepared by the condensation of ampicillin with
acetone, the reaction takihg place in the presence of an excess
of acetone. In the presence of water the reverse reaction takes
place and hetacillin hydrolyses liberating ampicillin and acetone.
The rate of hydr6lysis of hetacillin in aqueous solution is rapid
at neutral pll, and as tests for the measurement of antibacterial
activity are normally performed in neutral aqueous media it is
not surprising that the in-vitro antibacterial activities of heta¬
cillin and ampicillin are identical. In tests with analogous
compounds—namely, condensation products of ampicillin
with formaldehyde—the activities demonstrated by these
substances corresponded very closely with the rates to which
these compounds hydrolysed to ampicillin. It is quite possible,
therefore, that hetacillin has no intrinsic activity and that the
activity demonstrated in antibacterial tests is that of its hydro¬
lysis product, ampicillin ; but it would be difficult to confirm
this supposition, as any test envisaged would involve the use
of aqueous media in which there would be hydrolysis of heta¬
cillin to ampicillin.
The conversion of hetacillin to ampicillin also takes place

in die body, and the administration of hetacillin to human
subjects results iu the appearance of ampicillin in the blood
stream, in which form it is mainly absorbed. After oral and
intramuscular administration the amounts of unchanged heta-
cillin found ill the blood are small compared with the quantities
of ampicillin present, and, after oral administration in par¬
ticular, represent an insignificant amount of the circulating anti¬
biotic. The therapeutic significance of hetacillin will therefore
depend upon to what extent the serum concentrations found in
man. after administration of the compound differ from the
serum concentrations produced by equivalent doses of ampi¬
cillin.

In the sole published report in the literature comparing the
absorption and excretion of ampicillin and hetacillin in man
after administration by the oral and intramuscular routes, Burnt
et al. (1966) found that the peak levels obtained with oral doses
of hetacillin were as high as, or slightly higher than, those
obtained with equivalent doses of ampicillin. Our findings are
at variance with those of llunn et alas we find that the serum

concentrations produced by ampicillin are markedly higher than
those obtained with hetacillin during the first three hours after
dosing, the peak serum levels of ampicillin being generally about
twice as high. In these studies the serum levels were measured
by conventional agar-dilfusion microbiological assay technique,
but measurement of the antibacterial activity of the sera by
a serial-dilution technique also showed that sera from
subjects given ampicillin were more active than corresponding
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sera from subjects receiving hetacillin. This would be expected
if the antibiotic serum concentrations of the ampicillin group
were greater than those of the hetacillin group. Like Bunn
et al. (1966) we find that the decline in serum antibiotic con¬
centrations from peak levels is slower in subjects receiving
betacillin, but wheieas these workers thought that this might
have clinical implications, we feel that at the later periods the
antibiotic serum concentrations are so low that any difference
in levels is unlikely to be of therapeutic significance.
The presence of food in the stomach depresses the absorption

of hetacillin to a relatively greater extent than that of ampicillin.
In the study reported here the mean serum concentrations
produced with a 500-mg. dose of hetacillin barely exceeded
1 /ig./ml. at any time after dosing.
The results of our studies of the scrum concentrations

obtained after intramuscular administration of hetacillin and
ampicillin are in general agreement with those reported by
Bunn et al. (1966). Thus the peak levels obtained with ampi-
cillin occur earlier and are impressively higher than those
obtained with hetacillin, and then decline to levels which are
lower than those obtained with lietaciiiin from the fourth hour
onwards. In con paring the intramuscular preparations of
hetacillin and ampicillin we believe that the high serum concen¬
trations achieved with ampicillin are likely to he- of greater
therapeutic significance than the maintenance of the relatively
low prolonged levels observed with hetacillin.
The results of electrophoretic studies show that after oral

administration trace quantities of unchanged hetacillin are
present for short periods and that practically all the circulating
antibiotic is in the form of ampkiUin This indicates that
'hetacillin is poorly or less rapidly absorbed than ampicillin, and
the slow rise to relatively low serum concentrations and the
relatively low urinary excretion over a six-hour period can be
attributed to delay in absorption while hetacillin is hydrolysing
to atnpicillin in the gut. Similarly, the slow rise and delayed
fall of serum concentrations after intramuscular doses of heta¬
cillin indicates delayed absorption from the injection site. The
results of electrophoretic studies show only small quantities of
unchanged hetacillin persisting in the blood stream for up to
150 minutes after intramuscular administration. These facts
indicate that hetaciUin is poorly or slowly absorlted after injec¬
tion arid that there is delay in hydrolysis to ampicillin, in which
form it is mainly absorbed.
There is every reason to believe that the therapeutic value

of hetacillin is due to its hydrolysis product, ampicillin, and,
in view of the lower blood levels obtained with hetacillin com¬

pared with ampiciilir. at equivalent doses, lietaciiiin would be
expected to possess inferior therapeutic efficiency.
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Summary

Hetacillin, a condensation product of ampicillin and acetone,
hydrolysed rapidly in aqueous media to ampicillin and
acetone. The antibacterial spectra and in vitro activities of
hetacillin and ampicillin were identical and it is probable
that the antibacterial activity of hetacillin is that of its hydro¬
lysis product arrlpicillin. Electrophoretic studies of serum
after the administration of hetacillin to volunteers indicated
the majority of circulating antibiotic to be in the form of
ampicillin, and cross-over studies after oral and intramuscular
doses of hetacillin and ampicillin showed ampicillin to produce
consistently and substantially higher peak blood levels.
The amount of antibiotic excreted over a six-hour period in

the urine was considerably less in the case of hetacillin, and
this together with the lower serum concentrations obtained
would indicate that hetacillin is absorbed less readily than
ampicillin, It is concluded from these studies that hetacillin
would be expected to possess inferior therapeutic efficiency
compared with ampiciilin.

We are indebted to Dr. J, H. C- Nayler for providing the heta¬
cillin used in certain of the studies, to Dr. M. Cole for the data in
Fig. 2, and to Mr. P. Langtay and Mr. D. Hannan for the results
of the electrophoresis studies. We also thank Mrs. E. Fairclough
and Miss M. Jones for skilled technical assistance.
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Metaiiipicillin
Antibacterial Activity and Absorption and Excretion in Man

R. Sutherland, S. Elson and E. A. P. Croydon1
i

Beechnut Research Laboratories, Betchworlh, Surrey

Abstract. Metampicillin, the penicillin prepared by the reaction
of anipicillin with formaldehyde, hytlrolysed in aqueous solution
with the formation of anipiei'lin. Hydrolysis was rapid under acid
conditions, less rapid in neutral medium, and was incomplete in
human scrum. Metampicillm showed a spectrum and level of ac¬

tivity similar to that of ampicillin lit vitro, and both compounds
were inactive against penicillinase-producing strains of bacteria.
The activity of mclampicillin was markedly reduced by human
serum, and the compound was less active than ampicillin in the presence of hu¬
man serum. Following the oral administration of metampicillin to man, mctampi-
citlin was not detected in the blood Stream nor in urine, and ainpicilliu alone was
demonstrated in these subjects, 1 lie serum concentrations of atnpicillin that were

produced following the oral administration of metampicillin were somewhat lower
than those obtained with equivalent doses of ampicillin Adminstration of mctam-

■picillin by the intramuscular (km.) route to volunteers resulted in the appearance
of both ampicillin and metampicillin in the blood, and of ampicillin alone in the
urine of these subjects.

Introduction

Metampicillin is the approved name for the penicillin resulting from
the reaction of ampicillin with formaldehyde (fig. 1). The compound has
been described as «-methyleniniinobenzyl penicillin (I), [1] but Grana-
teck [4] has claimed that the reaction of ampicillin with formaldehyde
resulted in the formation of «-hydroxyinethylaminobenzyl penicillin (II),
the hydrated form of (I)

Key Words
Metampicillin
Ampicillin
MIC data

Human

Absorption
Excretion

1 We wish to thank Mrs. Eleanor Fairclough for skilled technical assistance,
and Mr. D. F. Lawson for producing the photographs.
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oc-Methyleneirninobenzyl penicillin oc-Hydroxymethylamino penicillin

Fig, J. The reaction of anipicillin with formaldehyde.

Metainpicillin is said to have a broad spectrum ot activity coupled
with a marked degree of stability to bacterial penicillinase [1]. Further¬
more, metampicillin is reported to be absorbed to a greater extent than
ampicillin, resulting in superior blood levels in human subjects [2], and
also giving high levels of antibiotic in bite following parenteral adminis¬
tration [5, 7], The penicillin has been reported to have been used suc¬
cessfully in the treatment of clinical cases of salmonellosis [3].

The study presented here was designed to compare the antibacterial
activities of ampicillin and metampicillin, and the absorption and excre¬
tion of these 2 penicillins in human subjects.

Materials and Methods

Metampicillin used in these studies was the commercial preparation that is
available as sodium salt (Suvipen, Midv). Ampiciltin was used in the oral absorp¬
tion studies as ampicillin trihydrate and in the studies of parenteral absorption as
the sodium salt of ampicillin (Penbritin, Bcecham Research Laboratories).

Hydrolysis of Metampicillin
The rates of hydrolysis of metampicillin in solution, and the subsequent, forma¬

tion of ampicillin, were measured by incubating the compound at a concentration
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of 5 /(g/ml in the following media: (1) 0.05 M phosphate buffer, pH 7.0; (2) nu¬
trient broth, pH 7.6 (Oxoid No. 2); (3) aqueous hydrochloric acid solution, pH 2.0,
and (4) 90% human blood. Samples were taken from the solutions at appropriate
intervals and assayed for ampicillin by electrophoretic bioassay. In this procedure
5-fil volumes of the test solutions, or of standard solutions of ampicillin prepared
in the same diluent as the test solution, were spotted in duplicate onto thin-layer
gel plates consisting of 1% starch (Analar grade) and 1% Ionagar (Oxoid), buff¬
ered at pH 7.5. A potential of 25 V/cm was applied across the plate, under these
conditions metampicillin migrated towards the anode more rapidly than ampicillin,
and a separation was achieved in 20min. After this period the plates were over-

layed with nutrient agar (Ltlood Agar Base, Oxoid) seeded with Sarcina lutea
NCTC8340 and incubated overnight (18 h) at 30 "C, after which the inhibition
zones resulting from the test solutions and standard solutions were measured.

The presence of ampicillin in solutions of metampicillin of higher concentration
(100-1,000 //g/ml) was demonstrated by chromatography and bioautography.
Aqueous solutions of metainpicillin and ampicillin were incubated at 37 °C, ali-
quots were taken at intervals and 6-ul volumes were spotted onto 1 cm wide
chromatography strips (Whatman Chroma grade I). I he strips were run for 16 h
at 4 °C in a butanol-ethanol-water (4:1:5 top phase) solvent system, dried at 40 °C
and plated on nutrient agar (Blood Agar Base, Oxoid) seeded with Bacillus subtilis
ATCC 6633. The plates were incubated at 40 °C for 8 h after which the inhibition
zones produced by metainptcillin and ampicillin were examined.

A ntibacterial A ctivity
Minimum inhibitory concentrations of metampicillin and ampicillin required to

inhibit growth of the test organism for 18 h at 37 °C were determined by inoculat¬
ing the organism into serial dilutions of the penicillin in 5-ml volumes of nutrient
broth (Oxoid, No. ?.) or 18-tril volumes of nutrient agar (Blood Agar Base, Oxoid).
For tests in which the penicillin was incorporated in agar the inoculum was
0.003 ml of an undiluted overnight broth culture delivered with a multiple inocu¬
lating device, and for tests in broth, 0.03 ml of an overnight broth culture.

The effect of serum on the antibacterial activity of metampicillin was mea¬
sured by comparing the minimum inhibitory concentrations of the penicillin
against Escherichia coli in nutrient agar and in nutrient agar containing 50%> hu¬
man serum, in addition, the effect of serum on the bactericidal activity of metain-
picillin and ampicillin was measured by viable count experiments in which nu¬
trient broth (Oxoid No. 2) or whole human serum containing known concentra¬
tions of the penicillins were inoculated with Staphylococcus aureus (Smith) and in¬
cubated at 37 °C. Aliquots were taken from the culture at 3, 6 and 24 h after in¬
oculation, serial dilutions prepared in sterile water, and 0.02 ml volumes of these
dilutions pipetted onto antibiotic-free agar. Colonies were counted after overnight
incubation at 37 °C and the viable count calculated.

Absorption and Excretion Studies
Crossover studies were carried out in groups of healthy male and female fast¬

ing volunteer subjects, in these studies the subjects refrained from taking food or
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drink from midnight on the day prior to the study until after the 1-hour blood
specimen was taken, after which they were allowed to eat a standard breakfast.
The test penicillin, metampicillin or ampicillin, was administered in gelatine cap¬
sules with a little water, and blood specimens were taken from the antecubital
vein at 30 min, 1, 2, 3, 4 and 6 h after dosing and urine was collected and pooled
during this 6-hour period. The second half of the crossover was carried out 1
week later when the alternative drug was taken by the same subjects under the
same conditions. In studies to determine absorption of metampicillin following
i.m. administration, subjects were injected with a 250-mg dose of metampicillin
dissolved in 1 ml sterile water for injection. Specimens of blood were taken as be¬
fore, and after separation of the scrum specimens were assayed on the same day.

Antibiotic serum concentrations were measured by a standard cup-plate agar
diffusion assay as has been describeu for ampicillin [6] using S. hitea NCTC 8340
as assay organism. Rectangular glass plates (30X 37'/2 cm) were filled to a depth
of about 4 mm with molten nutrient agar (Penassay base agar No. 1, Difco) seed¬
ed with a 0.1-percent inoculum of an overnight broth culture of S. lutea
NCTC 8340. Holes (8 mm in diameter) were punched in the agar and the plugs of
agar were removed with a broad needle. Serum specimens were diluted as re¬

quired in pooled normal human serum and standard solutions were prepared in
the same diluent. Urine specimens were diluted with 0 05 m phosphate buffer
(pH 7.0), and assayed against standard solutions prepared in buffer. The plate was
filled with the serum and urine specimens and the standard solutions, and the
zones of inhibition measured after overnight incubation at 30 °C.

The relative proportions of metampicillin and ampicillin appearing in the blood
stream after oral or i.m. administration of metampicillin were measured by elec¬
trophoresis and bionutography as described previously. Specimens of blood taken
30 min, 1, 2 and 3 h after administration of metainpicillin were beparinised and
subjected to electrophoresis without delay. Standard solutions of metampicillin and
ampicillin were prepared freshly in hepatinised whole human blood. Urine speci¬
mens collected during the 6-hour period after administration, were examined for
metampicillin and ampicillin by paper chromatography and bioautography as de¬
scribed above.

Results

Hydrolysis of Metampicillin
The results in table I show the relative rates of hydrolysis of solu¬

tions of metampicillin (5/tg/ml) to ampicillin in aqueous solution, in nu¬
trient broth, and in whole human blood. At acid piI, hydrolysis of me¬
tampicillin to ampicillin was very rapid; an aqueous solution at pH 2.0
containing 5 /tg/ml metampicillin was converted completely to ampicil¬
lin in less than 5 min at 37 °C. At neutral pH the ra,e of hydrolysis to
ampicillin was less rapid and the ampicillin concentration of a solution
of metampicillin (5 /<g/mi) in 0.05 m phosphate buffer (pH 7.0) in¬
creased to approximately 807o anipicillin within 3 h at 37 °C (table 1
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Table I. Hydrolysis of metampicillin to ampicillin in aqueous solution and in blood

Medium Ampicillin concentration1 (//g/ml) arising
from metampicillin (5 //g/ml) after
incubation at 37"C for:

0 h TT ~~ €h

Aqueous solution, pH 2.0 complete conversion to ampicillin within
5 min

Aqueous solution, pH 7.0 1.0 4.6 4.2

Nutrient broth, pH 7.6 1.4 4.0 4.5

Human blood 1.6 2.0 2.9
— —v

1 Determined by starch-agar gel electrophoresis.

Table II. Antibacterial spectrum of metampicillin

Organism Minimum inhibitory concentration,
/tg/ml
metampicillin ampicillin

E. coli 5.0 5.0
Salm. typhi 1.25 1.25
Sb. sonnci 5.0 2.5

K. aerogenvs 250 >500

7's. aeruginosa >500 >500

P. ntirabilis 2.5 1.25

S. aureus 0.1 0.1

S. aareus1 250 500

/f-haetnolylic streptococcus 0.02 0.01

Sir. pneumoniae 0.05 0.02

En. faecalis 1.25 1.25

1 Penicillinase-produeing straits.

and fig. 2). Metampicillin was much more stable in whole human blood
and there was little change in the ampicillin content (30-40°/o) after
6-hour incubation at 37 "C.

Antibacterial Activity
The antibacterial spectrum of metampicillin is compared with that of

ampicillin in table If, were it can be seen that both penicillins showed
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Fig. 2. Rate of formation of ampicillin from an aqueous solution of mctampicillin
(5 /tg/'ml) at pH 7.0 and 37 'C.

similar activities against a wide range of grant-positive and grant-negative
bacteria, including S. aureus, streptococci, E. coli, Salmonella typhi,
Shigella sonnci and Proteus mirabilis. The penicillins were not active
against strains of Pseudomonas aeruginosa, Klebsiella/Enterobacter spp. or
penicillinase-producing S. aureus.

A more detailed comparison of metantpicillin and ampicillin made
in tables III and IV shows the relative activities of the penicillins
against a total of 152 clinical isolates of bacteria. In general, both peni¬
cillins were about equally active against ampieillin-sensitive bacteria,
ampicillin being perhaps slightly more active (table III). Both penicillins
were relatively inactive against pcriicillinase-producing strains of E. coli,
Sh. sonnei, Klebsiella/Enterobacter spp., Proteus spp. and S. aureus (table

Effect of serum on antibacterial activity. The antibacterial activity of
mctampicillin was markedly diminished in the presence of human serum,
and data in table V compare the activities of metampicillin and ampicil-
tin against E. coli in nutrient agar and in nutrient agar containing 50%
human serum. The activity of metampiciilin was reduced by 5- to 10-
fold in the presence of serum, whereas the activity of ampicillin was re¬
duced only twofold.

Likewise, in a viable count experiment to compare the bactericidal
activities of metampicillin and ampicillin against 5. aureus (Smith) in
nutrient broth and in whole human serum, the activity of metampicillin

IV).
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Table III. Activity of mctampicillin against 85 clinical isolates of ampicillin-sensitive
bacteria

Organism Number Penicillin MIC1 (/tg/ml) and number of strains
of

strains
12.5 5.0 2.5 1.25 0.5 0.25 0.1 0.05 0.02 0.01

E. coll 35 metampicillin 2' 28 3 2

ampicillin 3 23 5 4

Salmonella spp. 8 mctampicillin 1 5 1 1

ampicillin 2 3 2 1

Sh. sonnci 6 mctampicillin 4 2

ampicillin 3 1 2

P. mbabilis 16 metampicillin 1 2 3 10

ampicillin 1 1 14

S. aureus 6 metainpicillin 6

ampicillin 6

/t-haemoly tic 7 meiampicillin 4 3

streptococcus ampicillin 7

Str. pneumoniae
-

Snctaini.iciliin 5 2

tup.piciUitl 1 6

1 Minimum inhibitory cotton; Serial dilution in agar.

Table IV. Activity of mctauipioifjin against 67 clinical isolates of penicillinase-producing
bacteria resistant to ampicillin

MIC1 f/ig/tnl) and number of strains
> 51id *500 "250 125 50 25 12.5 5.0 or less

E. coli 8 metampicillin 6 I 1

ampicillin 7 1

Sh. sonnei 9 rffer tmpicillin 4 5

ampicillin 1 7 1

Klebsiella! 20 mciampicillin 5 5 4 5 1

Enterobacter anipicillirt 9 3 2 6

Proteus spp.2 15 metampicillin 2 5 I 3 1

ampicillin 6 1 1 3 3

S. aureus 15 metampicillin 11

ampicillin I 5 4 1

1 Minimum inhibitory concn; Serial dilution in agar.
2 P. morgana, P. rettgeri and P. vulgaris.

Organism Number Penicillin
of
strains
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Table V. Effect e: human serum on the antibacterial activity of metampicillin against
E. coli

Penicillin Medium MIC (pg/ml) and number of strains
25 12.5 5.0 2.5

Metampiciilin 1 nutrient agar
( serum agar1

«

9 1

6 4

Ampicillin ) nutrient agar
( serum agar 2

3 7

8

1 Nutrient agar containing 50% human serum.

\_--eni broth Serum

. Fig. J. Effect of human serum on the bactericidal activities of metampicillin and
antpicillin against S. aureus Smith. • =(M) metampicillin, o =-(A) anipicillin. Figures in
brackets are concentrations in pg/ntl.

was significantly lower in serum than in broth (fig. 3). In contrast, ampi-
cillin was as active in scrum as in broth (fig, 3).

Absorption and Excretion Studies in Human Volunteers
(1) Conversion of metampicillin to atnpicillin in man. The amount of

ampicillin appearing in the blood and urine of human subjects after oral
and i.m. administration of metampicillin were measured by electropho
retic or chromatographic methods. Ampicillin was separated from me¬

tampicillin in blood by electrophoresis, and in urine, containing relative-
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1 2 3 4 5 6

Fig. 4. Electrophoretic examination of blood specimens taken I li alter administration
of a 500-mg oral dose of metampicillin to human subjects. I — LSlood, subject A, 2 —

metampicillin standard, 2 /tg/'ml, 3 -ampicillin standard, 2 /tg/tnl, 4 = blood, subject B,
5 =metampicillin standard, i /ig/ml, and 6= ampicillin standard, l //g/ml.

ly high concentrations of ampicillin, by paper chromatography. The
compounds were demonstrated by bioautography using S. lutea or
B. subtilis as assay organisms.

(a) Oral administration. Following the oral administration of a single
500-mg dose of inetampicillin to fasting human subjects, metampicillin
was not detected and ampicillin alone was demonstrated in the blood
specimens taken 1. 2, and 3 It after dosing (fig. 4). The ampicillin con¬
centrations measured in whole blood by the electrophoretic and bioauto-
graphic method used to distinguish between ampicillin and metampicillin
were in agreement with the ampicillin concentrations measured by the
more sensitive standard microbiological assay (table VI) demonstrating
that there was total conversion of metampicillin lo ampicillin. Likewise,
chromatographic examination of the urine of these subjects showed that
there was no metampicillin present in the urine, and that ampicillin was
the only penicillin present (fig. 5).

(b) Intramuscular administration. After administration of 250 mg me¬
tampicillin by the i.m. route to 2 human subjects, both metampicillin
and ampicillin were observed in the blood of both subjects after V„ h
(fig. 6) and both penicillins were present in 1 subject 1 h after dosing.
At 2 and 3 h after dosing ampicillin alone could be detected in both
subjects (table VII). In a separate study in which 3 subjects were inject-
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Fig. 5. Chromatographic examination of urine collected from 0-6 h after administra¬
tion of a 500-nig oral dose of metampicillin to human subjects. t = Urine, subject A,
2 = ampici!lin standard, 1,000 /ig/ml, B^urine, subject II, and 4— metampicillin standard,
1,000 ;/g/ml.

ed with a 250-mg i.m. dose of metampicillin, metampicillin and ampicil-
lin were observed in the blood of the 3 subjects 30 min and 1 li after
dosing, but ampicillin alone wa<- present after 2 Ji. Chromatographic ex¬
amination of pooled urine collected in both studies during the 6-hour
period after dosing showed the presence of ampicillin alone (fig. 7).
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1 2 3 4 5 6

Fig. 6. Electrophorctic examination of blood taken 30 inin after administration of
250 nig nictampicillin by the i.tn. route to human subjects. I -Ampicillin standard, 4 jig/
ml, 2-blood, subject A, 3 mctampicillin standard, 1 //gunI, 4= blood, subject 13, 5 =
metampicillin standard, 4 //g/ml, and 6 — ampicillin standard, 2 //g/nil.

(2) Oral crossover studies. The results of crossover studies in which a

single 250 or 500 mg oral dose of metampicillin or ampicillin was ad¬
ministered to fasting human subjects are sumarised in tabic VIII. In
these studies electrophoretic and bioautographic assay showed tlie pres¬
ence only of ampicillin in blood and urine after oral administration of
metampicillin, and consequently ampicillin serum concentrations result¬
ing from the administration of metampicillin were measured by micro¬
biological assay against atnpicillin standard solutions. In general, both
penicillins showed a similar pattern of absorption, reaching peak ampicil¬
lin serum levels 2 h after administration arid falling to relatively low lev¬
els after 6 h. The ampicillin serum concentrations obtained after admin¬
istration of mctampicillin were rather lower than those produced with
the equivalent dose of ampicillin, except for the 6-hour specimens where
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Fig. 7. Chromatographic examination of urine collected from 0-6 h after administra-,
tion of 250 mg metampicillin by the i.m. route to human subjects. 1 =Urine, subject A,
2 = ampicillin standard, 1,000 //g/nil, 3 = urine, subject B, 4 =metampicillin standard
1,000 //g/ml, and 5-urine, subject C.

Table VI. Ampicillin blood concentrations following oral administration of a single
500-mg dose of metampicillin to fasting human subjects

Subject Assay method Ampicillin concentration, //g/ml
1-hour 2-hour 3-hour

( electrophoresis1 0.9 1.3 0.4
| microbiological 0.73 1.58 0.89
I electrophoresis' 3.2 4.6 3.0
^ microbiological 2.6 4.1 2.5

• Metampicillin was not detected in these blood specimens.

both compounds produced similar low levels of ampicillin. The amounts
of ampicillin excreted in the urine during the 6-hour period after admin¬
istration were similar for both metampicillin and ampicillin ranging from
3I~37°/o of the dose administered.
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Table Vll. Anipicillin and metanipicillin blood concentrations measured by electro¬
phoresis and bioautography following a 250-mg i.m. dose of metampicillin to human

subjects

Subject Blood concentration, fig ml
30-min

*
1-hour 2-hour 3-hour

O.S <0.5 <0.5 <0.5

2.1 1.6 1.2 0.8

1.8 2.5 <0.5 <0.5

3.0 2.4 2.0 I.I

A

B

| metampicillin
| ampicillin
j metanipicillin
" ampicillin

Table VML Ampicillin setimt levels in fasting human subjects following oral administra¬
tion of ampicillin'or metampicillin

Dose, Number Penicillin Mean ampicillin serum concentration, Ampicillin
nig of adminjsijsted ;<s/rnl excreted

subjects 30-rntn I-hour 2-hour 3-hour 4-hour 6-hour >n urine in
0-6 h, %

j metampicillin 0.4 1.8 1.9 - 0.8 0.3 34

| ampicilliu 1.2 2.5 3.1 -- 1.0 0.3 37

| metauipiciiliri 0.2 1.6 4.3 2.4 1.5 0.6 32

j ampicillin 0,6 3.0 5.1 3.3 1.8 0.6 33

Discussion

Metampicilliu is produced by the reaction of ampicillin with formal¬
dehyde. la the presence of water the reverse reaction takes place leading
to the hydrolysis of metainpicillin with the formation of ampicillin. Un¬
der acid conditions the rate of hydrolysis of metampicillin is very rapid,
so that at pi I 2.0 there is complete conversion to ampicillin within a few
minutes. Hydrolysis is less rapid in neutral aqueous media but, neverthe¬
less, at therapeutic concentrations hydrolysis to ampicillin is virtually
complete within 3 h at an incubation temperature of 37 °C. In contrast,
metampicilliu hydrclyses incompletely to ampicillin in human serum.
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The antibacterial spectrum and level of activity of metampicillin is
generally very similar to that of ampicillin, and this could well be due to
the hydrolysis of metampicillin to ampicillin under the conditions of the
in vitro antibacterial tests. Ferrero [1] has reported that metampicillin
is more resistant than ampicillin to destruction by the bacterial flora of
the rat intestine, and has suggested that this may indicate a degree of
stability to penicillinase which may be of clinical significance. In con¬
trast, the data reported here show that penicillinase-producing strains of
staphylococci and of gram-negative bacilli were insensitive to both me¬

tampicillin and ampicillin, and fail to demonstrate any marked differ¬
ence between metampicillin and arnpicillin with regard to stability to
penicillinase.

Metampicillin differs from ampiciilin in showing a marked reduction
in antibacterial activity in the presence of human serum and, as a conse¬

quence, metampicillin is distinctly less active than ampicilliu in the pres¬
ence of serum.

In considering the results to be expected following oral administra¬
tion of metampicillin to human subjects, it might be predicted from the
rapidity of hydrolysis of metarnpicillin to ampicillin under acid conditions
in vitro that a similar conversion would take place in the acidic environ¬
ment of the stomach. In the experiments reported here, metampicillin
was not detected in the blood of human subjects following oral adminis¬
tration of the compound, ancl only the hydrolysis product, ampicillin,
was demonstrated. Likewise, ampicillin alone was present in the urine of
these subjects.

In these crossover studies the oral administration of metampicillin re
suited in lower serum concentrations of ampic'llin than were obtained m
the same subjects following the oral administration of the equivalent
dose of ampicillin, whereas FiaVNCur and Perkaro [2] have reported
that oral administration of meiampicillin resulted in higher blood levels
than ampicillin. However, Fran'chi and Perra.ro assayed their serum
specimens in terms of metainpicillin, using metampicillin standard solu¬
tions, although the antibacterial activity of the serum specimens would
be due to ampicillin alone. In the presence of serum, metampicillin is
significantly less potent than ampicillin and, therefore, the use of me-
tampicillin standard solutions to assay sera containing ampicillin would
result in the reporting of misleadingly high levels of activity.

The i.m. administration of metampicillin to human subjects resulted
in the appearance of both me.ampieillin and ampicillin in the blood
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stream up to 1 h after dosing, but of ampicillin alone after 2 h. These
findings mean that it is not possible to measure the serum concentra¬
tions of the early scruni specimens containing both mctampicillin and am¬
picillin by conventional microbiological assay. It would be necessary to
separate the penicillins by a technique such as electrophoresis or chro¬
matography before a satisfactory assay could be performed. In the stud¬
ies reported here, the antibacterial activity of sera following i.m. admin¬
istration of metampicillin was lower than that normally found with am¬
picillin. It is of interest that ampicillin alone was found in the urine of
subjects who received metampicillin by i.m. injection.
It has been reported that metampiciliin tjliffers from ampicillin in pro¬

ducing high biliary antibiotic concentrations following i.v. [7] or i.m. [5]
adminstration, but in these studies no attempt was made to identify the
penicillin present in the bile specimens. The biliary concentrations report¬
ed in these studies were obtained by conventional microbiological assay
against metampicillin standauls, and this could possibly be misleading
for the reasons described above.

The results presented here show that the antibacterial spectrum and
level of activity of rnetampicillin is similar to that of ampicillin in vitro,
but that metanipicillin is less active than ampicillin in serum. After oral
administration to man, metampicillin is hydrolysccl to ampicillin and
only ampicillin appears in the blood and urine of subjects. After i.m. ad¬
ministration only relatively low amcetrations of mctampicillin arc de¬
tected in the blood accompanied by ampicillin and ampicillin alone is
present in the urine. On the basis of these data nietampicillin would not
appear to offer any therapeutic advantage compared with ampicillin.
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Lactonyl esters of ampicillin and other penicillins have been synthesized as prodrugs designed to improve the oral
absorption of the parent, penicillins. In general, the esters hydrolyzed rapidly in the presence of tissues including
blood and certain of the esters were better absorbed than the parent penicillin. The phthalidyl ester of ampicillin
[talampicillin (British Pharmacopoeia approved name), BRL 8988] was selected for extended studies. The compound
was found to be well absorbed in various animal species and gave ampicillin serum concentrations in fasting human
volunteers 2.5-3 times those obtained for ampicillin itself.

Esters of penicillins and, more recently, of cephalo¬
sporins continue to demand attention as a means of im¬
proving oral absorption of compounds that are not ab¬
sorbed or only moderately absorbed by the oral route.1'2
Sinc e esters of penicillins are themselves devoid of anti¬
bacterial activity, it is recognized that the two essential
requirements for an ester to be of clinical significance are
that it should facilitate the absorption process and, once
absorbed, the ester should hydrolyze readily to release the
free penicillin into the blood and tissues. Simple alkyl and
ary! esters of penicillins fail to meet this latter requirement
in man as they are resistant to hydrolysis by human
tissues.3,4
The first successful approach to the development of a

penicillin ester susceptible to hydrolysis by human tissues
was made by Jansen and Russell who described a series
of acyloxymethyl esters of penicillin G (benzylpenicillin)/'
The aeetoxymethyl ester of penicillin G, penameciilin, was
investigated in some detail and was shown to be hydrolyzed
by various animal tissues and by human serum.Pena¬
meciilin was found to be orally absorbed to a limited extent
in man resulting in serum levels of penicillin G only slightly
higher than those obtained with the parent penicillin.7
In contrast, acyloxymethyl esters of ampicillin (o-«-

amiu- 'benzylpenicillin) were shown to be well absorbed in
man. giving rise to high serum concentrations of ampi¬
cillin. ■■ The ester of choice, the pivaloyloxymethyl ester,
pivampicillin, was shown to produce serum concentrations
of ampiciliin two to three times higher than those produced
by ampicillin.3
We now wish to describe a new class of hydrolyzahlo

double esters of penicillins in which the second ester
function is incorporated in a lactone group, preferably a
phthalidyl lactone group. The preparation of these
compounds, their in vitro hydrolysis rates, and oral ab¬
sorption properties in man and animals are reported.
Chemistry. The penicillin lactonyl esters investigated

in this study are described in Table I. It will be observed
that esters 1-14 are phthalidyl or substituted phthalidyl
esters, esters 15 and 16 are crotonolactonyl esters, while
compounds 17 and 18 are isomeric butyrolactone esters of
penicillin G. In view of the asymmetric carbon center (C-3)
at the point of attachment of the thiazolidine carboxyl to
the lactone ring, the esters in Table I were obtained as
mixtures of epimers. In those cases examined, the proton
NMR evidence suggested the epimer ratio was 1:1. The
phtr.slidyl ester of ampicillin (4a) was examined in some
detau. The NMR spectrum of its hydrochloride did not
per re. t the epimer ratio to be calculated since proton
signu.s overlapped. However, when the free base was
pre:: -.red and its spectrum examined in the presence of the
lan:;: .iriide shift reagent. Eu(fod);s, the individual epimers
couiu be readily distinguished in a ratio of 1:1. The
thia.t ,idine C-3 proton appeared as two sharp singlets of
equcl intensity.

Scheme la

x

o II ]

PhCH^tONH-, f5^ o PhCHjCONH [J N- b ► J N
O COOR O COOCH—<

o

a Method A, R = Na; X = Br. Method B, R = Na; X =
OTos. Method C, R - COOEt; X = OH.

The preparation and characterization of most of the
compounds in Table I have been previously described.10
Three general procedures were used. The preferred
method—method A—was to condense an alkali or amine
salt of the penicillin with the appropriate 3-halolactone.
Alternatively, in place of the 3-halolactone, the corre¬
sponding arylsulfonate ester derived from the 3-hy-
droxylactone was used—method B. Method C consisted
of preparing the penicillin mixed anhydride mid reacting
this with the 3-hydroxylactone. Each of these methods is
illustrated in the Experimental Section and shown in
Scheme I below for the phthalidyl ester of benzylpenicillin.
3-Bromo- or 3-c.hlorolactones were readily prepared by

halogenation of the appropriate lactone.10 3-Hydroxy-
lactones were available via the corresponding y-keto acids
with which they are in equilibrium in solution. In the
preparation of the lactonyl esters of a-aminopenicillins it
was desirable to protect the a-amino function prior to
condensation. This was done by standard procedures,
most conveniently with the enamine protecting group
derived from methyl acetoacetate. This group was sub¬
sequently removed by mild acid treatment to regenerate
the amine.
In order to observe if the configuration of the ester

asymmetric carbon center had any effect on hydrolysis
rates and oral absorption, the individual epimers of the
phthalidyl esters of benzylpenicillin and ampicillin were
prepared as follows. Phthalidyl benzylpenicilhnate (3a)
was obtained in 45% yield by condensation of the po¬
tassium salt of penicillin G with 3-bromophthalide. The
crystalline product, mp 158-160 °C, was shown to consist
of a 1:1 mixture of epimers by the appearance in the NMR
of the thiazolidine C-3 proton as two sharp singlets, 5 4.82
and 4.87 in deuteriopyridine. Repeated fractional crys¬
tallization of this product afforded the individual epimers
designated 3b, mp 179 °C, and 3c, mp 169-171 °C, with
optical rotations unchanged on further crystallization.
Epimer purity was confirmed by the appearance in the
NMR of single sharp singlets for the C-3 proton at <5 4.82
(3c) and 4.87 (3b). These two compounds were treated
separately with phosphorus pentachloride followed by
methanol to cleave the phenylacetic acid side chain.
Without isolation the product, phthalidyl 6-a'mino-
penicillinate, was reacylated with t)(-)-a-aminophenyl-
aeetyl chloride hydrochloride to afford the individual
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Table L Lactonyl Esters of Penicillins0

Clayton et al.

H H H H

RCONH

0 * rQ0

C6H5CH2CONH

COOR

No. R X % yield Formula Analyses

2
3a
3b
3c
4a
4b
4c
5
6
7
8
9
10
11
12
13
14

15
16

17

(A) Phthalidyl Esters

C6H5OCH,
C.H.CH,
C.H.CH,
C0HSCH.
D-C6HSCH(NH2HC1)
D-C„H5CH(NH2HC1)
D-C4HSCH(NH,HC1)
C.H.CH',
D-C„H5CH(NH,HC1)
c,h5ch,
D C6HSCH(NHJHC1)
D-C,,HSCH(NH2HC1)
D-C„HSCH(NH2HCI)
d-c6H,CH(NH,HC1)
C4H5OCHj
C.H.CII,
C.Il .Cll,

C6riiCH,
d-c4HsCH(.NH2)

H O H 91

H O H 60
Hb O H 45
Hc O H
Hd o H

65'H 0 H
Hc o H 63k
H' C) H 72fc
H o 5-0Me 34
H o fi-OMe 51'
H o 5,6 (OMe), 4 J
II o 5,6 (OMo), 2fV
H o 4,5,6 (OMe), 7(8
11 c> 6 01 47'
H o 6 Ik 44'

CH, o H 32

C.H, 0 H 25
II s II 13

t T> \ Ciotonolaotonyl 1Esters
14
30

(C) Butyrolactonyl Esters

i 05

C27H24C1N,07

Cj4HJJNJ07S
c14h„n,o.s
c24h22n,o„s
C„H„N,OtS
C24H24C1NjO(,S
C24H14C1Nj06S
C24H24C1N j04S

1 c,5h,,n,o7s
C25H,„CIN ,o7s
C„II1.N,0".S
c2,h.#cin,o„s
c12h',0cin,o,s
CMII21CI,N,0(S
C,4H21BrClN ,06S
C jSH2 ,N,0 ,S
c2„m!„n2o6s
C,4H22N2OsS2

c„h11,n2o.s
C„H„ClN1OtS

c„.h22n2o6s

H, CI, N; C8

C,H, N, S
C, H, N, S
C, H, N
C, H, N
H, N; C,« Sh
H, CI, N, S;C*
H, CI, N, S;C«
C, H, N, S
H, CI, N; C,8 S1'
H, N,S;C«
II, CI, N, S;C«
H, CI, N, S;C«
II, N, S; C*
H, N,S;C«
C, H, N

H, N,S;C«

H, N; (>'
H, CI, N, S; C*

18
1

59 C20lI!2N2O43 C, H, N, S

° All penicillins were amorphous and obtained "s mixtures e.plrneiie at C, in the lactone function, unless stated otherwise.
' 1:1 epiineric mixture; [a]i0D + 223° (c 1, MeOH); mp 158-160 "C. Single epimer; [a J'"n +226 ' (c 1, MeOH); mp 179
°C. d Single epiincr; [%}WD +179° (c 0.C, MeOH); nip 169-171 C. " Single epimer; la ]2#D + 188" (e 1, MeOH). ' Single
epimer; [«]"'D +109° (c 1, MeOH). s Carbon analysis 1-2% low. h S: calcd, 6.19; found, 7.12. 1 S: calcd, 5.85; found,
4.51. ' Yield is esterification and deprotection. Yields of 4b and 4c from 3b and 3c, respectively.

epimers of la, namely, 4b and 4c as their hydrochlorides.11
The epimeric purity of 4b and 4c was again established
as greater than 95% by NMR in deuteriopyridine where
singlets for the thiazolidine C-3 proton were observed at
b 4.86 (4b) and 4.80 (4c).
Hydrolysis Studies in Vitro. The rates of hydrolysis

of the penicillin lactonyl esters listed in Table I were
determined in 90% human blood and in 0.05 fti potassium
phosphate buffer at pH 7 0. Esters 2 and la, 6, 8-11, 16
of the acid-stable penicillins, penicillin V (phenoxy-
methylpenicillin), and ampicillin, respectively, were also
examined after incubation at pH 2.0.
Results in Table II show that the rates of hydrolysis of

the esters were very much greater in 90% blood than in
phosphate buffer at pH 7.0. The esters of the acid-stable
penicillins showed no hydrolysis (<10%) at pH 2.0 over
a period of 25 min. From the point of view of oral ab¬
sorption, these results suggest that the lactonyl esters
possess satisfactory hydrolysis characteristics in that they

might Ire expected to be stable in the intestinal tract but
to be rapidly hydrolyzed by enzymes in the blood.
As can be seen from Table II, many of the esters \Vere

very rapidly hydrolyzed in 90% blood. It should be noted
thai for the ester of cloxacillin (1), the substrate con¬
centration was higher than for the other compounds and
this could increase the time taken for 50% hydrolysis
without affecting the rate of hydrolysis. The effect of
substitution ofmethyl (12) and phenyl (13) groups at the
3 position in the phthalidyl ring was to reduce the rate of
enzymic hydrolysis compared with the unsubstituted
esters. This was also the case when oxygen was replaced
by sulfur in the lactone ring; an appreciably slower rate
of hydrolysis in blood was observed for thioester 14
compared with its oxygen analogue 3a.
Another structural change which might be expected to

influence the rate of hydrolysis was that involving dif¬
ferences in configuration at the epimeric center (position
3, Table I) in the lactone ring. The results in Table III
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Tab!-- II. Hydrolysis of Lactc r.ylpenicillin Esters in
Phosphate Buffer and Human 3!ood

Time (min)
taken for 50%
hydrolysis

Penicillin ester"

In
phos¬
phate
buf-

In
90%

X;, Ester group Penicillin pH 7 blood

1 Phthalidyl C. oxacillin >25 12"
2 Phthalidyl Penicillin V >25 <2
3a Phthalidyl Penicillin G > 25 <2
4 a Phthalidyl Ampicillin >25 <2
5 6-Methoxy- Penicillin G >25 <2

phthalidyl
6 6-Methoxy- Ampicillin >25 <2

phthalidyl
7 5,6-Dimethoxy- Penicillin G >25 <2

phthalidyl
8 5,6-Dimethoxy- Ampicillin >25 5

phthalidyl
9 4,5,6-Trimeth- Arnpicillin >25 6

oxyphthalidyl
10 6-Chloro- Ampicillin 13 2

phthalidyl
11 6-Bromo- Ampicillin >25 14

ph thalidyl
12 3-Methyl- Penicillin V >25 >25

ph thalidyl
13 3-Phenyl- Penicillin G >25 10

phthalidy)
14 2-Thiophthalidyl Penicillin G >25 >25
15 Crotonolactonyl Penicillin G 22
16 Crotouolactonyl Ampicillin >25 < 2
17 3 Ifutyrotactonyl Penicillin G >25 <2
18 5-Butyrolactonyl Penicillin G >25 >25

" The concentration of all esters (not purity corrected)
was such as to give 5 iigfml of ampicillin, penicillin G, and
penicillin V and 50 ug/rnl of cloxacillin when completely
hydrolyzed.

Table III. Hydrolysis of the Epimers of the Phthalidyl
Esters of Penicillin G (3b,c) and Ampicillin (4b,c)

Hydrolyzing system

Time (min) required for
50% hydrolysis"

3b 3c 4b 4c

Phosphate buffered ;>25 >25 >25 >25
saline, pH 7.4

90% human blood <2 <2
10% human blood 7 <2 3 <2
2% human blood 10 4
40% human small 2 < 2
intestine homogenate

0.02% human liver 25 20

homogenate
" The concentration of ester

such as to give 5 Mg/ml of pare
i not purity corrected) was
r.t penicillin when coni-

pletely hvdrolyzed.

illustrate that one epimer (.'1
penicillin G hydrolyzed at a si-
in 10% human blood. The co

4b, of the same relative conf:
center a? 3b, was also observ;
slower rate than its epimer
dilute .: human liver and intes
blooc "he hydrolysis rate w
between 4b and 4c to be ob>
An investigation was made

phthahiylampicillin (4a) in h
the animal species used for ah

b; of the pbthalide ester of
wer rate than the other (3c)
.-responding ampicillin ester
miration at the ester chiral
-i to hydrolyze at a slightly
4c in diluted blood and in
tine homogenates. In 90%
as too fast for differences
erred.
of the hydrolysis rates of

i mogenates of tissues from
sorption studies. The data
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Table IV. Hydrolysis of the Phthalidyl Ester of
Ampicillin (4a) by Tissues of Rat, Mouse, Human,
and Squirrel Monkey

Time
(min)

required
for 50%

Species Tissues hydrolysis"
Rat 90% blood <2

2% blood 2
10% small intestine 3
homogenate

0.02% liver homogenate 13
Mouse 90% blood <2
Human 90% blood <2

10% blood 2
2% blood 7
10% small intestine 3

♦ homogenate
0.02% liver homogenate 25

Squirrel 90% blood <2
monkey 5% small intestine <2

homogenate
" The concentration of ester (not purity corrected) was

such as to g^ve 5 pg/nil of ampicillin when completely hy¬
drolyzed.

9 0% blood
1 0% blood
2 % blood

£
<

pH 7.4
bu ffer

M inures

Figure 1. Rate of hydrolysis of the phthalidyl ester of
ampicillin (4a) by human lilood.

in Table IV show that la was very rapidly hydrolyzed to
ampicillin by the blood and tissue homogenates of the rat,
mouse, and squirrel monkey as well as human.
Figure 1 shows the effect of different dilutions of human

blood on the rate of hydrolysis of the phthalidyl ester of
ampiciUin 4a to ampicillin. The rate was noticeably slower
in 2% blood compared with 90% blood although in both
cases hydrolysis was virtually complete after 25 min.
The mechanism of hydrolysis of lactonyl esters.is not

known with certainty. It was postulated by Agersborg that
the acetoxymethyl ester of penicillin G hydrolyzed by
initial cleavage of the terminal ester bond, followed by
spontaneous breakdown of the unstable hydroxymethyl
ester intermediate to give penicillin G and formaldehyde.6
A similar mechanism was assumed for the acyloxymethyl
esters of ampicillin and is represented in Scheme II, a.1
In the case of the lactonyl esters it is suggested that initial
cleavage of the lactone ring generates an unstable, sub¬
stituted hydroxymethyl ester which decomposes to form
the penicillin and an aldehydic acid (Scheme II, b).
Phthaldehydic acid was indeed detected in further in¬
vestigations in these laboratories12 and also by independent
workers as the initial product, formed when phthalidyl-
ampicillin (4a) was incubated with various animal tissues.13
In support of Scheme II b was the observation that the

3-butyrolactone ester of penicillin G (17) was readily
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Scheme II

Clayton et al.
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Table V. Penicillin Blood Levels in Squirrel Monkeys after Oral Administration of Lactonyl Esters"
Mean blood concn of parent penicillin, pg/ml

Penicillin Compel No. 0.5 h 1.0 h 2.0 h 4.0 h 6.0 h

Ampicillin Phthalidyl ester 4 a 7.0 8.2 7.6 1.3 0.4
6-Methoxyphthalidyl ester 6 8.3 1 10.6 8.7 3.3 1.0
5,6-Dirnethoxyphthalidyl ester 8 12.7 19.5 14.8 8.0 3.0

4,5,6-Trimethoxyphthalidyl ester 9 13.9 12.3 3.5 l.l 0.5

6-Chlorophthalidyl ester to 6.5 4.1 2.6 0.7 0.2
6-Bromophthnlidyl ester It 9,9 9.0 5.5 1.5 0.2
Crotonolactonyl ester 10 10.8 11.9 8.2 4.7 1.9

Trihydrate 9.3 10.8 6.0 1.9 0.7
Penicillin G Phthalidyl ester 3a 2.9 2.1 2.1 1.1 0.5

Sodium salt 3.1 1.5 1.2 0.3 0.1
Cloxacillin Phthalidyl ester 1 1.1 0.9 0.6 0.4 0.3

Sodium salt 8.2 4.8 2.0 0.5 <0.5
Penicillin V Phthalidyl ester 2 3.6 3.3 1.4 0.7 0.4

Potassium salt 10.9 14.9 11.0 5.2 1.2

a Single oral dose of ester equivalent to 100 nig/kg of free acid.

hydrolyzed to penicillin G by human blood (see Table II),
whereas no penicillin G was liberated when the isomeric
ester 18, in which the carbonyl ancl oxygen functions are
reversed, was incubated in blood. This is illustrated in
Scheme II c where it can be seen that the initial product
from 18 is an ester "n which the thiazolidine caiboxyl group
is linked to the ''-hydroxy! of 2.4-dihydroxybutyrLc acid.
Such an intermediate would not he expected to hydrolyze
further. Additional evidence relating to the initial cleavage
of 18 came from the observation that when 18 was in¬
cubated at 1 mg/ml in 10% human blood the pH of the
solution fell as it did with the control compounds 4a and
17. The fall in pH suggests an initial cleavage of the
lactone ring to form a stable hydroxy acid ester as depicted
in the Scheme II c.
Absorption Studies, Ten of the lactonyl esters de¬

scribed in Table I and their parent penicillins were each
administered as a single oral dose to squirrel monkeys and
the blood samples assayed for antibacterial activity in
terms of the parent penicillins (Table V). As hydrolysis
studies had shown that all of the esters were converted
within 30 ruin to their parent penicillins in squirrel monkey
blood and in view of the likely hydrolysis in the gut wall
and liver, the antibacterial material in the blood was

assumed to be all in the form of the parent penicillin.
The phthalidyl (la), 6-methoxyphthalidyl (6), and 6-

bromophthalidyl (11) esters of ampicillin gave rise to
ampicillin blood levels of the same order as those produced
by ampicillin trihydrate, and there was some enhancement
of ampicihin blood levels afier dosing the trimethoxy-
substitutec phthalidyl ester 9 and the crotonolactonyl ester
16. The 5.6-dimethoxyphthalidyl ester 9 produced the

highest levels of arupiciUin, and these were about twice as
high as those found after administration of the unsub-
stituted phthalidyl ester 4a or ampicillin itself.
The extent to which the phthalidyl ester group influ¬

enced the absorption of cloxacillin, penicillin V, and
penicillin G was variable and there was no correlation
between the oral absorption of the parent penicillins and
the penicillin blood levels produced by their esters. For
example, the phthalidyl esters of two moderately well-
absorbed penicillins, penicillin V and cloxacillin, produced
blood levels notably lower than those obtained with the
parent penicillins. Penicillin G was poorly absorbed by
the oral route and no improvement in levels was found
aft cr tiobing its phthalidyl ester to squirrel monkeys.
Esterification of the thiazolidine carboxyl group of a

penicillin increases its lipid solubility and the ester might
be expected to demonstrate improved oral absorption
properties. However, the poor oral absorption of the
phthalidyl esters of penicillin G, penicillin V, and clox¬
acillin is presumably a consequence of their inadequate
aqueous solubility in fluids within the gastrointestinal
tract. On the other hand, although the phthalidy! ester
of ampicillin is more lipophilic than ampicillin it retains
some degree of aqueous solubility by virtue of the hy-
drophilie amino group.
The adsorption of the phthalidyl ester of ampicillin (4a)

was further compared with that of ampicillin in the mouse,
rat, and fasting human volunteers in Table VI. Ester 4a
was well absorbed and gave ampicillin blood lev els two to
three times higher than produced by ampicilhn.
The serum and urinary concentrations of ampicillin

produced in fasting human subjects by oral administration

%
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cable VI. Ampicillin Blood Levels in Mouse, Rat, and Man after Oral Administration of the Phthalidyl Ester of
Ampicillin (4a)a

Mean concn of ampicillin, pg/ml
10 20 30 40 60 120 240 360

Species Doseb Compd min min min min min min min min

Mouse 50 mg/kg Ester 4a 7.6 5.0 3.2 1.2 0.4 0.1
Ampicillin 2.2 1.4 1.5 1.3 0.4 0.1

Rat 100 mg/kg Ester 4a 1.5 2.7 1.5 0.8 0.5
Ampicillin 1.2 1.4 0.7 0.2 <0.1

Man 250 mg Ester 4a 1.8 5.8 6.5 3.6 0.8 0.3

Ampicillin 0.3 1.7 2.4 2.2 0.9 0.2

c Blood concentrations in man were measured in serum. b Dose is expressed in terms of ampicillin free rcid.

Table VII. Absorption of Ampicillin Phthalidyl Esters in Human Volunteers

No.
of

Mean ampicillin serum concn, ug/ml

Urinary excretion
of ampicillin,

0-6 h

Dose, sub¬ 20 40 60 90 120 240 360 Concn, % of
Ester nig" jects min min min min min min min ug/ml dose

Phthalidyl (4a) 371 10 1.8 5.8 6.5 4.7 3.6 0.8 0.3 440 73
Phthalidyl 371 9 1.5 5.8 5.6 5.4 3.1 0.6 0.2 517 72

single epimer (4b)
Phthalidyl 371 9 1.5 5.5 5.3 4.1 2.5 0.5 0.1 465 68
single epimer (4c) v t

5,6-Dimethoxy- 413 10 l.G 6.3 7.6 4.8 4.0 1.0 0.4 494 81

phthalidyl (8)
Ampicillin 250 10 0.3 1.7 2.4 2.3 2.2 0.9 0.2 295 43

Weight of ester hydrochloride equivalent to an oral dose of 250 mg of ampicillin free acid.

of ester 4a, a 1:1 mixture of epimers, were compared with
those obtained by administration of the individual epimers
4b and it: and with ampicillin itself (Table VII). All three
esters produced very similar ampicillin concentrations in
serum which were two to three times higher than those
obtained with ampicillin. Likewise, the amount of am¬
picillin excreted in the urine in the 0-6-h period after
dosing was significantly higher with the esters (OB-73%)
compared with ampicillin (43%). Results are also shown
in Table VIT for the 5,6-dimethoxyphthalirlyl ester of
ampicillin (8), and it can be seen that levels of ampicillin
were slightly higher than those found after administration
of the unsubstituted phthalidyl ester.
The phthalidyl ester of ampicillin (talampicillin, BUL

8988) was selected for further studies in animals and in
man, and results obtained with this ester have been re¬

ported from these laboratories and, independently, by a
separate group of workers.13'14
Experimental Section
Chemistry. Melting points were determined using a Buclii

melting point apparatus and are recorded uncorrected. The
structures of all compounds were confirmed by their ir and NMR
spectra, the latter of which were determined as solutions in either
CDCfi or MeaSO-dy. The ir spectra were obtained with a Ter-
kin-Elmer 457 spectrophotometer and the NMR spectra with a
Yarian Associates spectrometer, Model A-60A. Optical rotations
were measured in a Perkin-Elmer polarimeter. Where analyses
are indicated only by symbols of the elements, analytical results
obtained for those elements were within 0.4% of the theoretical
values.
The three methods used for preparation of the esters in Table

I are illustrated below.
Method A. (i) Phthalidyl Benzylpenicillinate (3a~c).

Potassium benzylpenicillinate (2.0 g, 0.0054 mol) was dissolved
in dry DMF (5 ml) and cooled to Q °C. 3-Bromophlhalide (1.15
g. ' 0054 mol) in dry DMF (2 ml) was added in one portion to
the stirred penicillin solution. The reaction mixture was allowed
to warm to room temperature and.then stirred for a further 2 h.
The mixture was then poured into ice-cold water (60 ml) and
stirred vigorously. The white solid which separated was collected
ar.d washed well with HjO and dried (1.1 g, 45%). The amorphous

solid was rapidly crystallized from ethanol to give epimeric 3a:
nip 158 • 160 °C; [«|20t) -1-223° (c 1, MeOH). Repeated fractional
crystallization from 2-propanol of 3a afforded the individual
epimers 3b [mp 179 °C; frij"°ii +266° (c 1, MeOH)] and 3c [mp
169-171 °C; [«]%> +179° (c 0.5, MeOH)].
(ii) Phthalidyl D-ir-Aniinobenzylpenicillinate Hydro¬

chloride (4a). A fine suspension of potassium A'-(l-methoxy-
carbonylpropen-2-yl)-it-«-aminobenzylpeniciUinate (2.52 g, 0.005
rnol) and 3-bromophthalide (1.06 g, 0.005 mol) was stirred at
ambient temperature in a 1:2 mixture ofMe*CO KtOAc (150 ml)
for 24 h. After filtration the organic layer was washed twice with
25-nil portions of aqueous NaHCO;j, followed by 1TO, and dried.
The solution was concentrated in vacuo. Addition of a small
volume of Et?0 to the solution gave phthalidyl (1-methoxy-
Carbonylpropen-2-yl)-!>-a-aminobenzylpenicillinate as a white
amorphous solid (2.3 g, 81%).
The enamine-protecting group was removed from this product

by dissolving it (1 g) in aqueous Me2CO (1:1, 25 ml) and vigorously
stirring this solution at pH 2.5 for 1 h. Acetone was removed in
vacuo and deprotected 4a was salted out of the aqueous phase
as a sticky yellow gum. The material was dissolved in EtOAc (20
ml), washed with H;0, and dried. Careful addition of dry ether
(ca. 5 ml) to the EtOAc solution of the penicillin ester yielded
4a as a fine white amorphous solid (0.7 g, 80%).
Method B. 3-Methylphthalidyl Phenoxymethylpenicil-

linate (12). o-Acetylbenzoic acid (4.92 g, 0.03 mol) was dispersed
in dry F.tOAc (100 ml) and cooled to 0 °C. Dry pyridine (2.37
g, 0.03 mol) was then added to the stirred suspension, followed
by the dropwise addition of henzenesulfonyl chloride (5.31 g, 0.03
mol). The mixture was left overnight at 4 °C. Potassium
phenoxymethytpenicillinate (11.64 g, 0.03 mol) was added with
stirring to the benzenesulfonate ester solution and was allowed
to react for a further 18 h at ambient temperature.
The reaction mixture was filtered and the filtrate washed with

aqueous NallCCL, followed by H2O, and dried. Removal of the
solvent in vacuo yielded a yellow oil which was purified by
chromatography over silica gel using EtOAc-ligroine [bp 60-80
°C (4:1 ratio)] as eluent. 3-Methylphthalidvl phenoxymethyl-
penicillinate (12) was obtained as a white amorphous solid (2.5
g, 17%), with identical ir and NMR spectral properties as the
sample obtained by method C.
Method C. 3-Methylphthalidyl Phenoxymethylpenicil-

linate (12). Potassium phenoxymethylpenicillinate tU.64 g. 0.03
mol) was dispersed in dry CH2CI2 (200 ml) at -5 °C. To the stirred
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suspension. EtOCOCi (3.24 g, 0.03 mol) was added dropwise,
together with a catalytic quantity of pyridine, and the mixture
stirred at - 5 °C for 0.5 h. A solution of o-acetylbenzoic acid (4.92
g, 0.03 mo! i was added to the mixed anhydride of the penicillin
and the reaction continued at ambient temperature for 18 h.
Removal o: the solvent in vacuo gave a yellow oil. The oily residue
was taken up in EtOAc (250 ml); the resulting solution was washed
with aque-: us NaflCO.j, followed by H2O, and dried. The product
obtained after removal of EtOAc in vacuo was purified bv column
chromatography over silica gel using EtOAc-ligroine [bp 60-80
°C (4:1 ratio)] as eluent. 3-Methylphthalidyl phenoxymethyl-
penicillinate (12) was obtained as a white amorphous solid (4.7
g, 32%).
Tissue Hydrolysis Studies. Animals were killed by me¬

chanical means and the liver and entire small intestine (pyloric
junction to caecal junction) removed immediately. The small
intestines were flushed with water to remove gut contents and
all tissues kept frozen (-15 °C) until needed. Human liver and
jejunum were removed at postmortem examination after death
from bronchitis and emphysema. The tissues were immediately
frozen and kept frozen until needed. Liver samples were cut into
small pieces, washed with cold buffer, and blotted dry to remove
excess blcnid before homogenizing. The entire small intestine from
the rat was homogenized. The small intestine of the squirrel
monkey was cut into four sections of equal length and approx¬
imately 3 cm removed from the proximal end of each length and
homogenized. Tissues were homogenized at approximately 1.0%
(w/v) in cold (about 5 °C) 0.05 M potassium phosphate buffer,
pH 7.4, containing 0.15 M sodium chloride, using an Ultra Turrax
homoger.izer and diluted to the required concentration with, the
same buffered saline.

Blood samples were taken from live animals and healthy human
volunteers, heparinized and used immediately, neat, or diluted
with 0.05 M potassium phosphate buffer, pH 7.4. containing 0.!5
M sodium chloride.
The ampieiUin esters, being hydrochlorides, were dissolved in

distilled water at a concentration equivalent to I mg/ml of sodium
ampicillin. Esters of other penicillins were dissolved in acetone
at a concentration equivalent to 5 mg/ml of the sodium salt of
the parent penicillin. No correction was made for the purity of
the esters which was generally estimated at 90% or more. The
above solutions were immediately diluted with water to a con¬
centration of 50 pg/ml. A one in ten dilution of this solut ion w is
then rapidly made into the blood sample, tissue howugcnata, or
0.05 M potassium phosphate buffer so that the final concentration
of substrate ester was equivalent to 5 Mg/nil of the sodium sal),
of t' e parent penicillin. However, because of the lower anti-
bae'trial activity of cloxacillin the final concentration of its ester
was equivalent to 50 ug/ml of sodium cloxacillin.

Reaction mixtures were incubated at 37 °C and sampled at 3,
8, 15, and 25 min after mixing tissue with substrate. The 5-jut
samples were assayed immediately for liberated penicillin by the
bioelectrophoretic method.
Bioelect royhoresis Assay. Electrophoretic separation of ester

from liberated penicillin was carried out on starch-agar gel plates
at pH 5.5. a pH at which further enzymatic hydrolysis is markedly
reduced. Each plate was prepared by autoelaving a mixture of
1% soluble starch (Analar) + 1% agar (Oxoid Ionagar) in pH 5.5
buffer (0.57 g/1. of KH2PO4 + 0.047 g/1. of NaaHPO.f'klbO) at
121 °C for 15 min to form a molten gel. Approximately 120 ml
of this was poured into a 20 X 30 cm frame on a glass sheet. When
the gel was set the frame was removed and two rows of nine 1-mm
holes were punched along the length of the plate using a Pasteur
pipet. Four pairs of holes were then loaded with 5-ui aliquots
of reaction mixtures or control solutions, the remaining five pairs
of holes being filled with 5 gl of standard solutions of parent
penicillin dissolved in gut homogenate, liver hornogenate, blood,
or buffer as appropriate. When loaded, a voltage of 15 V/cm was
applied across the plate for 30 miq. Under these conditions
ampicillin esters migrate to the cathode at a faster rate than
ampicillir. which stays near the origin. Esters of the other
penicillins being neutral remain at the origin, whereas their free
acids migrate to the anode.
The plases were next covered with blood agar base (Oxoid)

inoculated with Sarcina lutea NCTC 8340. This was achieved
by inoculating molten blood agar base at approximately 45 °C

with S. lutea and pouring into the frame as for the electrophoresis
plates. When set, but still warm, this gel layer was slid from the
glass sheet onto the electrophoresis gel, any trapped air being
removed by gently running a clean glass rod over the surface. The
plates were then incubated at 30 °C overnight (18 h), after which
the diameters of the zones of inhibition due to liberated penicillin
were measured and used to calculate the concentration in the
reaction mixtures and controls.
Absorption in Experimental Animals. The esters were

administered pially as aqueous suspensions by intubation to (a)
squirrel monkeys (Saimiri sci^reus) weighing 500-1000 g, (b) male
albino mice, CSt strain, weighing 18-22 g, and (c) male albino
rats, Sprague- Dawley OLAC strain, weighing 350-500 g. The
compounds were administered at a dose of ester equivalent to
100 mg of penicillin free acid/kg to groups of six squirrel monkeys
or groups of five rats. Venous blood samples were taken at 0.5,
1, 2, 4, and 6 h after dosing. Mice were dosed with ester at a dose
equivalent to 50 mg of penicillin free acid/kg. Groups of five were
killed at 10, 20, CO, 120, and 2^9 min after dosing, and blood was
sampled from the cut axilla region. Blood specimens were he¬
parinized, stored aL 4 °C, and assayed on the day of sampling.
Absorption in Hainan Volunteers. Ampicillin esters 4a-c

and 8 were administered as their unformulated hydrochlorides
in plain gelatin capsules to groups of ten fasting human volunteers
as single oral (loses equivalent to 250 mg of ainpicillin pure free
acid. The dose of the phthalidyl ester was 371 mg and of the
5,6-dimethoxyp)uludidyl ester, 413 mg. Ampicillin was ad¬
ministered as its trihydrate. Venous blood was taken at 20 min,
40 min, L h, 1.5 h, 2 h, 4 h, and 0 h after administration and urine
was collected over the 6-h period after dosing.
Microbiological Assay. Concentrations of penicillins in

specimens of blood or urine after administration of the esters were
measured by large-plate microbiological assay with Sarcina lutea
NUTC 8340 as assay organism. Specimens of animal blood or
human serum Were assayed against standard solutions of the
appropriate penicillin prepared in animal blood or in pooled
human serum. Urine specimens of ampicillin were assayed against
ampicillin standard solutions prepared in 0.05 M phosphate buffer,
pll 7.0. The assay plates were incubated overnight at 30 °C,
inhibition zone diameters were measured, and the penicillin
concentrations of the test specimens were derived from standard
tines constructed from the standard solutions.
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Carbenicillin*: A New Semisynthetic
Penicillin Active against
Pseudomonas pyocyanea
E. T. KNUDSEN,t m.b., b.s., f.c.path.

G. N. ROLINSON,f d.sc. ; R. SUTHERLAND,f b.sc.

Carberxicillin (disoclium <r-carboxybenzylpenicillin ; BRL 2064)
is a new semisynthetic penicillin with a wide spectrum of
activity against Gram-positive and Gram-negative bacteria.
In particular, carbenicillin shows a certain level of activity
against Pseudomonas pyocyanea (Pseudomonas aeruginosa),
and the compound is also active against many strains of
Proteus vulgaris, Proteus rettgeri, and Proteus rnorganii, which
are typically resistant to ampicillin.
The structure of carbenicillin is as follows:

s

(/ —-CH. CO NH— CH CH \^CH3
\ / I I I I 013

COONa CO— N CH. COONa

T he compound, which should lie stored in the refrigerator, is
readily soluble in water, giving a clear neutral solution, which
shows no significant loss of activity after 24 hours at room
iemperature and is stable in the refrigerator for at least seven
days. In acid solution carhenieittin is relatively unstable, the
half-life at pi I 2 being approximately two hours at room
temperature and approximately 30 minutes at 37° C.

Antibacterial Activity of Carbenicilliri
The antibacterial spectrum of carbenicillin is shown in Table

I. Minimum inhibitory concentrations were determined by
serial dilution of the drug in agar, and one drop of an over¬
night broth culture of each organism was used as inoculum.
Carbenicilliu is active against Escherichia coli, Salmonella

species, Shigella species, Proteus mirabilis, and Haemophilus
* Pyopen is the registered trade mark of Beecham Research Laboratories

for carbenicitiin.
t Beecham Research Laboratories, Brentford, Middlesex.

COPYRIfiHT 's l%7. All rights of reproduction op this reprint are
resekve-.d in all countries op the world
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Table i.—Antibacterial Spectrum of Carbenicillin
Minimum Inhibitory
Concentration (;<g./mi.)*

Escherichia coli
Klebsiella aerogenes
Salmonella typhi
Shigella flexneri

50
250
12-5
5 0
50
50
2-5
50
2-5
5 0
0-5
0-5
50
0 25
25
0-5
1-25
0-5
0-25
0-25

Haemophilus influenzae
Staphylococcus aureus Oxford

„
_ aureusf

f-Haemolydc streptococcus
Streptococcus faecalis

„ pneumoniae
Bacillus sub litis
Sarcina lutea

_ .. ..
Clostridium tetani ..

it tvelchii

rettgeri
vulgaris

* Serial dilution in agar; inoculum ,one drop of an overnight
culture.

t Pentciilinase-producing strain.

influenzae, and in this respect the spectrum of activity is similar
to that of ampicillin, although carbenicillin is in general rather
less active than ampicillin. Most strains of Klebsiella aero¬
genes are resistant to carbenicillin and the level of activity
against enterococci (Streptococcus faecalis) is relatively low.
Carbenicillin is active against pyogenic streptococci, pneumo-
cocci, and penicillin-sensitive strains of staphylococci, although
the compound is considerably less active in this respect than
penicillin G or ampicillin. Carbenicillin is not stable to
staphylococcal penicillinase and is not active against penicillin-
resistant strains of staphylococci. The activity of carbenHllin
against several strains of Pr. vulgaris, Pr. rettgeri, and Pr.
morgana is shown in Table II. These species of proteus are
characteristically resistant to ampicillin, and in the experiment
shown in Table <1 all the strains required an ampicillin con¬
centration of at least 50 /xg./ml. to prevent growth. In con¬
trast, many of these strains were relatively sensitive to carbeni¬
cillin and in some cases were inhibited by concentrations as low
as 1.25 jag./ml. Strains of Pr. mirabilis, however, which are
resistant to ampicillin are also resistant to carbenicillin. The
reason for the activity which carbenicillin shows against certain
ampicillin-resistant proteus appears to be due to greater
stability of the compound towards the penicillinases produced
by these organisms. On the other hand, penicillinase-produc-
ing strains of Pr. mirabilis, like those of Kl. aerogenes, in¬
activate both carbenicillin and ampicillin.
The most significant feature of the antibacterial spectrum of

carbenicillin is the activity against Ps. pyocyanea. In terms of
the minimum inhibitory concentration the activity against this
pathogen is relatively low, since for most strains a concentration
in the order of 50 g,g./ml. is required to prevent growth. How-
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Table II.—Activity of Carbenicillin Against Ampicillin-resistant Strains
of Proteus

Minimum Inhibitory Concentration
(/ig./ml.)*

Carbenicillin Ampicillin

Proteus morganii
Lg '

1-25
1-25
1 25

50
50
50

rettgeri •rf
lb

1 25
2 5
12 5

50
250
250

vulgaris • [1.h
2 5
5 0
50
50

250

250
125
250

>500
>500

„ mirabilis *
r3
8b9

> 500
>500

>500
>500

* Determined by serial dilution in agar. The inoculum was one drop of an over¬
night broth culture, and M.I.C. values were read after 18 hours at 37° C.

ever, from tfie clinical point of view activity is essentially
meaningful in relation to the concentration of drug which can
be reached at the site of infection. Carbenicillin itself is
remarkably free from toxic effects (Acred et at., 1967) and can
be administered in sufficient dosage to obtain concentrations in
the serum which are inhibitory to typical strains of Ps. pyo-
cyatiea, arid the drug is also excreted in high concentration in
the urine.
One characteristic of the activity of carbenicillin against

Ps. pyocyanca is that in. serial dilution tests to determine the
minimum inhibitory concentration the drug does not show a
sharp end-point when the inoculum is very heavy. This is
illustrated in Fig. 1. Serial dilutions of carbenicillin in nutrient

Carbenicillin concentration (jig./m1.)
Fig. 1.—Activity of carbeniciJIin ag-iinst a typical strain of Ps. pyocyanea.

Serial dilutions of carbenicillin in nutrient agar were prepared in Petri dishes and an area of
the agar surface of each plate was inoculated, using a cotton-wool swab. An undiluted over¬
night broth culture of Ps. pyocyanea was used to inoculate the upper row of plates and a

1/100 dilution of the same culture was used to inoculate the lower row.
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agar '.'. ere prepared in Petri dishes and an area of the agar
surface of each plate was inoculated with an undiluted over¬
night broth culture of a strain of Ps. pyocyanea applied with
a cotton-wool swab. In this way the inoculum on each plate
was at least 10 million organisms. A similar series of plates
was also inoculated in the same way, using the same culture of
Ps. pyocyanea but diluted 1/100 to give an inoculum of
approximately 100,000 organisms. The strain of Ps. pyocyanea '
used in this experiment was a recent clinical isolate and was

typical with regard to its sensitivity to carbenicillin. With the
use of the undiluted culture as inoculum growth was very
markedly diminished at a concentration of 25 yig./ml. car¬
benicillin, but a number of colonies were present even at a
concentration of 50 pg./ml. and growth could only be said to
have been prevented on the plate containing 125 pg./m\. How¬
ever, when the inoculum was diluted 1 /100 inhibition of growth
was very pronounced at a concentration of 12.5 Jig./ml., and
at a concentration of 25 /ig./ml. only three or four colonies
were seen.

Thus, in experiments of the type shown in Fig. 1, with the
use of typical strains of Ps. pyocya"ea and a very heavy
inoculum level, some scanty grov.'th may be seen with concen¬
trations of carbenicillin as high as 125 /.i.g.Anl., and consequently
if the criterion of the "minimum inhibitory concentration" is
one of complete inhibition of all trace of growth the M.I.C.
with a heavy inoculum may well be as high as 250 y<.g./ml. or
more. However, the amount of growth at such concentrations
is extremely meagre indeed, and with an inoculum only slightly
smaller a sharp end-point is seen with complete inhibition of
growth at a concentration of carbenicillin of 25-50 jag./ml.
Tadib III.—Activity of CarbtniciMn Against Psendomonas pyocyanea

No. Minimum Inhibitory Concentration (/ig./ml.)• and No. of Strains

Strains 250 | 125 | 50 | 25 | 12-5 5 0

111 5 | 8 -j 61 j 31 j 6
* Determined by serial dilution in agar. The inocvlum was one drop of a 1/100

dilution of an overnight broth culture, and M.I.C. values were read after 18 hours
at 373 C.

Minimum inhibitory concentrations of carbenicillin for 111
clinical isolates of Ps. pyocyanea are shown in Table III. These
inhibitory concentrations were determined by preparing serial
dilutions of carbenicillin in agar as described above, and one
drop of a 1/100 dilution of an overnight broth culture of each
isolate was used as inoculum. It will be seen from Table III
that the majority of the strains were inhibited by a concentra¬
tion of 25-50 pg./ml. carbenicillin. In comparison, the
inhibitory concentrations of ampicillin and benzylpenicillin
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against most strains of Ps. pyocyanea are of the order of
1,000-5,000 /ig./ml. or greater.
The effect of the inoculum size on the determination of the

minimum inhibitory concentration is not due to destruction of
the drug as in the case df penicillin G and penicillin-resistant
staphylococci. Carbenicillin is itself stable to the penicillinase
produced by typical strains of Ps. pyocyanea. Furthermore,
the effect of inoculum size does not appear to be due to growth
of resistant mutants present in a large inoculum. When tests
are carried out using as inoculum the growth which occurs in
the presence of high concentrations of carbenicillin the result
obtained is the same as that seen with the original culture—
that is, marked suppression of growth at concentrations of 25
jtg./ml., but with scanty growth nevertheless persisting up to
a concentration as high as 125 /tg./ml.
As might be expected, this effect of inoculum size on the

minimum inhibitory concentration of carbcnicillin is also seen
with tests carried out in liquid medium. With a heavy
inoculum—for example, one drop of undiluted broth culture—
growth appears normal with formation of pigment and pellicle
up to a concentration of approximately 12.5 /xg./ml. cerbeni-
ciliin, but at 25 /ig./ml. there is generally absence of pellicle
and pigment and a markedly diminished amount of growth,
although complete inhibition of growth may be obtained only
with concentrations as high as 250 yrg./ml. With a slightly
smaller inoculum a sharp end-point is obtained, and with most
strains of pseudomonas the minimum inhibitory concentration
under these conditions is usually about 50 /tg./ml.
Carbenicillui is bactericidal, arid typical results with a strain

of Ps. pyocyanea are shown in Fig. 2. Over the first seven
hours a concentration of 50 gg./nil. usually results in a kill of
at least 99% of the original inoculum, but thereafter some
resumption of growth takes place which may even increase to a
visible amount after 24 hours. When this growth is used as
inoculum in a repeat test the same kill is again obtained over
the first seven hours, followed by a certain amount of growth.
The reason for this bactericidal effect followed by growth is not
known, but it would not appear to be due to the selection of
resistant mutants present in the original inoculum, nor is it due
to inactivation of carbenicillin during the experiment.

Development of Resistance
Experiments involving repeated subculture of staphylococci .

and various Gram-negative bacilli, including Ps. pyocyanea, in
the presence of carbenicillin, indicate that emergence of resi¬
stance takes place in a stepwise fashion which is characteristic
of penicillins.



Fig. 2.—Bactericidal activity of carbenicllUo
Pseudomonas pyocyarua.

Effect of Serum on Activity
Carbenicillin is not highly bound to serum proteins. Sen¬

sitivity tests carried out in human serum show that the activity
of carbenicillin is not significantly diminished in the presence
of serum. Determinations of the extent of binding by ultra¬
filtration indicate that in human serum approximately 53% of
the drug is unbound.

Disc Sensitivity Testing with Carbtnicillin
With 6-nim. paper discs containing 100 pg. carbenicillin all

strains of Ps. pyocyanea tested in this laboratory have given
zones of inhibition of 12-20 mm. with a heavy inoculum and
zones of 18-30 mm. with a dilute inoculum. With a heavy
inoculum a number of colonies are usually visible within the
zone of inhibition, although when these colonies are picked off
and retested they show the same sensitivity as the original
culture and again give rise to a number of colonies within the
clear zone of inhibition.
In the case of Gram-negative bacilli other than pseudomonas

—for example, E, coli and Proteus species—a 25-;ig. disc would
be suitable for sensitivity testing. With use of a heavy
inoculum inhibition zones of 20 mm. or more are usually
obtained with strains that are inhibited by 5 jug./ml. carbetii-
cillin.
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Absorption and Excretion in Man

Assay of Carbenicillin in Serum and Urine
The concentration of" carbenicillin in serum and in urine

was determined by the cup-plate biological assay method.
Details of the technique were as previously described (Knudsen
and Rolinson, i960) except that Ps. pyocyanea NCTC 10490
(Ellsworth strain, 1973) was used as test organism. Sardna
lutea and Staphylococcus aureus are unsuitable as assay
organisms because carbenicillin contains a small amount of
benzylpenicillin and this may appear in the serum and in the
urine together with the carbenicillin. Since S. lutea and
Staph, aureus are many times more sensitive to benzylpenicillin
than to carbenicillin, the presence of traces of benzylpenicillin
may invalidate the assay. Ps. pyocyanea NCTC 104S0, on the
other hand, is sensitive to carbenicillin but relatively resistant
to Ijcnzylpenicilliri. The culture is unusually sensitive to carbeni¬
cillin, showing a minimum inhibitory concentration of
approximately 1.25 /ig./ml., and using this strain it is possible
to assay concentrations of carbenicillin as low as 2.5 jug./ml.,
while benzylpenicillin at concentrations of up to 500 /j.g./ml.
fails to show any zone of inhibition. Standard solutions of
carbenicillin from 1 to 100 /i,g./ml. were prepared in human
serum, and, where necessary, serum specimens were suitably
diluted in human serum to give a level within this range of
concentration. For the assay of urine samples the standard
solutions of carbenicillin were prepared in M/20 phosphate
butter j>H 7, and urine samples were also diluted as required,
using the same buffer. ■

Oral Administration

Carberiidllin in gelatin capsules was given at a dose of
500 nig. to healthy fasting volunteers. Serum samples were
taken at i, 1, 2, 4, and 6 hours after administration of the dose,
and urine was collected over the period 0 to 6 hours. No
carbenicillin (that is, less than 1 ^g./ml.) was detected in the
serum, and the quantity present in the urine amounted to less
than 1 % of the dose administered. It would appear, therefore,
tliat carbenicillin is not absorbed to any appreciable extent
when administered oraliy.

Intramuscular Administration

Carbenicillin was administered by intramuscular injection to
groups of healthy adult volunteers as single doses of 250 mg.,



1

8

500 mg., and 1,000 mg. The 250-mg. dose was given in a
volume of 1 ml. of water for injection, and the 500-mg. and
1,000-mg. doses were dissolved in 2 ml. of water. Blood
specimens were collected 1, 1, 2, 4, and 6 hours after adminis¬
tration, and the urine was collected during the six-hour period
after dosing. Results of these studies are summarized in <
Table IV.

Table IV.—Mean Serum Concentrations of Carbenicillin After Intra¬
muscular Injection in Adult Volunteers

No. of
Subjects

Dose
(mg.)

Serum Concentration (/ig./ml.) % of Dose
Excreted
in Urine
over

0-6 hrs.5-hr. 1 hr. 2 hrs* 3 hrs. 4 lixs. 6 hrs.

10 250 5-9 7-9 5-7 2-6 <2 0 <2-0 71
9 500 13-7 17-7 13-2 — 2 0 < 20 82
16 1,000 21-6 25-3 22-1 — 10-9 3-7 34

Mean serum peak levels of 7.9 fig./ml. carbenlcillln were
obtained one hour after administration of the 250-mg. dose,
and these declined to <2 fig./'ml. after four hours. Increasing
the dose to 500 mg. resulted in serum concentrations twice as
high as those obtained with the 250-mg. dose, but these declined
to barely detectable concentrations. after four hours. Impres¬
sive results were obtained with the 1,000-mg. dose, the mean
serum concentrations being greater than 20 fig./ml. for the
first two hours after injection, falling to 10.9 fig./mi. at four
hours.
The amounts of carbenicillin excreted in the urine during

the first six hours after injection were 71% of the dose with the
250-mg, dose, 82% of the 500-mg, dose, and 84% of the
1,000-mg. dose, producing average carbenicillin concentrations
in the urine of 1,000 to 2,000 fig./ml. with the 500-mg. dose
and 2,000 to 4,000 fig./ml. with the 1,000-mg. dose.
The effect of probenecid was investigated in a crossover

study in which 10 subjects were given 1,000 rug. carbenicillin
by the intramuscular route. One week later the same subjects
took oral probenecid (1 g.) 10 hours and one hour before
receiving 1,000 mg. intramuscular carbenicillin. The adminis¬
tration of probenecid resulted in a marked increase in the
carbenicillin serum concentrations (Table V and Fig. 3) and in
a significant reduction in the rate of elimination of carbenicillin
from the serum.

Chromatographic examination of the mine after intra¬
muscular administration of carbenicillin showed no evidence
of the formation of biologically active metabolites.
Although carbenicillin is primarily of interest for its activity

against Ps. pyocyanea, the compound is active against a wide



range of bacteria, including E. coli and various ampicillin-
resistant proteus species, and it seems probable that Intra¬
muscular doses of 500 to 1,000 mg. carbenicillin might be
successfully used to attain serum, tissue, and urine concentra¬
tions adequate for the treatment of infections caused by these
organisms. On the other hand, the activity of carbenicillin
against Ps. pyocyanea is such that inhibitory concentrations of
carbenicillin with respect to this particular pathogen are not
likely to be achieved in serum and tissue by intramuscular

Table V.—Effect of Probenecid on Serum Levels and Urinary Excretion
of Carbenicillin in Healthy Adult Volunteers. (Carbenicillin Dose
1 g' by Intramuscular Injection)

No, of
Sub¬
jects

With probenecid* j
Without probenecid]

10
10

Mean Serum Concentration
(/<£./ml.)

i-hr. 1 hr.

25-7
26-8

399
29-4

480
22-2

4 hrs. I 6 hrs.

27-4
108

19*4
3 3

% of Dose
Excreted in
Urine over
0-6 hrs.

43
84

1 1 g. I hour and 10 hours before administration of carbenicillin.

Fig. 3.—Serum concentrations in human volunteers after
intramuscular and intravenous administration of 1 g. of

carbeniciilin.

dosing. Nevertheless, the urine concentrations attained after
intramuscular administration of carbenicillin are greatly in
excess of the minimum inhibitory concentrations of the drug
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against Ps. pyocyanea, and the results of clinical trials indicate
that 1,000 rrg. of carbenicillin given four times daily by the
intramuscular route may be adequate for the treatment of acute
urinary tract infections due to this organism.

Intravenous Administration

Two subjects were given 1,0C0 mg. of carbenicillin by slow
intravenous injection. The penicillin was dissolved in 10 ml.
of sterile water for injection and administered over a period of
three minutes. Serum concentrations of greater than 100 fj.g./
ml. carbenicillin were obtained during the first half-hour afte'
administration of the compound, although at four hours only
trace amounts of carbenicillin were detected (Table VI and
Fig. 3).
From the bacteriological studies, concentrations of carbeni¬

cillin in the order of 100 j*g./iril. would be expected to inhibit
the growth of most strains of Ps. pyocyanea, but in view of the

Tabcb VI.—Serum Concentration oj Carbenicilhn Alter Intravenous
Administration of 1

Scrum Concentration («g.'ml.)
Subject — ———

i-hr. t-hr. 1 hr. 2 hx*. 4 hn. 6 hrs.

A 140 127 60 28 3 7 <30
B 140 114 55 32 44 <3 0

rapid elimination of the drug from the body frequent adminis¬
tration would probably be necessary. In practice the results
of clinical studies have shown that, for the treatment of
septicaemia, tissue infections, and chronic urinary tract infec¬
tions due to Ps. pyocyanea, carbenicillin should be given at a
dose of 1 g. hourly by the intravenous route, preferably together
with probenecid, in order to maintain inhibitory concentrations
in the body.

Sutnmary
Carbenicillin is a new semisynthetic penicillin active against

Psetidomonas pyocyanea. The compound shows a broad
spectrum of activity against Gram-positive and Gram-negative
bacteria and is active against strains of Proteus vulgaris, Pr.
rettgen, and Pr. mosganii, which are typically resistant to
ampicillin. With a very heavy inoculum of Ps. pyocyanea
marked inhibition of growth occurs with carbenicillin at 25 to
50 jzg./ml., but some very scanty growtn may persist even at
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concentrations of 125 to 250 ^g./ml. With a slightly smaller
inoculum complete inhibition of growth occurs at 25 to 50
/xg./ml. Carbenicillin is bactericidal and is not highly bound
to serum protein. Carbetiicillin is not absorbed when given by
mouth, but high concentrations of the drug are obtained in
serum after intramuscular or intravenous administration, and
these levels are 'increased and are more prolonged with con¬
comitant use of probenecid. Carbenicillin is excreted in high
concentration in the urine.

We thank Dr. J. H. C. Nayler for preparing the carbenicillin
used in these studies, Air. D. Lawson for the photograph in Fig. 1,
and Mrs. Eleanor Faircldugh for technical assistance.
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New Semi-synthetic Penicillin
active against Pseudomonas

'

pyocyanea
Most of the semi-synthetic penicillins developed from
6-amino-penicillanic acid have little or no activity
against Pseudomona pyocyanea. x-Carboxybenzylpenicillm
(carbenicillin : BRL 2064), on the other hand, is active
against these organisrps and seems to be almost com¬
pletely non-toxic to man.

by P. ACR.ED, D. M. BROWN, E. T. KNUDSEN,
G. N. ROLINSON and R. SUTHERLAND

Beecham Research Laboratories, Brockham Park, Betchworth,

During the prepartition in these, laboratories of many
hundreds of semi-synthetic penicillins from 6-amiuo-
psnicillamc acid, activity against Paudomonas pyocyavea
(Paendotnonas aeruginosa)has been found only infrequently.
'This article describes investigations of tho properties and
pharmacology of one compound that has been selected for
clinical trial. Tho clinical results (to bo reported else¬
where) have shown that carbt nicillin has effective nuti-
Pvettdomanm activity when given to human subjects by
intramuscular or 'intravenous injection. As with most
penicillins, carbcuicillin is virtually non-toxic and has no
local irritant effects.

Chemistry
Tho introduction of ionized substituents into the side-

chain of bouzylpenieilliu (I) is known to lead in some cases
to enhanced activity against certain Grant-negative bac¬
teria, as in a.apicillin (II) which contains a basic x-
substituont. We now wish to report on an analogue with
an acidic oc-substitueiifc, namely x-carboxybenzylpenicillin
(III: carbenicillin).

Surrey

S

f V-CH—COXHCH—CH CMo. -

I III
ft CO—X——OHCOjH

I : R~ II (benzylpenicillin)
II : (aiupJciUin)
III : ft—CO.H^carbenieillin)

/\



Carbenicillin (which will shortly be available under the
registered trademark of 'Pyopen' from Bcechain Research
Lab. ratories) is supplied as the disodium salt and contains
5-0 per cent water. It is a white powder which dissolves
freely in cold water to give a solution with a />H between
6 and 8. Carbenicillin is only moderately stable to acid,
the half life at 21° C and pH 2-0 being about 110 miu and
at 37"' C and at pH. 2-0 about 30 min.

Or. prolonged storage, carbenicillin may decompose to
soul- extent into benzylpenicillin and carbon dioxide.
The presence of benzylpenicillin can readily bo detected
by paper chromatography in butanol-ethanol-wator
followed by development on an agar plate seeded with
B. ■ihbtilis. Carbeuicillm gives a zono of inhibition of
bacterial growth near the origin (Bp about 0 03) whereas
betizylpenicillin has an By of about 0-4. The technique is
sensitive because benzylpenicillin is considerably more
active than carbenicillin against Gram-positive bacteria.

Micobiology
Tine antibacterial spectrum of carbenicillin is shown in

Table 1. Serial dilutions of the drug were prepared in
agar in Petri dishes and the surface of the agar was inocu¬
lated using one drop of undiluted overnight broth cultures.
The minimum inhibitory concentrations were read after
incubation overnight at 37° (J. In some respects the anti¬
bacterial spectrum of carbenicilliu is similar to that of
ampicillin. For example, carbenicillin shows significant,
activity against penicillin-sensitive staphylococci and the
streptococci, although this is substantially lower than
that of ampicilliu or penicillin B. Also, carbenicillin is not
stable to staphylococcal penicillinase and in' relatively
inactive against penicillin-resistant strains of staphy-
locv-oci. Against Hemophilus influenzae, Escherichia coli,
Salmonella species, Shigella species and Protc.ua viirahilis,
caroenicillin shows u similar level of activity to that, of
ampicillin although, in general, the activity of carboui-
cilliii is some ..'hat lower. Like ampicillin. oarboiueillin
shows only a low level of activity against, most strains of
Klebsiella ae.roge.nea. The spectrum of eaibeniciUiu differs
from that of ampicilliu, however, with regard to Pseudo-
in..'>\as pyocyanea and certain Proteus species and curboni-
ciliin is primarily interesting because it is active against
these organisms.
Activity against Pseudomonas pyocyanea. Compared

wkh the activity one is accustomed to see with most
antibiotics of clinical value, the activity of carlxiuicillin
against strains of Ps. pyocyanea is low. Not many anti-
bevies are effective against Pseudomonas, however, and
in the case of those which arc active there are certain
problems of toxicity. Carbenicillin, on the other hand, is
remarkably free from toxic effects and this allows a
dosage to be used which can result in inhibitory con-

2
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Table 1. antibacterial spectrum of carbenicillix

Minimum inhibitory
concentration 0«j/m!.)*

Escherichia coli
Klebsiella nerogenes
Salmonella typhi
Shigella flexneri
Shigella sonnet *
PscudomoMw pyocyanea
Proteus mirobHis
Proteus morgan ii
Proteus reltgeri
Proteus vulgaris
Haemophilus influenzae
Slaphylocjyxus aureus Oxford
Staphylococcus aureus f
fi-fiaemolyt ic streptococcus
Streptococcus faecatis
Streptncoccus pneumoniae
Bacillus sut'tilis
Snrcina It. let
Clostridium felani

_

Clostridium icelchii

50
250-0
12-5
5-0
5-0
50-0
2-5
5-0
2-5

0 5
0-5
50-0
0-25
25-0
0-5
1-25
0 5
0 25
0-25

50

* Serial dilution in a«ar; InrJciiluin, one drop ofan overnight culture.
t i'emcitlinuse-producing strain.

contrations being reached in the body even though theso
levels oro comparatively high.
The activity of carbenicillin against seventy-four

strains of /V pi/ocyaneu is shown in Table 2. All the
strains were recent clinical isolates. It will bo seen that a
concentration of 50 jig/ml. carbeiiieillin was required to
inhibit the majority of the strains. Some strains were
inhibited hv 25 jig/ml. but other strains wore only in¬
hibited with eonceutrations as high as 12.5 jrg/ml. De¬
termination of the minimum inhibitory concentrations of
carbenieillhi is made difficult by the fact that typical
strains of J.'*, pyuci/anea do not show a sharp end point
When the inoculum i3 heavy (Table 3). When a heavy
inoculum is used, that is, one comprising 10" or more cells,
confluent growth occurs on agar containing concentrations
of eftihonicilliiv up to about 12-5 gg/ml., and at this con¬
centration of drug there i3 no evidence of any inhibitory
effect. At a concentration of 25 pg/rnl. carbonicillin,
however, growth is extremely scanty compared with the
control and (ho inhibitory effect of the drug at this
concentration is very marked, although growth is by no
means completely inhibited. At concentrations of car-
beuioiHin above 25 gg/ml., growth is extremely meagre,
taking the form of a very thin film which may only just be
discernible on the surface of the agar. Consequently, if
the criterion of the "minimum inhibitory concentration"
(MIC) is one of absolute inhibition of any trace of growth,
the MIC with a very heavy inoculum may well be as high
Table 2. Aonvrry or carbesiciliw aoainst Pseudmnona^ ptjocyunm

Minimum inhibitory concentration* (jig/ml.) and number of
strains

Jfo. of strains 250 125 50 25 12-5 5-0

71 6 50 15 3
* Determined bv serial dilution of the drug in agar: inoculum one drop

of overnight broth culture diluted 1/100.

3
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Table 3. EFFECT OF CARBENTCILUN OX TUF. GROWTH OF V TVPICAT, STRAIN"
OF Vs. puocyanea

Carbi.nieillin (ng/ml.)
Inoculum 500 250 125 50 25 12-5 5-0 2-5

Undiluted growth barely sparse growth with confluent growth
(about 10' cells) discernible some separate

colonies

Diluted 1/100 no growth semi-confluent
(about 10' cells) growth
Serial dilutions of carbenicillin prepared in agar aud the surface inoculated

by flooding with overnight broth culture

as 250 pig/ml. or more, as a result of the scanty growth
which occurs at concentrations of carbcnieillin of 25 gg/ml.
and greater. When a smaller inoculum is used in tho
sensitivity tests, a relatively sharp end point is obtained.
With an inoculum of about 10s cells a normal, pigmented,
semi-confluent growth is obtained on agar with concentra¬
tions of carbenicillin up to 12-5 pg/iul., but at 25 p.g/ml.
and over there is usually no growth at sill.
As might be expected, this effect of inoculum size on the

MfC of carbenicillin is also seen when the tests are

carried out in liquid medium. With a heavy inoculum,
groAvth appears normal with formation of pigment and
pellicle tip to a concentration of about 1.2-5 pg/ir.1. carbeni-
cillin, but at 25 pg/ml. there is no pellicle or pigment aud
growth is markedly diminished, although complete in¬
hibition of growth may only be obtained with concentra¬
tions as high as 250 pg/ml. With a smaller inoculum, a
sharp end point is obtained and with most strains of
Pseiulomonas the MIC under these conditions is usually
about 50 pg/inl.
This effect of inoculum size on tho MIC is outwardly

similar to that seen with penicillin 0 and periicilliuasc-
produeing staphylococci. CarbenicilHn, however, is itself
highly stable to the penicillinase produced by typical
strains of Fs. pyocyanea and the inoculum effect in this
caao is not due to destruction of drug, nor is the effect
cluo to the growth of resistant mutants present in tho
original inoculum. When sensitivity tests are carried out
on the growth which occurs in tho presence of high >,on-
centrations of carbeuicillin tho result obtained is tho same
as that seen with tho original culture, that is, marked
suppression of growth at concentrations of 25 pg/tnl. and
over, but with scanty growth nevertheless persisting up to
a concentration as high as 250 pg/ml. w hen the inoculum
is heavy.
Carbenicillin is bactericidal and typical results with a

strain of Fseudomonas are shown in Fig. 1. For tho first 7 h
a concentration of 50 pg/ml. usually result* in tho killing
of at least 99 per cent of the original inoculum, but some
resumption of growth takes place thereafter which may
oven increase to a visible amount after 24 h. When this
growth is used as inoculum in a repeat test, tiie same kill
is again obtained over the first 7 h followed by a certain
amount of growth. The reason fur this bactericidal effect

4
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Till'.B (!J)
Fit' I. llMt<>rki<l.tl activity of carbontcHiin against Paewlomonas

pi/ocyitneu. ©. Control: 0, 50 /o.'/ml.; A, 250 ;rg/ml.

followed by growth is not known, but it clous not seem to
bo duo to thn selection of resistant mutants present, in the
original inoculum.
Activity ago,ins! Iti. coli and Proteus species. Table 4

shows the activity of cmrbonieiUin tmd ampicillin against
strains of K. noli and Proteus species. Against E. coli,
earbouicillin shows activity equal to that of ampieillin
when tests ore carried our, using dilutions of the drug in
agar. An inoculumeffect is also seenwith E. coli, however,
similar to that described with Psmtdomonus. This effect
•is more marked with some strains of E. coli than othors
and it is also more pronounced when tho tests aro carried
out in liquid medium. Consequently the results of sensi¬
tivity tests with E. coli carried out in broth froquontly
show carbomeiliin to be markedly loss active than ampi-
cillin when the inoculum is large, but comparable with
lunpioillin in activity when a smaller inoculum is used.
Against P. mirabilis, carheuieillin shows the same

pattern of act ivity as does ampicillin, that is, penicillinase-
ptoducing strains are resistant while non-penieillinase-
proclucing strains are highly sensitive. Against strains of
P. marganii. reitgeri, and vulgaris carbenicilliii is interesting
in that many such strains which are resistant to ampicillin
are relatively sensitive to carbenicillin. This would appear
to be due to the greater stability of carbenicillin to the
penicillinase produced by these species of Proteus.

5
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Table4.activityop
CAKUKNICILUMANDAMlUCttLINAOAINHTE.coliANDProteUSHl'KCHW

No.of

MinimumInhibitoryconcentrationO'g/m!.)*andimmborofstrains
Organisms

strains

Compound

>250

250125502512-550
2-5

125

J'j.coli

51

carbemcillin

2

018

21

4

nmpieillin

1

13335
7

1

/',minihilinf

tl

oniifUliH amplnniiti

U

it

i

1

l\mirabilisJ

14

earbemcillin

3

11

ampiciltin

0

8

P.morganii

5

carbentcillin

4

L

nmpiclllin

23

P.retigeri

5

carbenicillin

3

2

ampicillin

3

11

i\vulgarin

0

cnrlxmlcllliu

1•I22
timpleiHin

5

1

*Determinedbyserialdilutionofthedruginagar;inoculumonedropofundilutedovernightbrothculture, tI■enieillhmso-producingstrains. JJNoii-peulcHiliiaHo-imnltic.lngstrains.
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Effect of scrum on activity. Carbenicillin is not highly
bound to serum proteins. Sensitivity tests carried out in
broth containing 95 per cent human serum show that the
activity of carbenicillin is not significantly diminished by
the presence of serum, and determinations by an ultra¬
filtration technique show that 53 per cent of the drug is
free in human serum. -

Disk sensitivity testing with carbenicillin. Using G mm
paper disks containing 100 gg earbenicillin, all strains of
Ps. pyocyanea tested in this laboratory have given zones of
inhibitions of 12-20 mm with a heavy inoculum and zones
of 1S-30 mm with a dilute inoculum. With a heavy
inoculum a number of colonies can usually be seen within
the zone of inhibition, although when these colonies are
picked off and re-tested they show the same sensitivity as
the original culture and again give rise to a number of
colonies within the clear zone of inhibition.
In the caso of Grani-negative bacilli other than Pseudo-

monas, for example, E. coli and Proteus species, a 25 gg
disk would bo suitable for sensitivity testing. Using a
heavy inoculum, inhibition zones'of 20 mm or more are
usually obtained with strains which are inhibited by 5
jig/ml. carbenicillin.

Animal Studies
General pharmacology. G'arbenieillin in doses up to

500 mg/kg intravenously had no marked effects on the
cardiovascular and respiratory systems and the autonomic
nervous systems of cats. At 500 mg/kg there was a slight
transient hypotensive effect which disappeared within
10-20 miri.

Absorption, distribution, and metabolism. Carbenicillin
is poorly absorbed orally in the rat, but after intramuscular
injection the penicillin becomes distributed throughout
the body in a similar manner to other penicillins. Rela¬
tively high concentrations of the penicillin appear in the
alimentary tract after intramuscular administration.
Chromatographic examination of intestinal contents and
tissue confirms the presence of the drug in the gut. This is
probably duo to tho excretion of bile containing carbeni¬
cillin into the intestine.
In order to determine the biliary excretion, the bile

duets of rats were cannulated with 'Polythene' tubing
(0-4 mm diameter) and the animals placed in metabolism
cages, after being injected with 100 mg/kg carbenicillin
intramnscularly. Bile specimens were obtained at intervals
ol 1 h over a period of up to C h after dosing. A total of
16-1 per cent of the penicillin was recovered from the bile
during thi3 period and 2S-S per cent of tho antibiotic was
recovered from tho urine over a period of 4 h.
Following intramuscular injection, of carbenicillin into

rabbits at a dose of 500 mg/kg, samples of cerebrospinal
fluid were withdrawn from the oistema magna at 0-5, 1, 2

7
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and 4 h and assayed. No antibiotic was found in the
cerebrospinal fluid, indicating a failure of carbenicillin to
penetrate the blood-brain barrier.
When given subconjunctivally, 0-5 ml. of both 10 per

cer.i and 25 per cent solutions of carbenicillin in xylocaine/
adrenaline solution B.P. gave concentrations up to 200
ug ml. in the aqueous humour. Detectable concentra¬
tions were present for a longer period after the injection
of the 25 per cent solution.

Prolonged toxicity studies in dogs. Thirty pedigree
beagle dogs were used in the study. They were housed
singly and fed with weighed quantities of dry diet twice
dady, the food intake being calculated. Unlimited supplies
of water were provided and, in addition, one-third of a
pint of milk daily was available.
The animals were divided into five groups of three males

and three females and were dosed as follows: group I,
commencing at 2 g/kg/day' subcutnneously; group 2,
500 mg/kg/day subcutarieously; group 250 mg/kg/day
subcutnneously; group 4, 250 mgskg/day intravenously;
group 5, controls dosed with saline suhcutaueously.
Carbenicillin was dissolved in physiological satiric so

that I g of carbenicillin was contained in 1-5 mi. of saline;
the solution was made up freshly each day. The clogs
wore weighed onco a week and the dose to be given during
the ensuing week was calculated. The intravenous in¬
jections weio given into the veins of the foreiimb. The
duration of dosing was It months for the subcutaneous
groups and 1 month for the intravenous group.
Clinical symptoms were recorded daily, body weight

once a week, food intake twice daily and ophthalmoscopic
examination was carried out jus'., before the dogs wnro
killed. Ilaomatologieal, biochemical, urinalysis and
serum glucose concentration tests were performed on all
dogs, onco before dosing began and at 4, 3 and 15 weeks
after dosing had begun.
All animals which died during the experimental period

were examined after death and all the remaining animals
were killed at the end of the dosing period. The internal
organs were examined' macroscopicaliy and the brain,
pituitary, heart, lutigs, liver, spleen, pancreas, thymus,
prostate/uterus, kidneys, thyroids, adrenals and gonads
were removed and weighed. Portions of these tissues,
together with sections of aorta, trachea, cervical and
mesenteric lymph nodes, salivary glands, various levels
of the alimentary tract, gall bladder, skin from injection
sites, sciatic nerve, optic nerve, eye, skeletal muscle and
bone marrow, were fixed and stained with haemutoxylin
and eosin. Additional sections of the liver and kidney-
were specially stained for fat.
There were no doaths from drug toxicity and only one

accidental death. There were no observable changes in
general physiology, apart from slight local swelling of

8



tissues around the sites of intravenous injections. Severe
local swelling, pain, "cyst formation", but little ulceration,
occurred when the subcutaneous route was used for the
highest dose level. At 500 mg/kg/day, moderate dis¬
turbances resulted, whereas at 250 mg/kg/day there was
only minimal evidence of local irritation.
There was some suppression of weight gain associated

with a suppression of appetite at the highest dose level by
subcutaneous injection, the animals receiving 6-9g/kg/day.
Local irritation rather than the systemic absorption of
carbeiiieiUm may have been, the chief cause of this loss
of weight gain, because while at 250 mg/kg/day by intra¬
venous injection there was no weight suppression, less
weight was gained by the same dose level given by the
subcutaneous route.
A slight reduction in the serum potassium concentration

occurred after 4 weeks at the highest subcutaneous dose
level but was not seen later. In two dogs dosed for 4
weeks by intravenous injection at 250 mg/kg. there was
some reduction in the concentrating power of the kidney.
No effect on the kidney was found in a repeat test at
500 mg/kg intravenously.
Only local tissue damage was found on macroscopic

examination at ■ post-mortems and only local irritant
reactions at the injection silos were found on histological
examination. There was no evidence of organ damage.

Prolonged toxicity studies in rats. Doses of 250, 500
and 1,000 mg/kg carbeuicillin were given subcutaneously
to groups of thirty Sprague-Dawley caesarian-derived
rats from the Charles River Breeding Laboratories,
Wilmington, Massachusetts, fifteen males and fifteen
females to each group, over a period of 13 weeks. The
rats had access to weighed quantities of autoclaved
Spillers 'Laboratory Animal' diet and to tap water. The
solutions of the drug were prepared freshly each day and
administered in a volume of 0 4 ml./lOO g. Two injection
sites wore chosen for each rat, each site being used on
alternate days. Throughout the course of the tost a
record of food consumption and body weight change was
kept daily and the moan weekly intake per rat calculated.
Urinalysis and haomatology were carried out at the
beginning of dosing and at 4, S and 12 weeks. At tho
end of the test all tho animals were killed by anaesthetiza-
tion with other followed by oxsanguination.
After the post-mortem examination, all tho essential

organs were prepared for histological examination. No
histological or clinical effects attributable to the drug were
detected throughout tho course of tho dosing apart from
a trend in tho top group towards a slight f*l! in the red
blood count.
Local irritancy studies. Tho local action of carbenicillin

was determined in the rabbit eye after subconjunctival
injection and after topical application. In the first
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series of experiments two animals each were allocated
to groups which received 0-2 ml. of a 25 per cent, 10 per
cent or 1 per cent solution of carbenicillin, respectively.
The 25 per cent solution of curbenkillin was prepared in
xylocaine adrenaline solution B.P., ir. order to reduce the
painful response to the hypertonic solution. All the
animals were observed twice daily for one week after the
injections and any inflammatory responses were recorded.
At the end of the period the rabbi's we.e killed and the
eyes and surrounding tissues removed for histological
examination. The 10 per cent and 1 per cent solutions
produced very little reaction with only a very mild
inflammatory response, and the histological examination
showed no damage. The .25 per cent solution, however,
caused inflammation with leucocytic infiltration within
3 h of the injection. Within 4S h, however, the reaction
had subsided and by the end of the test period there was
no evidence of inflammation.

0-2 ml. of a 25 per cent solution of carboniciliin was
applied for 2 ruin to the eyes of rabbits after which the
antibiotic was washed out with warm saline. The eyes
of the control animals were treated with saline in the same

period of rime. The animals were treated twice a day for
3 days. They wore then killed on tii* fourth day and the
tissues removed for histological t .canu .fu ion. After the
first application of the 25 per cent solution there was a
slight inflammation of the conjunctive in one animal
which iasted 24 li, but on post-mortem examination no
damage was observed; otherwise log&l application caused
no ill effects.
Carbenieillin was also given by intramuscular injection.

Twelve vv.bbils were closely shaven across the dorsum and
two injection sites chosen in each of two saero spinalis
muscles •••' iht> back. One site was injected with I ml. of a
50 per cent concentration of earh.-nk'illm in saline and
the other with 1 ml. of saline. 4 days later the animals
were killed and the treated areas prepared for histological
examination. At all the sites which received the drug
there va.s fibrolysis and necrosis accompanied in five
animal ; by oedema.

Effect.? »n pregnant rats. Spnurue-TXxwley caesarian-
derived rats from the Charles River Breeding Laboratories
Wilmington, were used. The animals were allowed to
mate, the day of mating being judged by the appearance
of the vaginal plug. Dosing began on day 0 of pregnancy
up to and including day 15. Throe groups of twenty
females were taken, group 1, the control group, being
dosed with saline, while groups 2 and 3 received respec¬
tively lOt' and 500 mg/kg carbeni- illin in physiological
saline, subcutaneously. The volumes of all injections
were standardized to 0-2 ml./iOO £r body weight. The
animals were given free access to Spillors 'Laboratory
Animal' diet and to tap water and were closely observed

10



throughout pregnancy. On day 21 the animals were
killed and the uterine contents examined for the number of
viable young, resorption sites, litter weight and foetal
abnormalities. The young were examined externally
after removal from the uterus, one-third being retained
for detection of visceral abnormalities and the remaining
two-thirds for subsequent dissection of animals followed by
clearing and staining of the skeleton by alizarin to detect
skeletal abnormalities.
No obvious signs of maternal reactions were observed

during the test, but treatment with carberiicillin was
associated with a slight retardation in body weight gain.
Conception rate, average litter weight and size were not,
however, significantly affected by the treatment and there
was no ineidonco of abnormalities due to the drug.
Effect on pregnant mice. Groups of twenty-two mice

were mated and troaSted in a similar way to the rats in the
rat pregnancy study except that the animals were killed
on the seventeenth day of pregnancy when the uterine
contents were similarly examined.
C'arbenicillin had no effect on the body weight changes

in the mouse, and conception rate, litter size and foetal
loss wore unaffected at either dosage. There was also no
incidence of abnormalities and skeletal deformities due
to the drug treatment.
Peri- and post-natal development of the rat. Tests were

carried out to determine the effect of earbenicillin on

male and female rats before mating and through gestation
and lactation to the twenty-first day after birth. Daily
doses of 100 and 500 rag/kg of earbenicillin were adminis¬
tered subeutaneousiy throughout this period.
Parent animals were unaffected, as assessed by daily

observation, body weight change, conception rate,
length of the gestation period, and parturition. Litter
size, litter and mean pup weights and pup loss of rats
receiving 500 mg/kg wore unaffected at birth or after 4 or
21 days. The increased pupmortality recorded at the lower
dosago of 100 mg/kg was therefore considered to be un¬
related to the treatment. No abnormal pups were found.
We conclude that carbeuioilliu at dosages of 500 mg/kg

end below does not adversely affect the peri- and post-natal
development of the rat.

Absorption and Excretion in Man
The following absorption and excretion studies were

undertaken in order to determine a suitable dosage and
route of administration for a proposed clinical trial.
Assay methods. The concentration of carbenicillin in

serum and in urine was determined by the cup-plate
biological assay method. Details of the technique were as
described previously1 except that Pseudomonas pyocyanca
NCTC 10490 (Ellsworth strain, 1973) was used as the test

1 1



organism. Sarcina lutea and Staphylococcus aureus are
unsuitable as assay organisms because carbonicillin
contains a small amount of benzylpenicillin and this may
appear in the serum and urine together with the carbeni-
cillin. Because Sarcina lutea and Staph, aureus are many
times more sensitive to benzylpenicillin than to carbeni-
cillin the presence of traces of benzylpenicillin may
invalidate the assay. Ps. pyocyanea NCTC 10490. 011
the other hand, is sensitive to carbenicillin but is relatively
resistant to bonzylpenicillin. Tho culture is unusually
sensitive to carbenicillin, showing an MIC of about
1-25 [jtg/ml., and it is possible to assay concentrations of
earbenicilliri as low as 2-5 pg/ml. using this strain, while
bonzylpenicillin at concentrations of up to 500 pg/ml.
fails to show auy zone of inhibition. Standard solutions
of carbenicillin from 1-100 pg/ml. were prepared in human
serum, and where necessary the serum samples were
diluted with human serum to give a concentration within
this range. For the assay of urine samples tho standard
solutions of carbenicillin were preparer! in O 05 molar
phosphate buffer pH 7-0 and urine samples were also
diluted as required using tho same buffer.
Oral administration. After a dose of 500 mg cai honiciliin

in gelatine capsules to healthy adults in tho funting state,
no earbenioillm (that in, <1-0 pg/ml.) could be delected
in serum samples taken at 0-5, 1, '2, 4 and (1 h after
administration.
Carbenicillin was detected in tho urine, which was

collected over the 6 h period after tho administration of
the drug, but the quantity present in tho urino amounted
to less than 1 per cent of tho dose administered, it. would
appear, therefore, that earbenioillm is not absorbed to any
extent when given by mouth.
rnlrtitnimiular administration, Carbeniciilin was admini¬

stered by intramuscular injection to healthy adults in
doses of 260 mg, 500 irig and 1 g dissolved in water for
injection. The 250 mg dose was dissolved in a volume of
1 ml. and the 500 mg and 1 g doses wore administered in a
volume of 2 ml. The serum concentrations obtained are

shown in Table 5.
It will bo seen that intramuscular injection resulted in a

high concentration of carbenicillin in serum with a peak
at about 1 li after injection. Thereafter tho serum, levels
fell relatively quickly and about. 80 per cent of tho dose
appeared in the urine over the first .6 li.
Table 0 shows results for the effect of probenecid on

the serum levels and the urinary excretion of earbonicilliri.
Table 5. mean serum concentrations OP CAUEr.NTCir.UN amur intra¬

muscular injection in adult volunteers

Xo. of 1)099 Serum concentration (/*g/ml.)
subjects (mg) 0-5 h 1 h 2 h 3 h 4 h 6 h

10 250 5-9 7-9 5-7 2-6
0 500 13-7 17-7 13-2 - 20
16 1000 21-6 26-3 22*1 - 10-i) 3 *
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Tabic I!. EFFECT OF PROBENECID OX SERUM LEVELS AXD URINaRY EXCRETION
OF CAKBENIOILLIN IN HEALTHY ADULT VOLUXTSSKS

Percentage
of dose

excreted in
tto. of Moan serum concentration (a? Lil.) urine over
subjects 0-5 li 1 h 2 h 4 h G h O-G it

Willi probenecid* 10 25-7 39-9 48-0 27-4 19-4 43
Without probenecid 10 26-8 20-4 22-2 10-8 3-3 S4
Carbenicillin.dose 1-0 g by intramuscular injection.
* 1 g 1 ii and 10 h before administration of carbenicillin.

Probenecid was administered to healthy adults in a dose
of I g 10 h, and again I h, before the intramuscular admini¬
stration of 1 g carbenicillin. It will be seen that pro¬
benecid produced a substantial increase in the peak levels
of carbenicillin obtained in serum and the rate of elimina¬
tion of the drug frotii the serum was markedly diminished.
Chromatography of human urine, obtained after intra¬

muscular administration of earbenicillin, indicated that
the drug does not undergo any substantial metabolism in
the body.
Intravenous administration. Results arc shown in

Table 7 for the serum levels obtained after intravenous
injection of 1 g carbenicillin. This amount was dissolved
in 10 ml. water and administered over a period of 3 min.
Although the drug was eliminated rapidly from the blood
it will be seen that serum levels in excess of 100 pg/ml.
were obtained during the first 30min after administration
of this dose.

Tabic 7. settbst concentration of oakbenicillin after intravenous
administration OF 1 g

Scrum concentration (ug/mJ.)
Subject 0-25 h 0 5 ti lh 2 h 4 1i fill
A 140 127 GO 28 3-7 <3 0
F 140 114 55 32 4 4 <30

Corbenivillin'levels in serum and in urine in relation to ■

antibacterial activity. As a result of the extensive elimina¬
tion of the. drug by way of the kidneys, relatively high
concentrations of carbonicillin are obtained in the urine.
In the studies involving a dose of 500 mg by intramuscular
inject ion, the concentration in the urine collected over the
first 0 li was generally 1,000 -2,000 pg/nil. This is con¬
siderably in excess of the concentration of drug required
to inhibit the growth of Ps. pyocyanea. On the other
hand, it is questionable whether intramuscular injection
of 1 g carbenicillin at intervals of 6 h, even in conjunction
with probenecid, would result in tissue concentrations
which would bo inhibitory towards typical" strains of
Ps. pyocyanea. The minimum inhibitory concentration
of carbetiicillin for most, strains of Ps. pyocyanea appears
to be 50-100 jjtg/ml., and although the drug is not highly
bound to serum protein (about 50 per cent is bound) it
would probably be desirable to achieve serum levels some-
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what in excess of 100 pg/ml. This can. readily be attained
by intravenous administration.
In addition to the activity which carbenicillin shews

against Ps. pyocyanea, the drug is active against other
pathogens, including E. coli, and also strains of Pivteus
morg^':ii, P. rettgeri and P. vu'paris which arc generally
resistant to ampicillin. On the basis of the in i-i:ro
sensitivity of these latter organisms to carbonicillin, the
serum concentrations achieved by intramuscular admini¬
stration of the drug might be adequate and the levels
attained in urine are again greatly in excess of the mini¬
mum inhibitory concentrations.
The results obtained in these studies suggested that for

clinical trials on the therapeutic effectiveness of carbe-ui-
eillin in urinary tract infections, a suitable dosage might
he 1-0 g by intramuscular injection at intervals of 6 h.
The Treatment of pseudomocas septicaemia, wound
infections and tissue infection in general would require the
intravenous infusion of carberacillin (with or without
probenecid) in order to attain inhibitory serum and tissue
concent rat ions.

We thank our colleagues for experimental assistance and
Mr F. P. Doyle for advice and guidance. Vi e also thank
Dr A. X. Worden and his colleagues at Huntingdon
R(;s-arch Centre for their assistance with the loug-t-: m
toxicity studies on carbanicillm (lH'iL2o0i4).
.Uei'f'ive! May 9, 1907.
1 KriU'K- :k K. T,,nnd "Rollnson, G. N., Br\.r. Med. 700 (1900).
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Carbenicillin, a New Semisynthetic Penicillin
Active Against Pseudomonas aeruginosa

G. N. ROLIXSON and R, SUTHERLAND
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Betclnvorth, Surrey, England

Carbenicillin, a new semisynthetic penicillin, was found to have a broad
spectrum of activity against gram-positive and gram-negative bacteria, includ¬
ing Psendomonas aeruginosa. Carbenicillin was also active against those Pro¬
teus species which are generally resistant to ampicillin and cephalosporins.
The activity of the compound against penicillin-resistant staphylococci was
limited, and strains of Klebsiella were generally resistant. Like other peni¬
cillins, carbenicillin is bactericidal and is not highly bound to serum pro¬
teins. Against P. aeruginosa, carbenicillin and gentamicin showed a syner¬
gistic effect.

The availability of 6-aminopenicil-
lanic acid has led to the preparation of
a great number of semisynthetic peni¬
cillins. Notable among the semisynthetic
penicillins which have proved to be im¬
portant in clinical practice are ampicil¬
lin, which shows a broad spectrum of
activity, and the penicillins which are
stable to staphylococcal penicillinase,
e.g., methicillin and cloxacillin. The
new semisynthetic penicillin carbenicil¬
lin shows a wider range of activity then
ampicillin and possesses activity against
Pseudomonas aeruginosa, as well as
against strains of those species of Pro¬
teus typically resistant to ampicillin.

Materials and Methods

Carbenicillin (BUL 2064, produced by
Beecham Research Laboratories as Pyopen)
is c-carboxybenzylpenicillin (Fig. 1). The
material was used as the disodium salt.

Carbenicillin is readily soluble in water,
giving a clear solution with a pH between 6.0

/S\/CH3CH.CO.NH—CH —CH C
CH-,

COOH CO-N— CH.COOH

«-carboxybenzylpenicillin

I i^;. I. t./lrhtiiit itliu 'Hill. 2IH.4K

and 8.0. At room temperature, solutions of
carbenicillin showed no significant loss of ac¬
tivity after 24 hr, and such solutions could be
held under refrigeration for at least 1 week
without appreciable inactivation. Under acid
conditions, carbenicillin was relatively un¬
stable; the half-life at pIf 2 was approximately
30 min at 37 C.

Determination of the antibacterial activity
of carbenicillin was complicated by the fact
that, as cuxu-cntly available, it contains a small
amount of benzvlpenicillin. The material used
in this study contained approximately l?c ben¬
zylpenicillin, which could have contributed to
the activity of the preparation.

Antibacterial activity was determined by
serial dilution in nutrient agar in petri dishes
which were inoculated with a replicating de¬
vice delivering an inoculum of 0.003 ml. Ser¬
ial dilution tests were also carried out by use
of 5-ml amounts of nutrient broth which were

inoculated with one drop (0.05 ml) of culture.
The inoculum used in these tests was usually
an undiluted overnight broth culture of the test
organism, but in certain tests with P. aerugi¬
nosa a 1:100 dilution of this inoculum was

used. Inhibition of growth was recorded after
incubation overnight at 37 C.

Results and Discussion

The observed activity of carbenicil¬
lin against gram-positive bacteria is
shown in Table 1. The compound was
active against penicillin-susceptible
staphylococci, streptococci, and pneumo-
cocci, although the level of activity shown
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Table 1. Activity of carbenicillin against gram-pocilivc bacteria

Organism
No. of
strains

Minimal inhibitory
concentration (pg/ml)"
Carbenicillin Ampicillin

Staphylococcus aureus (penicillin-sensitive). . . . 7 1.25-2.5 0.05-0.1
S. aureus (penicillinase-producing) 12 12.5-125 5.0->500
£-Hemolytic Streptococcus 6 0.5-1.25 0.02
S. pneumoniae 5 1.25-2.5 0.05
Streptococcus pneumoniae 4 50 1.25
Clostridium tetani 1 0.25 0.025
C. uelchii 1 0.25 0.025
Bacillus subtilis 1 1.25 0.25
Sarcina lutea 1 0.5 0.005

"Serial dilution in ^ blood-a^ar: inoculum, one drop of
was considerably lower than that of
ampicillin. Carbenicillin was also active
against Clostridium species, but strains
of Streptococcus faecalis were relative¬
ly nonsusceptible.

Carbenicillin showed some degree
of stability to staphylococcal penicil¬
linase, and thus was more active against
penicillin-resistant staphylococci than
benzylpenicillin or ampicillin; however,
this activity was considerably lower than
that of cloxacillin. In Table 2, the ac¬
tivity of carbenicillin against 34 strains

in overnight broth culture.
of penicillin-resistant staphylococci is
compared with that of benzylpenicillin,
ampicillin, and cloxacillin. The major¬
ity of the strains were inhibited by car¬
benicillin at a concentration of 25 fig/ml,
and a substantial number were inhibited
at 12.5 Mg/ml. Results of these tests,
in which a large inoculum was used (ap¬
proximately 106 cells), reflect the rela¬
tive stability of carbenicillin to staphy¬
lococcal penicillinase.

As shown in Table 3, the activity
of carbenicillin against gram-negative

Table 2. Activity of carbenicillin against 34 penicillinase-producing
strains of Staphylococcus aureus

Penicillin
Minimal inhibitory concn (pg/ml)n

"

>500 500 250 125 50 25 12.5 1.25 0.5 0.25

Carbenicillin 3'' 3 17 11

Benzylpenicillin 17 7 2 8

AmpieiUin 4 3 11 6 9 1

Cloxacillin 4 21 9

"Serial dilution in nutrient apar: inoculum, one drop of an overnipht broth culture.
''Number of strains for which indicated concentration was inhibitory.

Table 3. Activity of carbenicillin against gram-negative bacteria

Organism
No. of
strains

Carbenicillin concn (pg/ml)"
>250 250 125 50 25 12.5 5.0 2.5 1.25 0.5 0.25 0.1

Escherichia coli . . 181 19'' 5 4 4 25 53 59 12
Klebsiella aerogenes 49 23 7 6 7 3 O

u 1
Paracolons 10 2 1 1 3 3
P> oteus tnirabilis. . 48 8 3 1 3 15 18
Salmonella species. 6 1 4 1

Shigella species. . . 2 1 1

Haemophilus influ¬
enzal 12 4 4 4

"Serial dilution in nutrient apar: inoculum, on drop of an ovcrnipht broth culture.
''Number of strains for which indicated concentration was inhibitory
'"Tested on chocolate-blood-apar.
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bacteria was similar to that of ampicil-
lin. Carbenicillin was only slightly less
active against Haemophilus influenzae
than ampicillin. Most strains of Esch¬
erichia coli, Proteus mirabilis, Salmo¬
nella, and Shigella species, and paracolon
organisms were also relatively suscepti¬
ble. On the other hand, strains of Kleb¬
siella aerogenes were generally resistant.
Of a total of 181 strains of E. coli
tested, 124 strains (69%) were inhibited
by carbenicillin at a concentration of
5 pg/ml. This level of activity is simi¬
lar to that of ampicillin against this
particular pathogen. In general, E. coli
strains and paracolon organisms resist¬
ant to ampicillin were also resistant to
carbenicillin; however, some strains
were encountered which were resistant
to ampicillin but relatively susceptible
to carbenicillin. Against P. mirabilis,
carbenicillin was only slightly less ac¬
tive than ampicillin; strains which were
resistant to ampicillin were also resist¬
ant to carbenicillin.

Table 4. Activity of carbenicillin against ampicillin- resis tant Proteus species

Organism
M inimal nhibitory conen a g • m I)"

Carbenicillin Ampicillin Cephaloridine

P. morganii
A 1 .23 50 500
F 1.23 50 500
G 12.5 125 >500
H 1.25 50 500
I 5.0 250 250

P. rettgeri
A 1.25 50 >500
B 12.5 250 i 500
C 2.5 50 >500
D 2.5 500 >500
F 1.25 50 250
I 2.5 250 >500

P. vulgaris
A 5.0 125 250
D 12.5 500 > 500
E 5.0 250 500
G 50 >500 >500
H 250 >500 > 500
I 2.5 250 500

P. mirabilis
8 >500 >500 50
889 >500 >500 12.5

"Serial dilution in untriedr a^ar; inoculum, one drop ot an undiluted nutrient culture.

The activity of carbenicillin differed
markedly from that of ampicillin with
regard to strains of P. morganH, P. rett-
geri, and P. vulgaris. These Proteus
species are typically resistant to ampi¬
cillin and also to cephaloridine, but many
strains of these species were suscepti¬
ble, to carbenicillin (Table 4). This would
appear to be due to greater stability of
carbenicillin to the /3-lactamases pro¬
duced by these particular organisms.

The activity of carbenicillin against
P. aeruginosa is shown in Table 5. When
the minimal inhibitory concentrations
were determined by use of a very heavy
inoculum (106 to 107 cells), very sparse
growth sometimes persisted beyond the
point where the major inhibition of growth
occurred; when this was the case, com¬
plete inhibition of growth was obtained
only witli high concentrations of carbeni¬
cillin; often, as much as 250 pg/ml was
required. This effect was particularly
evident when the tests were carried out
in liquid medium. However, when a
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Table 5. Activity of carbenicillin against 206
strains of Pseudomonas aeruginosa

Minimal inhibitory cone.-. No. of
(Pg/ml)" strains

250 13
125 23
50 89
25 64
12.5 7
5.0 2
2.5 4
1.25 4

"Serial dilution in nutrient agar: inoculum, one drop
of a 1:100 dilution of an overnight culture.

slightly smaller inoculum was used, e.g.,
one drop of overnight broth culture di¬
luted 1:100, containing approximately 10 s
cells, a relatively sharp end point was
obtained. Under these conditions, the
majority of clinical isolates tested were
inhibited by carbenicillin at a concen¬
tration of 50 pg/ml, and about 40% were
inhibited by a concentration of 25 pg/ml.
Approximately 18% of the strains en¬
countered required a concentration of
carbenicillin as high as 125 to 250 pg/ml
for inhibition. However, concentrations
of carbenicillin which failed to inhibit

growth completely nevertheless at times
exerted a marked influence on growth.
This was apparent from the absence of
pigment formation and from the grossly
altered morphology.

Against strains of P. aeruginosa,
carbenicillin frequently showed a syner¬
gistic effect in combination with genta-
mlein (Table 6). In experiments carried
out in nutrient broth with a very heavy
inoculum, an ill-defined end point oc¬
curred, as discussed above, and rela¬
tively high concentrations of carbenicil¬
lin were required for complete suppres¬
sion of growth. Thus, the minimal
inhibitory concentrations for carbenicil¬
lin in these experiments were generally
higher than were those in experiments
(Table 5) in which a slightly smaller
inoculum was used. Nevertheless, it is
clear (Table 6) that carbenicillin and
gentamicin exerted a marked synergistic
effect. With gentamicin alone, concen¬
trations of 0.5 to 5.0 pg/ml were re-

Table 6. Activity of combinations of car¬
benicillin and gentamicin against

Pseudomonas aeruginosa

Strain

Minimal inhibitory conen (Pg/ml)"
Carbeni¬
cillin

Gentamicin

Alone
With 25 pg
of carbeni-
cillin/ml

With 50 pg
of carbeni-
cillin/ml

R28 50 0.5 0.12
R62 50 0.5 0.25 —

R5 125 0.5 0.25 0.05
R2S 250 0.5 0.12 0.12
A 250 0.5 0.12 0.12
R1 250 5.0 0.25 0.05
R52 500 1.25 0.25 0.25
R160 >500 1.25 0.25 0.25

"Determined in nutrient broth inoculated with one drop
of an overnight broth culture.

quired for inhibition of growth, but in
combination with 25 pg of carbenicillin
per ml, gentamicin was inhibitory for
all strains in a concentration of 0.25 pg
or less per ml.

This synergistic effect of carbenicil¬
lin and gentamicin is also illustrated in
Fig. 2. Various concentrations of car¬
benicillin and gentamicin, alone and in

Concentration of carbenicillin ^>jq/mly
O 25 50 IOO

Fig. 2. Activity of carbenic if fin and gentam ic in in
comb it. at ion against Pse ndnmonas aeruginosa.
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combination, were prepared in agar, and
each plate was inoculated with an undi¬
luted overnight broth culture of a typical
strain of P. aeruginosa. With gentami-
cin alone, heavy growth occurred with
concentrations as high as 5.0 jig/ml
and complete inhibition of growth was
obtained only with concentrations of
12.5 jig/ml. Similarly, with carbenicil-
lin alone, inhibition of growth was not
complete even at a concentration of 100
fig/ml. However, a concentration of 50
jig of carbenicillin per ml in combina¬
tion with 1.25 jig of gentamicin per ml
was completely inhibitory, and a concen¬
tration of 25 jig of carbenicillin per ml
in combination with 2.5 ug of gentami¬
cin per ml was almost completely in¬
hibitory. Similar results were obtained
with other strains of P. aeruginosa.

Carbenicillin is not highly bound to
serum proteins. Determinations of the
extent of binding by means of ultrafil¬
tration indicated that in human serum

approximately 53% of the drug was un¬
bound, compared with 41% unbound drug
in the case of benzylpenicillin. Suscep¬
tibility tests carried out in human serum
showed that the activity of carbenicillin
against Pseudomonas was not significant¬
ly diminished in the presence of serum.

The activity of carbenicillin against
P. aeruginosa was considerably lower
than that of polymyxin or gentamicin, but
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the compound appeared to be virtually
nontoxic (1, 5). It should therefore be
possible to administer carbenicillin in
dosage adequate to produce inhibitory
concentrations in the body (4, 5), even
though these concentrations may be rela¬
tively high. Brumfitt et al. (2) and Jones
and Lowbury (3) have already shown that
carbenicillin is clinically effective in the
treatment of Pseudomonas infections.
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COMPARATIVE ANTIBACTERIAL ACTIVITIES OF CARBENICILLIN
AND OTHER BROAD-SPECTRUM ANTIBIOTICS

R. Sutherland and G. N. Rolinson

Beecham Research Laboratories, Betchworth, Surrey, England

Carbenicillin is the most recent of the semi-synthetic penicillins to be introduced into clinical prac¬
tice. Like ampicillin, carbenicillin is a broad-spectrum penicillin active against a wide range of
Gram-positive and Gram-negative bacteria, but unlike ampicillin, carbenicillin shows significant
activity against Pseudomonas aeruginosa and certain P -lactamase-producing Proteus species (Knud-
sen, Rolinson and Sutherland, 1967). The structure of carbenicillin is shown in Fig. 1.

OA /ch3CH.CO.NH.CH— CH C. „..
| I I I Ch3
CO.O.Na CO — N — CH.CO.O.Na

Disodinm a-carboxybenzylpenicillin

Carbenicillin, BRL 206l(.
Fig. 1. Structure of carbenicillin.

The activity of carbeniciliin against various Gram-positive bacteria is compared with that of arr.pi-
cillin in Table 1 where it can be seen that carbenicillin shows significant activity against pyogenic-
streptococci, pneumococci and penicillin-sensitive staphylococci, although the level of activity s-
gainst these organisms is considerably less than that of ampicillin. Similarly, carbenicillir. is less
active than ampicillin against Listeria monocytogenes, Corynebacterium diphtheriae, Bacillus species
and Clostridium species. The compound is also relatively inactive against Streptococcus faecalis.

Table 1 Activity of carbenicillin against Gram-positive bacteria

Minimum inhibitory
concentration* (jig./ml.)

Organism
Carbenicillin Amoicilliii

Staph, aureus
(penicillin sensitive) 1.25 0.05

Staph, aureus
(penicillin resistant) 12.5-125 5.0 - >500

p-haemolytic streptococcus 0.5 0.02

Strep, pneumoniae 1.25 0.05

Strep, faecalis 50 1.25

Listeria monocytogenes 1.25 0.1

Corynebacterium diphtheriae 1.25 0.05

Bacillus anthracis 2.5 0.25

Bacillus subtilis 1.25 0.25

Clostridium welchii 0.25 0.025

Clostridium tet&ni 0.25 0.025

* Serial dilution in agar: inoculum
one drop of overnight broth culture.

Carbenicillin is more stable to staphylococcal penicillinase than is ampicillin and, as a resur.,
carbenicillin is significantly more active than ampicillin against penicillin-resistant staphvlococci
(Fig. 2). However, the stability of carbenicillin to staphylococcal penicillinase is only partial and
it is not certain whether it is of clinical significance.
Against Gram-negative bacteria carbenicillin shows a wider spectrum of activity than ampicillin,

being active against ampicillin-sensitive bacteria and also against certain ampieillin-resistant organ-
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Antibiotic concentration (ug./ml.)

Fig. 2. Activity of carbenicillin, ampicillin, cloxacillin and cephaloridine against
penicillin-resistant staphylococci 'Number of strains shown in parentheses).

Table 2 Activity of carbenicillin against Gram-negative bacteria
Minimum inhibitory

concentration* (pg./ml.)
Organism

Carbenicillin Ampioiliin

Escherichia coli 5.0 5.0

Klebsiella aerogenes 250 500

Salmonella typhi 12.5 1.25

Shigella sormei 5.0 2.5

Proteus mirabilis 2.5 1.25

Proteus morganii 5.0 125

Proteus rettgeri 2.5 50

Proteus vulgaris 5.0 50

Pseudomona3 aeruginosa 50 >500

Vibrio cbolerae 2.5 2.5

Haemophilus influenzae 0.5 0.25

Neisseria gonorrhoeae 0.02 0.01

Bordetella pertussis 0.25 1.0

Pasteurella septica 1.25 0.25

Brucella abortus 2.5 0.5

.s:r.s such as f-'s. aeruginosa and some Proteus species (Table 2). The relative activities of earheni-
•. .i.tii s'.d arupucillin agair-st 84 strains of Escherichia coli are illustrated in Fig. 3. It can be seen
that both penicillins show a similar level of activity/ most strains being inhibited at concentrations
of 5.0 ng./ml. or less. Strains of E. coli which are resistant to ampicillin are also generally re¬
sistant to carbenicillin, but a small proportion of ampicillin-resistant strains are relatively sensitive
to carbenicillin (Table 3). Table 3 also shows that ampicillin-resistant strains of Shigella sonnei may

Serial dilution in agar: inoculum

one drop of overnight broth culture.
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be significantly more sensitive to carberuoiliin than to ampicillin. This is probably due to the rela¬
tive stability of carbenicillin to the ,3 -iac'sniase produced by these organisms. Carbenicillin and
ampicillin show a similar level of activity against Proteus mirabilis and both compounds are signifi¬
cantly more active than cephaloridine and tetracycline (Fig. 4). Ampicillin-resistant strains of P.
mirabilis, however, are also resistant to carbenicillin. Carbenicillin shows high activity against,
certain /S -lactamase-producing Proteus species, viz. P. morganii, P. rettgeri and P. vulgaris
which bring about the destruction of ampicillin arid also cephaloridine. It will be seen from Table 4
that many of these strains are inhibited by carbenicillin in the- range 1-5 fig. /ml. Klebsiella species
are generally insensitive to carbenicillin as is the case with ampicillin and the relative activities of
these penicillins together with cephaloridine and tetracycline are shown in Fig. 5.

100 r

0 I- i—=—

t I i i » ■ ' 1 1 1

1.25 5-0 25 125 5oo

Minimum inhibitory concentration (pg./ml.)

Fig. 3. Activity of carbenicillin, ampicillin, cephaloridine and
tetracycline against 84 strains of Escherichia coli.

Table 3 Activity of carbenicillin against ampicillin-resistant strains
of Escherichia coli and Shigella sonnei

Minimum inhibitory concentration* (ug./ral.)
Organism numbcr of strains

>500 500 250 125 50 25 12.5 5.0 2.5

Escherichia coli
(1S strains)

anpicillir 6 2 b ?. 3 1
carbenicillin 6 2 2 2 2b

Shigella sonne.i
(79 strains)

acipicillin 8 1 60 10
cephaloridine 9 66 b
carbenicillin 9 2 b9 19

* Serial dilution in agar: inoculum
one drop of overnight broth culture.
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1.25 5.0 25 125 500
Minimum inhibitory concentration (pg,/ml.)

Fig. 4. Activity of cnrbenicillin, ampicillin, cephaloridine and
tetracycline against Proteus mirabilis (Number of strains shown in
parentheses).

Table 4 The relative activities of carbenicillin, ampicillin, and
cephaloridine against ampicillin-resistant Proteus species

Minimum inhibitory concentration*(ug./ml,)
Organism

Carbenicillin Ampicillin Cephaloridine

Proteus A 1.25 5C 500
morganii F 1.25 50 500

G 1.25 50 >500
H 1.25 50 500
J 1.25 125 >500
I 1.25 125 500

Proteus A 1.25 50 250
rettgeri I 5.0 250 >500

B 12.5 250 >500
C 12.5 500 >500

Proteus A 5.0 125 50
vulgari.3 I 2.5 250 ?50

E 5.0 250 500
D 5.0 500 500
G 50 >500 500
H 250 >500 >500

Proteus 8 >500 >500 25
mirabilis 869 >500 >500 25

15 >500 >500 50

Serial dilution in nutrient agar; inoculum,

one drop of an overnight broth culture.
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100

80

60

L0

20

1-25 5.0 25 125
lininum inhibitory concentration (pg./ml.)

Fig. 5. Activity of carbenicillin, ampicillin, cephaloridine and
tetracycline against Klebsiella species (Number of strains shown
in parentheses),

The activity of carbenicillin against Ps. aeruginosa is an important feature of this broad-spectrum
penicillin since only a limited number of antibiotics show useful activity against this organism. The
relative activities of a number of broad-spectrum antibiotics are shown in Table 5 and it can be seen
that 75% of the strains tested were inhibited by carbenicillin at a concentration of 50 ^g./ml. or less
in contrast to ampicillin and cephaloridine which were inactive. Tetracycline and chloramphenicol
both show some activity against Pseudomonas but the clinical use of these antibiotics for the treat¬
ment of Pseudomonas infection would be severely restricted by problems of toxicity. Carbenicillin
on the other hand appears to be remarkably non-toxic. Consequently, despite the relatively low level
of antipseudomonas activity in vitro, carbenicillin has proved to be a useful addition to the limited
number of antibiotics available for the treatment of infections due to Ps. aeruginosa (Brumfitt,
Percival and Leigh, 1967; Rooyen, et al., 1967; Clifton-Bligh, Mezo and Edwards, 1968; Richardson,
et al., 1968; Stratford, 1968; Cooper, Rice and Penfold, 1969; Labowitz and Holloway, 1969; Schaeper,
1969). In addition, the wide spectrum of activity of carbenicillin should prove valuable in the treat¬
ment of a number of other infections caused by Gram-negative bacteria.

Table 5 Relative activities of carbenicillin, ampicillin, cephaloridine,
chloramphenicol, kanamycin, streptomycin and tetracycline against
20 strains of Pseudomonas aeruginosa

M.I.C »* (pg./ml.) and number of Btraine
Antibiotic >500 500 250 125 50 25 12.5 5.0 2.5

Carbenicillin 1 If 11 3 1

Ampicillin 20

Cephaloridine 20

Chloramphenicol 3 5 11 1

Kanamyoin 8 8 2 2

Streptomycin 12 1 2 L 1

Tetracycline 5 15

• Serial dilution in nutrient agar;

IdoouIuu, one drop of an overnight culture.
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The assay of carbenicillin in clinical specimens is complicated by the fact that
carbenicillin also contains a small amount of benzylpenicillin, thereby precluding
the use of conventional penicillin assay organisms. This report gives details of a
microbiological assay method involving the use of a strain of Pseudomonas aeru¬
ginosa which is very sensitive to carbenicillin but insensitive to benzylpenicillin.
The outline of a microassay method with this organism is presented, and a method
for the assay of specimens containing mixtures of carbenicillin and other anti¬
biotics is described

Carbenicillin (a-carboxybenzylpenicillin; "Pyo-
pen." Beecham Research Laboratories) is a
broad-spectrum penicillin which is of interest
because of its activity against gram-negative bac¬
teria in general and against Pseudomonas aerugi¬
nosa in particular (1). The treatment of severe
infections generally requires the administration of
large doses of carbenicillin (2, 11), and it may be
desirable to measure the carbenicillin content of
appropriate specimens of body fluids to ensure
that the required inhibitory concentrations are
being achieved or maintained.
The microbiological assay of carbenicillin is

complicated by the fact that the material available
at present contains a small proportion of benzyl¬
penicillin (about 1%) which is produced as a
result of decarboxylation of carbenicillin during
manufacture. Consequently, after the administra¬
tion of carbenicillin to patients, specimens of
body fluids will contain a small quantity of
benzylpenicillin as well as carbenicillin; since
benzylpenicillin is many times more active than
carbenicillin against the assay organisms normally
used in the assay of penicillins in body fluids, the
presence of even small quantities of benzylpenicil¬
lin could have a significant effect on the assay oT
carbenicillin with these organisms. It is desirable,
therefore, that carbenicillin be assayed with an
organism which is sensitive to carbenicillin and
resistant to benzylpenicillin. In early studies with
carbenicillin (1, 7), an assay method involving a
carbenicillin-sensitive strain of P. aeruginosa
NCTC 10490 was described briefly. This report
gives further details of assay methods of carbeni¬
cillin in body fluids.

Present address: Pfizer, Ltd., Richborough Plant, Sandwich,
Kent, England.

MATERIALS AND METHODS

Carbenicillin, the disodium salt of a-carboxybenzyl¬
penicillin, is readily soluble in water (S5 g/100 ml at
20 C), giving a clear neutral solution. Its structure is
shown in Fig. 1. Specimens of body fluids may be kept
in the refrigerator at 5 C for up to 1 week or at — 20 C
for several weeks without significant loss of carbenicil¬
lin activity. Carbenicillin powder should be kept in a
cool place because degradation occurs more rapidly
at temperatures above 15 C.

Basic assay method. Large, rectangular glass plates
(30 by 30 cm) were filled to a depth of approximately
4 mm with molten nutrient agar (Oxoid no. 2) seeded
with a 0.05% inoculum of an overnight broth culture
off. aeruginosa NCTC 10490 (ATCC 23389). When
the agar was solid, holes 7 to 8 mm in diameter were
punched in the seeded agar with a modified cork
borer, and the plugs of agar were removed with a
lancet or broad needle. The holes were filled in a

random fashion in replicate with suitable dilutions of
tire test specimens or with standard solutions of
carbenicillin. Serum specimens were diluted in pooled
human serum or with 3% bovine albumin v in 0.05 m
phosphate buffer (pH 7.0). Urine specimens were
diluted in 0.05 m phosphate buffer (/)H 7.0). Standard
solutions of carbenicillin were prepared in serum or
buffer as appropriate over a range of 100 to 1.0 y.g of
carbenicillin per ml. The plates were incubated over¬
night at 30 C; diameters of the zones of inhibition
were measured, and the carbenicillin concentrations
of the test specimens were derived from the standard
line.
Microassay method. Molten nutrient agar was

seeded as above with P. aeruginosa NCTC 10490.
Assay plates were prewarmed and were filled rapidly
with a minimal volume of the seeded agar to give
an agar layer 1 mm or less, if possible, in depth. The
test specimens, serum, lysed blood, heparinized blood,
or cerebrospinal fluid were diluted, if considered nec¬
essary and 0.02 ml of specimen was pipetted onto filter-

264
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S

/ ^ CH—CO-NH-CH-CH C(CH,)„
II I
CO—N —CH COONa

Fig. 1. Molecular structure ofcarbenicillin. Molecu¬
lar weight is 422.4.

paper discs (Whatman AA discs) 6 mm in diameter
with a standard dropping pipette. Standard solutions
of carbenicillin (100 to 1.0 uS of carbenicillin per ml),
prepared in the appropriate diluent, were pipetted onto
paper discs in a similar fashion. The discs containing
the test specimens and standard solutions were pressed
on the surface of the seeded agar plate with sterile
forceps. The plates were incubated overnight at 30 C,
and the zones of inhibition were measured as described
above.

Removal of benzyipenicillin from carbenicillin. Ben-
zylpenicillin was eliminated from laboratory standard
carbenicillin by treatment with a penicillin acylase
enzyme preparation, which hydrolyzed benzylpenicil-
lin to the relatively inactive 6-aminopenicillanic acid
but had no etfect on carbenicillin. Penicillin acylase
was prepared as described by Cole and Sutherland
(4). A conical flask (500 ml) containing 50 ml of a
nitrogen-enriched (Yeatex) medium plus 0.15% phen-
ylacetic acid was inoculated with 0.5 ml of an over¬

night nutrient broth culture of Escherichia coli NC1B
S473 and incubated overnight at 30 C on a rotary
shaker. After incubation for 18 hr, 0.5 ml of /(-butyl
acetate was added to the culture, and shaking was
continued for a further hour by which time the culture
was nonviable. A 2.0-ml volume of the suspension of
killed cells was added to 20 mg of carbenicillin in 18.0
ml 0.05 m phosphate buffer (pH 8.0). The mixture of
cells and carbenicillin was incubated at 37 C for 4 hr
and filtered through a Seitz filter to remove the E. coli
cells and to eliminate penicillin acylase activity. The
treated carbenicillin and standard solutions of un-

tret.red carbenicillin and benzylpenicillin were spotted
(6 ^liters) on filter-paper strips (Whatman no. 1, 1 cm
wide) and chromatographed with a butanol-ethyl
alcohol solvent system (/z-butanol-ethanol-water,
4:1:5, v/v, top phase). Chromatography was carried
out overnight at 5 C and the chromatograms were
dried at 40 C. Carbenicillin and benzylpenicillin were
located by placing the dried chromatograms on nutri¬
ent agar seeded with a spore suspension of Bacillus
subtilis ATCC 6633, which was incubated overnight
at 37 C. The enzyme-treated carbenicillin and standard
solutions of benzylpenicillin and carbenicillin were
also assayed for activity against Sarcina lutea NCTC
8340 and P. aeruginosa NCTC 10490.
Inactivation of carbenicillin with penicillinase. Inac-

tivation of carbenicillin in specimens containing car¬
benicillin and other antibiotics was achieved by using
a commercial preparation of B. licheniformis penicil¬
linase ("Wellcome" penicillinase, Burroughs Well¬
come & Co., London). The preparation, 1 ml of which
was stated to inactivate 1,000,000 units of penicillin,
was diluted to give a 2% solution when added to the

specimen, and the mixture of penicillinase and anti¬
biotic was incubated for 2 hr at 37 C prior to assay.

RESULTS AND DISCUSSION

Activity of carbenicillin after removal of benzyl-
penicillin. The removal of benzylpenicillin from
carbenicillin, after treatment with E. coli penicil¬
lin acylase, is illustrated in Fig. 2. The bioauto-
gram shows the presence of benzylpenicillin in
untreated standard material and its absence after
treatment with penicillin acylase.
The results of microbiological assays wLh un¬

treated and enzyme-treated samp'es of carbenicil¬
lin, using S. lutea NCTC 8340 and P. aeruginosa
NCTC 10490 as assay organisms, are illustrated
in Fig. 3. When assayed against S. luiea, the zone
of inhibition produced by 50 gg of standard un¬
treated carbenicillin per ml was equivalent to
that obtained with 1.0 gg of benzylpenicillin per
ml. After treatment with penicillin acylase, car¬
benicillin was distinctly less active against sarcina,
and the solution containing 50 gg of carbenicillin
per ml only equalled a solution of 0.1 gg of
benzylpenicillin per ml. These results suggest that,
against S. lutea NCTC 8340, the activity shown
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Fig. 2. Bioautogram showing the presence of
benzylpenicillin in carbenicillin and its removal after
treatment with penicitlinacylase.
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inhibitory
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(pg/ml)

Minimal concn
detectable in
assay with P.
aeri,:in<)sa
NCTC 10490

(Ag•mi)

Carbenicillin 1.0 1.0
Ampicillin >500 >500
Benzylpenicillin 500 >500
Cephaloridine >500 >500
Cephalothin >500 >500
Chloramphenicol 250 >500
Colistin methane
sulphonatc 25 50

Gentamicin 1.25 12.5

Kanamycin 500 500
Polymyxin B sulphate... 12.5 12.5

Streptomycin 50 25

Tetracycline 125 200

*» mtojm.
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Fig. 3. Effect of removal of benzylpenicillin from
carbenicillin by treatment with peniciHinacylase on
the activity of carbenicillin against Sarcina Intea
NCTC 8340 and P. aeruginosa NCTC 10490.

by this particular sample of carbenicillin was
largely or entirely due to that of the benzylpeni¬
cillin formed during manufacture. Treatment with
penicillin acylase had no effect on the activity of
carbenicillin against P. aeruginosa NC.TC 10490.
Assay of carbcnicillin with P. aeruginosa NCTC

10490. The main reason for employing P. aerugi¬
nosa NCTC 10490 as an assay organism for
carbcnicillin is that the organism is relatively
sensitive to carbenicillin and relatively insensitive
to benzylpcnicillin (Table 1), which is invariably
present in small quantities in the material avail¬
able at present. The results shown here demon-

" Serial dilution in nutrient agar; inoculum, one
drop of an overnight broth culture of the assay-
organism. Values were read after 24 hr at 37 C.

strate that benzylpenicillin is much more potent
against S. lutea NCTC 8340, a standard penicillin
assay organism, than is carbenicillin; accordingly,
the presence of even small amounts of benzy l¬
penicillin in test specimens of body fluids could
significantly influence the results of assays of
carbenicillin with S. lutea (or B. subtilis or
Staphylococcus aureus).
A disadvantage of using this strain of pseu-

domonas as an assay organism for carbenicillin is
that this organism is relatively insensitive com¬
pared with the organisms conventionally em¬
ployed for penicillin assays. Consequently, it is
not possible to assay concentrations lower than
1 to 2 pg of carbenicillin per ml. On the other
hand, in most cases of severe infections carbeni¬
cillin will be administered at a dosage which will
normally produce concentrations in the body-
readily detectable with P. aeruginosa NCTC
10490.
Microassay of carbenicillin. The punch-hole

assay method described above requires a volume
of 1.0 to 2.0 ml of specimen, and this is not always
readily available, particularly when neonates or
infants are involved. The use of paper discs for
microassay methods is not novel (5, 6), and the
micromethod described here is based on well-
tried principles.- The assay of small volumes of
specimens by this method is reliable, and the
sensitivity of the assay is not markedly reduced
provided a thin agar layer is used in the plates.
Assay of specimens containing carbenicillin and

other antibiotics. The treatment of severe or un-
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diagnosed infections may involve therapy with
carbenicillin and one or more antibiotics. This is
particularly the case with pseudomonas infections
for which carbenicillin may well be used in con¬
junction with gentamicin or one of the polymyxins
(2, 3, S, 11). The general principle involved in the
assay of such mixtures is the elimination of car¬
benicillin with penicillinase and the measuring of
nonpenieillin antibiotic with a suitable assay or¬
ganism, an established procedure for the assay of
mixtures containing penicillin and nonpenicillin
antibiotics (6, 9). Carbenicillin activity is meas¬
ured by using an organism insensitive to the non-
penicillin antibiotic.
The use of commercial penicillinase prepared

from B. subiHis or B. licheniformis is not advisable
for the assay of mixtures of carbenicillin and
penicillinase-stable penicillins such as methicillin
or cloxacillin, as these latter penicillins are rela¬
tively unstable to the penicillinases produced by
these organisms. A suitable method of assay of
such mixtures involves the use of a penicillinase-
producing strain of S. aureus sensitive to methi-
cillin and cloxacillin but resistant to carbenicillin,
as has been described for the assay of cloxacillin
in specimens containing ampicillin and cloxacillin
(9).
The carbenicillin content of antibiotic mixtures

may normally be determined by assay with P.
aeruginosa NCTC 10490, since most antibiotics
are relatively insensitive to this organism com¬
pared with carbenicillin (Table 1). This means
that antibiotic activity not due to carbenicillin
may be eliminated by suitable dilution of the
specimen, unless the antibiotic was present at a
relatively high concentration and one which was
considerably greater than that of the carbenicillin
concentration in the mixture. To ensure that the

activity attributed to carbenicillin after dilution
of the specimen was in fact due to carbenicillin, a
confirmatory test (9) could be carried out by
treating the diluted specimen with penicillinase
and repeating the assay on P. aeruginosa NCTC
10490.
As an example, specimens of serum and urine,

containing carbenicillin and gentamicin, have

been assayed (i) by diluting the specimen with
appropriate diluent to an estimated concentration
of 10 gg of gentamicin per ml or less (Table 1)
and assaying the carbenicillin content with P.
aeruginosa NCTC 10490, and (ii) by inactivating
carbenicillin with a commercial preparation of
penicillinase, as described, and measuring the
gentamicin content with Corynebacterium xerosis
NCTC 9455 as assay organism. With this method,
it has been possible to assay specimens of serum
or urine containing antibiotic concentrations as
low as 1.0 gg of carbenicillin and 0.1 gg of
gentamicin per ml.
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CY-Carboxy-3-Thienylmethylpenicillin
( BRL2288), aNewSemisynthetic Penicillin:

InVitroEvaluation
R. SUTHERLAND, J. BURNETT, and G. N. ROLINSON

Beecham Research Laboratories. Betchworth, Surrey, England

a-Carboxy-3-thienylmethylpenicillin (BRL 2288) is a new semisynthetic
penicillin with a spectrum of antibacterial activity similar to that of
carbenicillin. Studies on the antibacterial activity of BRL 2288 in vitro showed
the compound to be active . gainst a wide range of gram-positive and
gram-negative bacteria, including Pseudomonas aeruginosa, indole-positive
Proteus species, and Enterobacter species. BRL 2288 was at least twofold more
active than carbenicillin against P. aeruginosa, and was as active as ampicillin
and carbenicillin against Escherichia coli and Proteus mirabilis. However, like
carbenicillin, BRL 2288 was from 10 to 20 times less active than ampicillin
against streptococci, pneumococci, and penicilli"-susceptible staphylococci. As
with carbenicillin, synergistic activity against P. aeruginosa could be
demonstrated with BRL 2288 in combination with gentamicin or polymyxin.
Like other penicillins, BRL 2288 was found to be bactericidal, and, as a result
of a low level of protein binding, the activity of the compound was not
significantly reduced in the presence of serum.

The isolation of 6-aminopenicillanic acid has
enabled a large number of novel semisynthetic
penicillins to be prepared, some of which have
found important places in the treatment of
bacterial infections. For example, the intro¬
duction of methicillin and the isoxazolyl
penicillins has greatly aided the management of
staphylococcal infections. In recent years,
however, staphylococcal infections appear to
have become a less serious problem, whereas
severe infections caused by gram-negative bacilli
have increased. In particular, Pseudomonas
aeruginosa, Serratia marcescens, and Klebsiella
species have assumed an increasingly important
role in infection, especially in debilitated
patients.
The introduction of carbenicillin (3, 6) pro¬

vided a new antibiotic for the treatment of infec¬
tions caused by P. aeruginosa, indole-positive
Proteus species, and other gram-negative bacilli
(2, 4, 7, 8). The work reported here concerns a
new semisynthetic penicillin, BRL 2288, which
has a spectrum of activity similar to that of
carbenicillin but which is significantly more
active than carbenicillin against P. aeruginosa.

MATERIALS AND METHODS

BRL 2288, a new broad-spectrum penicillin synthe¬
sized in the chemistry laboratories of Beecham Research
Laboratories (E.G. Brain and J. H C. Nayler, British
Patent 1,004, 670, 1965, U.S. Pate..! 3,282,926, 1966),
is tne disodium salt of a-carboxy-3-thienyhnethylpeni-
cillin (Fig. 1). It is a creamy-white hygroscopic non¬
crystalline powder, readily soluble in water (greater than
100 g per 100 ml of water), giving a clear solution with a
pH between 6.0 and 8.0. Aqueous solutions of BRL
2288 are relatively stable; for example, a solution
containing 500 mg of BRL 2288 in 1 ml of distilled
water retained greater than 90% of its potency after 1 day
al 25 C or 7 days at 5 C. Under acid conditions, BRL
2288 is relatively unstable; the half-life of an aqueous
solution (0.1%, w/v) at pH 2.0 is approximately 45 min
at 37 C.

Material at present available contains a small amount
(about 1%, w/w) of 3-thienylmethylpenicillin. This
penicillin is tne decarboxylation product of BRL 2288
and arises during manufacture. The content of 3-thienyl-
methylpenicillin in BRL 2288 is also increased by
storage under unfavorable conditions. The material used
in these studies contained 790 pg/mg (free acid);
carbenicillin (Beecham Research Laboratories) also con¬
tained 790 pg/mg (free acid).

Most of the cultures used in these studies were recent

390
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Fig. i. Structure of a-carboxy-3-thienylmethyl-
penicillin (BRL 2288j, disodium salt.

clinical isolates obtained from a number of hospitals in
the United Kingdom. In addition, a number of labora¬
tory strains were tested for comparative purposes.

Minimal inhibitory concentrations were determined
by twofold serial dilution in nutrient agar (Blood Agar
Base, Oxoid) in petri dishes which were inoculated with
a replicating device delivering an inoculum of 0.003 ml.
Serial dilution tests were also carried out in 5-ml
volumes of nutrient broth (Nutrient Broth No. 2, Oxoid)
which were inoculated with a drop (0.03 ml) of culture.
The inoculum used in these tests was generally an
undiluted overnight broth culture of the test organism,
but in certain tests with P. aeruginosa, a 1:100 dilution
of this inoculum was also used. Inhibition of growth was
recorded after incubation overnight at 37 C.

Bactericidal activity was measured by determination
of the reduction of the viable count of the test cultures
incubated at 37 C in nutrient broth containing selected
concentrations of BRL 2288. Samples were taken at
intervals, and 0.02-ml volumes of suitable dilutions of
the samples were pipetted onto nutrient agar plates.
Colonies were counted after 18 hr of incubation at 37 C,
and the count of surviving bacteria was estimated.

The effect of serum on the antibacterial activity of
BRL 2288 was measured by serial dilution of the
compound in 1-ml volumes of human serum and
1-m! volumes of nutrient broth. The tubes were inocu¬
lated with 0.03 ml of a 10*3 dilution of an overnight
culture of the test organism, and after overnight incuba¬
tion at 37 C a loopful was taken from each tube showing
no obvrous visible growth and plated on nutrient agar.
Minimal bactericidal concentrations were determined
after overnight incubation at 37 C.

The extent of binding of BRL 2288 to the protein of
human serum was determined by an ultrafiltration
technique (5) in which serum containing known concen¬
trations of BRL 2288 was filtered by positive pressure
through a Visking dialysis membrane. The BRL 2288
content of the protein-free ultrafiltrate was determined
by microbiological assay with P. aeruginosa NCTC
10701, and this represented the unbound fraction of
BRL 2288 present in human serum.

RESULTS'

The antibacterial spectrum of BRL 2288
against gram-positive and gram-negative bacteria
is shewn in Table 1. The compound was active

against penicillin-susceptible strains of Staphylo¬
coccus aureus, Streptococcus pyogenes, and S.
pneumoniae, but it was substantially less active
than ampicillin against these organisms. BRL
2288 showed some degree of stability to staphy¬
lococcal penicillinase and was generally more
active than ampicillin against penicillinase-
producing strains of S. aureus, the majority of
strains being inhibited by BRL 2288 at concen¬
trations of 12.5 to 25 pg/ml. Aerobic and
anaerobic strains of gram-positive bacilli were
also susceptible to BRL 2288, but strains of
Streptococcus faecalis were relatively insuscepti¬
ble to this new penicillin.
BRL 2288 showed high activity against

Neisseria gonorrhoeae, N. meningitidis, and
Haemophilus influenzae; it was as active as
ampicillin against these bacteria. Similarly, BRL
2288 was as active as ampicillin against Escheri¬
chia coli, Proteus mirabilis, and Shigella sonnei;
it was only slightly less active than ampicillin
against Salmonella species. Strains of Klebsiella
aerogenes were resistant to both BRL 2288 and
ampicillin. On the other hand, many strains of
Enterobacter aerogenes were susceptible to BRL

Table J. Antibacterial spectrum of
a-carboxy-3-thienylmethylpeniciilin

(BRL 2288)

Organism
cor,ci," (pg/ml)

BRL 2288 Ampicillin

Staphylococcus aureus NCTC 6571 . 1.25 0.05
S. aureusb 12.5-25 >50

Streptococcus pyogenes 0.5 0.02
S. pneumoniae 1.25 0.0'
S. faecalis 125 1.25
Clostridium tetani 0.5 0 05
C. welchii 0.5 0.05
Bacillus subtilis ATCC 6633 1.25 0.25

Haemophilus influenzae 0.25 0.25
Neisseria gonorrhoeae 0.02 0.02
N. meningitidis 0.02 0.02
Escherichia coli NCTC 10418 5.0 5.0
Salmonella typhi 2.5 1.25
5. typhimurium 5.0 1.25

Shigella sonnei 2.5 2.5
Klebsiella aerogenes 500 250
Enterobacter aerogenes 5.0 250
Pseudomonas aeruginosa 25 >250
Proteus mirabilis 1.25 1.25
P. morganii 2.5 125
P. rettgeri 2.5 250
P. vulgaris 2.5 500

Minimal inhibitory

a Serial dilution in 5% blood-agar; inoculum, one drop of
undiluted 1 8-hr culture.

Penicillinase-producing strain.
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2288 but resistant to ampicillin. The spectrum
of activity of BRL 2288 also differed from that
of ampicillin in that the new penicillin demon¬
strated significant activity against P. aeruginosa
and the indole-positive Proteus species, namely,
P. morganii, P. rettgeri, and P. vulgaris, all of
which are typically resistant to ampicillin.
The relative activities of BRL 2288, carbeni-

cillin, and ampicillin against clinical isolates of
E. coli, P. mirabilis and Serratia marcescens are
illustrated in Fig. 2. BRL 2288 was slightly more
active than ampicillin and carbenicillin against
the test strains of E. coli, 46% of the strains
being inhibited at 2.5 pg/ml and 87% at 5.0
pg/ml. Strains of E. coli which were resistant to
ampicillin were generally resistant to BRL 2288,
but a certain number of ampicillin-resistant
cultures were found to be relatively susceptible
to BRL 2288. The clinical isolates of P. mirabilis
were highly susceptible to all three penicillins,
and 90% of the strains were inhibited by BRL
2288 at a concentration of 12.5 pg/ml. Peni-
cillinase-producing strains of P. mirabilis were
resistant to all three penicillins. BRL 2288 was
more active than ampicillin or carbenicillin
against S. marcescens, but the majority of strains
were relatively resistant. Thus, BRL 2288 in¬
hibited 8 of 22 strains at a concentration of 12.5

pg/ml, but the remainder were inhibited only

at concentrations greater than 125 pg/ml.
The activity shown by BRL 2288 and carbeni¬

cillin against 0-lactamase-producing strains of
indole-positive Proteus species and Enterobacter
species, which are generally resistant to ampicillin
and the cephalosporins, is shown in Fig. 3. Strains
of K. aerogenes were almost uniformly resistant
to BRL 2288, carbenicillin, and ampicillin, but
were susceptible to cephaloridine. In contrast,
the closely related Enterobacter-Citrobacter
group of organisms were generally susceptible to
BRL 2288 and carbenicillin but not to ampi¬
cillin and cephaloridine. Results of experiments
to measure the extent of inactivation of the
antibiotics used in these susceptibility tests
showed that strains of Enterobacter-Citrobacter

species inactivated cephaloridine but caused
little destruction of BRL 2288, carbenicillin, or
ampicillin; strains of K. aerogenes inactivated
ampicillin but brought about relatively little
destruction of BRL 2288 or carbenicillin.

Strains of the indole-positive Proteus species,
namely, P. morganii, P. rettgeri, and P. vulgaris,
destroyed ampicillin and cephaloridine as a
result of /3-lactamase activity and were not
susceptible to these antibiotics (Fig. 3). On the
other hand, BRL 2288 and carbenicillin were

relatively stable to the ^-lactamase activities of
these organisms and inhibited growth of the test

E. coli (152 strains) P.mirabilis(5i strains) Serr. marcescens(22

concentration (pg/ml)

BRL 2288 Carbeniciilin — Ampicillin
Fig. 2. Activity of a-carboxy-3-thienylmethylpeniciIlin (BRL 2288) against gram-negative bacteria.
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K. aerogenes (57 strains)

393

Enterobacterds strains) Proteus species(35
strains)

T"
125 >250 1.25 50 25 125 >250 1.25

concentration (gg/ml )
BRL 2288 ——— AmpiciHin
Carbenicillin Cephaloridine

Fig. 3. Activity of a-carboxy-3-thienylmethylpenicillin (BRL 2288) against certain (i-lactamase-
producing gram-negative bacteria.

1 1
125 >250

strains of indole-positive Proteus species at
relatively low concentrations (Fig. 3). In con¬

trast, (l-lactamase-producing strains of P. mira-
bilis were relatively susceptible to cephaloridine
but were resistant to th«" penicillins.

The antibacterial spectrum of BRL 2288 is of
particular interest because of the activity of this
compound against P. aeruginosa. In Fig. 4, the
activities of BRL 2288 and carbenicillin against
74 clinical isolates of P. aeruginosa are com¬

pared. In general, BRL 2288 was at least
twofold more active than carbenicillin against
the test organisms. For example, 26% of the
strains were inhibited by BRL 2288 at a
concentration of 12.5 pg/m\, whereas only 8%
were inhibited by the same concentration of
carbenicillin. Similarly, 80% of the strains were
inhibited by 25 pg of BRL 2288/ml, but only
20% of the strains were inhibited by carbeni¬
cillin at this concentration; at a level of 50
pg/ml, 95% of the strains were inhibited by BRL
2288 but only 79% were inhibited by carbeni¬
cillin.

The activity of BRL 2288 against P. aeru¬
ginosa is influenced by inoculum size and by the
choice of solid or liquid medium; this is also the
case with carbenicillin (3). Thus, when BRL
2288 was tested against a large inoculum (one

1 1 1
50 125 250

concentration (gg/ml)
Fig. 4. Activity of u-carboxy-3-thicnylmethyl-

penicillin (BR2288) and carbenicillin against 74 strains
ofPseudomnnas aeruginosa.
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drop of an undiluted culture, i.e., 106 to 101
cells), sparse growth frequently persisted at
concentrations greater than those which were

inhibitory for 99% of growth, and complete
inhibition was often achieved only at concentra¬
tions of 250 pg/ml or greater. This effect was

particularly evident in the tests in liquid medium
(Table 2). However, with a smaller inoculum, for
example, a 1:100 dilution of an overnight
culture (104 to 10s cells), complete inhibition
of growth was observed at relatively low concen¬
trations (Table 2). The growth which persisted
on agar or in liquid medium when a large
inoculum of cells was tested appeared not to be
due to the presence of resistant variants, because
subculture from this growth yielded a bacterial
population which exhibited the same "tailing"
phenomenon as seen with the original culture.
However, Bell and Smith (1) have reported that
in the case of carbenicillin, which shows the
same tailing phenomenon, resistant variants
could be selected from the growth which oc¬
curred in high concentrations of the drug.
Further work will be required on this point with
BRL 2288. As with carbenicillin, it can be
shown that the persistence of growth of Pseu¬
domonas in high concentrations of BRL 2288 is
not due to inactivation of the drug.

Results are given in Fig. 5 showing that BRL
2288 is bactericidal in action against P. aeru¬

ginosa. With the particular strain of Pseu-
domonas used in this experiment, a concentra¬
tion of BRL 2288 as low as 20 pg/ml exerted a
marked bactericidal effect over the first 7 hr,
but thereafter a resumption of growth took
place. With a higher concentration of BRL 2288
(500 pg/ml), the bactericidal effect over the first

Table 2. Effect of inoculum size on the
antibacterial activity of

a-carboxy-3-thienylnwthylpenicillin
(BRL 2288)

Pseudomonas

aeruginosa
strain

Minimal inhibitory concn

(ng/ml)

Nutrient agar Nutrient broth

Undiluted" l:100fc Undiluted 1:100

A 25 12.5 500 12.5
RI 25 12.5 250 25
R59 12.5 5.0 250 12.5

" Inoculum, one drop of undiluted overnight culture.
h Inoculum, one drop of 1.100 dilution of overnight culture.

7 hr was more rapid, but again this was followed
by some resumption of grovv'h. This effect
which is essentially the same as that seen with
carbenicillin, may account for the inoculum
effect observed in minimal inhibitory concentra¬
tion tests and for the difference in susceptibility
in liquid compared with solid media.
The effect of combining BRL 2288 with

other anti-Pseudomonas antibiotics, such as

gentamicin or the polymyxins, often resulted in
enhanced or synergistic effects in tests with P.
aeruginosa. This has also been reported to be the
case with carbenicillin (6). Data in Table 3 show
the results of experiments in which subinhi¬
bitory concentrations of BRL 2288 were added
to gentamicin, polymyxin B, or colistin. The
most marked effects were observed with com-

108

S106

LU
—4
CO

10*

hr

Fig. 5. Bactericidal activity of a-ca; boxy-3-thienyl-
methylpenicillin (BRJI 2288) against Pseudomonas aeru¬

ginosa R59.

Table 3. Synergism between et-carboxy-3-
thienylmethylpenicillin (BRL 2288) and other

antibiotics against Pseudotnonas aeruginosa R59°

Concn of BRL 228S

(tug/ml)
Minimal inhibitory c utcn (pg/ml)

Gentamicin Polymyxin B Colistin

0 2.5 5.0 25.0
12.5 0.5 1.25 . 5.0
25 0.25 1.25 5.0

a Minimal inhibitory concentration of BRL 7288. 250 ug'ml.
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Table 4. Effect of scrum oh the antibacterial
activity of o.-carboxy-3-tb.ienylniethylpenicillin

(BRL 2283)

Minimal bactericidal eoncn

(Mg/ml)
Organism

Nutrient broth Human serum

Staphylococcus aureus 1.5 1.5

Pseud- .monas aeruginosa . . . *2.5 125

binations of BRL 2288 and gentamicin. It can
be seen in Table 3 that inhibition of the test
strain of Pseudomoras was achieved with a

combination in which the concentration of both
BRL 2288 and gentamicin was only one-tenth
that required for inhibition by each drug alone.
Combinations of BRL 2288 and the polymyxins
(polymyxin B, colistin) were generally not as
effective as combinations of BRL 2288 and

gentamicin.
Measurement of the extent of binding of BRL

2288 to the protein of human serum showed
that 45% of the drug was bound and 55%' was
present in the unbound form. In similar experi¬
ments with carbenicillin, 47% of the drug was
bound and 53% was unbound. Susceptibility
tests carried out in whole human serum showed
that the activity of BRL 2288 was not signifi¬
cantly reduced compared with the activity
shown in nutrient broth (Table 4).

DiSCUSSION

The results presented here show that BRL
2288 has a spectrun1 of antibacterial activity
similar to that of carbenicillin. Thus, like car-

benici'Ln, BRL 2288 is from 10 to 20 times less
active than ampicillin against gram-positive
cocci, but is generally as active as ampicillin
against ampicillin-susceptible gram-negative ba¬
cilli. BRL 2288 is also similar to carbenicillin in

activity against Enterobacter and indole-positive
Proteus species, which are generally resistant to
ampicillin and the cephalosporin antibiotics. Of

ION OF BRL ::ss 395

particular interest is the fact that BRL 2288 is
about twice as active as carbenicillin against
strains of P. aeruginosa. Like carbenicillin, BRL
2288 is bactericidal, is not highly bound to
serum protein, and demonstrates synergistic
effects with gentamicin.
The antibacterial activity of BRL 2288

against P. aeruginosa is considerably lower than
that of polymyxin or gentamicin. However, the
use of these latter antibiotics is limited by
problems of toxicity, whereas BRL 2288
appears to be relatively nontoxic in animal
studies. Carbenicillin has been shown to be
effective in the treatment of severe bacterial
infections including those caused by P. aeru¬

ginosa (2, 4. S), but as a result of the level of
activity of carbenicillin against P. aeruginosa
high dosage is required in the treatment of such
infections. In this connection, the increased
activity of BRL 2288 against P. aeruginosa, as
well as its activity against Enterobacteriaceae
including indole-positive Proteus and Entero¬
bacter, is of considerable interest.
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a:-Carboxy-3-ThienylmethylpeniciIlin
(BRL2288), aNewSemisyntheticPenicillin:

Absorption andExcretion inMan
R. SUTHERLAND and P. J, WISE'

Beecham Research Laboratories, Betchworth, Surrey, England

The absorption and excretion of a-carboxy-3-thienylmethyIpenicillin (BRL
2288), a new semisynthetic penicillin with a spectrum of activity similar to that
of carbeniciilin, was studied in healthy volunteer subjects. Like carbenicillin,
BRL 2288 was not absorbed when administered by mouth but was well
absorbed by the parenteral route. In human volunteers, peak drug concentra¬
tions in serum of approximately 35 pg/ml were obtained after a single
intramuscular injection of 1,000 mg; 72% of the dose was excreted in the urine
during the first 6 hr after injection. Concentrations of approximately 100 ng of
BRL 2288 per ml of serum were measured after a single 1,000-mg dose given
by intravenous injection, but levels fell rapidly to 2 pg/ml at 6 hr. Higher and
more prolonged serum concentrations were obtained with the concomitant
administration of probenecid. The antibacterial activity of serum and urine of
healthy subjects after intramuscular administration of BRL 2288 was consis¬
tent with the in vitro activity of the compound and the concentrations of BRL
2288 present in the specimens of serum and urine.

BRL 2288, the disodium salt of a-carboxy-3-
thienylmethylpenicillin, is a new semisynthetic
penicillin derived from 6-aminopenicillanic acid.
Its spectrum of antibacterial activity is similar to
that of carbeniciilin, but it is more active than
carbeniciliin against strains of Pseudomonas
aeruginosa (4, 5). Studies in animals have dem¬
onstrated the relative lack of toxicity of this
new penicillin and its effectiveness against
experimental infections in mice. For example,
BRL 2288 was more active than carbeniciilin

against P. aeruginosa and was as active as or
more active than ampicillin or carbeniciilin
against infections due to Escherichia coli and
Proteus species (1).

This communication describes preliminary
studies of the absorption and excretion of BRL
2288 in healthy volunteer subjects.

MATERIALS AND METHODS

The absorption and excretion studies described here
were carried out on healthy volunteer male and female
subjects aged 20 to 50 years. When crossover studies

Present address: Beeeham Pharmaceuticals, Clifton, N.J. 07012.

were carried out to determine the effect of probenecid,
there was usually an interval of about 1 week between
the two halves of the study. BRL 2288 was used as the
disodium salt (estimated potency, 790 pg/mg (free
acid)].

For oral absorption studies, BRL 2288 was adminis¬
tered as a single 500-mg dose in gelatin capsules to
fasting subjects, and for absorption by intramuscular
administration, as single 250-, 500-, or 1,000-mg doses
dissolved in 1 to 2 ml of water injected in nonfasting
subjects. For intravenous administration, nonfasting sub¬
jects were given 1,000 mg of BRL 2288 dissolved in 10
ml of water and administered over a period of 3 min.
Blood specimens were collected at 0.5, 1,2,4, and 6 hr
after administration, and urine was collected during the
6-hr period after dosing. Specimens were normally
assayed on the day of collection, but in exceptional
cases were kept overnight at -20 G before being assayed.

The concentrations of BRL 2288 in serum and urine

specimens were measured by a conventional agar-
diffusion cup-plate technique similar to that described
for carbeniciilin (2, 3), with P. aeruginosa NCTC 10490
(or in later studies P. aeruginosa NCTC 10701) as assay

organism. These cultures were used to assay BRL 2288
because the material used in these studies contained a

small amount (about 1 to 2%) of tire penicillin produced

402
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by decarboxylation of BRL 2288, namely, 3-thienyl-
methylpenicillin, which is considerably more active than
BRL 2288 against conventional penicillin assay orga¬
nisms, e.g., Sarcina lutea and Bacillus subtilis. Pseit-
domonas strains NCTC 10490 and NCTC 10701 are

susceptible to BRL 2288 (minimal inhibitory concentra¬
tion, 1 to 2 pg/ml) and relatively nonsusceptible to
3-thienylmethylpenicillin (minimal inhibitory concentra¬
tion, 500 pg/ml); with either of these strains, it was

possible to assay concentrations of BRL 2288 as low as
1.0 to 2.0 pg/ml. For the assay of serum specimens,
standard solutions of BRL 2288 were prepared in human
serum over a concentration range of 1 to 50 pg/ml, and
when necessary specimens were diluted in human serum
to fall within this range of concentrations. For the assay
of urine specimens, standard solutions were prepared in
0.05 M phosphate buffer, pH 7.0, and urine samples
were diluted as required in the same buffer.

The antibacterial activity of serum and urine speci¬
mens front subjects receiving a single 500-mg intramus¬
cular dose of BRL 2288 was determined by serial
dilution of the specimens in molten nutrient agar (Blood
Agar Base, Oxoid). When set, the agar plates were dried
and inoculated with a drop (0.003 ml) of an undiluted
overnight culture of the test organism delivered with a

multiple-inoculating device. The plates were incubated
overnight at 37 C, and the maximal dilutions of the
serum or urine specimen inhibiting growth of the test
organism were measured.

Urine from subjects given BRL 2288 was spotted
(6 pliters) on fdter-paper strips (Whatman no. 1,
1 cm wide) and chromatographed with a butanol ethyl
alcohol solvent system (n-butanol-ethanol-water, 4:1:5,
v/v, top phase). Standard solutions of BRL 2288 were
prepared in 0.05 m phosphate buffer (pH 7.0) and
chrr.natographed. Chromatography was carried out

overnight at 5 C, and the chromatograms were dried at
40 C. The penicillins were located by placing the dried
chromatograms on nutrient agar (Blood Agar Base,
Oxoid) seeded with a spore suspension of B. subtilis
ATCC 6633 which was incubated overnight at 37 C.

RESULTS

Oral administration. After the administration
of a single 500-mg oral dose of BRL 2288 to
fasting subjects, no penicillin (i.e., less than 2.0
pg of BRL 2288/ml) was detected in the scrum,
and the quantity present in the urine amounted
to only 2.87c- of the dose administered. It
appeared, therefore, that BRL 2288 was not
absorbed to any appreciable extent when admin¬
istered by the oral route.
Intramuscular administration. The results of

studies in which BRL 2288 was administered by
intramuscular injection to healthy adult volun¬
teers as single 250-, 500-, and 1,000-mg doses
are summarized in Table 1, which shows the
mean concentrations in serum and the amount

excreted in the urine during the 6-hr period after
dosing. Mean peak concentrations of 8.7 pg/ml
were obtained in serum 1 hr after administiation
of the 250-mg dose, and this declined to less
than 2.0 pg/ml after 6 hr. With the 500-mg dose,
the peak concentration of 22 pg/ml was mea¬
sured after 0.5 hr, but the concentration then
fell to less than 2.0 pp,/ml after 6 hr. Administra¬
tion of the 1,000-mg dose resulted in a peak
serum concentration of 35 pg/ml at 1 hr, which
fell to 7 pg/ml at 6 hr. Increasing the dose

Table 1. Concentrations of a-curboxy-3-thienylmethylpenicillin (BRL 2288) in the serum of human
volunteers after a single intramuscular injection

No. of

subjects
Dose

Mean concn in serum (jig/ml) F.xcretion
in urine,
0-6 ltr

(% of dose)
(mg)

0.5 hr 1 hr
1

2 hr 4 hr 6 hr

9 250 6.8 8.7 6.8 3.0 <1.0 85

(±4.3)" (±2.0) (±1.9) (±2.0)
12 500 21.9 21.4 14.1 4.7 <1.0 99

(±7.9) (±6.1) (±4.3) (±3.2)
14 1,000 22.3 33.7 31.2 16.5 6.3 72

(±13.7) (±13.0) (±4.0) (±5.1) (±4.3)

22b 1,000 22,3 26.4 22.7 9.5 2.7

(±14.9) (±9.9) (±5.0) (±3.9) (±2.4)

Significance (P)c >0.05 >0.05 <0.001 <0.001 <0.02

a Standard deviation.
b For comparison, these subjects were given carbenicillin.
c BRL 2288/carbeniciilin.
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clearly resulted in a significant increase in serum
concentrations of the drug.

The amounts of BRL 2288 excreted in the
urine during the first 6 hr after injection were
85% of the dose with the 250-mg dose, 99%
with the 500-mg dose, and 72% with the
1,000-mg dose, producing average BRL 2288
concentrations in the urine of 900 to 1,900
pg/ml with the 500-mg dose and 2,000 to 3,000
pg/ml with the 1,000-mg dose. Data in Table 1
also show serum concentrations obtained in
human subjects after administration of a

1,000-mg intramuscular dose of carbenicillin.
The mean peak serum concentrations measured
after 1 hr were 35 pg/ml for BRL 2288 com¬

pared with 26 pg/ml for carbenicillin, and
throughout the 6-hr period the levels of BRL
2288 were in excess of those produced by
carbenicillin.

The effect of probenecid on the concentra¬
tions achieved in serum after a 1,000-mg dose of
BRL 2288 was investigated in a crossover study
in a group of eight subjects. Probenicid was
administered by mouth, one 500-mg tablet being
taken 11.5 hr before injection of BRL 2288 and
a second 500-mg tablet 1 hr before injection.
The administration of probenecid resulted in a
marked increase in the BRL 2288 serum concen¬

trations during the 6-hr period after dosing
(Table 2), and in a reduction in the amount
excreted (49% of the dose) in urine during the
same period.
Bioautographic examination of the urine

showed the presence of unchanged BRL 2288,
and 3-thienylmethylpenicillin which was present
in the material administered, and showed no
evidence for the formation of biologically active
metabolites.

Table 2. Effect ofprobenecid on drug concentrations in the serum ofhuman volunteers after a single
intramuscular injection of 1,000 mg ofa.-carboxy-3-thienylmethyipenicillin (BRL 2288)

Group"
Mean concn in serum (pg/ml)

0.5 hr 1 hr 2 hr 4 hr 6 hr

Without

probenecid 21.4 35.0 30.9 16.9 7.1

(+15.5)" (±15.4) (±2.7) (+6.16) (±5.20)
With

probenecid 30.5 49.8 60.3 41.6 27.7

(+18.2) (+21.4) (±15.4) (±6.8) (±8.4)

Significance (P) <0.001 <0.001 <0.01 <0.05 <0.02

a Each group consisted of seven subjects.
b Standard deviation.

Table 3. Effect ofprobenecid on drug concentrations in the serum ofhuman volunteers
after a single intravenous injection of 1,000 mg ofa-carboxy-3-thienylmethylpenicillin (BRL 2288)

Subject Probene¬
cid

Concn in serum (pg/ml) Excretion
in urine,
(±6 hr

(% of dose)0.25 hr 0.5 hr 1 hr 2 hr 4 hr 6 hr

1 95.0 69.5 37.0 17.7 8.0 1.5 70
'

+ 99.0 69.0 66.0 45.5 19.8 12.7 47
2 - 97.0 69.5 42.5 17.7 6.0 1.8 68

+ 120.0 68.0 57.0 37.0 18.0 10.5 56
3 - 99.5 49.0 34.0 17.7 3.2 2.8 83

+ 92.5 69.0 61.0 34.5 16.3 7.4 51

Mean _ 97.2 62.7 37.8 17.7 5.7 2.0 73
+ 100.5 68.7 61.3 39.0 18.0 10.2 52

Significance (P) >0.05 >0.05 0.05 0.05 0.05 0.05
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Intravenous administration. Three subjects
received 1,000 nig of BRL 2288 in 10 ml of
water by slow intravenous injection adminis¬
tered over a period of 3 min. Mean concentra¬
tions of greater than 100 pg/ml were obtained in
the serum during the first 15 min, but these fell
to less than 40 pg/ml within 1 hr and to 2 pg/ml
at 6 hr (Table 3). The amount excreted in the
urine during the 6-hr period represented 75% of
the dose administered.

One week later, the same subjects received
1,000 mg of BRL 2288 by injection in com¬
bination with 1,000 mg of probenecid
given by mouth 2 hr before administration of
the penicillin. The serum concentrations ob¬
tained in the first 0.5 hr after dosing were
similar to those produced in the same subjects
given BRL 2288 alone, but just over 60 pg/ml
was present at 1 hr and a concentration of 10
ptg/ml was measured at 6 hr (Table 3). During
the 6-hr period after dosing, 52% of the dose
was excreted in the urine.
Antibacterial activity. The antibacterial activ¬

ity of pooled sera from a group of six subjects
receiving a 500-mg intramuscular dose of BRL
2288 and of the urine of two subjects in the
same study is shown in Tables 4 and 5, where it
can be seen that the antibacterial activity of the
serum and urine specimens corresponded to the
in vitro susceptibilities of the test organisms and
the BRL 2288 concentrations present in the
specimens.

DISCUSSION

The data reported in this study show mat
BRL 2288 is not absorbed to any significant
extent when given by mouth to human subjects,
but produces high serum concentrations after

intramuscular injection. An increase in dose
results in an increase in serum concentrations, as
is the case with other penicillins, and peak serum
concentrations after 250-, 500-, and 1,000-mg
intramuscular doses were 9, 22, and 35 pg/ml,
respectively, occurring at 0.5 to 1 hr after
administration. In these studies, the amount
excreted in the urine in the period from 0 to 6
hr after intramuscular dosing varied, being 85%
of the 250-ing dose, 99% of the 500-mg dose,
and 72% of the 1,000-mg dose; concentrations
of BRL 2288 in the urine reached 2,000 to
3,000 jug/ml with the 1,000-mg dose. Comparison
of the serum concentrations produced with a
single 1,000-mg intramuscular dose of BRL

Table 5 .Antibacterial activity of urine of volunteers
after intramuscular administration of500 mg of
ct-carhoxy-3-thienylmethylpenicillin (BRL 2288)

Organism
Minimal

inhibitory
concn

(Mg/ml)

Antibacterial

activity"

Subject
A

Subject
B

Pseudomotuts

aeruginosa NCTC 10490 0.5 640 1,280
P. aeruginosa R1 12.5 80 80
P. aeruginosa R128 25 20 40
P. aeruginosa R160 25 20 40

Proteus morganii A 5.0 640 160
P. vulgaris A 5.0 320 320
P. rettgeri B 5.0 160 160
P. mirabilis 957 1.25 640 640
P. mirabilis 889 >500 <2 <2

Staphylococcus aureus lS55ft 25 20 40

Escherichia coli 10418 2.5 320 320
Klebsiella aerogenes A 50 20 20

Concentration Oxg/ml) J,too 1,170

a Reciprocal of highest dilution of urine inhibiting growth of
test organism.

b Pentcillinase-producing strain.

Table 4. Antibacterial activity of serum of volunteers after intramuscular administration of
500 mg of oc-carboxy'3-thienylrnethylpenicillin (BRL 2288)

Organism
Minimal

inhibitory
concn

(Mt/ml)

Antibacterial activity"

0.5 1 r 1 hr 2 br 4 hr 6 hr

Escherichia coli 10418 1.25 8 8 4 <2 <2
Pseudomonas aeruginosa A 50 <7 <2 <2 <2 <2

Proteus vulgaris A 5.0 8 8 8 4 <2

P. aeruginosa NCTC 10490 1.25 16 16 8 4 2

Serum concentration (pg/r..ll 20.2 21.2 16.7 6.3 <2.5

a Reciprocal of highest dilution of scrum inhibiting growth of test organism.
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2288 or carbeniciliin demonstrates that BRL
2288 produces higher peak serum concentra¬
tions and higher serum concentrations through¬
out the 6-hr period than does earbenicillin.
Serum levels observed after intramuscular and
intravenous injection are increased and are more

prolonged with concomitant use of probenecid,
particularly after intramuscular administration
of the penicillin.
The antibacterial activity of serum and urine

after administration of BRL 2288 is consistent
with the in vitro activity and concentrations of
BRL 2288 present in the specimens. The serum
levels produced by a 1,000-mg dose of BRL
2288 are in excess of the minimal inhibitory
concentrations of the penicillin for the majority
of strains of P. aeruginosa for a short period
only, but the urine concentrations measured
during the 6-hr period after administration are
greatly in excess of the minimal inhibitory
concentrations for most strains of Pseudomonas.
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Preparation, Hydrolysis, and Oral Absorption ofa-Carboxy Esters ofCarbenicillin
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Twelve a-carboxy esters of carbenicillin, a parenteral broad spectrum semisynthetic penicillin, were synthesized
and examined as potential oral carbenicillin derivatives. The rates at which the esters were hydrolyzed in vitro to
carbenicillin by animal and human tissues were compared and the carbenicillin serum levels arising after oral ad¬
ministration of the esters were measured in squirrel monkeys and human volunteer subjects. The «-carboxyphenyl
ester of carbenicillin [carfecillin (British Pharmacopoeia approved name), BRL 3475] was selected for further study
and is presently undergoing clinical trial.

Carbenicillin (a-carboxybenzylpenicillin) has a broad
spectrum of antibacterial activity and has been shown to
be effective in the treatment of serious infections caused
by Pseudomonas aeruginosa and other gram-negative bac¬
teria. However, the compound is poorly absorbed from the
gastrointestinal tract after administration by the oral
route and its use is limited to parenteral administration.
It has been found that certain a-carboxy esters of carbeni¬
cillin are absorbed by the oral route and undergo hydroly¬
sis in the body to liberate carbenicillin.1 One such ester
(carbenicillin indanyl sodium) has been described in de¬
tail.2
Carbenicillin a-carboxy esters (that is, the ester group

is in the side chain) possess a free thiazolidine carboxyl
group and, hence, can be expected to demonstrate anti¬
bacterial activity per se. In general, we and others have
found that the unhydrolyzed ester is more active than car¬
benicillin against gram-positive bacteria but shows a less¬
er degree of activity against most gram-negative bacilli.3
However, the antibacterial spectrum shown by this class
of compound will depend upon the extent of hydrolysis to
carbenicillin that occurs in the course of the antibacterial

test.. Esters that are hydrolyzed rapidly to carbenicillin
show an antibacterial spectrum similar to that of carbeni¬
cillin while esters with a slow rate of hydrolysis demon¬
strate activity primarily against gram-positive bacteria. In
practice carbenicillin esters are of clinical interest only as
a means of providing carbenicillin activity in the body
after oral administration and in this context their intrin¬
sic activity may be disregarded.
This report describes the preparation, in vitro hydroly¬

sis rates, and oral absorption characteristics of a group of
12 a-carboxy esters of carbenicillin.
Chemistry. Scheme I illustrates the genera! route used

to prepare a-carboxy esters of carbenicillin.4 Phenylmalo-
nic acid (1) was converted to its monoacid chloride by
treatment with 1 equiv of thionvl chloride. The crude
product was allowed to react with 1 equiv of alcohol or
phenol (ROH) to afford the half-esters 2 d"scribed in
Table I. The crystalline half-esters 2 were converted to
their acid chlorides with excess thionyl chloride at 70°
(higher temperatures caused degradation) and coupled
directly to 6-aminopenicillanic acid (6-APA) in aqueous

acetone. The penicillins 3 were isolated as their sodium
salts and are described in Table II. A variation of this pro¬
cedure has also been used to prepare penicillins of this
type.5

Scheme I

C6H5CHCOOH
COOH

1

1. SOCI,
2. 6 A PA

CgHjCHCONH P
COOR J N

C. OOiMa

3

The a-carboxy esters,, listed in Table II, as in the case of
carbenicillin, contain an asymmetric center in their side
chains and in solution their nmr spectra (Table III) sug¬
gested an approximately 1:1 mixture of epim.ers. However,
in a number of instances (Table II) it was possible to ob¬
tain the penicillin sodium salts crystalline and these com¬
pounds were considered on nmr evidence to be single ep-
imers in the solid state. Thus the nmr spectrum for the
crystalline phenyl ester showed initially a singlet for the
thiazolidine C-3 proton which rapidly changed to two sin¬
glets of equal intensity, consistent with racemization at
the side-chain chiral center.f
Biological Properties. The 12 a-carboxy esters of car¬

benicillin, described in Table II, were examined for rates
of hydrolysis to carbenicillin in aqueous solution and in
the presence of isolated tissue homogenates. The 12 esters
were also orally administered to both squirrel monkeys
and human volunteers and levels of carbenicillin in blood
and urine were measured. Details of these procedures are
described in the Experimental Section. The results are
discussed below.

t We thank Mr. N. Ward and Mr. A. E. Bird for these observations.

1. SOCI,

2 ROH
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COOR

2
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Table I. Monoes*ers of Phenylmalonic Acid

Journal ofMedicinal Chemistry. 1975, Vol. 18, No. 2 173

C,,HsCHCOOH

COOR

r
Yield,

c?
to Recrystn solvents Mp, °C Formula Analyses

CHjCHJ- 57 C6HG-pet. ether (60-80°) 78-79 cuh12o4
CgH5CH2- 70 C6H8-pet. ether (60-80°) 62-64 C,eHt404 C, II
(CH3),CH - 62 CfiHe-pet. ether (60-80°) 64-66 C12H14O4 C, H

CH;i(CH2)3- 64 EtOAc-pet. ether (40-60°) 47-48 ci3hlfi04 C, H
(CH3)2CHCH2- 52 EtOAc-pet. ether (40-60°) 41-49 C13P1GO4 c, h
ch3(ch2)4— 70 EtOAc-pet. ether (40-60°) 47-48 • c j 4 h1804 C, h
C6H5- 79 c6h6 115-117 dec C15H,,O4-0.5CeH6 H; C"

cCX 71 C6H6-pet. ether (60-80°) 80-82" c18h16o4 C, H

3-CH3C6H4- 68 CgHg-pet. ether (60-80°) 95-96 CigHl404 c, H
4-ch3C6h4- 81 C8Hc-pet. ether (60-80°) 122-124 dec C)6Ht4O4-0.5C8H8 H; C"
2,5- (CH3)2C6H3- 60 C6H6-pet. ether (60-80°) 100-102 c1?h!6o4 c, II
3,4- (CH3)2C6H3- 70 c6hs 88-90 C,tH,604 H; cc

"C: c led, 73.25; found, 73.79. "C: calcd, 73.77; found, 72.64. cC: calcd, 71.82; found, 72.99. dD. C. Hobbs, Antimicrob. Ag. Chemother
2, 272 (1972), quotes mp 97-99°.

Table II. «-Carboxy Esters ofCarbenicillin
- __

CfiH5CHCONHCH—CH TKC1U
I 111
COOR CO—N CHCOONa

r
Yield,

% Rt"
[a]20D, deg
(c 1, h20) Formula Analyses

ch3ch2—" 78 0.52 229.8 clah2in206sna c, ii, n, s
csh5ch2-> 60 0.57 195.5 C24H23N20GSNa-H,0 c, h, n, s
(ch3)2ch-6 92 0.60 C20h23N2o6SNa*ii2o C, H, N, S
ch3(ch2)3- 79 0.63 C2lH25N2OcSNa h, n, s; cc
(CH3)2CHCH,- 77 0.61

ch3(ch2)4- 86 0.70

csh5~* - 70 0.59 216.2

cCX 53 0.70 C, H,N, S

3-CH3CgH4- 72 0.65 201.7

4-CH3C6H4- 62 0.60 207.4

2,5-(ch3)2c6h3— 49 0.75

3,4-(CH3)2CsH3- 32 0.70 176.8

"Rr values determined by paper chromatography in butanol-ethanol-water (4; 1:5, v/v top phase), followed by development on an a;
plate seeded with B. subtilis. "Sodium salts obtained crystalline from ethanol. cC: calcd, 55.25; found, 54.48.

Hydrolysis by Squirrel Monkey Tissue Homogenate.
The six alkyl esters (described in Table II) and the phenyl
ester were examined for hydrolysis to carbenicillin by ho-
mogenates of squirrel monkey liver and small intestine.
The results are presented in Table IV and represent the
sum of both enzymatic and nonenzymatic hydrolysis. It
will be seen that nonenzymatic hydrolysis was very small
for the alkyl esters but made a significant contribution to
the hydrolysis of the chemically labile phenyl ester. For
all esters, the extent of hydrolysis in squirrel monkey liver
homogenate was similar to that in the small intestine ho¬
mogenate. The benzyl and phenyl esters were the most
susceptible to hydrolysis and the isopropyl ester the least
affected. The relationship of these results to carbenicillin
blood levels in the squirrel monkey is discussed below.
Hydrolysis by Human Liver Homogenate. Data for

the conversion of the 12 carbenicillin esters to carbenicil¬
lin by aqueous human liver homogenate are presented in
Table V. The most striking difference between man and

the squirrel monkey was for the benzyl ester, which b
drolyzed slowly in human liver homogenate but was coi
pletely hydrolyzed by squirrel monkey liver homogena
The alkyl esters were slowly hydrolyzed by human li\
homogenate as was the case with squirrel monkey li\
homogenate. The aromatic esters were more susceptible
hydrolysis by human liver homogenate than the alkyl i

ters, even allowing for the increased contribution fr<
aqueous hydrolysis.
In general, therefore, the aryl esters were more rapi<

and more completely hydrolyzed to carbenicillin th
were the alkyl esters in both aqueous solution and in 1
presence of tissue homogenates.
Further Studies on, the Hydrolysis of the Phei

Ester of Carbenicillin. The phenyl ester of carbenicil
was examined more extensively at ester concentrations
5 and 100 pg/ml. Rates of hydrolysis were measured
human liver homogenate, human small intestine homo
nate, and diluted human blood. The results are repor
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Table III. NmrData (5 Values) for Penicillins

2 74
Clayton, et al.

CJhCHCONHCH—CH ^C(CH;j)2
I III
COOK CO—N CHCOONa

P-
Lac-
tam

pro-

C(CH3)2 C3 proton PhCH- tons c6h5- -CONH-
R Solvent (6H) (1 H) CO-(IH) (2 H) (5H) (1H)

H- d2o 1.51,
1.60

4.28, 4.30 4.58,
4.59

5.58 7.42

CH3CH2- DMSO 1.17
(3 H)

1.52 3.90, 3.93 4.10
(2H)

4.98 5.38 7.35 8.83

c6h5ch2- d2o 1.50 4.25, 4.29 4.93

(2 h)
5.53 7.13

(10 H)
(ch3)2ch- dmso 1.18

(6 h)
1.50 3.92, 3.95 4.95

(1 h)
4.95 5.39 7.35 8.75

ch3(ch2)3- d20 0.70

(3 H)
1.33

(4 H)

1.52 4.10
(2H)

4.27, 4.31 4.83 5.58 7.34

(ch3)2chch2- dmso 0.85 1.53 1.90 3.93, 3.97 3.90 5.06 5.11 7.36 8.40
(6 H) (1H) (2 H)

ch3(ch2)4— d2o 0.68
(3 H)

1.10

(6H)

1.50 4.10
(2 H)

4.28, 4.32 5.61 7.35

c6h5— d2o 1.50 4.29, 4.32 5.60 7.10
(10 H)

cXX dmso—

d2o
1.55 2.03

(2 H)
2.85

(4 H)

4.02, 4.05 5.48 6.92

(3 H)
7.45

3-CH3CGH4- dmso—

d2o
1.53 2.30

(3 H)
4.02, 4.05 5.40 5.40 7.08

(4 H)
7.41 9.10

4-CH3C6H4— d2o 1.50 1.82

(3 H)
4.29, 4.31 5.63 6.70

(4 II)
7.30

2,5-(CH;j)2C6H3- dmso-

d2o
1.54 2.06,

2.28
(6 H)

4.03, 4.06 5.47 6.99

(3 H)
7.47

3,4-(CH3)2C6II3- d,0 1.48 2.12 3.99, 4.02 5.17 6.50 7.47

(6 H) (3 H)

in Table VI. The phenyl ester showed marked hydrolysis
in all three tissue preparations.
Absorption Studies. Results in Table VII show the

mean peak carbenicillin concentrations measured in
:.he blood of squirrel monkeys after oral administration
af a single dose of 25 mg/kg of the esters. In contrast to
Darbenicillin, all 12 esters were absorbed by the oral route
producing maximum carbenicillin concentrations ranging
from 5 to 20 pg/ml in blood. The highest levels were ob¬
tained with the 3-methylphenyl ester followed by the 5-
indanyl, 4-methylphenyl, phenyl, and rc-butyl esters.
There did not appear to be any direct relationship be-

;ween in vitro hydrolysis rates in the squirrel monkey tis¬
sue preparations (small intestine and liver) shown in
liable IV and peak carbenicillin concentrations in blood.
?or example, although both the phenyl ester and the ben¬
zyl ester were rapidly hydrolyzed in vitro, the peak car-
renicillin blood concentrations produced by the phenyl
>ster were about twice those of the benzyl ester. Similar-
y, although the n-butyl, isobutyl, and n-pentyl esters
vere all hydrolyzed relatively slowly and at about the
ame rates by the tissue preparations, the two former

compounds produced peak carbenicillin blood levels al¬
most twice those of the n-penty] ester. The isopropyl ester
was hydrolyzed at a very low rate in vitro and produced
relatively low blood carbenicillin concentrations.
For comparison, the mean peak serum carbenicillin

concentrations obtained in human volunteers are also
shown in Table VII and it can be seen that there was no

good correlation between the results in squirrel monkey
and man. Thus, the phenyl, 3-methylphenyl, and 5-indan-
yl esters gave relatively high carbenicillin levels in both
groups but the 4-methylphenyl ester, which produced rel¬
atively high levels in the squirrel monkey, gave low serum
concentrations of carbenicillin in man. On the other hand,
the isopropyl ester which produced low levels in the mon¬
key gave relatively high levels in man. The lack of correla¬
tion between results in the squirrel monkey and in man is
not entirely unexpected, since this would require not only
similar absorption rates in the two species but also the
rates at which the esters were hydrolyzed to carbenicillin
by the body tissues would have to be the same.
The carbenicillin concentrations measured in serum and

urine of human volunteers dosed with the esters are shown
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Table IV. Ester Hydrolysis by Squirrel Monkey Liver
and Intestine Homogenates"

% hydrolysis to carbenicillin
after 2.5 hr in

Ester Buffer, pH 7 Intestine Liver

Ethyl <1 5 5

Benzyl <5 100 100

Isopropyl <1 0.3 1.2

»-Butyl <1 19 24

Isobutyl <1 17 31

H-Pentyl <1 28 33

Phenyl 23 100 100

"Substrate concentration 1 mg/ml, tissue concentration 2%
w/v, temperature 37°.

Table V. Ester Hydrolysis by Human Liver Homogenatea

% hydrolysis to carbenicillin in

Buffer,
Liver pH 7,

Liver at Liver at at at 180
Ester 30 min 60 min 180 min min

Ethyl 1 2 23 <1

Benzyl <1 1 7 <5

Iscpropyl <1 <1 <1 <1

n-Butyl 1 2 17 <1

Isobutyl <1 1 5 <1

H-Pentyl 2 4 11 <1

Phenyl 16 46 60 23

5-Indanyl 41 71 83 18

3-Methylphenyl 58 64 85 16

4-Methylphenyl 23

2,5-Dimethylphenyl 9 16 35 7

3,4-Dimethylphenyl 57 73 84 25

"Substrate concentration 2 mg/ml, tissue concentration 4% w/v,
temperature 37°.

in Table VIII.J The compounds were administered in gel¬
atin capsules without excipients as a single dose equiva¬
lent to 500 mg of carbenicillin free acid. Table VIII also
shows the amount of unhydrolyzed ester recovered from
the urine of these subjects. Carbenicillin itself is poorly
absorbed in human subjects after oral administration and
under the conditions described here no carbenicillin was

detected in the blood (<1 pg/ml) and less than 1% of the
dose was found in the urine. In contrast, after administra¬
tion of the esters, carbenicillin was measured in serum
with all compounds, except the n-pentyl ester (<1.0 fig/
ml), and the amount of carbenicillin excreted in the urine
varied from 15 to 36% of the dose administered (n-pentyl
ester, 6%). The highest peak carbenicillin serum concen¬
trations (approximately 7.0 /ug/ml) were obtained with the
phenyl, 5-indanyl, and isobutyl esters and with these
compounds approximately one-third of the dose was ex¬
creted in the urine as carbenicillin.
It was noteworthy that after administration of the alkyl

esters significant amounts of unhydrolyzed ester were
found in the urine along with carhenicillin, whereas unhy¬
drolyzed ester was not detected in urine with the aryl es¬
ters. The difference between the alkyl and aryl esters is
presumably a reflection of the slower rates of hydrolysis of
the former as reported above.

J W'e thank Dr. K. H. Jones for supervising the studies in human volun¬
teers.
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Table VI. Hydrolysis ofCarbenicillin Phenyl Ester
by Human Tissue Homogenates

Hydrolyzing Ester concn (pg/ml) remaining after
system 0 min 30 min 60 min 180 min

Buffered saline, 5.0 (or 4.4 (12) 4.4 (12) 2.7 (46)
pH 7.4

1% human liver 5.0 (0) 3.8 (24) 3.3 (34) 1.3 (74)
homogenate

10% human gut 5.0 (0) 2.3 (54) 1.3 (74) <0.5 (>90)
homogenate

10% human blood 5.0 (0) 3.3 (34) 2.3 (54) 0.6(88)
90% human blood 5.0 (0) 1.2' (76)
Buffered saline, 100 (0) 67 (33)
pH 7.4

1% human liver 100 (0) 83 (17) 66 (34) 10 (90)
homogenate

10% human liver 100 (0) 13' (87)
homogenate

10% human gut 100(0) 64 (46) 34 (66) 11 (89)
homogenate

"Figures in parentheses are per cent hydrolysis. 'Ester concen¬
tration remaining after 20 min.

Table VII. Carbenicillin Blood Levels in the Squirrel
Monkey for Esters ofCarbenicillin0

Mean carbenicillin
blood levels (pg/ml) at

Mean

peak
level

(pg/ml)
0.5 1.0 2.0 4.0 6.0 in hu¬

Ester hr hr hr hr hr mans'

Ethyl 8.5 7.2 2.4 3.8

Benzyl 7.8 6.8 5.5 2.5

Isopropyl 5.3 5.3 3.1 <2.5 <2.5 5.5

a-Butyl 13.9 10.9 4.1 <1.5 <1.5 3.2

Isobutyl 12.5 9.6 3.6 <1.5 <1.5 7.2

H-Pentyl 7.3 6.8 2.0 <1.0

Phenyl 11.9 14.0 10.2 7.0

5-Indanyl 17.7 13.0 5.1 6.7

3~Methylphenyl 19.7 14.2 8.8 1.7 <1.5 5.8

4-Methylphenyl 15.0 11.4 3.2 3.6

2,5-Dimelhyl- 4.6 3.8 2.4 <1.5 <1.5 4.4

phenyl
3,4-Dimethyl- -10.0 8.0 3.4 <1.5 <1.5 3.9

phenyl

"Single oral dose of 25 mg of ester/kg. ''Taken from Table VIII.

The preferred compound of the 12 esters tested ap¬
peared to be the phenyl ester, on the basis of peak carben¬
icillin serum concentrations, area under the blood level
curve, urinary excretion of carbenicillin, and absence of
unhydrolyzed ester. This compound (carfecillin, BRL
3475) was therefore selected for detailed examination. In
further bioavailability studies (to be reported elsewhere)
the favorable pharmacokinetic properties of the compound
were confirmed and studies with selected formulations
(tablets and syrups) resulted in carbenicillin serum and
urine levels significantly greater than those indicated in
Table VIII.
As a result of these observations the phenyl ester of car¬

benicillin is currently undergoing clinical trial in the
treatment of urinary tract infections.
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Table VIII. Carbenicillin Blood Levels in Human
Volunteers for Esters ofCarbenicillin0

Mean carbenicillin serum

levels ((rg/ml) at

Urinary 0-6-
hr excretion,
% of dose

Unhy-
- Car- dro-

30 60 120 240 beni- lyzed
Ester IP. in min min min cillin ester

Ethyl 1.1 2.8 3.8 1.1 21 15

Benzyl <1.0 1.9 2.5 1.3 15 8

Isopropyl 1.2 3.6 5.5 1.8 30 25

«-Butyl 1.3 3.2 3.0 1.1 19 8

Isobutyl <1.0 6.6 7.2 1.9 36 10

»;-Pentyl <1.0 <1.0 <1.0 <1.0 6 11

Phenyl 5.2" 7.0 4.6 <1.0 33c <2

5-Indanyl 1.5 3.7 6.7 1.9 34 <2

3-Methyl- 5.5" 5.8 4.1 <1.5 33 <2

phenyl
4-Methyl- 2.6 3.0 3.6 <1.0 20 <2

phenyl
2,5-Dimethyl- 1.7 4.4 4.3 1.0 26 <2

phenyl
3,4-Dimethyl- <1.5" 2.5 3.9 <1.5 29 <2

phenyl

"Single oral dose of ester equivalent to 500 mg of carbenicillin.
MO-min assay figure. CA further 3.8% of the dose was recovered
as the penicilloic acid of carbenicillin.

Experimental Section

Chemistry. All melting points were taken on a Buchi melting
point apparatus and were not corrected. Nmr spectra were ob¬
tained on a Varian A-60 spectrometer using tetramethylsilane as
an internal reference when dimethyl sulfoxide was the solvent
and 3-trimethylsilylpropane sulfonic acid sodium salt when water
was the solvent. Where analyses are indicated in the tables only
by symbols of the elements, analytical results obtained for these
elements were within ±0.4% of theoretical values.
Monoesters of Phenylmalonic Acid (2). General Method.

Phenylmalonic acid (27.0 g, 0.14 mol) in dry ether (80 ml) was
treated with thionyl chloride (17.85 g, 10.8 ml, 0.15 mol) and di-
methylformamide (2 drops). The mixture was heated in a warm
water bath at reflux for 2 hr or until a clear solution was ob¬
tained. The solution was evaporated under reduced pressure to
remove any residual thionyl chloride and hydrogen chloride and
the oily residue redissolved m dry ether (80 ml). The solution was
treated with the hydroxy compound (0.15 mol) and the mixture
refluxed for 2 hr. The reaction mixture was cooled to room tem¬

perature and washed with water (20 ml). The organic layer was
extracted with saturated sodium bicarbonate solution until the
extracts were alkaline. The combined extracts were washed with
ether (30 ml) and the wash was discarded. The aqueous layer was
acidified with 5 N hydrochloric acid to pH 1. The precipitated oil
was extracted with methylene chloride (3 x 100 ral). The com¬
bined organic extracts were washed with water (4 X 100 ml) to
remove any unreached phenylmalonic acid, dried over anhydrous
magnesium sulfate, and evaporated under reduced pressure. The
oily residue crystallized on standing and was recrystallized from
appropriate solvents.
o-Carboxy Esters of Carbenicillin (3). General Method. The

monoester of phenylmalonic acid (0.01 mol) mixed with thionyl
chloride (5 ml) was heated in a warm water bath at 70° for 1 hr.
The solution was evaporated under reduced pressure, diluted with
dry benzene (5 ml), and reevaporated to remove residual thionyl
chloride. The crude acid chloride, dissolved in dry acetone (50
ml), was added to a solution of 6-aminopenicillanic acid (2.16 g.
0.01 mol) in water (50 ml), 1 A'sodium hydroxide (10 ml), 1 N so¬
dium bicarbonate (15 ml), and acetone (25 ml) cooled to 12°. The
mixture was stirred at room temperature for 2 hr and washed
with ether (3 x 50 ml) and the wash discarded. The aqueous so¬
lution was layered with fresh ether (50 ml) and acidified, with
stirring, with 1 N hydrochloric acid to pH 2.0. The ether layer
was separated and the aqueous layer reextracted with ether (2 X

50 ml). The combined ether extracts were washed with water (20
ml) and extracted with 1 N sodium bicarbonate until the com¬

bined extracts were at pH 7.0. The neutral aqueous extract was
freeze-dried to give the penicillin sodium salt as a noncrystalline
solid. Solution of the amorphous product in ethanol and standing
at room temperature gave in some instances the penicillin sodium
salt as a crystalline solid.
In Vitro Hydrolysis Studies. Hydrolysis by Squirrel Monkey

Tissue Preparations. The liver and small intestine (pyloric to
caecal junction) were obtained from a freshly killed squirrel mon¬
key (death from C02 asphyxiation). The gut was washed through
immediately with 0.05 M potassium phosphate buffer, pH 7.0,
containing 0.15 M sodium chloride to remove any contents before
the mucosa degenerated. The tissues were homogenized at 20%
w/v in ice-cold buffered saline and further diluted with phosphate
buffer, pH 7.0, before use. Reaction mixtures consisted of ester at
a final concentration of 1 mg/ml in 2% w/v homogenate. Controls
to determine aqueous hydrolysis rates consisted of ester at 1
mg/ml in 0.05 M potassium phosphate buffer, pH 7.0. Reaction
mixtures were incubated at 37° and spotted (5 pi) onto 1-cm wide
chromatography tape (Whatman Grade 1) at 0 and 150 min.
Standard solutions of carbenicillin were prepared in homogenate
or buffer and also spotted (5 pi) onto chromatography tapes. The
chromatograms were developed overnight (16 hr) by descending
chromatography in a n-butanol-ethanol-water (4:1:5 v/v top
phase) system at 4°. The tapes were then dried and laid on agar
plates (Oxoid blood agar base CM 55 3.5% w/v) seeded with spores
of Bacillus subtilis ATCC 6633. The plates were incubated at 40°
for 7 hr, after which time the zones of inhibition appearing at Rt
0.05 (carbenicillin) were measured.
In this solvent system the esters had Rt values of 0.5 and

above. Zone diameters for the standards were plotted against log
concentrations to give a linear standard line from which the con¬
centrations of carbenicillin in the reaction mixtures were ob¬
tained. Percentage conversions were calculated using the formula
Mc/422 X 10, where M = molecular weight of sodium salt ester
(molecular weight of disodium carbenicillin = 422) and c = con¬
centration (pg/ml) of carbenicillin in the reaction mixture.
Hydrolysis by Human Liver Homogenate. Reaction mixtures

consisted of ester (2.0 mg/ml) in 4% (w/v) human liver homoge¬
nate in 0.05 M potassium phosphate buffer, pH 7.0. The liver was
obtained postmortem and stored at —20° until required when it
was homogenized as described below. Control reactions consisted
of ester at 2.0 mg/ml in 0.05 M potassium phosphate buffer, pH
7.0. Tests and controls were incubated at 37° and spotted onto
chromatography tapes at 0, 30, 60, and 180 min. The chromatogra¬
phy and assay procedures were as above.
Hydrolysis of Carbenicillin Phenyl Ester by Human Tissue

Preparations. Human liver and jejunum were obtained postmor¬
tem and immediately frozen and stored at -20° until needed. Be¬
fore use they were thawed and homogenized for 60 sec at 5° in
0.05 M potassium phosphate buffer, pH 7.4, containing 0.15 M
sodium chloride using an Ultra Turrax homogenizer (Janke and
Kunkel) to give a 10% w/v homogenate. Blood was taken from
healthy volunteers, heparinized (10 units of heparin/ml of blood),
and diluted with the above buffered saline. Reaction mixtures
consisted of the phenyl ester at 5.0 or 100 ;<g/ml in 10%- v/v blood,
107o w/v gut homogenate, 17c w/v liver homogenate, or buffered
saline (control). Reaction mixtures were incubated at 37° and as¬

sayed at 0, 30, 60, and 180 min for residual ester by the following
procedure.
Ten milliliters of a 5.0 pg/ml reaction mixture or 1.0 ml of a 100

Pg/ml reaction mixture was mixed with 0.1 M hydrochloric acid
in a centrifuge tube, using a sufficient amount to bring the sam¬
ple to pH 5.5. n-Butyl acetate (10 ml) at 0° was added, and the
tube was sealed, shaken vigorously, and then spun at 38,000g for
5 min in a refrigerated centrifuge (ca. 5°) to separate the phases.
Five milliliters of the organic phase was removed and evapo¬

rated to dryness in vacuo. The residue was redissolved in 0.2 ml
of n-butyl acetate and 50 pi spotted onto each of two antibiotic
assay disks (Whatman 1.3 cm). Standard solutions of the phenyl
ester were made up in blood, gut homogenate. or buffered saline
at 0° and immediately extracted by the same procedure. Test and
standard disks were placed on an agar plate (3.57c Oxoid blood
agar base CM 55) seeded with Sarcina lutca NCTC S340 and in¬
cubated overnight (16 hr) at 30° and the zones of inhibition were
measured. Concentration of ester remaining in the reaction
mixtures was obtained by reference to a standard line of zone di¬
ameter for ester against log concentration.
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Absorption Studies. Absorption in Squirrel Monkeys. The
esters were administered orally by intubation as solutions of the
sodium salts in water (2 ml), at a dose of 25 mg/kg, to groups of
five squirrel monkeys (Saimiri sciureus) weighing 500-1000 g. Ve¬
nous blood samples were removed at 0.5, 1, 2, 4, and 6 hr after
dosing. The blood samples were heparinized, stored at 4°, and as¬
sayed on the day of sampling.
Absorption in Human Volunteers. The compounds were ad¬

ministered in plain gelatin capsules without excipients to groups
of ten healthy fasting volunteer subjects as a single oral dose cor¬
responding to 500 mg of carbenicillin. Venous blood was taken
0.5, 1, 2, 3, and 4 hr after administration of the ester and urine
was collected over a 6-hr period. In order to reduce hydrolysis in
vitro sera were kept in an ice bath until microbiological assay
which was usually commenced within 1 hr of collection of the
specimens. The specimens of urine were examined for carbenicil¬
lin, unhydrolyzed ester, and penicilloic acid.
Microbiological Assay. The concentrations of carbenicillin

found in body fluid specimens after administration of the esters
were measured by standard large plate microbiological assay with
Pseudomonas aeruginosa NCTC 10701 as assay organism.6 This
organism is sensitive to relatively low concentrations of carbeni¬
cillin but is insensitive to unhydrolyzed carbenicillin esters. Spec¬
imens of squirrel monkey blood or human sera were assayed
against standard solutions of carbenicillin prepared in squirrel
monkey blood or in pooled human serum. Urine specimens were
assayed against carbenicillin standard solutions prepared in 0.05
M phosphate buffer, pH 7.0. The assay plates were incubated
overnight at 30°, inhibition zone diameters measured, and the
concentrations of carbenicillin derived from the standard lines.
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Penicilloic Acid in Urine. The carbenicillin penicilloic acid
concentrations in urine collected in the 6-hr period after adminis¬
tration of the esters to human volunteers were measured by an io-
dometric method.7
Unhydrolyzed Ester in Urine. The amounts of unhydrolyzed

ester found in the urine of fasting subjects were measured by
chromatography and bioautography, as described above (see sec¬
tion on hydrolysis by squirrel monkey tissue preparations). The
inhibition zones formed by the urine specimens were measured
and compared with those produced by buffer standard solutions
of the esters.
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MICROBIOLOGY OF CARFECILLIE, THE a-EHEHYL ESTER OF CARSENICIILE7

M. J. Basker and R. Sutherland

Beecham Pharmaceuticals Research Division

Brockham Park, Betchworth, Surrey, England

Carbenicillin (a-carboxybenzylpenicillin) is a broad spectrum
penicillin active against a wide range of bacteria including
Pseudomonas aeruginosa and is widely used in the treatment of
serious infections caused by pseudomonas or other Gram-negative
bacilli. Carbenicillin is poorly absorbed by the oral route and
is effective only after parenteral administration, but certain
o-esters of the compound are absorbed after oral administration
and undergo hydrolysis in the body to liberate carbenicillin
(English et al, 1972; Clayton et al, T975)• This report describes
the in vitro activity of one such ester, carfecillin,

Carfecillin (Sodium a-phenoxycarbonylbenzylpenicillin) is the
a-phenyl ester of carbenicillin (Fig. 1) and since the ester
group is in the side chain, the compound possesses a free carboxyl
group in the C^ position of the thiazolidine ring and can be
expected to demonstrate antibacterial activity -per se unlike
those penicillin esters where the ester group is in the thiazolidine
ring. In aqueous solutions the rate of hydrolysis of carfecillin
to carbenicillin is dependent on the pH value of the solution.
Thus at pH 8.0, the g- life of carfecillin at 37°C at a concentration
of 100|og/ml was 90 minutes, increasing to 150 minutes at pH 7-4,
and to greater than 10 ho-ors at pH 6.5. In nutrient broth, pH 7.4,
the rate of hydrolysis was similar to that in buffer, pH 7.4.
In contrast, the rate of hydrolysis of carfecillin to carbenicillin
in human serum was much more rapid (g life about 10 minutes) under
the same experimental conditions. As a result of the activity of
non-specific esterases present in serum and tissues carfecillin is
hydrolised very readily to carbenicillin and so the activity of
carfecillin in the clinical situation is entirely that of
carbenicillin.

51
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FIG. 1. Structure of carfecillin
(Sodium o-phenoxycarbonylbenzylpenicillin)

In tests in vitro for the measurement of antibacterial

activity, the activity shown by carfecillin will depend, therefore,
upon the extent to which hydrolysis to carhenicillin takes place.
In general, conditions are more favourable for hydrolysis to
carbenicillin in agar-dilution tests to measure Minimum Inhibitory
Concentrations than in tests in liquid media. Against Gram-
negative bacilli the Minimum Inhibitory Concentrations of
carfecillin were generally about t-he same as, or slightly higher
than, those of carbenicillin, but Klebsiella aerogenes was slightly
more sensitive to carfecillin (Table TjT Against Gram-positive
cocci, on the other hand, carfecillin was generally rather more
active than carbenicillin. For example, carfecillin was twice
as active as carbenic.illin against penicillin-sensitive
staphylococci and (3-haemolyt.ic streptococci, and 5 times more
active against pneumococci and enterococci. However, results
against the penicillin-resistant strain of Staphylococcus aureus
suggest that carfecillin is less stable to staphylococcal
penicillinase than is caxbenicillin.

In the presence of serum the activity of carfecillin becomes
that of carbenicillin as might be expected from the rapid rate
of hydrolysis of carfecillin to carbenicillin in serum. This is
illustrated by the results shown in Table 2 where it can be seen
that in nutrient broth carfecillin was less active than carbenicillin
against Ps. aeruginosa and more active than the latter against
Staph, aureus, but in human serum the activities shown by the two
compounds were the same.

Differences in activities of carfecillin and carbenicillin
may be demonstrated more clearly in agar, diffusion tests used for
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TABLE 1. Minimum Inhibitory Concentrations of carfecillin and
carbenicillin

MIC (|ig/ml)

Organism Carfecillin Carbenicillin

E. coli 5.0 2.5
P. mirabilis 2.5 1.25
P. morganii 5.0 5.0
Ps. aeruginosa 50 25
K. aerogenes 125 250
Enterobacter sp. 12.5 5.0
Ser. marcescens 12.5 5.0
S. aureus 0.25 0.5
S. aureus 125' 25
Str. pyogenes 0.05 0.1
Str. pneumoniae 0.05 0.25
Str. faecalis 5.0 2.5

+ |3-lactamase producing strain

TABLE 2. Minimum Inhibitory Concentrations of carfecillin and
carbenicillin in the presence of serum

Organism Medium Caxfecillin Carbenicillin

Staph. nut. broth 0.25 1.0

aureus serum* 1.0 1.0

Pseudomonas nut. broth 125 50

aeruginosa serum 50 50

* 95% human serum

microbiological assays. Against Ps. aeruginosa NCTC 10701, a
strain used for the assay of carbenicillin, an aqueous solution
(pH 6.0) of carfecillin was about one fifth as potent as
carbenicillin (Pig. 2), but in human serum the carfecillin
standard line was the same as that of the carbenicillin standard
line as a result of the rapid rate of hydrolysis to carbenicillin
In contrast, against Sarcina lutea NCTC 8340, a penicillin assay
organism, carfecillin was from 10 to 20 times more potent than
carbenicillin.
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microbiological assays against Ps. aerurcinosa NCTC 10701 and

Sarcina lutea NCTC 8340.

100n

Carfecillin Carbenicillin

Control
100i

1 2 3 4 5 6 7 8

Control

(0 Ipg/ml)

1 2 3 4 5 6 7

Time (h)

FIG. 3. Bacteriolytic ^activities of carfecillin and carbenicillin
against B. coli (JT1) and S. aureus (Oxford)

A similar pattern emerged when the relative activities of
carfecillin and carbenicillin were compared using a Ponet Maury
Biophotometer continuous growth recorder. For instance, against
a strain of E. coli (JT1) carbenicillin was more active than
carfecillin as shown by the more rapid kill of carbenicillin
compared with that of carfecillin (Fig. 3). However, against
S. aureus (Oxford) the results were reversed and carfecillin
produced a more rapid bacteriolytic effect than did carbenicillin
(Fig. 3).
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In conclusion, it is evident that carfecillin demonstrates
an intrinsic antibacterial activity in vitro and is more active
than carbenicillin against most Gram-positive cocci, but less
active than the latter against Gram-negative bacilli. However,
as carfecillin hydrolyses quite readily to carbenicillir in tests
for antibacterial activity, the activity shown by carfecillin in
vitro will be that of a mixture of carbenicillin and unhydrolysed
ester, depending upon the extent to which hydrolysis takes place
under the conditions of the test system. In the presence of serum
or other body tissues, however, carfecillin is hydrolysed rapidly
by non-specific esterases to carbenicillin and the activity shown
in serum is entirely that of carbenicillin as is the case in the
clinical condition (Wilkinson et al., 1975)-
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Abstract. Carfecillin, the a-phenyl ester of carbenicillin, hydrolyses rapidly in the
presence of serum or body tissues to liberate carbenicillin but hydrolysis is less rap¬
id in aqueous solution. The activity of carfecillin in antibacterial tests in vitro de¬
pends upon the extent of hydrolysis to carbenicillin, and in conventional serial dilu¬
tion tests carfecillin shows an antibacterial spectrum generally similar to that of car¬
benicillin due to extensive hydrolysis. However, in tests in which the extent of hy¬
drolysis is reduced, carfecillin displays lesser activity than carbenicillin against
gram-negative bacilli and greater activity against gram-positive cocci. In the pres¬
ence of serum carfecillin is hydrolysed rapidly to carbenicillin and the activity
shown is solely that of carbenicillin. Unlike carbenicillin, carfecillin is well absorbed
in mice after oral administration, producing significant carbenicillin blood concen¬
trations and the compound is as effective by the oral route in the treatment of var¬
ious experimental mouse infections as is parenteral carbenicillin.

Introduction

Carbenicillin is widely used in the treatment of serious infections due
to Pseudomonas aeruginosa and other gram-negative bacilli, but it is
poorly absorbed by the oral route and is effective only by parenteral ad¬
ministration. However, certain a-esters of carbenicillin have been shown
to be well absorbed from the gastrointestinal tract after oral administra¬
tion, undergoing hydrolysis in the body to liberate carbenicillin [1, 2].

1 We wish to thank Dr. M. Cole and Miss Brenda Ridley for providing the hy¬
drolysis data quoted here.
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Fig. 1. Structure of carfecillin (sodium a-phenoxy carbonyl benzylpenicillin).

Carfecillin, the a-phenyl ester of carbenicillin, is one such ester which has
been shown to produce relatively high concentrations of carbenicillin in
man and to be effective in the treatment of urinary tract infections, in¬
cluding those caused by Ps. aeruginosa [5, 7].

Since the ester group of carfecillin is in the side chain (fig. 1) the com¬
pound is a penicillin with the free carboxyl group in the C3 position of the
thiazolidine ring essential for antibacterial activity. Consequently, carfe¬
cillin can be expected to demonstrate antibacterial activity per se, unlike
penicillin thiazolidine esters which are devoid of intrinsic antibacterial ac¬
tivity.
In the presence of serum and body tissues, carfecillin hydrolyses rapid¬

ly to form carbenicillin as a result of the action of non-specific esterases
[2] and so the activity shown by carfecillin in man is entirely that due to
the carbenicillin liberated. In aqueous solution, hydrolysis is less rapid
and the activity shown by carfecillin in antibacterial tests in vitro will de¬
pend not only upon the intrinsic antibacterial activity of the compound,
but also upon the extent to which hydrolysis to carbenicillin takes place
under the conditions of the test system. This report compares the antibac¬
terial effects productd by carfecillin and carbenicillin in vitro under var¬
ious experimental conditions influencing the extent of hydrolysis of carfe¬
cillin and in vivo in the treatment of experimental infections.

Materials and Methods

Carfecillin (Uticillin, Beecham Research Laboratories) is the sodium salt of
a-(phenoxycarbonyl)benzylpenicillin (fig. 1) and the material used in these studies
tad an estimated potency of 960 ^g/mg carfecillin sodium salt (equivalent to
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760 ug/mg carbenicillin). Carbenicillin was used as the disodium salt (790ug/mg
free acid) and contained approximately 2.0% benzylpenicillin. In these tests the
weights of carfecillin were adjusted to contain the equivalent amounts of carbenicil¬
lin.

Carfecillin is readily soluble in water and is comparatively stable at acid pH val¬
ues, having a half-life in artificial gastric juice (pH 1.6) at 37 °C of approximately
2 h compared with 15 min for carbenicillin under the same conditions. The rate of
hydrolysis of carfecillin to carbenicillin in aqueous solution is influenced greatly by
the pH value of the medium, being much slower at acid pH than in alkaline condi¬
tions. Thus, the half-life of carfecillin in aqueous solution at 37 °C at a concentra¬
tion of lOO^g/rnl is greater than 10 h at pH 6.5, 150 min at pH 7.2 and 90 min at
pH 8.0 (Beecham Research Laboratories, unpubl. data). Accordingly, in the tests de¬
scribed below, carfecillin solutions were prepared in 0.05 m phosphate buffer, pH
6.0, immediately prior to dilution in agar or liquid media.

Antibacterial activity in vitro. Minimum inhibitory concentrations (MIC) of car¬
fecillin and carbenicillin required to inhibit growth of the test organism for 18 h at
37 °C were measured by serial dilution in 20-ml volumes of nutrient agar (Blood
Agar Base, Oxoid; pH 7.3) or in 5-ml volumes of nutrient broth (Nutrient Broth
No. 2, Oxoid; pTI 7.5). Agar plates were inoculated with 0.001 ml of undiluted over¬
night broth culture delivered by a multiple inoculating device. For tests in liquid
medium, 0.03 ml of an overnight broth culture was added to each tube, an inoculum
of approximately 107 cells. In experiments designed to measure the effect of pH on
the activity of carfecillin and carbenicillin the compounds were tested in broth buff¬
ered with 0.05 M phosphate to pH 6.0 or pH 8.0.

The effect of serum on the antibacterial activities of the compounds was mea¬
sured by determination of the MIC in nutrient agar and in nutrient agar containing
human serum at a final concentration of 50% serum.

Activity against experimental infections. Albino mice (Olac strain, 18-22 g) were

injected by the intraperitoneal route with 0.5 ml of a suspension in hog gastric mu¬
cin (1701-W, Wilson Laboratories, Chicago) of a dilution of an overnight broth cul¬
ture (Veal Infusion, Difco) of the test organism standardised to give an infective ino¬
culum of 100-1,000 MLD. The antibiotics were administered as a single dose imme¬
diately after infection to groups of 10 mice at each dose level. Carfecillin and car¬
benicillin were administered as aqueous solutions while ampicillin was given in aca¬
cia suspension for oral treatment. In experiments with Ps. aeruginosa the com¬

pounds were administered as divided doses at 0, 2, 4 and 6 h after infection. The
numbers of animals surviving 4 days after infection were recorded and the dose of
penicillin required to produce 50% protection of infected animals (Median Protec¬
tive Dose, PD50) was calculated by the graphical method of Litchfield and Wil-
coxon [6].

The activities of carfecillin and carbenicillin were also determined against an ex¬

perimental mouse pyelonephritis produced by intravenous injection of Ps. aerugino¬
sa, Proteus morganii or Escherichia coli [3], Mice (Olac strain, 18-22 g) were inject¬
ed intravenously with 0.2 ml of a suitable dilution in veal infusion broth (Difco) of
an overnight culture of the test organism. The animals were injected with approxi¬
mately 2-5 X 106 cells of Ps. aeruginosa 11, 2-5 X 108 cells of P. morganii 14, or
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approximately 10s cells of E. coli JT415. The renal virulence of the bacteria was
enhanced by intramuscular administration of iron sorbitol citrate (Jectofer, Astra
Chemicals Ltd.), 30 mg/kg, at 18, 42, 66 and 90 h after infection. Treatment with
the penicillins started 20 h after infection and continued 4 times a day at 2-hourly
intervals. Groups of 10 mice were killed at each dose level, 10-15 days after in¬
fection. The kidneys were removed aseptically and examined for macroscopic
abscesses, and bacterial counts were made from homogenates prepared from the
kidneys.

Antibiotic blood concentrations in mice. The oral absorption of carfecillin in
mice was determined by measurement of the carbenicillin blood concentrations re¬

sulting from a single oral dose of carfecillin. Healthy mice (Olac strain, 20-25 g)
were dosed orally with carfecillin, carbenicillin or ampicillin and killed in groups of
five at 5, 10, 20, 40, 60 and 120 min after dosing. A further group of mice were
dosed with carbenicillin by subcutaneous injections. Blood was collected from the ax¬

illary region and antibiotic concentrations of heparinised specimens were measured
by large plate agar diffusion assay. Ps. aeruginosa NCTC 10701 was used as assay

organism for samples from mice dosed with carfecillin and carbenicillin, and Sarcina
hitea NCTC 8340 was used for the assay of ampicillin. Specimens from carfecil-
lin-treated mice were assayed against carbenicillin standard solutions.

Results

Antibacterial Activity in vitro
Results in table I show MIC obtained with carfecillin and carbenicillin

in agar-d tint ion tests against a range of gram-negative and gram-positive
bacteria. In general, carfecillin was as active as, or was twofold less active
than carbenicillin against gram-negative bacteria except that Klebsiella
aerogenes was rather less resistant to carfecillin than to carbenicillin.
Gram-positive cocci were generally more sensitive to carfecillin than to
carbenicillin and the compound was twice as active as the latter against
penicillin-sensitive strains of Staphylococcus aureus and was up to five
times more active against /J-haemolytic streptococci, pneumococci and
enterococci. However, carfecillin was less active than carbenicillin against
/i-lactamase-producing strains of S. aureus suggesting that carfecillin was

• less stable to staphylococcal /Mactamase.
The activity of carfecillin in vitro was due in part to hydrolysis to car¬

benicillin, as both compounds were demonstrated to be present in broth
cultures during the course of serial-dilution tests. The half-life of carfecil¬
lin at a concentration of 100 /tg/ml in sterile nutrient broth (pH 7.5) at
37 °C was about 3 h, and was slightly less in a broth culture of Ps. aerugi¬
nosa NCTC 10662 (Beecham Research Laboratories, unpubl. data). The



2 8 7

428 Basker/Comber/Sutherland/Vallf.r

Table I. Minimum inhibitory concentrations of carfecillin and carbenicillin against gram
negative and gram-positive bacteria

Organism MIC, /ig/ml
carfecillin carbenicillin

Escherichia coli 5.0 2.5

Salmonella typhi 2.5 2.5

Shigella sonnei 5.0 5.0
Klebsiella uerogenes 125 250

Enterobacter cloacae 5.0 5.0

Pseudomonas aeruginosa 100 50

Serratia marcescens 5.0 5.0

Proteus mirabilis 2.5 1.25

Proteus morganii 5.0 2.5

Haemophilus influenzae 0.5 0.5
Neisseria gonorrhoeae 0.02 o©

Bacillus subtilis 0.5 0.5

Staphylococcus aureus 0.25 0.5

Staphylococcus aureus1 50-125 25

Streptococcus pyogenes 0.05 0.25

Streptococcus pneumoniae 0.1 0.5

Streptococcus faecalis 5.0 25

1 /?-Lactainase-producing strain.

addition of phenol at an equimolar concentration had no effect on the an¬
tibacterial activity of carbenicillin, and mixtures containing carbenicillin
(4 parts) and phenol (1 part) showed the same activity as carbenicillin.
The MIC of phenol against the test organisms were greater than
1,000 jtig/ml in these tests, so it would be unlikely that phenol liberated as
a result of hydrolysis of carfecillin would contribute to the antibacterial
activity of carfecillin in vitro.

The effect of pH on the activity of carfecillin is illustrated in table II
showing the MIC of carfecillin and carbenicillin in buffered nutrient
broth at pH 6.0 and pH 8.0. In the examples shown carfecillin was rather
less active against gram-negative bacilli at pH 6.0 than at pH 8.0. In the
case of carbenicillin the differences in activity at the two pH values were
not so great. In contrast, carfecillin was distinctly more active than car¬
benicillin against the penicillin-sensitive staphylococcus (strain T4) and
against the enterococcus at pH 6.0, but at pH 8.0 carfecillin was less ac-
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Table 11. Effect of pH onminimum inhibitory concentrations of carfecillin

Organism pH of medium MIC, /ig/ml
carfecillin carbcnicillin

E. coli 415 6.0 25 12.5
8.0 6.3 6.3

Ps. aeruginosa 6.1 250 100

NCTC 10662 8.0 25 25

En!, aerogenes 6.0 25 12.5

T764 8.0 6.3 6.3

Str.faecalis 1347 6.0 1.6 12.5

8.0 25 25

S. aureus T4 6.0 0.4 J .6
8.0 1.6 1.6

S. aureus T 142 6.0 < 100 25

8.0 25 25

Table III. Effect of human serum on the antibacterial activity of carfecillin

Organism MIC, /ig/ml
carfecillin carbenicillin

nutrient agar + nutrient agar H-
agar 50% serum agar 50% serum

Ps. aeruginosa 125 50 50 50

NCTC 10662

5. aureus 0.5 1.0 1.0 1.0

NCTC 6571

Str.faecalis 1347 3.1 50 25 50

live and showed the same activity as carbenicillin against these organisms.
Against the /3-lactamase-producing strain of S. aureus T142, carfeciliin
was less active in the acid medium but showed the activity of carbenicillin
in the alkaline medium. Since carfecillin hydrolyses to carbenicillin more
rapidly at alkaline pH values than under acid conditions, these results
suggest that unhydrolysed carfecillin is generally less active than carben¬
icillin against gram-negative bacteria and /Mactamase-producing strains



289

430 Basker/Comber/Sutherland/Valler

Fig. 2. Carbenicillin blood concentrations after oral administration of carfecillin
to mice: □, H = carfecillin (oral), 400 and 100 mg/kg; A = ampicillin (oral),
200 mg/kg; O = carbenicillin (subcutaneous), 50 mg/kg.

of S. aureus, but is more active than carbenicillin against sensitive strains
of gram-positive cocci.

Effects of serum on antibacterial activity. Results in table III show the
MIC of carfecillin and carbenicillin in nutrient agar and in agar contain¬
ing 50% human serum, and it can be seen that the antibacterial activity of
carfecillin became that of carbenicillin in serial dilution tests involving
media containing serum. For example, in the absence of serum, carfecillin
was rather less active than carbenicillin against Ps. aeruginosa, was rather
more active against S. aureus and was distinctly more effective against
Str. faecalis. In the presence of serum, however, carfecillin was ac active
as carbenicillin against all three organisms, showing an increase in activ¬
ity against the pseudomonas and reduced activity against the gram-posi¬
tive cocci. These results illustrate the rapid rate of hydrolysis of carfecillin
by serum to liberate carbenicillin.

Activity in vivo
Absorption in mice. The carbenicillin blood levels produced in mice

with single oral doses of carfecillin are shown in figure 2, and for com¬

parison, values obtained with a single oral dose of ampicillin and a sub¬
cutaneous dose of carbenicillin are also presented. In general, carfecillin
was well absorbed after oral administration and a single dose of 100 mg

carfecillin/kg produced blood antibiotic concentrations notably higher
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Table IV. Relative activities of carfecillin and carbenicillin against intraperitoneal mouse
infections

Organism MIC, pg/ml PDdo, mg/kg
(carbenicillin) carfecillin carbenicillin

oral oral subcutaneous

E. coli 8 2.5 374 >1,000 125
E. coli 9 5.0 110 > 400 230

Salm. typhimurium 10 2.5 187 490 130

P. mirabilis 13 2.5 56 200 80

K. edwardsii 18 12.5 97 300 115

Ser. marcescens US1 12.5 53 210 100

Ps. aeruginosa 11 50 580 >4,000 400

600 >4,000 208

Ps. aeruginosa 30 50 155 >4,000 30

194 >4,000 155

S. aureus (Smith; 1.25 13 19 4

S. aureus 1555 50 >-1,000 >1,000 600

Str. pyogenes CN10 0.25 100 120 80

1 Median protective dose.

than those obtained with ampicillin at twice that dose (200 mg/kg). Mean
peak carbenicillin concentrations of 17 /<g/ml were measured 5 min after
an oral dose of 100 mg carfecillin/kg and of 22 /tg/ml after 20 min with
a dose of 400 mg/kg to normal mice. At the lower dose, carbenicillin
was not detected after 60 min but with the higher dose of carfecillin,
relatively high concentrations of carbenicillin (7.8 ug/ml) were present at
120 min after administration. In contrast to these findings with carfecillin,
administration of an oral dose of 400 mg carbenicillin/kg generally failed
to produce detectable concentrations in the blood of mice, and variable
levels of carbenicillin were measured in about 50°/o of animals receiving
an oral dose of 1,000 mg carbenicillin/kg. Subcutaneous injection of
carbenicillin (50 mg/kg) produced peak concentrations at 10 min rather
higher than those produced by oral carfecillin (400 mg/kg) but the anti¬
biotic levels fell more rapidly.

Intraperitoneal infections. The efficacy of carfecillin in the treatment
of experimental mouse intraperitoneal infections produced by various
gram-negative and gram-positive bacteria is shown in table IV in compar¬
ison with carbenicillin. In these tests carfecillin was given as a single oral
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Table V. Relative activities of carfecillin, carbenicillin and ampicillin against mouse

intraperitoneal infections due to ampicillin-resistant bacteria

Organism MIC, /<g/ml PD50, mg/kg
carbenicillin ampicillin carfecillin carbenicillin ampicillin

oral oral subcutaneous ora'

E. coli 415 5.0 125 75 >1,000 70 >1,000
E. coli 487 12.5 250 240 >1,000 100 >1,000
I', morganii 14 5.0 250 31 >1,000 33 >1,000

dose immediately after infection; carbenicillin was administered orally or
by subcutaneous injection. Carfecillin was markedly more active against
the gram-negative bacilli than was carbenicillin when the latter was ad¬
ministered by the oral route, and carfecillin generally showed activity of
the same order as subcutaneous carbenicillin against these organisms.
However, against the sensitive strains of gram-positive cocci, namely S.
aureus (Smith) and Str. pyogenes CN 10, oral carbenicillin was as effec¬
tive as carfecillin and this may have been due, in part, to the presence of
benzylpenicillin in the carbenicillin. Neiter carfecillin nor carbenicillin
were active against the infection due to the penicillinase-producing strain
of S. aureus.

The activities of carfecillin and carbenicillin were also determined

against intraperitoneal infections due to two ampicillin-resistant strains of
E. coli and an ampicillin-resistant strain of P. morganii. Ampicillin and
carbenicillin were ineffective by the oral route whereas oral carfecillin
was as active as subcutaneous carbenicillin in the treatment of these
infections (table V).

Experimental mouse pyelonephritis. The results of treatment with car¬
fecillin and carbenicillin of experimental mouse pyelonephritis infections
due to Ps. aeruginosa, P. morganii and E. coli are illustrated hi figure 3.
In these infections, 90% of the kidneys of untreated mice showed macros¬

copic abscess formation and the bacterial counts of kidney homogenat.es
from these animals ranged from 104 to 108 bacteria/ml of homogenate.
Therapy with oral carbenicillin was ineffective against the pseudomonas
infection, and the kidney bacterial counts and the macroscopic appearance
of the kidneys of treated mice were the same as in the untreated animals.
In contrast, treatment with parenteral carbenicillin was efficacious in pro¬
tecting the mice and at the higher dose level (500 mg/kg), only one animal
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Ps. aeruginosa
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abscesses
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HH AmpicillinSHCarbenicillin [ JjCarfBCillin

Fig. 3. Relative activities of carfeciliin, carbenicillin and ampicillin in the treat¬
ment of experimental pyelonephritis in mice: (a) Pseudomonas aeruginosa; (b) Pro¬
teus morganii; (c) Escherichia coli.

showed visible evidence of infection due io the presence of a high bacteri¬
al kidney count, while the remainder of the group were free from infec¬
tion. The dose of 250 mg carbenicillin/kg was rather less active, protect¬
ing 60% of the animals. Oral treatment with carfecillin was about as
effective as subcutaneous administration of carbenicillin and with both
doses only 30% of the animals showed evidence of infection Similarly,
oral carfecillin was very effective in the treatment of the Proteus infection
and showed activity of the same order as parenteral carbenicillin. Thus, at
both dose levels, in most animals there was no evidence of macroscopic kid-
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ney lesions and the kidney bacterial counts of the treated animals were of
a low order compared with untreated animals. The strain of E. coli JT415
used to produce the experimental pyelonephritis was insensitive to ampicil-
lin (MIC 125 /./g/ml) and sensitive to carbenicillin (MIC 12.5 /«g/ml) in
vitro and this was reflected in the results of therapy. Ampicillin and oral
carbenicillin showed poor activity and had little effect, on the course of
the infection, whereas oral carfecillin and subcutaneous carbenicillin were

equally efficacious in protecting the mice and at both dose levels there
was slight evidence of infection.

Discussion

The antibacterial activity of carfecillin in vitro is largely of academic
interest, because in clinical use the compound is present in the body sole¬
ly as carbenicillin, a a result of the rapid hydrolytic activity of non-specif¬
ic esterases present in tissues and body fluids. However, hydrolysis of car¬
fecillin is less rapid in vitro and the antibacterial activity seen in antibac¬
terial tests in vitro is always a composite of carbenicillin liberated from
carfecillin and unhydrolysed carfecillin. Consequently, the antibacterial
activity of carfecillin in vitro can only be assessed by comparison with
that shown by carbenicillin under the same conditions.

The results of the comparative tests reported here show that carfecillin
can function as a penicillin in its own right as might be predicted from its
structure. The finding that carfecillin is generally less active than carbeni¬
cillin against gram-negative bacilli, with K. aerogenes as an exception,
and is more active against sensitive gram-positive cocci, is in agreement
with results reported for carbenicillin indanyl sodium, another a-ester of
carbenicillin [4], The effect of human serum on the antibacterial activity
of carfecillin illustrates the rapid hydrolysis of the ester by body fluids
and is indicative that the activity to be expected in vivo after administra¬
tion of carfecillin would be solely that of carbenicillin liberated from the
ester.

The results of the chemotherapeutic tests show that carfecillin is well
absorbed after oral administration to infected animals and confirm that
the levels of carbenicillin liberated in the animal are adequate for the
treatment of infection. In fact, it is of interest that therapy with orally-ad-
ministered carfecillin was as effective as parenteral carbenicillin against
the intraperitoneal infections and against the experimental pyelonephritis.
These findings suggest that carfecillin should be a useful addition to the
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group of antibiotics available for the oral treatment of infections due to
gram-negative bacilli.
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INSTABILITY OP AZLOCILLIN AND MEZLOCILLIN TO THE

P-LACTAMASES OP PSENDOMONAS AERUGINOSA AND

KLEBSIELLA AEROGENES

M. J. Basker, R„ J. Boon, K. R. Comber,
R. A. Edmondson and R. Sutherland

The introduction of an acidic group in the side chain of

the penicillin nucleus, resulted in the discovery of the broad-spectrum

antipseudomonas penicillins, carbenicillin, sulbenicillin and

ticarcillin. At a later stage certain acylated derivatives of

ampicillin, ureidopenicillins, were also found to demonstrate signifi¬

cant activity against Pseudorrtonas aeruginosa. A number of these

compounds have been reported and have advanced to clinical trial,

including BL-P1654, pirbenicillin, apalcillin and piperacillin.

Recently, two closely related ureidopenicillins, azlocillin and mezlo¬

cillin have been introduced into clinical practice in Germany, the former

with claims to having a high level of activity against Pseudomonas

aeruginosa, the latter as being effective against Klebsiella aeruginosa.

It is the purpose of this report to compare the antibacterial properties

of these two ureidopenicillins with the a-carboxypenicillin, carbenicillin.

Typical MIC values of azlocillin, mezlocillin and carbenicillin

against selected bacteria are shorn in Table 1 and it can be seen that

azlocillin is more active than mezlocillin and carbenicillin against

Ps. aeruginosa but rather less active than the other two compounds

against Escherichia coli, Proteus mirabilis, indole positive Proteus

and Enterobacter species. In contrast, mezlocillin has activity

similar to that of carbenicillin against many of the Gram-negative

bacteria, is slightly less active than the a-carboxy penicillin

against Ps. aeruginosa but rather more effective against K. aerogenes.
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Table 1

Antibacterial spectrum of azlocillin, mezlocillin

and carbenicillin

Organism
MIC (pg/ml)

azlocillin mezlocillin carbenicillin

E. coli 12.5 2.5 2.5

K. aerogenes 50 12.5 250

Ps. aeruginosa 12.5 125 50

P. mirabilis 12.5 2.5 1.25

Indole + Proteus 50 5.0 5.0

Ent. cloacae 25 5.0 5.0

S. aureus 0.5 1.25 1.25

Str. faecalis 1 .25 1.25 25

All three compounds show similar activity against penicillin-sensitive

staphylococci and the ureidopenicillins are more active than carbeni¬

cillin against Streptococcus faecalis. {3-Lactamase-producing strains

0;f E. coli, P. mirabilis and Staphylococcus aureus are resistant to

the penicillins.

The activity of azlocillin against Ps. aeruginosa is,

however, affected greatly by inoculum size and results in Table 2 show

the distribution of MIC values of azlocillin and carbenicillin measured

in serial dilution tests in agar against 55 strains of Ps. aeruginosa.

5 5
Against an inoculum of 10-10 c.f.u., azlocillin showed a high level

of activity and inhibited 64% of strains at a concentration of

5.0 pg/ml and 85% of strains by 25 Pg/ml. Carbenicillin was

distinctly less active in these tests, only 5°% were inhibited by a

concentration of 25 pg/ml. On the other hand, when the inoculum size
5 6

was increased one hundred-fold, to 10-10 c.f.u. the difference in the

antibacterial activities of the two compounds was much less marked.
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Table 2

Cumulative jo inhibition of Ps. aeruginosa (55 strains) by

azlocillin and carbenicillin

Compound
Inoculum

(c.f.u.) v<2.5 5.0 12.5

MIC (jig/ml)

25 50 125 250 >500

azlocillin 103 55 67 78 85 91 100

carbenicillin 105 <1 13 38 64 85 91 100

azlocillin 1o5 <1 22 38 64 78 85 100

carbenicillin 105 <1 18 40 71 87 100

Thus, at a concentration of 50 M-g/ml, 64T& of the strains were inhibited

by azlocillin compared with 40$ of strains inhibited by carbenicillin.

Both compounds produced comparable effects at a concentration of

125 (J-g/ml, inhibiting approximately 75^ of the test strains.

The inoculum effect shown by azlocillin was even more marked

in tests in liquid medium and the activity of the ureidopenicillin

became progressively less as the inoculum was increased until at an

7
inoculum of 10 cells/ml azlocillin became less active than carbenicillin.

Table 5

Effect of inoculum size on the activities of azlocillin and

carbenicillin in nutrient broth against 2 strains of Ps. aeruginosa

Inoculum

(cells/ml)

MIC (lig/ml)
NCTC 10662

azlocillin carbenicillin

1058

azlocillin carbenicillin

104
105
106
107

2.5

2.5

50

250

25

25

25

125

2.5

5.0

25

>500

25

25

25

250
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In these tests, when samples from the tubes containing the highest

antibiotic concentration that failed to prevent visible growth were

assayed for residual penicillin it was found that most of the

original azlocillin content had been destroyed, whereas the concen¬

tration of carbenicillin remained unchanged.

The variation in antibacterial activity of azlocillin in

response to inoculum size might reflect instability of the test

compound to the (^-lactamase and the stability of azlocillin and

carbenicillin were measured against a preparation of (3-lactamase

produced by a strain of Ps. aeruginosa. (Table 4)

Table 4

Stability of azlocillin and carbenicillin to

P-lactamase of Ps. aeruginosa 1058

Residual antibiotic (/£)f
Incubation
time (min)

azlocillin carbenicillin

5 BCD* 0.5 BCD 5 BCD 0.5 BCD

0 0 85 100 1o0

30 0 70 100 100

60 0 48 100 100

120 0 0 100 100

f Substrate concentration, 200 pg/ml
* 1 BCD = enzyme present in an overnight broth culture

In this experiment, the cells were grown in the presence of 100 ^g

benzylpenicillin/ml to induce p-lactamase production and an ultrasomatic

preparation of an overnight culture was used as source of enzyme. It

can be seen that against an enzyme concentration equivalent to five

times the cell density of an overnight culture, azlocillin was
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apparently so unstable that no antibacterial activity was detected

in the zero time sample. A decimal dilution of the fi-lactaaase

preparation inactivated the penicillin at a slower rate but never¬

theless, 5Of0 of the compound was destroyed in 1 hour and complete

destruction occurred by 2 hours. In contrast, carbenicillin was

very stable to the p-lactamase and even the concentrated enzyme

concentration caused no detectable destruction of the compound

during the 2 hour incubation period.

The relatively low stability of azlocillin to Ps. aeruginosa

p-lactamase may afford an explanation, in part, at least, for the

apparent poor bactericidal activity of the compound against

Ps. aeruginosa. For instance, results in Table 5 show a much greater

difference between the MIC and MBC values of azlocillin against

Ps. aeruginosa compared with carbenicillin. In contrast, this effect

was not observed with Escherichia coli.

Table 5

Relative bactericidal activities of azlocillin and carbenicillin

(tig/ml)
Organism azlocillin carbenicillin

MIC MBC MIC MBC

Ps. aeruginosa 10662 5.0 >500 125 500

T1099 2.5 >500 50 250

T1044 2.5 >500 50 250

E. coli JT1 12.5 25 2.5 2.5

There was also some evidence that the activity of azlccillin

against Ps. aeruginosa mouse intraperitoneal infections was more
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variable than that of carbenicillin, although it was not possible to

alter the size of the infective inoculum in vivo to the same extent

as in vitro. In these infections, too small an inoculum was

relatively avirulent, too large an inoculum produced a lethal

infection which could not be treated effectively, and the difference

in the size of inocula producing these effects was relatively small.

Nevertheless, data in Table 6 illustrate that azlocillin was relatively

more effective against the infections produced by the small inocula

compared with results produced against larger inocula, whereas this

effect was not as pronounced in the case of carbenicillin.

Table 6

Relative activities of azlocillin and mezlocillin against
Ps. aeruginosa intraperitoneal mouse infections

No. of

experiments

Mean CD^Q (mg/kg)
Strain azlocillin

A* B+

carbenicillin

A B

31 2 24 148
(6.1)+

145 360
(2.4)

11 2 34 144
(4.2)

294 640
(2.1)

4 3 39 933
(23)

101 546
(5.4)

5* A, inoculum J-8 x 10 c.f.u.
+ B, inoculum 2-4 x 10^ c.f.u.
f ratio B/A.

In a similar fashion, the activity of mezlocillin against

various bacteria, including Ps. aeruginosa and K. aerogenes was greatly

influenced by inoculum size. It will be remembered that this compound

was rather less active than azlocillin against Ps. aeruginosa but more
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effective against other Gram-negative bacteria and, of particular

interest, displayed activity against K. aerogenes. However, the

activity of mezlocillin against K. aerogenes was variable, being

influenced greatly by inoculum size. For instance, against an

3 4 , ,
inoculum of 10 -10 c.f.u., azlocillin was active against 65% of the

strains at a concentration of 2.5 Pg/ml and against 85% of strains

by 12.5 M-g/ml- However, when the inoculum was increased one hundred
5 6

fold, to 10 -10 c.f.u., the ureidopenicillin was only moderately

effective and the majority of strains were inhibited only by concen¬

trations of 50-125 pg azlocillin/ml. Ampicillin also showed an

inoculum effect so that 75% of the strains were inhibited by a concen¬

tration of 25 Pg/ial in the tests with the smaller inoculum but a

concentration ten times higher was needed to produce the same effects

against the larger inoculum.

Table 7

Cumulative % inhibition of K„ aerogenes (20 strains) by

mezlocillin, ampicillin and cefazolin

Compound
Inoculum

(c.f.u.) <0.5 1.2 2.5 5.0

MIC (pg/ml)

12.5 25 50 125 250 >500

mezlocillin 105 5 30 65 80 85 100

ampicillin 10? 5 10 25 75 80 100

cefazolin 10? 25 85 95 100

mezlocillin 10^ 10 20 40 65 75 80 100

ampicillin 105 10 25 45 75 100

cefazolin 10s 15 60 70 90 100
I

In contrast, the activity of the cephalosporin antibiotic, cefazolin,

was not influenced by inoculum size and the compound was active against
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90% of strains at a concentration of 5-0 bg/ml in tests with the

large inoculum. Carhenicillin was inactive against K. aerogenes

at both inocula tested.

The variation in activity of mezlocillin against K. aerogenes

at various inoculum concentrations prompted p-lactamase studies with

the compound, similar to those described previously with azlocillin

and pseudomonas j3-lactamase. In these tests mezlocillin was no more

stable than was ampicillin and both penicillins were much less stable

than cefazolin to the |3-lactamase produced by K. aerogenes (Table 8) .

Table 8

Stability of mezlocillin, ampicillin and cefazolin to

P-lactamase of K. aerogenes NCTC 8172

Residual antibiotic {%)*
Incubation
time (min)

mezlocillin ampicillin cefazolin

1 BCD* 0.2 BCD 1 BCD 0.2 BCD 1 BCD 0.2 BCD

0 100 100 100 100 100 100

15 0 70 0 58 100 100

30 0 32 0 30 100 100

60 0 0 0 0 100 100

* Initial substrate concentration 200 pg/ml
f 1 BCD = enzyme present in an overnight broth culture.

Against an enzyme concentration equivalent to that produced by an

overnight broth culture, mezlocillin at 200 \ig/ml was inactivated in

15 minutes, whereas cefazolin was completely stable to this

preparation for 1 hour. A slower rate of destruction of mezlocillin

occurred at a fifth dilution of this enzyme although destruction of

the penicillin was complete at 1 hour.
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The activity of mezlocillin against Klebsiellae was

measured also in vivo and the effective values of the compound in

protecting mice infected intraperitoneally with strains of Klebsiella

of different mouse virulence are shown in Table 9. Against

K. aerogenes 1112, which had low mouse virulence, mezlocillin was

only slightly less active than cefazolin but against the other two

strains with increased mouse virulence the activity of mezlocillin

in vivo decreased markedly and against the highly virulent strain

K. pneumoniae 62, the penicillin was ineffective. In contrast, the

activity of cefazolin was relatively constant.

Table 9

Relative activities of azlocillin and cefazolin against

Klebsiella mouse infections

Organism Inoculum
No. of

Mean OIL,-.50 (mg/kg)
experiments mezlocillin cefazolin

K. aerogenes 1112 o.O x 10^* 2 94 38

K. aerogenes T767 5.0 x 106f 2 520 74

K. pneumoniae 62 6.0 x 102t 2 >1600 144

* administered in mucin

f administered in broth
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In summary, tire data reported show that the antibacterial

activities of the ureidopenicillins, azlocillin and mezlocillin,

against Ps. aeruginosa and K. aerogenes are greatly influenced by

inoculum size, and this is probably associated with the relative

instabilities of these compounds to the (3-lactamases produced by

these bacteria. The significance of the antibacterial activity

expressed by these ureidopenicillins against small inoeula is open

to question, but will be resolved by clinical experience.

Beecham Pharmaceuticals Research Division,
Chemotherapeutic Research Centre,
Brockham Park, Betchworth, Surrey.
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SULPHASOMIZOLE (5-/>
AMINOBENZENESULPHONAMIDO-
3-METHYL/SOTHIAZOLE): A NEW
ANTIBACTERIAL SULPhONANIDE
By A. ADAMS, W. A. FREEMAN, A: HOLLAND,
D. HOSSACK, J. INGLIS, MISS J. PARKINSON,

H. W. READING, K. RIVETT, R. SLACK,
R. SUTHERLAND and R. WIEN

Research Laboratories, May and Baker, Ltd., Dagenham, Essex

development of a controlled antibiotic
JL policy, primarily to curb the spread of resistant

strains of Staphylococcus aureusl, has led to a renewed
interest in sulphonamide therapy. Additional stimu¬
lus has also been provided by the introduction of the
"long-acting' sulphonamides, the main advantage of
which is probably convenience of adminktruticu.
The prolonged action of these new products may be
attributable to differences, in metabolic pathways
brought about by differences in substitution in the
heterocyclic moieties attached to the N1 position of
the classical structural types. The compounds of
this class that have been used clinically during the
past few years have all conformed to a traditional
chemical pattern, their duration of action and rato
of excretion being varied by vacation of substituents
in known heterocyclic nuclei.
Against this background, it is pertinent to report

a new depax-turc in sulphonamide research, in which a
hitherto unknown heterocyclic nucleus—isothiazolo
(I)—has been introduced. Too full consequences of
this development remain to be worked out, but
sufficient work has been completed to show that this
new sulphonamide, 5-p-amir.o^enzenesulphonamido-
methylAothiazoio (the name sulphasomizole hits

been approved by the British Pharmacopoeia
Commission), is of considerable interest.

April 16, I960)

(I) Sulpliasomijuolo
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When our work began, wo had no experimental
evidence that the isothiazolc nucleus (I) could exist,
but the system had long been of theoretical interest
to us because of the similarity between —S— and
-—Off = OH— in aromatic structures. Thus, the
new parent compound should resemble pyridino in
many of its chemical properties2.
Wo have synthesized mononuclear fsotliiazoles by

two distinct routes. The first involved the oxidation
of 5-ominobenz-l,2-isothiazole to wothiazole-4,f>-
dicarboxylic acid3, from which 4-p-aminobenzenesul-
phonamidoisothiazole was eventually prepared. This
compound showed high activity against streptococcal
and staphylococcal infections in mice, and the results
stimulated us to devise a simpler synthesis of a related
a -sulphonamide.
Treatment of P-imino-n-butyronitrile (II) with

hydrogen sulphide gave P-irninothio -«-bu tyramide
(III)4, which was oxidized by a variety of reagents
to 5-am it to - 3 -mothyli.sothiazolo (IV: R = II)5.

CH,—0—CH,CN CH,.C- CH,
I' " U 'J,'"II fl NH C

/ \
S Nil,

(IT) (III)

CH,C CH
II JlN C-NHfl
\/
S

(IV)

The amino is a valuable intermediate for the prepara¬
tion of inatty mononuclear ivothiazolcs, and moro
than fifty derivatives of tsothiazolo have been made2.
One of ti.o most interesting from the biological point
of view is C-p-aminobenzenesulplionamido-S-methyl-
/'.sothiazole (IV : 11 — S0,.06IT,,.Nft2-p)r', a sulphon-
amide of high solubility in water (pH C O, 243
ntgm./lOO nib; pll 7 0, 2,200 mgiti./JOO ml.) from
which almost neutral, concentrated (more than 50
per cent w/v) aqueous solutions of the corresponding
sodium salt can easily be made.
The antibacterial properties of sulphasomizole

have been determined by carrying out in vitro tests
in a synthetic medium similar to that described by

2-



Wilson7. Aqueous solutions of sodium sulphasomizole
were used for these tests. After infection of the
medium with a standardized inoculum and incubation
at 37" C. for 24 hr., the minimal inhibitory concentra¬
tions wero recorded.
The organisms included the following : Staphylo¬

coccus aureus (5 strains), Streptococcus pyogenes (2
strains), Str. agalactiae, Str. dysgalactiae, Str. uberis,
Sir. pneumoniae, Str. equi, Str. viridans, Str. faecalis
(2 strains), Alkaligenes faecalis, Aerobacter aerogenes
(2 strains), Escherichia coli (7 strains), Klebsiella
pneumoniae, Proteus vulgaris (2 strains), Pseudomonas
pyocyanea (2 strains), Shigella flexneri, Shig. sonnei
(2 strains), Salmonella typhi (Rawlings), S. paratyphi
B, S. gallinarum, S. pullorum, S. typhi-murhim,
S. cholerae-suis, S. abortus-equi, Corynebacterium
pyogenes, Haemophilus gallinarum, Pasteurella septica
and Brucella abortus. Sulphasomizole was active
against most of this wide range of Gram-positive and
-negative organisms, with the exception of one strain
of each of the following organisms : Str. faecalis,
Aerobacter aerogenes, Shigella sonneiFasten re Ila
oeptica, and two strains of Escherichia coli; but
other reference sulphonamides, tested under the same
conditions, also did not show any activity against
these particular strains.
Experiments were carried out in mice infected intra-

peritoneally with either Sir. pyogenes, Str. pneu¬
moniae, Staph, aureus, or E. coli. Sulphasomizole
was given either by stomach tube at 1, 5, 24, 48 and
72 lu1., or graded concentrations were mixed in the
diet and fed from one day before to three days after
infection. Interpretation of the results was based
on two criteria : (I) determination of the median
effective dose, from the survival-rates, and (2) the
mean effective blood concent ration (the concentration
of tho sulphonamido in the blood necessary for 50
per cent protection of infected mice)8.9. Sulphasomi¬
zole showed good activity against these experimental
.infections, and ir. general appeared as active as the
suiphonamides in current use.
The absorption of sulphasomizole into the blood

and cerebrospinal fluid, its distribution in the tissues
and excretion in the urine were determined in several

species. Estimations of the sulphortamide were made
by the Bratton-Marsliall method10. The sulphona-
midewas given orally or subc utaneously (as the sodium
salt). After oral administration to mice, rats and

3
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rabbits, it was well absorbed in doses up to 0-5
gm./kgm., and high concentrations of unconjugated,
drug were produced within half to 1 hr. (It should
bo emphasized that the term 'unconjugated' refers to
the diazotizable material detected by the Bratton
Marshall method before hydrolysis, whereas the
term 'conjugated' refers to the extra diazotizable
material found after acid hydrolysis. Koecblin,
Kern and Engelberg11 prefer the terms 'directly'
and 'indirectly' reacting.) The pattern of the blood
concentration curves showed that the drug did not
disappear rapidly from the circulation, appreciable
amounts being present up to 24 hr. after administra¬
tion ; about Ho per cent was conjugated in the blood.
The sulphonamido was freely distributed in the

tissues in rabbits. After an oral dose of 0 -5 gin./kgm.,
maximum concentrations were found in the liver,
lung, and spleen within about 2 hr., and at about
4 hr. in the kidney. In pregnant rabbits, sulphasomi-
zole passed freely into the foetus, and in lactating
rabbits, into the milk.
Some information on the blood concentrations in

man was obtainod from three male volunteers and
two patients. A single oral dose of 1 gm. hi volunteers
produced a maximum blood concentration of about
7 -5 mgrn./l()0 ml. within 4 hr., which fell only slightly
by 6 hr. and had fallen to 2-0 mgm./lOO ml. by 24 hr.
About 40-50 per cent of the dose was recovered
from the urine in 24 hr. In two patients each given
2 gm. of the sodium salt intramuscularly, the blood
concentrations were 11-25 and 20-5 mgm./lOO ml.
(unconjugated and conjugated drug, respectively)
in one patient after 9 hr., and in the other patient
15-7 and 27 -2 mgm./lOO ml. after 12 hr. These levels
were amply maintained by repeated doses of 1 gin.
at 12-houiiy intervals.
In rats, after a single oral dose of 0-5 gm./kgm.,

about 25 per cent (of which 70 per cent was in
the unconjugated form) was excreted in the urine
during the first 24 hr. Excretion from rabbits was
a little more rapid, about .'15 per cent (of which
50 per cent was unconjugated) being found in the
urine during the same period after an oral dose of
0-5 gm./kgm.
Sulphasomizole appeared in the cerebrospinal

fluid of rabbits aftor oral administration of 0-5
gm./kgm. and the concentrations, relative to those
found in the blood, were about 10 per cent. Intra-

4



venous injection of 0-2 gm./kgtn., us a solution of the
sodium salt, produced relatively high concentnit ions
in the cerebrospinal fluid, about 85 per cent of the
concentration in the blood. The difference between
these two results is not fully understood.
Up to the present, we have only examined the

concentration of free sulplionamido in the cerebro¬
spinal fluid of one human patient suffering from
meningococcal meningitis (James, K., Shiel, M.,
and Ardley, I>. G., personal communication). 9 hr.
after 2-0 gm. given intramuscularly as the sodium
salt, the concentration in the cerebrospinal fluid was
1-85 mgm./lOO ml. (16-5 per cent of the blood
concentration). Two days later, after another four
intramuscular injections, each of 1 gm., bad been
given, the concentration in the cerebrospinal fluid
was 3-25 mgm./lOO ml. 5 hr. after the last dose
(17 -2 per cent of the blood concentration).
In toxicity experiments, no deleterious effects were

observed on tho growth-rate of young rats or on the
blood picture of guinea pigs, after daily oral doses of
0-5 gm./kgm. for several weeks. There was no
significant crystalluria, even though the acetyl
derivative of sulphasomizole is only sparingly soluble
in water. Metabolic studies are being made to determ¬
ine the nature of the urinary excretion products,
and we have obtained soma indication, in rats, that
there is a marked increase in excretion of glyeuronic
acid, and a smaller increase in excretion of ethereal
sulphate after continued administration of tho
sulphonamido.
Intramuscular injections of aqueous solutions of tho

sodium salt in concentrations as high as 20 per cent
w/v are well tolerated in rats ; 5 per cent w/v solutions
have no deleterious effect when instilled into the
conjunctival sac of the rabbit's eye.
To stun up, this new sulphonamido has tho

attributes of a useful therapeutic agent. It possesses
a good all-round antibacterial spectrum and is well
absorbed and distributed in tho body. It is readily
excreted in the urine and animal experiments indicate
that it does not produce crystalluria oven in Inch
dosage. The sodium salt is highly soluble in water
and well tolerated on injection. Further experimental
information will be published elsewhere.
Clinical studies of the new sulphonamide are in

progress.
We wish to thank Drs. B. James and M. Shiel of



the Rush Green Hospital for the opportunity of
estimating blood concentrations of this new sulphon-
amicle in two patients.
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Structure-Activity Relationships in Cephalosporins Prepared from Penicillins, 1.
7iS-Acylamino Derivatives of 3-Benzyl- and
3-(3-Pyridylmethyl)ceph-3-em-4-carboxylic Acids

Edward G. Brain, A. John Eglington, John H. C. Nayler,* Neal F. Osborne, Michael J. Pearson, Terence C. Smale,
Robert Southgate, Patricia Tolliday, Michael J. Basker, and Robert Sutherland

Beecham Pharmaceuticals, Research Division, Brockham Park, Betchworth, Surrey, England. Received December 8, 1976

fert-Butyl 7/3-aminoceph-3-em-4-carboxylates carrying either benzyl or 3-pyridylmethyl substituents at position
3 have been prepared by a multistep modification of the penicillin nucleus. Acylation of either amine, followed
by deprotection, gave a range of new cephalosporins. The relationship between structure and antibacterial activity
is discussed. D-Phenylglycine proved to be a preferred side chain in both series.

The very large number of cephalosporins (1) which have
been described1 includes many in which the 3-substituent
has been subjected to chemical manipulation. In addition,
certain cephalosporins have been prepared by chemical
transformation of penicillins (2) utilizing reaction se¬
quences which preserve the (Mactam ring and its associated
stereochemistry. Thus Morin and his co-workers2 devised
an elegant route to 3-methylceph-3-ems (1, X = Me) based
on a rearrangement of penicillin sulfoxides in which the
1,2 bond suffers cleavage. This route can be extended to
yield ceph-3-ems in which functionality is introduced into
the 3-methyl substituent, but it then becomes much more
cumbersome.'1 A different multistep modification of the
penicillin nucleus (2) involving initial cleavage of the 3,4
bond and subsequent cyclization of an aldehydophos-
phorane (3, R1 = H or Me) provides 3-unsubstituted
cephalosporins (1, X = H).4

0->-V\x
O) CO-jH

rfVt\T-N'

(2)

(3) CO yCM

Pb.^C,NH ^ ^ SCH C'CR Ph-jCNH M ^ SCH-COCH^R
~>~r' '' r~r' __

y NR
O'

(5) ; P.1 = Ci.CM-?(CO;)CH?Ph
(6) • R' -- H

(7) : R' -■ CHOH.CO2CM03
(8) : r» r. CHCi CO.CMe3
(9) : R1 -■ C (: PPh , )CO-jCM e ;

> l\'

1 r *
(10) CO jC M t:

ff j
P--N ...,A

CHjR
CO-.CMs,

^-S-ACH ,CONH H

(11) R • Pf

(12) . R1 - H

0
,i : P. - P.

(13) CO,H fc>, " R - 3 - p /ridy I

We have developed a versatile route to a variety of
3-substituted cephalosporins based on the readily available
penicillin derivative, benzyl 6/Mtriphenylmethylamino)-
penicillanate (4). Treatment of the latter with 3-substi-
tutcd prop-2-ynyl bromides in the presence of strong base
leads to 1,2-secopenicillanates5 (5) which may be further
modified via the stages 6, 7, 8, 9, and 10 to yield the
;eph-3-ems 11 and 12. We have previously illustrated the
route by describing15 the synthesis of a 3-benzyl isostere

(13a) of cephaloridine (13, R = pyridinium). In the work
reported here we have used this general route to prepare
a range of N-acyl derivatives of the 3-benzylceph-3-em
nucleus and a further range of IV-acyl derivatives of the
novel 3-(3-pyridylmethyl)ceph-3-em nucleus. Acyl side
chains were chosen so as to provide a variety of structural
types, while including a reasonable selection of groups
previously shown to confer useful antibacterial activity on
semisynthetic penicillins7 or cephalosporins.1
Chemistry. The amines 12a and 12b were treated with

standard acylating agents (e.g., acid chloride, symmetrical
or mixed anhydride, or carboxylic acid and dicyclo-
hexylcarbodiimide) to give the acylamino tert-butyl esters
listed in Tables I and II. The free cephalosporins were
then liberated by treating the tert-butyl esters with tri-
flucroacetic acid. In those cases where the side chains were
derived from amino acids, the amino group of the latter
was protected by the tert-butoxycarbonyl group which was
then removed at the same time as the nuclear ester group.
Biological Results and Discussion. The new ceph¬

alosporins were tested in vitro against a range of gram-
positive and gram-negative bacteria in comparison with
three clinically established cephalosporins, and results for
representative organisms are given in Tables III and IV.
All the compounds showed considerable activity against
Staphylococcus aureus Oxford, as do the great majority
of b'-lactam antibiotics. Activity against the d-lacta-
mase-producing Staphylococcus aureus Russell was in¬
ferior to that against the Oxford staphylococcus, sometimes
considerably so. The differing ratios between the MIC
values for these two strains indicate that some compounds
are more susceptible than others to inactivation by sta¬
phylococcal /3-lactamase.
Most of the 3-benzylcephalosporins (Table III) showed

little or no activity against gram-negative bacteria, al¬
though the D-phenylglycyl compound 53 was moderately
active and its p-hydroxy analogue 54 was about as active
as cephalexin. The general level of activity against
gram-negative bacteria was higher among the 3-(3-
pyridylmethyl)cephalosporins (Table IV), which is in line
with the general tendency among (3-lactam antibiotics1''
for the more hydrophilic compounds to have a broader
spectrum.
Compound 13b and cephaloridine (13. R = pyridinium)

are position isomers, although the former is a tertiary
amine and the latter (which has better activity) a qua¬
ternary pyridinium salt. The D-phenylglycyl derivative 62
has the best broad-spectrum activity of all the new
compounds, being more active than cephalexin and as
active as cephalothin and cephaloridine against gram-
negative bacilli. Two other compounds which are almost
as active as 62 are the 2-thienyl analogue 64 and the D-
mandelic acid derivative 57.
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Table I. ferf-Butyl 7j3-Acylamino-3-benzylceph-3-em-4-carboxylates

rc0nh

v-fS
oI-NY^CH2Ph

c02cme 3

Compd R

Acyla-
tion

method
Mp,°C

(solvent0) Formula Analyses
14
15
16
17
18
19
20
21
22
23

Me

cf3
ncch2
PhOCli2
EtSCHj
HO.CCHjSCH;
(D )PhCHOH
PhCII(COjPh)
C5H4N-p-CH,
Csh4n-p-SCH2

C
c
B
A
A
D
E
A
A
B

194-195(E)
157-158 (EA-P)
Amorphous
Amorphous
97-99 (E)
120-121 (EA-P)
Amorphous
153-160 (EA-P)
102(E)
207-208 (EA)

c2„h:,n,o4s
c2„h;,f3n2o,s
c21h23n3o4s
c,6h„n1oj
c22h2,n2o4s2
C2,H26N206Sj
C„H„N10,S
c„hmn,o.s
c„h„n,o4s
Cj5H27Nj04Sj

C, H, N
M*

c, h, n
M"
M'
c, h, n
M +

C, H, N
M*
C, H, N

24
n—

i >ch,
u=m

A 138-144 (B-P) C21H24N404S C, H, N, S

25
26
27
28

(D )Me€H(N HCOXMe,)
(d)c-C3H5XH(NHC02CMe3)
(d )PhCH(NHC02CMe3)
(d )p-HOC6H4CH(NHCO 2CMe 3)

f
f
f
f

80-85 (P)
92-95(P)
152-153(E-P)
Amorphous

c26h„n3o6s
c;,h37n3o„s
c3,h37n3o6s
c31h37n3o,s

M*

C, H, N, S
c, H, N.

° B = benzene, E = ether, EA = ethyl acetate, P
spectra and were homogeneous by TLC.

petroleum ether (bp 60-80 °C). All compounds gave satisfactory NMR

Table II. ferf-Butyl 7f3-Acylamino-3-(3-pyridylmethyl)ceph-3-em-4-carboxylates
RCONrl

Acylatiou
Compd" R method Formula Analyses

29 PhOCHj A C25H27N3OsS M'
30 EtSCH2 A c21h27n>o.,sj M*
31 (d JPhCHOH E c„h„n3o,s C, H, n
32 C4H3S-o-CH2 A c2)h25n3o4s2 M*
33 C5H4N-p-CH2 B c24h26n4o4s M*
34 CsH4N-p-SCH2 B c24h26n4o„s2 M'

c jj-CH-35
COjfh

A cjoH„n,04s2"Hjo C, H, N

36 (d )c-C,H,-CH(NHCOXMe3) F cj,hmn4o,s M*
37 (d)PhCH(NHCO,CMe,) F c^n.o.s M*

38 F C31H4jN406S M*
■ NHCOjCMej

39 (DL)C4H3S-o-CH(NHC02CMe3) F c„hj4n4o.s, M*

° These esters were amorphous apart from 31 (mp 167-159 1 C, from EtOAc-petroleum ether) and 35 (mp 105-107 UC
from CHClj-EtjO). However, all gave satisfactory NMR spectra and were homogeneous by TLC.

It is noteworthy that D-phenylglycine constitutes a
preferred side chain in both the 3-benzyl series (Table III)
and the 3-(3-pyridyImethyl) series (Table IV). In each
series derivatives of aliphatic or cycloaliphatic amino acids
are less active. d-Phenylglycine is, of course, the side chain
of the leading semisynthetic penicillin, ampicillin, and of
the orally effective cephalosporin, cephalexin.

Experimental Section

Melting points were determined using a Kofler hot-stage
apparatus and are uncorrected. lH NMR spectra were recorded
on a Varian A-60 instrument for solutions in CDC1:) with SiMe4
as internal standard unless stated otherwise. Mass spectra were
determined with an AEI MS9 machine. Compounds shown as

having been analyzed either gave figures for the elements cited

correct to within ±0.4% of the theoretical values or else ga\
accurate mass measurements correct to within ±5 ppm. Merc
silica gel GF 254 was used for TLC and Merck silica gel H ft
column chromatography, with ethyl acetate-petroleum ether ;
eluent. Petroleum ether refers to the fraction of bp 60 80 °(
fert-Butyl 7/3-Aimno-3-benzylceph-3-em-4-carboxylai

Toluene-p-sulfonic Acid Salt (12a). This was prepared <
described by Navler et al."
tert -Butyl 7/3-Amino-3-(3-py ridylmethyDeeph-3-em-

carDoxylate (12b). fert-Butyl glyoxylate monohydrate (1.93
13 mmol) and dry benzene (20 mL) were refluxed under nitrogt
in a Dean-Stark apparatus until all the water had been remove
then (3ff,4ff)-4-[3-(pyridyl)prop-2-ynylthio]-3-(triphen>
methylamino)azetidin-2-one (6b)s (6'20 mg, 1,3 mmol) was addt
and the mixture refluxed under nitrogen for 3 h more, coole
washed, dried, and evaporated. Chromatography gave the mixi
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Table III. Antibacterial Activity of 7f)-Acylamino-3-benzylceph-3-em-4-carboxylic Acids

Naylor et al.

RCONH

CH2Ph

COjH
Minimum inhibitory concentration, jug/mL°

Compd R
!. aureus S. aureus E. S. Sh. K. P.
Oxford Russellb coli typhi sonnei aerogenes mirabilis

0.05 10 200 200 200 >200 >200
0.5 2.5 >500 500 >500 >500 >500
2.5 12.5 >500 >500 >500 > 500 500
0.12 0.5 500 250 500 > 500 >500
0.02 0.12 >500 >500 >500 > 500 500
0.12 1.25 >125 125 >125 >125 >125
5 25 >500 250 250 >500 125
0.12 12.5 125 50 50 50 >500
2.5 25 >100 >100 >100 >100 50
0.05 5 50 50 50 100 100
0.05 2.5 250 250 250 >500 250

0.12 1.25 >500 >500 125 500 125

5 10 >100 >100 >100 >100 >130
5 12.5 >250 >250 >250 >250 > 250
0.1 2.5 25 25 25 25 50
0.12 1.25 12.5 5 12.5 5 25
0.12 0.5 5 12.5 5 5 5
0.02 1.25 5 1.25 1.25 2.5 5
1.25 5 12.5 5 5 5 12.5

13a
40
41
42
43
44
45
46
47
48
49

50

51
52
53
54
Cephalothin
Cephaloridine
Cephalexin

C4HjS-o-CH2
Me

CF3
ncch2
PhOCHj
EtSCH;
ho2cch2sch2
(d)PhCHOH
PhCH(C02Ph)
C5H4N-p-CH2
CsH4N-p-SCH2
n—n

(D)MeCH(NH2)
(d)c-C3H5-CH(NH.)
(u)PhCH(NH2)
(d)p-HOC„H4CH(NH2)

a Determined by serial dilution on nutrient agar using an inoculum of 0.001 raL of an undiluted overnight broth culture.
MIC values were read after incubation at 37 °C for 18 h. b p-Lactamase-producing benzylpenicillin-resistant strain.

Table IV. Antibacterial Activity of 7f?-Acylamino-3-(3-pyridylmethyl)ceph-3-em-4-carboxylic Acids
RCONH

CM;

C02H
Minimum inhibitory concentration, jug/mL"

S. aureus S. aureus E. S. Sh. K. P.
Compd R Oxford Russell'' coli typhi sonnei aerogenes rnirabilis

13b C4Il3S-o-CH, 0.05 10 25 5 25 25 25
55 PhOCH, 0.02 0.12 500 500 500 500 125
56 EtSCH2 0.05 1.25 50 50 50 50 25
57 (u)PhCHOH 0.25 12.5 2.5 2.5 2.5 2. 5 5
58 CsH4N-p-CH2 0.12 25 25 10 25 10 10
59 CsH4N-p-SCH, <0.02 1 25 10 25 5 100

• 60 I J c02ph
12.5 12.5 50 12.5 12..5 12.5

61 (u)c-C,Hi-CH(\H.) 5 12.5 500 250 250 250 500
62 (d)PhCH(NH,) 0.25 2.5 2.5 1.25 2.5 2 5 5

63 V-chch2
—'

nh2

(dl)

0.5 1.25 125 125 125 125 250

64 C4ILS-o-CH(NH_.) 0.5 5 12.5 2.5 5 5 12.5

Cephalothin 0.12 0.5 5 12.5 5 5 5

Cephaloridine 0.02 1.25 5 1.25 1.25 2. 5 5
Cephalexin 1.25 5 12.5 5 5 5 12.5

Q Determined by serial dilution on nutrient agar using an inoculum of 0.001 mL of an undiluted overnight broth culture.
MIC values were read after incubation at 37 "C for 18 h. b p-Lactamase-producing benzylpenicillin-resistant strain.

isomers of 7b (510 mg, amorphous). This in dry dioxane (5 mL)
and dry THF (5 mL) containing pyridine (202 mg) was cooled
to -5 °C, treated dropwise with SOCL (304 mg), and stirred at
-5 to 0 °C for 15 min. The mixture was filtered and the filtrate
and toluene washings were evaporated to give the mixed isomers
of Sb (436 mg. 0.7 tnmol, amorphous). The latter in dry dioxane
(10 mL) was treated with PPh, (368 mg, 1.4 mmol) and 2,6-lutidine
(90 mg, 0.84 mmol), stirred 5 h at 50 °C under nitrogen, then

cooled, diluted with ethyl acetate (100 mL). washed with brine,
dried, and evaporated. Chromatography gave the phosphora.ie
9b (262 mg, amorphous) which was refluxed in piperidine (5 mL)
under nitrogen for 3 h and then evaporated. The gum was taken
up in EtOAc, shaken with 0.1 N HC1 (20 mL) for 5 min. and then
basified with NaHC0;i and the organic layer was separated, dried,
and evaporated. Chromatography gave the ketone 10b (197 mg,
amorphous) which was refluxed in dry dioxane 15 mL) under



3 14

Cephalosporins Prepared from Penicillins. 1

nitrogen for 8 h to give, after evaporation and chromatography,
the cephem lib [95 mg (12%) from Gb]: n:p 169-171 °C (from
MeOH); a25,, -13.8° (c 1, CHC13), vmnj (CHCt3) 1775, 1715 cm'1;
Xmax 263 nra (f 10 500) (EtOH). Anal. (C3j;H:!5N;)03S) C, H, N,
S. Detritylation was effected by treating lib (95 mg, 0.16 mmol)
in acetone (1 mL) at 0 °C with toluene-p-sulfonir acid mono-

hydrate (6S mg, 0.36 mmol), stirring for 2 h at 0 °C and then 4
h at room temperature, and evaporating the mixture. The residue
was taken up in EtOAc, washed with NaHC03 solution, dried,
and chromatographed to give fert-butyl 7/3-amino-3(3-pyridyl-
methyl)ceph-3-em-4-carboxylate (12b) as a foam (72%): r>mai

(CHCI3) 1775,1715 cm 6 (CDC13) 1.55 (9 H, s), 2.7 br (2 H, exch),
3.02 and 3.48 (2 H, AB q, J = 18 Hz), 3.44 and 4.08 (2 H, AB q.
J= 15 Hz), 4.76 (1 H, d, J - 5 Hz), 4.99 (1 H, d, J = 5 Hz), 7.0-8.8
(Ar multiplet); M+ 347.1292 (Ci7H2iN303S requires M 347.1303).
Acylation of terf-Butyl 7/?-Ammoceph-3-eni-4-carbox-

ylates. Acylation of the amines 12a and 12b gave the amides
listed in Tables I and II, all of which showed the spectroscopic
properties typical of A3-cephalosporm este-s including Xnlax (EtOH)
263-270 nm and vmax (CHC13) 1780-1790 cm*1 (/l-lactam CO) and
1710-1720 cm*1 (ester CO). The following acylation procedures
are representative.
Method A (Acid Chloride). The toluene-p-sulfonic acid salt

of 12a (0.5 g, 0.96 mmol) and NaHC03 (0.4 g) were suspended
in dry acetone (30 mL) and stirred at 0 °C while ethylthioacetyl
chloride8 (0.4 g, 2.9 mmol) was added dropwise. The mixture was
stirred for 1 h at C nC, followed by 3 h at room temperature, and
then evaporated. The residue, dissolved in benzene, was washed
successively with cold 5% HO, saturated NaHC03, and brine,
then dried, and evaporated. Chromatography gave the ester 18
(0.23 g, 66.5%).
Method B (Carbodiimide). The amine 12a (115 mg, 0.33

mmol) in CH2C12 (1.5 mL) was cooled in ar ice bcth and treated
with Ar,A''-dicyclohexylcarbodiimide (65 mg, 0.31 mmol) in CHX'L
(1.0 mL). Cyanoacetic acid (30 mg, 0.35 mmol) in DMF (0.5 mL)
was added dropwise. The mixture was stirred for 2 h, then diluted
with CH2C12, washed with 0.5 N HC1, dried (MgS04), and
evaporated. The residue was chromatographed on silica gel to
give the cyanoacetamido derivative 16 (125 mg, 91%).
Method C (Symmetrical Anhydride). The toluene-p-sulfonic

acid salt of the cephem 12a (800 mg, 1.54 mmol) in dry CbLCL
(5 mL) was cooled in an ice bath and NEt3 (0.30 mL) was added.
Ac20 (0.25 mL, 2.5 mmol) in CHC13 (15 mL) was added dropwise
over 30 min, maintaining the temperature at 9-5 °C. The mixture
was then allowed to warm to room temperature and washed
successively with aqueous NaHC03 and brine, then dried (MgS04),
and evaporated to leave a partially crysta'line residue. Chro¬
matography, followed by crystallization from ether, gave the acetyl
derivative 14 (547 mg, 91%).
Method D (Cyclic Anhydride). 12a (520 mg) in CH2CL at

0 °C was treated with a solution of thiodiglycolic anhydride9 (198
mg, 1.5 mmol) in CH2Cl2. After 2 h at room temperature the
solvent was removed by evaporation to give a foam (562 mg) which
on trituration with ether gave the ester 19 as a solid.
Method E (O-Carboxyanhydride). D-Mandelic 0-

carboxyanhydride10 (196 mg, 1.1 mmol) was added over 5 min to
a stirred solution of the amine 12b (347 mg, 1 mmol) in dry CI LCL
(20 mL) at -20 °C; then the mixture was stirred for 2 h at -20
°C and evaporated. Chromatography of the residue gave the
cephem ester 31 (318 mg, 66%).
Method F (Mixed Anhydride). Redistilled CiC02Me (100

mg, 1.05 mmol) in dry THF (15 mL) was stirred at -10 °C while
a solution of AT-Rert-butoxycarbonyD-D-a-phenylglyeine (261 mg,
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1.05 mmol), NEt3 (105 mg), and PhCH2NMe2 (1 drop) in dry THI
(10 mL) was added over 5 min. The mixture was stirred at -1(
°C for a further 25 min to complete formation of the mixec
anhydride and then treated dropwise over 5 min with the amin<
12a (330 mg, 0.95 mmol, regenerated from toluene-p-sulfonat
salt) in dry THF (5 mL). The mixture was stirred for 2 h at -P
°C, then NEt;jHCl was removed, and the filtrate evaporated. Th
residue was taken up in EtOAc and washed successively wit!
water, dilute HC1, 5% NaHC03, and water, then dried, am
evaporated. Chromatography gave the ester 27 (461 mg, 77%>)
Deesterification of tert-Butyl Esters (12). (a) The este

15 (359 mg) was dissolved in THF (6 mL) and, after 5 min at roor
temperature, the solution was evaporated in vacuo. Recrystal
lization of the residue from EtOAc-petroleum ether gave J
benzyl-7/3-trifluoroacetamidoceph-3-em-4-carboxylic acid (41): m
181-182 °C; a23D -9.4° (c 1, CHC13); Xmaj (EtOH) 260 nm (« 9650;
^max 1785 and 1725 cm"1 Anal. (Cjt;H13F3N204S) C, H, N.

(b) Similar treatment of 22, but with a reaction time of 40 mil
gave the TFA salt of 3-benzyl-7/1-(4-pyridy lace tamido)ceph-l
em-4-carboxylic acid. This dissolved readily in water, but afte
some time the free cephalosporin 48 crystallized: mp 207-21
°C dec. Anal. (C2lH19N304S) C, H, N.

(c) The ester 28 (662 mg) was dissolved in anhydrous TFA (1
mL), set aside at room temperature for 35 min, and evaporate
in vacuo. After addition of toluene and repetition of tl
evaporation (three times), the residue was triturated with eth<
to give the TFA salt of 7/3-(D-a-amino-p-hydroxyphenylace
amido)-3-benzylceph-3-em-4-carboxylic acid (54) (585 mg): m
158-165 °C dec; «MD +47.1° (c 0.828, H20); Xraax (EtOH) 264
nm (e 11100). Anal. (C24H22F3N307S) C, H, N.

(d) The other esters in Tables I and II were similarly treate
to give the free cephalosporins. Due to the small quantiti;
available the end products were not fully characterized, bi
spectroscopic data indicated them to be sufficiently pure f
antibacterial testing (see Tables III and IV).
Supplementary Material Available: High-resolution ma

spectral data, NMR data, and elemental composition data
pages). Ordering information is given on any current masthei
page.
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Structure-Activity Relationships in Cephalosporins Prepared from Penicillins. 2.
Analogues of Cephalexin Substituted in the 3-Methyl Group
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A previously outlined general procedure for preparing various 3-substituted cephalosporins from the penicillin nucleus
has been used, with modifications where required, to prepare a series of analogues of cephalexin with various substituents
in the 3-methyl group. The 3-substituents most conducive to broad-spectrum antibacterial activity were 3-pyridylmethyl
and m- or p-carboxybenzyl. The compounds were only poorly absorbed by the oral route in mice, but the 3-
(carboxybenzyl) compounds gave more prolonged useful serum levels than the usual cephalosporins.

We have previously reported1,2 a multistep procedure
for converting the penicillin nucleus into cephalosporins.
In the preceding paper3 we described various 7/3-acylamino
derivatives of 3-benzyl- and 3-(3-pyridylmethyl)ceph-3-
em-4-carboxylic acids. In both the benzyl and the 3-
pyridyhnethyl series the D-phenylglycyl derivative showed
relatively good antibacterial activity against both gram-
positive and gram-negative bacteria, so we decided to
employ this acyl group as our derivative of choice for
evaluating the potential of other cephem nuclei. Hence
in this paper we report a series of analogues of cephalexin
(12, X = H) with various substituents in the 3-methyl
group.
Chemistry. The various cephalexin analogues (12) were

prepared as previously described3 for the 3-benzyl and
3-(3-pyridylmethyl) analogues, i.e., by treating the ap¬
propriate ferf-butyl 7/?-aminoceph-3-em-4-carboxylate (10)
with a mixed anhydride derived from lV-(ferf-butoxy-
carbonyl)-D-phenylglycine and then removing both
acid-labile protecting groups by means of TFA. In those
cases where the final cephalosporin contained a second
carboxyl group as part of the 3-substituent, this function
was also protected during the earlier part of the synthesis
as a fert-butyl or p-methoxybenzyl ester and the final TFA
treatment removed three protecting groups.
The requisite tert-butyl 3-substituted 7/?-aminoceph-

3-em-4-carboxylates (10) were synthesized from the
penicillin derivative, benzyl bp-(tnphenylmethylamino)-
penicillanate (1). In most cases the synthesis involved a
precisely similar reaction sequence (Scheme I) to that
previously used1,2 to prepare fert-butyl 7)3-amino-3-
benzylceph-3-em-4-carboxylate (10, X = Ph).
The only case encountered of a 3-substituted prop-2-ynyl

bromide (2) which failed to give a 1,2-secopenicillanate 3
on reaction with benzyl 6/3-tritylaminopenicillanate (1) in
the presence of base was the methoxycarbonyl compound
2 (X = C02Me). Hence, in order to synthesize 25 we
prepared the unsubstituted prop-2-ynyl sulfide 7 (X = H)
according to Scheme I, treated it with butyllithium fol¬
lowed by carbon dioxide to give the crude acid 7 (X =
C02H), esterified the latter with diazomethane, and then
again proceeded according to Scheme I.
A modified sequence was also used to prepare the 1-

methyl-2-pyrrolyl derivative 20. For this purpose the
prop-2-ynyl sulfide 3 (X = H) was treated with iodine
nitrate to give the iodopropyne 3 (X = I), which was
converted according to Scheme I into 7 (X = 1). Treatment
of the latter with l-methyl-2-pyrrolylcopper(I) then gave
7 (X = l-methyl-2-pyrrolyl). The remaining steps then
followed Scheme I except that, because of the sensitivity
of pyrroles to acids, we used pyridine hydrochloride instead
of p-toluenesulfonic acid to detritylate 3 (X = 1-
methyl-2-pyrrolyl). The route via 7 (X = I) should be
capable of extension to other 3-aralkylcephems and would

Scheme I
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CO.CMe-.
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CO.CMe.,

^

112) CO,H

obviate the need to start with a different 3-substituted
prop-2-ynyl bromide (2) in each case.
In one case the 3-substituent was modified after com¬

pletion of the cephem ring system and introduction of the
protected D-phenylglycine side chain. Thus, treatment of
the cephem 45 with p-toluenesulfonic acid and lsopropenyl
acetate removed the tetrahydropyranyl group and replaced
it by acetyl to give the 3-(/?-acetoxyethyl)ceph-3-em 46.
Piological Results and Discussion. Table I shows

the activity of the new cephalosporins against two
gram-positive and five gram-negative bacteria in vitro,
corresponding data for two clinically useful compounds
with the same D-phenylglycyl side chain (cephalexin and
cephaloglycin) being included for comparison.
Staphylococcus aureus Oxford typifies a gram-positive

organism which is normally sensitive to d-lactam antibi¬
otics and, as expected, all the compounds in Table I were
reasonably active against it. They were rather less active
against the /Uactamase-producing Staphylococcus aureus
Russell, and the MIC figures show that a number of the
new cephalosporins are less stable than cephalexin or
cephaloglycin toward staphylococcal J-lactamase.
Activity against the gram-negative organisms varied

considerably. That of the 3-benzyl compound 13 described
in paper l3 was not improved by introduction of neutral
substituents into the benzene ring (compounds 14 and 15)
but was enhanced by a carboxyl substituent. When this
carboxyl group occupied the ortho position (compound 16)
activity was only slightly improved, but the meta and para
isomers (17 and 18) were about as active as cephalexin,
cephaloglycin, or the 3-(3-pyridyl)methyl compound 22
described in paper 1/ In the pyridyl series introduction
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Table I. Antibacterial Activity of Cephalexin Analogues (12)
Minimum inhibitory concentration, Mg/mL"

S. aureus S. aureus E. S. Sh. K. P.
Compd X Oxford Russell6 coli typhi sonnei aerogencs mirabilis

Cephalexin II 1.25 5 12.5 5 5 5 12.5

Cephaloglycin OCOMe 1.25 2.5 5 1.25 2.5 5 5
13 Ph 0.1 2.5 25 25 25 25 50
14 C6H„-o-CF3 0.5 5 >100 >100 >100 >100 >100
15 C6H4-p-SO,NMe2 0.5 500 25 25 25 50 125
16 C„H.-O-C02H 5 12.5 12.5 50 12.5 5 5
17 C6H4-m-CO;H 0.25 1.25 12.5 2.5 25 2.5 2.5
18 C6H4-p-CO,H 0.5 2.5 12.5 0.5 5 2.5 1.25
19 2-c-C,Hi(,0 5 5 >50 25 25 10 >50
20 2-C4H jN-l-Me 1.25 50 500 50 500 500 500
21 2-CsH4N 1.25 12.5 50 12.5 25 >500 50
22 3-C5H4N 0.25 2.5 2.5 1.25 2.5 2.5 5
23 3-C,H3N-4-Me 0.12 12.5 12.5 5 12.5 12.5 25
24 3-CsH3N-5-C02H 1.25 12.5 12.5 2.5 12.5 1.25 1.25
25 C02Me 0.5 16 31 8 16 63 63
26 CH,OCOMe 0.5 10 >50 25 50 25 >50

a Determined by serial dilution on nutrient agar using an inoculum of 0.001 mL of an undiluted overnight broth culture.
MIC values were read after incubation at 37 °C for 18 h. 6 j3-Lactamase-producing benzylpenicillin-resistant strain.

Table II. Blood Levels in Mice

ug/mL following 50 mg/kg dose"

Compd Route 10 min 20 min 30 min 1 h 2 h 4 h

Cephalexin po (23.9)b 21.7 8.3 2.5 0.56
Cephaloglycin po 1.7 2.6 2.0 0.6 0.7 0.07
13 po 0.11 0.18 0.21 0.19 0.34 0.15
16 po 1.1 1.4 2.4 3.2 2.8 3.2
17 po 0.87 1.05 1.8 1.7 1.6 0.55
18 po <1 <1 1.6 2.4 2.3 l.a
22 po 2.85 1.44 1.25 0.62 0.65 0.10
24 po 0.55 0.85 1.7 1.5 0.6 <0.4

Cephalexin sc 27.0 20.5 13.3 3.0 0.42 <0.15
Cephaloglycin sc 37.1 30.2 21.7 3.1 0.20 <0.1
Cephaloridine sc 32.8 24.4 18.5 5.6 0.71 <0.2
16 sc 63.2 66.0 58.0 49.2 40.6 31.2
17 sc 84.2 64.2 49.6 26.2 13.7 1.6
18 sc 75.2 87.4 68.8 48.0 22.0 9.3
24 sc 70.4 54.0 35.8 12 2 2.0 <0.4
Cephaloglycin iv 62.4 40.2 11.0 1.5 <0.1 <0.1
Cephaloridine iv 48.8 23.2 14.3 2.9 0.32 <0.05
16 iv 102 83.6 76.4 64.4 29.1 18.1
18 iv 70.3 48.2 39.2 25.4 4.5 2.4

- Croups of five mice were killed at each time interval. Blood was collected from the cut axilla region, heparinized, stored
at 4 "C, and subjected on the day of sampling to large plate microbiological assay using Sarcina lulea NCTC 8340 with over¬
night incubation at 30 °C. Standard solutions of the appropriate cephalosporins were prepared in mouse blood. Phosphate
buffered saline, pH 7.2, was used as diluent when required. b At 15 min.

of a carboxyl group (24) did not improve activity further,
in contrast to the previously noted effect in the benzyl
series. The 3-(2-pyridyl)methyl- (21) and 3-(4-methyl-
3-pyridyl)methyl- (23) cephalosporins were rather less
active than 22, and the compounds with nonbasic het¬
erocyclic substituents (19 and 20) were considerably less
active. Finally, two compounds structurally related to
cephaloglycin, the "reversed ester" 25 and the higher
homulogue 26, showed only moderate activity.
In summary, the most active of the new cephalosporins

(17, 18, and 22) were about as active as the cephalosporins
currcntly in clinical use. The breadth of the antibacterial
spectrum was also similar to that of the established
compounds, normally cephalosporin-resistant gram-neg¬
ative organisms such as Pseudomonas aeruginosa, Proteus
morganii, and Enterobacter cloacae being resistant to the
new compounds also.
The distinctive property of cephalexin is that, in contrast

to the great majority of cephalosporins, it is well absorbed
when given by mouth. Compounds 13, 16-18, 22, and 24
were accordingly administered to groups of mice at 50
mg/kg po and blood levels of the antibiotic were deter¬

mined by microbiological assay at intervals thereafter
Table II shows that 13 gave only very low levels, while th<
other compounds gave peak levels of the same order a:
those given by cephaloglycin. All the peak levels wen
much lower than that achieved with cephalexin, but level:
of the carboxybenzylcephalosporins 16-18 appeared to bf
relatively well maintained 2 and 4 h after administration
Blood levels resulting from parenteral administrafsoi

of the carboxy compounds 16-18 and 24 were also de
termined, and in all cases the peak levels were found t<
exceed those of the reference cephalosporins. As in tin
oral experiments, marked prolongation of significant blooc
levels was seen with the carboxybenzyl compounds 16-11
but not with the carboxypyridyl compound 24.
Urine from mice which had received 17 and 18 wa

subjected to paper strip chromatography using a buta
nol-ethanol-water (4:1:5) solvent system. In the case o
18, but not 17, visualization on agar plates seeded wit)
Sarcina lutea revealed a second zone of antibacteria
activity due to an unidentified active metabolite. No activ
metabolite could, however, be detected by similar chrc
matography of blood samples, so the figures in Table I
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Table III. Comparison of Activity of Cephalexin and
Compound 18 in Infected Mice

CDS0, mg/kg, total dose

Organism Dose

Cephalexin 18

sc po sc po

s. aureus Smith Single" 0.46 0.25 1.25 17
s. aureus Smith Divided6 1.0 0.38 1.8 28
E. coli 8 Single" 7.4 8.5 ISO >1000
E. coli 8 Divided6 17 17 60 2000
P. mirabilis 13 Single" 64 14
P. mirabilis 13 Divided6 84 19

1 1 h postinfection. " 1 and 5 h postinfection.

should represent unchanged antibiotic.
Taking into account both in vitro activity (Table I) and

the blood level data (Table II), the p-carboxybenzyl-
cephalosporin (18) appeared to be the most promising of
the new cephalexin analogues. It was therefore tested
against intraperitoneal infection in mice in comparison
with cephalexin, and the results are given in Table III. By
the subcutaneous route, compound 18 proved to be slightly
less active than cephalexin against S. aureus Smith and
significantly less active againrt Escherichia coli, but it was
more active than cephalexin against Proteus mirabilis. As
expected, 18 showed only poor activity by the oral route.

Experimental Section
Melting points were determined using a Kofler hot-stage

apparatus and are uncorrected. 'H NMR spectra were recorded
on a Varian A-60 instrument for solutions in CDC13 with SiMe4
as internal standard unless stated otherwise. Mass spectra were
determined with a AEI MS9 machine. Compounds shown as
having been analyzed either gave figures for the elements cited
correct to within ±0.4 of the theoretical values or else gave accurate
mass measurements correct to within ±5 ppm. Merck silica gel
GF 254 was used for TLC and Merck silica gel H for column
chromatography, with ethyl acetate-petroleum ether as eluent.
Petroleum ether refers to the fraction of bp 60-80 °C.

Since most of the syntheses followed a lengthy but now
standard1"3 route (Scheme I), no attempt was made to characterize
all the intermediates fully, but normal spectroscopic data were
satisfactory. Several typical examples of the first two stages of
Scheme I, namely, preparation of the secopenicillanates (3) and
their oxidative conversion into 4-alkynylthioazetidin-2-ones (4),
have been described.4 In every sequence, at least one cephem
ester (9,10, or 11) was fully characterized as summarized in Table
IV7. All ferf-butyl ceph-3-em-4-carboxylates showed A,.ial (EtOH)
263-273 nm and rnlax (CHCl;i) 1770-1790 cm"1 (d-lactam CO) and
1700-1720 cm"1 (ester CO). In the final preparative step TFA
treatment3 removed both the terf-butyl ester and the N-tert-
butoxycarbonyl-protecting groups to give cephalexin analogues
12 as their TFA salts, which showed one zone of antibacterial
activity on biochromatograms (BuOH-EtOH-H20 and/or
Bu0H-AcOH-H2O) and gave the expected IR and UY spectra.

Table IV. Intermediate ferf-Butyl Ceph-3-em-4 carboxylates

RNH

Compd

Pre¬
cursor

for R" X" Mp, °C (solvent)6 Formula Analyses
27 14 Ph,C C6H„-o-CF3 Amorphous c3sh35f3n2o3s ]\V

PhCHCO
28 14 1

nh(Boc)
C6H4-O-CF 3 110-111 (EA-P) cmhj.f1n,o.s M*

29 15 Ph,C cjhj-p-so .NMe, 185-186 (M) C39h4in303S j c, H, n, s
PhCHCO

30 15 1
nh(Boc)

C6h4-p-S02NMe, 156-157 (EA-P) C33H4jn4ossj c, h, n,s
PhCHCO

31 16 1

NH(Boc)
CsH,-o-CO,An 157-159 (Tr E) c40h45n,o,s C, H, N, S

32 17 Ph,C C6H„-m-C02An 171-172(C-E) C46H44N,06s C, H, N, S
33 18 Ph3C C6H4-p-C02An 101-102(M) C46H44N;06S C, H, N, S

PhCKCO
c40h4sn3o,s34 18 1

NlI(Boc)
CtH4-p-CO,An 152-154 (TrE) C, h, N, S

35 19 h THP Amorphous C,7H;6NJ04S M*
PhCHCO

c30h4,n3o7s36 19 1

NHfBoc)
THP Amorphous M"

37 20 Ph3C l-Me-2-pyrrolyl 167-170 (M) c36h37n3o3s M"
38 20 h l-Me-2-pyrrolyl Amorphous c„h23n3o.,s M*

39 21 H 2-Pyridyl Amorphous C17Hj1N,03S M*
PhCHCO

1 c30h36n4o6s M740 21 2-Pyridyl Amorphous
NH(Boc)

C, H, N, S41 23 II 4-Me-3-pyridyl 155-157(C-E) c,»h23n3o3s
PhCHCO

c3,h38n.,o6s42 23 1
NH(Boc)

4-Me-3-pyridyl Amorphous M*

c2,h74n,o4s M"43 24 H 5(CO ,CMe,)-3-pyridyl 156-158 (C-P)
44 25 Ph3C CO,Me 109-110 (Tr E) c3;h34n:05s M7

PhCHCO
C3,H43NJ08S M"45 26 1

NH(Boc)
CH.OTHP Amorphous

PhCHCO
C;8H37N3OsS M*46 26 1

NH(Boc)
CHjOCOMe Amorphous

" Abbreviations: An = p-methoxybenzyl, Boc = terf-butoxycarbonvl, THP = 2-tetrahydropyranyl. 6 Crystallized from
1 - chloroform, E = ethanol, EA = ethyl acetate, M = methanol, P = petroleum ether, Tr E = trituration with ether. All
ompounds gave satisfactory NMR spectra and were homogeneous by TLC.
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Cephalosporins Prepared from Penicillins. 2

The exact sequence (Scheme I) previously described3 for
preparation of 13 and 22 was used to prepare 14, 15, 19, 21, and
23.

3-(Carboxybenzyl)-7-/3-(D-phenylglyeylamino)ceph-3-
em-4-carboxylic Acids (16 -18). The following route to 18 is
typical.
3-p-(p-Methoxybenzyloxycarbonyl)phenylprop-2-ynol.

This was prepared from copper(I) 3-(tetrahydropyran-2-yl-
oxy)prop-l ynide (33.2 g, 0.164 mol) and p-methoxybenzyl 4-
iodobenzoate (60.5 g, 0.164 mol) by the general method of Harris
et al.4 The product (35.7 g, 74%) had mp 104.5-105.5 °C; cmax
3590, 3400, 1705, 1609, 1520 cm'1.
2-p-(p-Methoxybenzyloxycarbonyl)phenylprop-2-ynyl

Bromide. To a suspension of the above alcohol (33 g, 0.111 mol)
and PPh3 (33 g, 0.126 mol) in dry benzene (150 mL) was added
CBr4 (45 g, 0.136 mol). The mixture was stirred and the exo¬
thermic reaction controlled by cooling so that the internal
temperature did not exceed 40-45 °C. After 10 min the clear
solution was evaporated and the residual oil chromatographed
to give the bromide (26 g, 90%): needles (from AcOEt-petroleum
ether); mp 60 °C; iw (CHC13) 1720, 1610,1590,1520 cm"1. Anal.
(C18Hlr,Br03) C, H, Br.
l-(l-Benzyloxycarbonyl-2-methylprcp-l-enyl)-4-[3-p-

(p-methoxybenzyloxycarbonyl)phenylprop-2-ynyithio]-
3-(triphenylmethylamino)azetidin-2-one. The above bromide
(20 g) and benzyl 6j3-(triphenylmethylamino)penicillanaie (1, 28
g, 51 mmol) in dry THF (250 mL) were treated with freshly-
powdered NaOH (2.5 g, 62.5 mmol) and stirred at room tem¬
perature for 24 h. The mixture was then diluted with EtOAc,
washed, dried, and evaporated. Chromatography of the residue
gave the 1,2-secopenicillanate (26.7 g, 63%) as a foam: emax

(CHC13) 1765, 1720 cm"1. Anal. (C52H46N306S) C, H, N. S.
4-[3-p-(p-Methoxybenzyloxycarbonyl)phenylprop-2-

ynylt,hio]-3-(triphenylmethylamino)azetidin-2 one. The
above secopenicillanate (5 g, 6.05 mmol) in DMF (15.1 mL) and
pyridine (15.1 mL) containing water (3.05 mL) was cooled to -20
°C and stirred while freshly powdered KMnO., (1.43 g, 9 mmol)
was added portionwise at such a rate that the temperature did
not exceed 0 °C. The mixture was stirred for 1 h at - 20 °C, then
diluted with EtOAc (40 mL) and water (40 mL), and treated with
SO-2 until the MnO; had dissolved. The organic phase was
separated, washed with 1 N HC1 followed by NaHC03 solution,
dried, and evaporated. Chromatography of the residue gave

unchanged secopenicillana+e (0.61 g) and the azetidinone (1.1 g,
29%) as a foam: emax (CHC13) 3400, 1762, 1710, 1610 cm"1.
l-( 1-Hydroxy-1- tert -butoxycarbonylmethyl)-4-[3-p-(p-

methoxybenzyloxycarbonyl)phenylprop-2-ynylthio]-3-
(triphenylrnethylamino)azetidin-2-one. A solution of the above
azetidinone (13.2 g, 0.021 mol) and tert-butyl glyxylate (21 g,
0.16 mol) in benzene (250 mL) was boiled under reflux with
provision for the removal of water. After 5 h the solution was
cooled, washed, dried, and evaporated. Chromatography of the
residue gave the n-hydroxy ester as a mixture of epimers (11.68
g, 74%.): a foam; ,.max (CHC13) 3500, 1770, 1730, 1610 cm"1.
l-( 1- tert -Butoxycarbonyl-l-triphenylphos-

phoranylidenemethyl)-4-[3-p-(p-methoxybenzyloxy-
carbony 1)phenylprop-2-ynyl thio]-3-(t riphenylmethyl-
amino)azetidin-2-one. The above a-hydroxy ester (5 g, 6.5 mmol)
in dry THF (50 mL) containing 2,6-lutidine (2.38 g, 22 mmol) was
cooled to -10 °C and treated dropwise with SOCl2 (2.32 g, 19.5
mmol) during 15 min. After a further 3 min the precipitated solid
was removed by filtration and the fdtrate was evaporated to leave
the crude a-chloro ester (4.0 g) as a foam: vnl3X (CHC13) 1770,1730
cm"1. This was dissolved in dry dioxane (50 mL) containing
2,6-lutidine (3.4 g, 32 mmol) and triphenylphosphine (3.4 g, 13
mmol) and stirred under N2 at 50 °C for lo h and then filtered
and the filtrate was evaporated. Chromatography of the residue
gave die phosphorane (4.25 g, 64%) as a foam: (CHCL) 1755,
1715, 1635, 1610 cm"1.
l-(l-tert-Butoxycarbonyl-l-triphenylphos-

pv'oranylidenemcthyl)-4-[3-p-(p-methoxybenzyloxy-
carbony 1) phenyl-2-oxopropy lthio]-3-(t riphenvlmethy1-
amino)azetidin-2-one. The above acetylene (7.86 g) in piperidine
(50 mL) was stirred at 50 c C for 4 h and then evaporated in vacuo.
The residue was dissolved in EtOAc, washed successively with
0.1 N HC1, H-A and NaHC03 solution, dried, and evaporated.
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Chromatography gave the ketone (6.5 g, 82%.) as a foam: i.max

(CHC1;,) 1750, 1710, 1630, 1610 cmT
tert-Butyl 3-[p-(p-Methoxybenzyloxycarbonyl)ben-

zyl]-7/3-(triphenylmethylamino)ceph-3-em-4-carboxylate
(33) This was obtained (82%) by heating the above keto-
phusphorane in refluxing dioxane under N2 for 24 h.
tert Butyl 70-(N- tert -Butoxycarbony1-D-a-pheny 1-

glycyl)amino-3-[p-(p-methoxybenzyloxycarbonyl)ben-
zyllceph-3-em-4-carboxylate (34). The cephem 33 (3.8 g, 5
mmol) in CH2C12 (10 mL) was detritylated by treatment at -2C
°C with toluene-p-sulfonic acid (1 g, 6 mmol) in MeOH (5 mL),
The solution was left at 0 °C for 16 h and then washed with
NaHCO,, solution. Evaporation of the organic layer gave the
primary amine (1.75 g, 68%): mp 134-135 °C; i'max (CHC13) 1775
1710 cm4 This amine (250 mg, 0.5 mmol) in THF (2 mL) was
added over 5 min to a cooled (-20 °C) THF solution of mixec
anhydride prepared3 from Ar-terf-butoxycarbonyl-i>a-phe
nylgiycine (135 mg, 0.54 mmol) and ClCO.Me (50 mg, 0.53 mmol)
The mixture was stirred for 2 h at -20 °C and then evaporatec
in vacuo. The residue was taken up in EtOAc and washet
successively with 0.25 N HC1 (2 X 10 mL), water, and NaHCO
solution. Evaporation of the dried solution followed by chro
matography gave the protected cephalosporin 34 (193 mg, 53%)
"m»x (CHCl'a) 3400, 1785, 1; 10 cm1.
3-(p-Carboxybenzyl)-7/3-(D-o:-phenylglycyl)aminoceph

3-em-4-carboxylic Acid (18). The triply protected compoum
34 (86 mg) was dissolved in TFA (0.5 mL) and kept, at roor
temperature for 10 min. The solution was then evaporated i
vacuo and the evaporation thrice repeated after successive ad
ditions of dry toluene (5-mL portions) to leave the TFA salt c
18 as an amorphous solid (63 mg): emax (Nujol) 2300-2700,177(
1690 cm"1.
3-(5-Carboxy-3-pyridylmethyl)-7/7-(D-a-phenylglycy!

amino)eeph-3-em-4-carboxylic Acid (24). This was prepare
by c similar reaction sequence to 18, except that the final TF
treatment of 11 (X = 5-tert-butoxycarbonyl-3-pyridyl) require
3 h for complete deprotection [checked by running biochri
matograms in BuOH-AcOH-H20 (12:3:5) until only one zone <
antibacterial activity (Rf 0.37) remained].
tert-Butyl 3-Methoxycarbonylmethyl-7/3-(tripheny

methylamino)eeph-3-em-4-carboxylate (44). (3ft,4ft)-
Prcp-2-ynylthio-3-(triphenylmethylamino)azetidin-2-one4 (4,
= H; 9.3 g) was converted by the method of Scheme I into tl
phosphorane (7, X - H; 11.4 g, 65%>) and the latter in THF w
treated at -70 °C with n-butyllithium (2 equiv). After 5 min tl
mixture was saturated with C02, diluted with EtOAc, washed wi
dilute HC1, dried, and evaporated to small volume. Treatme
with diazomethane in ether gave, after chromatography, tl
methyl ester 7 (X = C02Me) as a foam (30%.): i\nax (CHC13) 225
1760, 1720, 1635 cm '. Treatment with piperidine at roo
temperature for 6 h, followed by usual work-up with aqueous aci
gave the ketone 8 (X = C02Me) as a foam (67%.), j'raax (CHC
1755, 1720,1635 cm"1, which when refluxed in dioxane for 24
gave the cephem 44 (Table IV) in 70%> yield.
l-(l-Benzyloxycarbonyl-2-methylprop-l-enyl)-4-(3-iod

prop-2-ynylthio)-3-(triphenylmethylamino)azetidin-2-o
(3, X = I). A solution of AgN03 (12.6 g, 74 mmol) in CHC13 (1
mL) and pyridine (50 mL) was stirred and cooled in an ice ba
while iodine monochloride (4.2 mL, 83 mmol) in CHC13 (50 m
was added over 5 min. AgCl was removed by centrifugation a
washed with pyridine (50 mL). The combined solutions, c(
taini.ig iodonium nitrate, were treated with the 1,2-se
penicillanate4 (3, X - H, 28 g, 47.8 mmol) in CHC13 (50 mL) a
stirred at room temperature for 4 h. The mixture was evapora'
in vacuo and the residue taken up in EtOAc, washed, dried, s
again evaporated. Chromatographic purification gave the
doacetylene 3 (X = I, 25.9 g, 76%) as a yellow foam: cmax (CHC
2980,1765,1715, and 1630 cm 1 (found M+ 712.1291; C37Ha3IN2(
requires M 712.1258).
l-(l-tert-Butoxycarbonyl-l-triphenylphi

phoranylidenemethyl)-4-(3-iodoprop-2-ynylthio)-3-(1
phenylmethylamino)azetidin-2-one (7, X = I>. This '
prepared (10% overall) from 3 (X = I) according to Schem
tert-Butyl 3-(l-Methyl-2-pyrrolylmethyl)-7/3-(t

phenylmethylamino)ceph-3-em-4-carboxylate (37).
Methylpyrrole (0.5 g, 6.2 mmol) and tetramethylethylenedian
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[0.87 g, 5.7 mmol) in dry ether were treated with n-butyllithium
(I equiv) at reflux for 1 h. The solution of 2-lithio-Ar-methylpyrrole
.vas stirred with copper(I) bromide (1.2 g) for 90 min at room
temperature to give a brown suspension of 2-cuprio-lV-methyl-
pyrrole. This was treated with the iodoacetylene 7 (X = I, 5.0
*, 6 5 mmol) in THF (20 raL) and stirred at room temperature
jvernight. The mixture was diluted with benzene, the solids were
removed by centrifugation, and the supernatant solution was
concentrated and then chromatographed to give the pyrrolyl-
icetylene 7 (X = l-methyl-2-pyrrolyl) (28%); i'm3X (CHC13) 2980,
1750, and 1630 cm !. Refluxing in piperidine for 12 h, followed
by the usual aqueous work-up, gave the ketone 8 (X = 1-
nethyl-2-pyrrolyi, 59%): i>max (CHC13) 2980,1760, and 1635 cm '.
Dvclization by refluxing in dioxane for 30 h gave the cephem 37
(Table IV) in 83% yield.
tert-Butyl 7/3-Amino-3-(l-methyl-2-pyrrolylmethyI)-

3eph-3-em-4-carboxylate (38). For this acid-sensitive compound
the following exceptionally mild detritylation procedure was
preferred. The trityl derivative 37 in redistilled MeOH was stirred
vith an equal weight of pyridine hydrochloride for 4 days; then
the solvent was evaporated and the residue dissolved in EtOAc.
rhe solution was washed with aqueous NaHC03, dried, and
evaporated, and the residue was chromatographed to give the
primary amine 38 (81%).
tert-Butyl 3-(2-Acetoxyethyl)-7/?-( AT-te.rt -butoxy-

carbonyl-D-a-phenylglycyl)aminoceph-3-em-4-carboxylate

Notes

(46). The O-tetrahydropyrany! derivative 45 (106 mg, 0.17 mmol,
synthesized according to Scheme I) was treated with toluene-
p-sulfonic acid (35 mg, 0.2 mmol) in isopropenyl acetate (4 mL)
at 0 °C for 4 h and then at room temperature for a further 4 h.
EtOAc was added and the solution washed with dilute aqueous
NaHC03, followed by brine. Evaporation of the dried solution,
followed by chromatography, gave the cephem 46 (Table IV) in
25% yield.

Supplementary Material Available: High-res.dution mass
spectral data, NMR data, and elemental composition data (4
pages). Ordering information is given on any curient masthead
page.
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SYNERGIC ACTIVITIES OF PENICILLIN COMBINATIONS

R. SUTHERLAND
Beecham Pharmaceuticals, Betchworth

The use of combinations of antibiotics is commonplace in clinical practice
despite the disapprobation of many authorities. Combined therapy is usually
based on a desire to extend the antibacterial spectrum but in a number of cases
it is also hoped that the individual agents may interact to produce synergistic
effects. Penicillins are often combined with other antibiotics and this report
describes examples where antibacterial synergy may arise from penicillin
combinations.

Synergy between Pencillins and Aminoglycosides against Enterococci

Perhaps the best known example of synergism between antibiotics is that demon¬
strated by penicillins and aminoglycosides against enterococci. Enhancement of
the bactericidal activity of benzylpenicillin against Streptococcus faecalis by
streptomycin was studied by Jawetz and his collaborators in their early studies
on antibiotic interactions (Jawetz, Gunnison and Coleman, 1950) and the value
of combined penicillin/aminoglycoside therapy in the treatment of enterococcal
endocarditis is well established.

Enterococci are moderately sensitive to benzylpenicillin, amoxycillin and
ampicillin and the growth of the organisms is inhibited by relatively low concen¬
trations of the penicillins (Table 7.1). Aminoglycoside antibiotics are notably

Table 7.1 Distribution ofminimum inhibitory concentrations (MICs) of
penicillins and aminoglycosides against 55 strains of enterococci (after Russell
and Sutherland, 1975)

Number ofstrains with ait MIC (tig ml*4 ) of
Antibiotic 0.25 0.5 1.25 2.5 5.0 12.5 25 50 125 250 500 >500

Amoxycillin 5 49 1 0 0 0 0 0 0 0 0 0

Ampicillin 0 25 29 1 0 0 0 0 0 0 0 0
Bcnzylpenicillin 0 2 49 4 0 0 0 0 0 0 0 0
Gentamicin 0 0 1 19 26 7 2 0 0 0 0 0

Kanamycin 0 0 0 0 5 19 22 5 2 0 0 2*

Streptomycin 0 0 0 0 0 7 9 21 2 0 1 15*

*MIC >5000 ng ml '

89
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less active than the penicillins against these organisms, but newer compounds
such as gentamicin and tobramycin show a marked improvement in activity
compared with streptomycin (Table 7.1). The penicillins are bactericidal in
action against S. faecalis, but less so than against most other bacteria, and a
significant number of survivors persist in cultures exposed to penicillins. How¬
ever, when the penicillin is combined with an aminoglycoside, at a concentration
of the latter which is itself ineffective, a marked synergistic action occurs with
many strains of enterococci resulting in a striking increase in me bactericidal
activity of the penicillin (Sonne and Jawetz, 196S; Watanakunakorn, 1971;
Russell and Sutherland, 1975).

Thus, results in Table 7.2 show the Minimum Bactericidal Concentrations
(MBCs) of amoxycillin against enterococci alone and in combination with sub¬
lethal concentrations of streptomycin, kanamycin and gentamicin. The bacteri¬
cidal activities of the combinations were much greater than those of amoxycillin

Table 7.2 Minimum bactericidal concentrations (MBCs) of amoxycillin and
aminoglycosides alone, and in combination, for 12 strains of enterococci (after
Russell and Sutherland, 1975)

Aminoglycoside and its Number of strains vith ar MBC (jug ml 1 )* of
Penicillin concentration (jugml"1) 0.25 0.5 1.0 2.5 5.0 10 25 50 100 5>100

None 0 0 0 0 0 0 0 0 0 12 *
Streptomycin (20)

Amoxyculm .. : ,,,,,,J Kanamycin (20)
1
0

0
5

2
4

2
1

0
0

0
0

0
0

0
0

0
0

7+
1%

Gentamicin (10) 6 3 3 0 0 0 0 0 0 0

*For an inoculum size ca 10f' cells ml"1 of medium.
(Streptomycin MIC >5000 jug ml"1 .

(Kanamycin MIC >5000 jug ml"1 .

alone provided that the test organism was sensitive to the aminoglycoside. In
these tests, streptomycin-resistant strains were resistant to amoxycillin +
streptomycin but were killed by combinations containing kanamycin or genta¬
micin and, similarly, kanamycin-resistart strains were not killed by amoxycillin
+ kanamycin but were sensitive to the combination with gentamicin. It should
be noted that although amoxycillin apperred to show poor bactericidal activity
against enterococci in these tests to measure MBCs, this was because the test was
particularly stringent, requiring the viable count to fall from the initial inoculum
of 106 cells nil"1 to less than 102 cells ml"1, i.e. 99.99% kill. When the inoculum
was reduced to 104 cells ml"1, amoxycillin readily reduced the bacterial count
to less than 102 cells ml"1 (99.0% kill), and the MBCs were of the same order as
the Minimum Inhibitory Concentrations (MICs).

The bactericidal activity of amoxycillin against S. faecalis and its enhance¬
ment in combinations with aminoglycosides is illustrated in greater detail in
Figure 7. /. which shows the effects of combinations of amoxycillin + strepto¬
mycin and amoxycillin + kanamycin against a strepromycin-resistant strain, S.
faecalis 816 (MIC >5000 /jg streptomycin ml 1). Amoxycillin was bactericidal
at a concentration cf 1.0 qg ml"1 over the first 6 h and reduced the viable count
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by 99.9% but this was followed by a resumption of growth to visible levels.
Streptomycin (20 pg ml-1) had no effect on the growth of the organisms while
kanamycin (20 pg mP1) was bactericidal for 6 h but at 24 h growth equalled
that of the control antibiotic-free culture. The combination of streptomycin and

Figure 7.1 Bactericidal activity ofamoxycillin, alone and in combination with streptomycin
and kanamycin, against Streptococcus faecalis 816. □= Control; A = streptomycin 20 tig nil'';

= kanamycin, 20 tigml''; A= amoxycillin + streptomycin, 1.0 + 20 ng ml'1; »= amoxy¬
cillin, 1.0 pgml''; ■ - amoxycillin + kanamycin, 1.0 + 20 tigml''

amoxycillin was no more effective lhan amoxycillin alone, which is not unexpec¬
ted in view of the high level of resistance of the organism to streptomycin, where¬
as amoxycillin + kanamycin caused a 99.99% kill by 6 h and had sterilized the
culture after 24 h incubation.

It has been suggested that the mechanism of synergism between penicillin
and streptomycin against enterococci is that the penicillin induces the formation
of enterococcal L-forms that are more sensitive to the aminoglycoside than the
parent strains (Hewitt, Seligman and Deigh, 1966). An alternative mechanism is
proposed from the results of studies with radio-labelled streptomycin which
have shown that enterococci are relatively impermeable to the compound, but
that uptake of the aminoglycoside is greatly enhanced by the presence of peni¬
cillin (Moellering and Weinberg, 1971). Uptake of streptomycin was also
enhanced in cells with a high level of resistance to streptomycin and it appears
that the failure of penicillin + streptomycin to produce synergy against these
strains is due to the resistance of the ribosomes to the aminoglycoside (Zimmer¬
man, Moellering and Weinberg, 1971).

Combined therapy with benzylpenicillin and streptomycin has long been
regarded as the treatment of choice for severe enterococcal infection on the basis
of the bactericidal synergy that can be demonstrated in vitro, and the use of this
antibiotic combination is the most widely accepted example of clinical synergism
(Jawetz, 1968). However, a significant proportion of strains of enterococci are
resistant to the combined effects of penicillin + streptomycin (Standiford, de
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Maine and Kirby. 1970; Moellering, W'ennersten and Weinberg, 1971) and there
is increasing interest in the activity of combinations of penicillins with newer
aminoglycosides such as gentamicin, tobramycin and amikacin (Watanakunakorn,
1971; Moellering, Wennersten and Weinstein, 1973; Iannini, Ehret and Eicklioff,
1976). Nevertheless, the treatment of choice for enterococcal infection remains
an appropriate penicillin/aminoglycoside combination.

Penicillin/Aminoglycoside Combinations against Pseudomonas aeruginosa

Serious infections due to Gram-negative bacilli now constitute a major problem
in hospital practice and infections due to Pseudomonas aeruginosa are particularly
difficult to treat because of the resistance of this opportunistic pathogen to most
antibiotics. Carbenicillin was the first penicillin to show clinically useful anti-
oseudoinonas activity and gentamicin has been the aminoglycoside of choice for
the treatment of pseudomonas infections for a number of years. Early studies
showed that combinations of carbenicillin and gentamicin provided synergistic
antibacterial effects against Ps. aeruginosa in vitro (Brumfitt, Percival and
Leigh, 1967; Rolinson and Sutherland, 1968) and synergism has been demon¬
strated against experimental infections in laboratory animals (Andriole, 1971).
Combinations of the compounds have been used with significant success in the
treatment cf serious infections (Klastersky, Cappel and Debusscher, 1971;
Schimpff et a!., 1971; Yuce and Van Rooyen, 1971), although there are few
controlled studies to show that combined therapy is distinctly better than the
use of either drug alone.

More recently, a number of penicillins active against Ps. aeruginosa and other
Gram-negative bacteria have been introduced, for example sulbenicillin and
ticarcillin, and there has been a proliferation of new, active aminoglycosides,
namely, amikacin, sisomicin and tobramycin. Synergy, similar to that originally
reported with carbenicillin and gentamicin has also been described in laboratory
studies in vitro and in vivo with various combinations of these newer penicillins
and aminoglycosides (Klastersky, Nyamubeya and Vandenborre, 1974; Klastersky,
Hensgens and Debusscher, 1975; Wald "I a!., 1975; Kelly and Matsen, 1976).

Table 7.3 Comparative activities of penicillin/aminoglycoside combinations
against 3 strains of Ps. aeruginosa

Minimum Inhibitory Concentration (jug ml"')
Antibiotic R2 986 HT1

Ticarcillin 31 31 62
Carbenicillin 62 125 250

Tobramycin 0.12 0.25 0.12
Gentamicin 0.5 1.0 1.0

Ticarcillin/ tobramycin 8 + 0.03 8 + 0.06 16 + 0.03

Ticarcillin/gentamicin 8 + 0.12 16 + 0.12 16 + 0.06

Carbenicillin/tobramycin 8 + 0.12 31 + 0.06 62 + 0.03

Carbenicillin/gcnlamicin 31 + 0.12 62 + 0.25 31 + 050
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Results in Table 7.3 show the effects demonstrated by a number of penicillin/
aminoglycoside combinations against three strains of Ps. aeruginosa. The anti¬
bacterial activities were determined by a modified chess-board system using the
microtiter technique as shown in Figure 7.2. The action of the test combination
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Figure 7.2 Microtitcr chess-board technique to demonstrate synergism between ticarcillin
and tobramycin against Pseudomonas aeruginosa

of antibiotics was considered synergistic when the MIC of each compound was
at least four times as effective in combination as the MIC of that drug alone. It
can be seen that in most cases synergy was demonstrated and that combinations
of ticarcillin and tobramycin produced the greatest activity against the test
strains, which might be expected since these compounds were the most active of
the penicillins and aminoglycosides tested. The synergistic bactericidal action of
a combination of ticarcillin and tobramycin against Ps. aeruginosa is illustrated
in Figure 7.3, which shows that neither compound produced significant bacteri-

Time (h)

Figure 7.3 Bactericidal synergy between ticarcillin and tobramycin against Pseudomonas
aeruginosa. 0_0= Control; ticarcillin (100), ▼ -▼ = tobramycin (1.0);
ticarcillin (100) + tobramycin (1.0)
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cidal effects on its own but that a combination of the two antibiotics reduced
the viable count to zero within 6 h.

Although the combination of carbenicillin and gentamicin is used successfully
in the treatment of clinical infection, inactivation of gentamicin by carbenicillin
which is readily demonstrable in vitro has also been reported to occur during
therapy (McLaughlin and Reeves, 1971) and fears have been expressed that the
value of this combination might be limited because of the interaction between
the two drugs. However, it is now generally accepted that the combination of
drugs should not be withheld from patients with normal renal function (Riff and
Jackson, 1972).

The mechanism of the synergy between penicillins and aminoglycosides is
not known, but may involve an enhancement of the uptake of the aminoglyco¬
side into the bacterial cell in the presence of the penicillin, which acts by inhibi¬
ting cell-wall synthesis, as has been suggested for the effects produced by
penicillin—aminoglycosides against enterococci. Whatever the mechanism, the
evidence does suggest that combined therapy may well produce enhanced clinical
effects in the treatment of infections due to Ps. aeruginosa.

Mecillinam Combinations

Penicillins lacking an acyl group in the 6-position of the nucleus are normally
devoid of significant antibacterial activity but mecillinam is an example of a
non-acyl penicillin with unusual antibacterial properties in vitro (Lund and
Tybring, 1972; Neu, 1976). For example, the antibacterial spectrum of mecil¬
linam differs from that of conventional penicillins in that the compound shows
a high level of activity against certain Gram-negative bacilli but is quite inactive
against Gram-positive bacteria. In addition, mecillinam has been shown to have
a different mode of action which is readily evident from the morphological
responses provoked by mecillinam against sensitive bacteria. Bacterial cells are
converted to large spherical forms which are relatively stable in normal media
compared with the spheroplasts induced by penicillins (Greenwood and O'Grady,
1973; Melchior et al., 1973).
It has been suggested that, because mecillinam and penicillins have different

binding sites, combinations of the compounds would exert synergistic effects
(Park and Burman, 1973; Matsuhashi er al., 1974; Spratt, 19'/5). In practice,
synergy has been reported when mecillinam was combined with ampicillin but
the extent of synergism appeared to be variable and was greatly influenced by
inoculum size and the osmolality of the medium (Tyhring and Melchior, 1975).
According to these workers synergy arises because the spherical bacterial forms
induced by mecillinam are particularly sensitive to ampicillin.

The morphological effects produced by mecillinam were studied in some
detail by Greenwood and O'Grady (1973), who reported interesting results when
mecillinam was combined with the cephalosporin antibiotic, cephalexin. In a
turbidimetric system, neither mecillinam nor cephalexin produced any obvious
effect on the growth of Escherichia coli, but when the two agents were com¬
bined, rapid lysis ensued (Figure 7.4) similar to the effects produced by peni¬
cillins in this system. Microscopic examination of the various cultures showed
the round cell-forms produced by mecillinam and the filament formation
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Figure 7.4 Bacteriolytic activities ofcephalexin and mecillinam against E. coli, alone and in
combination

associated with cephalexin, but in the presence of the combination of compounds,
spheroplasts similar to those induced by penicillins were observed (Figure 7.5).

These results show that two /Mactam antibiotics, each of which produces
different morphological effects in sensitive bacteria, presumably by functioning
against different sites in the bacterial cell, can interact to produce the classical
lytic effects associated with penicillins. The clinical significance of the inter¬
action of mecillinam with other /Mactam antibiotics is uncertain as yet but the
phenomenon observed in the laboratory is of considerable interest.
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Figure 7.5 Photortiicrographs showing the morphological effects produced by cephalexin
and mecillinam against E. coli. (I) Control; (2) mecillinam. 10 ggml''; (3) cephalexin
100 pgml''; (4) mecillinam 10 pgml'' + cephalexin 100 pgml''
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Synergy arising by Inhibition of /3-Lac+amase

An entirely different example of synergy involving penicillins, for which the
mechanism appears to be clearly established, is that depending upon competi¬
tive inhibition of ^-lactamase whereby synergism may be demonstrated between
pairs of j3-lactam antibiotics. The resistance of Gram-negative bacilli to broad-
spectrum penicillins or cephalosporins is often associated with (3-lactamase
activity and the ability of these bacteria to destroy the |3-lactam antibiotics
(Smith, Hamilton-Miller and Knox, 1969; Richmond and Curtis, 1974). Certain
combinations of broad-spectrum penicillins, e.g. ampicillin or amoxycillin, and
(3-lactamase-stable penicillins, e.g. methicillin or cloxacillin, exhibit synergistic
antibacterial effects which are due to inhibition of the ^-lactamase by the stable
penicillin (Hamilton-Miller and Smith, 1964; Sutherland and Batchelor, 1964).
lite /Mactamase-stable compounds have little antibacterial activity against Gram-
negative bacilli but have a relatively high affinity for their ^-lactamases and are
able to protect the labile broad-spectrum penicillin by inhibition of the enzyme.

Table 7.4 Synergistic activity of a combination of ampicillin against ampieillin-
resistant bacteria, in vitro and in vivo

MIC {jig ml-' ) CD 50* (mg kg-' ) (oral)
Ampicillin Ampicillin

Organism Ampicillin Cloxacillin cloxacillin Ampicillin Cloxacillin cloxacillin

Escherichia
coli 487 250 500 25 + 25 >5000 >1000 320+ 320
Shigella
sonnei 3606 250 500 12.5 + 12.5 >5000 >1000 90 + 90

Proteus
rnorganii 71 8 125 1000 12.5 + 12.5 >5000 >1000 80 + 80

*Mice infected by the intraperitoneal loute were dosed immediately after infection with a
single dose of the compound or combination.

The results in Table 7.4 illustrate examples of synergy between (Mactam
antibiotics and show the antibacterial activities in vitro and in vivo of a combi¬
nation of equal parts of ampicillin and cioxacillin against three cultures of /3-
lactamase-producmg bacteria. Both penicillins were relatively inactive against
the organisms (MIC 125—1000 jag mT1) but the combination of penicillins was
notably more active (MIC 25—50 jag mT1). The synergistic antibacterial activity
of ampicillin + cloxacillin was also exhibited against experimental infections
caused by these /Mactamase-producing bacteria. Ampicillin and cloxacillin were
ineffective in preventing death of infected mice whereas the combination of the
two penicillins demonstrated marked protective effects.

Inhibition of /3-lactamase activity is illustrated in Figure 7.6 which shows the
bactericidal activities of ampicillin and ampicillin + cloxacillin against a /3-
lactamase-producing strain of F. coli. Ampicillin (10 jig ml-1) produced a slight
inhibition of growth for the first 3 h of the test but by 6 h the concentration of
ampicillin had fallen to 2 jig nil"1 and the viable count was similar to that of the
control culture. At a higher concentration (100 jug ml"1), ampicillin was active
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during the early part of the experiment but at 24 h the concentration had fallen
to 4 jug ml"1 and the viable count had increased to greater than 106 cells ml"1.
In the presence of cloxacillin, however, which was itself relatively ineffective,
the bactericidal effects of ampicillin were greatly increased and a combination
of 10 jug ampicillin ml"1 + 10 jug cloxacillin ml"1 was significantly more active
than 100 jug ampicillin ml"1 during the first 6 h of the test. A higher concentra¬
tion of cloxacillin (100 jug ml"1) almost completely prevented destruction of
ampicillin (10 jug ml"1) and caused a total bactericidal effect at 24 h. The com¬
bination containing 100 jug ml"1 of each penicillin sterilized the culture and
there was no obvious destruction of ampicillin at the end of 24 h.

Time (h)

Figure 7.6 Bactericidal activities ofampicillin and ampicillin/cloxacitlin combinations
against E. coli 425. *= Control; ♦ = cloxacillin, 100 pg ml'1 ampicillin, 10 pgml'1;
• ~ ampicillin, 100 pgml~x; V = arnpiaillin, 10 pgml~' + cloxacillin, 10 pgml''; 0 =
ampicillin, 10 pgml'' + cloxacillin, 100 pgml"'

Although there has been considerable interest in applying the principle of
jtl-lactamase inhibition as a means of treating resistant bacteria, clinical applica¬
tion of combinations of pencillins for this purpose has been limited (Sabath et
at., 1967; Riff, Olexy and Jackson, 1970; Klastersky, Debusscher and Ruhl,
1972). This is largely because no one compound has been found to be an
effective and potent inhibitor of the more important of the wide range of j3-
lactamases produced by Gram-negative bacilli. Nevertheless, penicillins which
are much more effective inhibitors of |3-lactamases than the compounds clini¬
cally available have been described (Cole, Elson and Fullbrook, 1972) and one
compound studied in detail, BRL 1437, an analogue of nafcillin, demonstrated
impressive synergy in combination with other (Mactam antibiotics (Greenwood
and O'Grady, 1975). Moreover, reports appearing in the literature describing
potent mould-metabolite /^-lactamase inhibitors (Ohrio et at., 1973; Umezawa
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ct a!., 1973: Brown et al., 1976) suggest the possibility of clinically useful
substances being introduced to potentiate the efficacy of existing penicillins and
cephalosporins against infections due to (i-Iactamase-producing bacteria.

Conclusion

Although the casual use of combinations of antibiotics is to be deprecated, there
are numerous clinical settings which justify combined therapy with penicillins.
The bactericidal synergy demonstrated in vitro between penicillins and amino¬
glycosides against enterococci is considered to have clinical significance and is
generally accepted to provide an example of clinical synergism. The use of
combinations of carbenicillin and aminoglycosides for the treatment of infections
due to Gram-negative bacilli, particularly Ps. aeruginosa, is also widely accepted,
largely on the grounds of the synergy that can be demonstrated in vitro, although
clinical evidence is less readily available. The application of 0-lactamase inhibitors
to clinical therapy is limited as yet but there is evidence that proper use of this
principle to produce synergy with (3-lactam antibiotics has significant clinical
potential.
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ACTIVITY OF AMOXYCILLIN AGAINST ENTEROCOCCI
AND SYNERGISM WITH AMINOGLYCOSIDE ANTIBIOTICS

Elizabeth J. Russell and R. Sutherland
Beecham Pharmaceuticals, Research Division, Belchworth, Surrey

Enhancement of the bactericidal activity of benzylpenicillin against entero-
cocci by streptomycin is one of the earliest and best known examples of anti¬
biotic synergism (Jawetz, Gunnison and Coleman, 1950). Enterococci are
moderately sensitive in vitro to benzylpenicillin, which may also exert marked
bactericidal activity though it generally fails to bring about complete sterilisation
of cultures of these organisms. However, when benzylpenicillin is combined
with streptomycin, which by itself is relatively ineffective, a marked synergistic
action occurs with many strains of Streptococcus faecalis, resulting in a striking
increase in the bactericidal activity of the penicillin. Treatment of enterococcal
endocarditis with benzylpenicillin alone has often failed, whereas treatment
with combinations of penicillin and streptomycin has achieved a large number
of cures (Robbins and Tompsett, 1951; Geraci and Martin, 1954; Mandell
et al., 1970). The use of penicillin+streptomycin combinations for this
purpose is probably the most widely accepted example of clinical synergism
(Jawetz, 1968).

However, a number of strains of S. faecalis show a high level of resistance to streptomycin
and in such cases synergism is not observed in vitro with combinations of penicillin and
streptomycin (Harvard, Garrod and Watcrworth, 1959; Standiford, de Maine and Kirby,
1970; Moellering et al., 1971 a). Other aminoglycoside antibiotics, namely kanamycin and
gentamicin, arc generally more active than streptomycin against enterococci (Toala et al.,
1970) and streptomycin-resistant strains are often sensitive to kanamycin and are almost
always sensitive to gentamicin (Moellering, Wennersten and Weinberg, 19711); Watana-
kunakorn, 1971). Combinations of benzylpenicillin with kanamycin or gentamicin are
usually synergistic against S. faecalis (Watanakunakorn, 1971; Wilkowske et a!., 1971)
provided that the strain is sensitive to the aminoglycoside (Standiford et al., 1970; Moellering
et al., 19711)). Ampicillin has been shown to be more active than benzylpenicillin against
S. faecalis (Sonne and Jawetz, 1968) and synergism has been demonstrated with ampicillin
in combination with streptomycin or kanamycin (Fekety and Weiss, 1967; Sonne and
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Javvetz, 1968; Wilkowske et a!., 1971). Combinations of ampicillin and streptomycin have
been used successfully in the treatment of enterococcal endocarditis (Mandell et al., 1970).

Amoxycillin (D-a-amino-p-hydroxybenzylpenicillin) is a new semi-synthetic
penicillin with an antibacterial spectrum and level of activity generally similar
tothatofampicillin(Neuand Winshell, \91\a\ Sutherland and Rolinson, 1971);
it is particularly well absorbed after oral administration to human subjects
(Croydon and Sutherland, 1971; Neu and Winshell, 19716;' Kosmidis et al.,
1972; Sutherland, Croydon and Rolinson, 1972). This new penicillin has
been shown to be slightly more active than ampicillin against S. faecalis
(Sutherland et ah, 1972) and this report is concerned with a study of the extent
of in-vitro bactericidal activity of amoxycillin against the enterococcus, alone
and in combination with aminoglycoside antibiotics.

Materials and methods

Enterococcal strains. The 55 strains of enterococci used in this study had been isolated
from a variety of clinical sources (blood, urine and wounds). They were identified according
to the criteria of Wilson and Miles (1964) and comprised S. faecalis (25 strains), S. faecalis
subsp. zymogenes (15 strains), S. faecalis subsp. liquefaciens (13 strains) and S. faeciutn
(2 strains).

Minimum inhibitory concentrations. Serial dilutions of the test antibiotics were added to
18-ml volumes ofmolten 5% blood agar (Blood Agar Base Oxoid CM55, and Horse Blood,
defibrinated, Wellcome) at 50°C and poured into petri dishes. The plates were dried at
37°C and inoculated with a drop (0 001 ml) of an undiluted overnight broth culture (Nutrient
Broth no. 2, Oxoid CM67) of each strain of enterococcus by means of a replicating device
delivering 20 cultures to each plate. Minimum inhibitory concentrations (MIC) were
determined after incubation for 18 h at 37DC, the MIC being taken as the lowest concentration
of antibiotic completely preventing visible growth.

Minimum bactericidal concentrations. Minimum concentrations of the antibiotics or of
combinations of them inhibitory to large inocula were determined. Serial dilutions of
drugs were made in tubes containing 5-ml volumes of nutrient broth. The tubes were inocu¬
lated with 0 03 ml of an overnight culture of the test organism, giving an inoculum of about
10s cells per ml, and the MICs were read after overnight incubation at 37°C. A loopful of
culture was taken (loop diameter 5 mm) from each tube showing no visible grow th after
overnight incubation and was streaked on antibiotic-free blood agar containing a 1 in 100

Table I

Distribution ofminimum inhibitory concentrations (MICs) ofpenicillins and
aminoglycosides against 55 strains of enterococci

Number of strains with an MIC (ug per ml) of
A

0-25 0-5 1-25 2-5 50 12-5 25 50 125 250 500 >500

Amoxycillin 5 49 1 0 0 0 0 0 0 0 0 0
Ampicillin 0 25 29 1 0 0 0 0 0 0 0 0
Benzylpenicillin 0 2 49 4 0 0 0 0 0 0 0 0
Gentamicin 0 0 1 19 26 7 2 0 0 0 0 0
Kanamycin 0 0 0 0 5 19 22 5 2 0 0 2*
Streptomycin 0 0 0 0 0 7 9 21 2 0 1 15*

* MIC>5000 fig per ml.
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dilution ofWellcome penicillinase (BurroughsWellcome Limited). The plates were incubated
for 18 h at 37°C and the minimum bactericidal concentration (MBC) was determined as the
lowest concentration of antibiotic from which subculture failed. Absence of growth corre¬
sponded to a viable count of 102 cells per ml or less. In a number of tests the inoculum was
reduced to 0 03 ml of a 1 in 100 dilution of an overnight culture to determine the effect of a
reduced inoculum size on the MBC of the compounds.

Bactericidal activity. The bactericidal activities of the penicillins and aminoglycosides,
alone and in combination, were determined by measurement of the reduction in the viable
count of an organism after exposure to the antibiotics. Tubes of nutrient broth (20-ml
volumes) containing known concentrations of the antibiotics were inoculated with a drop
(0 03 ml) of an overnight broth culture and incubated at 37°C. Samples taken auer incubation
for 3, 6, 24 and 48 h were suitably diluted in sterile distilled water and 002-ml volumes were
pipetted on to the surface of blood-agar plates containing penicillinase. In tests with com¬
binations of penicillins and aminoglycosides or where it was thought that the viable counts
had fallen to very low levels, subcultures were made by spreading 10-ml volumes of the
■undiluted cultures over the plates. Colonies were counted after overnight incubation at
37°C and the viable counts were calculated.

The MICs of the penicillins and aminoglycosides for 55 strains of entero¬
cocci are shown in table I. All three penicillins were inhibitory at relatively
low concentrations; amoxycillin was the most active, being about twice as
active as benzylpenicillin which was itself rather less active than ampicillin.
The aminoglycosides were less active than the penicillins against the entero-
■cocci, and gentamicin, the most active aminoglycoside, was two to four times
less active than benzylpenicillin. Kanamycin was four times less active than
gentamicin and was at least twice as active as streptomycin. All the strains
of enterococci were sensitive to the penicillins, but 15 showed a high level of
resistance to streptomycin (M1C>5000 /xg per ml) and two of these were also
insensitive to kanamycin (MIC>5000 /xg per ml). None of the enterococci
tested was resistant to gentamicin. There were no marked differences in the

Table II

Effect of inoculum size on the minimum bactericidal concentrations (MBCs) of
amoxycillin, ampicillin and benzylpcnicillin for 10 strains of enterococci

Results

Minimum inhibitory concentrations

Penicillin
Number of strains with an MBC (pg per ml) of

Inoculum
0-25 0-5 1-25 2-5 5 0 12-5 25 50 100 >100

Large Amoxycillin
(c. 10" cells per ml) Ampicillin

Bcnzylpenicillin

000000000 10
000000000 10
000000000 10

Small Amoxycillin
(c. 10' cells per ml) Ampicillin

Benzylpenicillin

.1 0 5
0 0 1
0 0 1

4 0
8 0
1 6

0 0 0 0
10 0 0
110 0

0
0
0
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sensitivities of the various sub-species of S. faecalis to the penicillins or amino¬
glycosides, but the two strains of S. fciecium were rather more resistant to the
aminoglycosides than were the rest. The streptomycin-resistant enterococci
included strains of S. faecalis, S. faecalis subsp. liquefaciens and S. faecalis
subsp. zymogenes.

Minimum bactericidal concentrations

In tests in which a large inoculum (106 cells pe*- ml) was used the MBCs
of the penicillins exceeded 100 pg per ml for all 10 strains tested (table II)
but with a smaller inoculum (10* cells per ml) MBCs were much lower and
were quite close to the MICs of the compounds. In tests on 12 strains (106 cells
per ml) the aminoglycosides showed some evidence of bactericidal activity
against aminoglycoside-sensitive enterococci, but not against resistant strains
(table III). When sub-lethal concentrations of the aminoglycosides were
combined with amoxycillin, ampiciliin or benzylpenicillin, the bactericidal
activities of all combinations were very much greater than those of the com¬
pounds alone against aminoglycoside-sensitive strains of enterococci. However,
bactericidal activity was not detected when the strain was resistant to the
aminoglycoside in the combination under test. Thus the streptomycin-resistant

Table III

Minimum bactericidal concentrations {MBCs) ofpenicillins and aminoglycosides
alone, and in combination, for 12 strains of enterococci

Penicillin
Aminoglycoside and Number of strains with an MBC (pg per ml)* of
its concentration , —* —,

(/rg per ml) 0-25 0 5 1 0 2-5 5 0 10 25 50 100 >100

Amoxycillin
None 0 0000000 0 12
Streptomycin (20) 1 0 2 2 0 0 0 0 0 7f
Kanamycin (20) 0 5 4 1 0 0 0 0 0 2t.
Gentamicin (10) 6 3300000 0 0

Ampicillin
None 0 0000000 0 12
Streptomycin (20) 1 1 2 1 0 0 0 0 0 7f
Kanamycin (20) 0 5410000 0 2%
Gentamicin (10) 1 3701000 0 0

Benzylpenicillin
None 0 0000000 0 12
Streptomycin (20) 1 0 0 0 4 0 0 0 0 7f
Kanamycin (20) 1 0035100 0 2%
Gentamicin (10) 3 2241000 0 0

None
None
None

Streptomycin 0 0000001 3 8
Kanamycin 0 0000002 5 5
Gentamicin 0 0000114 4 2

* For ai. inoculum size c. 10" cells per ml of medium,
t Streptomycin M1C>5000 fig per ml.
X Kanamycin MIC>5000 fig per ml.
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strains were not killed by penicillin+streptomycin but were susceptible to the
■combinations that included kanamycin or gentamicin, except for two strains
that were also resistant to kanamycin and these were not killed by the penicillin
+kanamycin combinations.

Bactericidal activity
The bactericidal effects of the penicillins, aminoglycosides and pemcillin-j-

aminoglycoside combinations are shown in greater detail in figs. 1-4. Thus,
in a comparison of the bactericidal activities ofamoxycillin and benzylpenicillin,
amoxycillin was more effective than the latter in killing S. faecalis subsp.
zymogenes strain 110 816 (fig. 1). At a concentration of TO gg per ml, benzyl-
penicillin was largely ineffective whereas amoxycillin reduced the viable count
by greater than 99% after 6 h although this was followed by resumption of
growth to a visible level at 48 h. At a higher concentration (10 /rg per ml)
benzylpenicillin showed greater bactericidal activity and brought about a 99%
reduction in the viable count after 24 h, but was distinctly less active than
amoxycillin and produced a slower rate of killing than did amoxycillin during
the first 6 h. Amoxycillin reduced the viable count at 48 h by 99-99% but
failed to sterilise the culture.

The results of a viable count experiment with combinations of amoxycillin
with streptomycin or with kanamycin against the streptomycin-sensitive

Fig. 1 (left).—The bactericidal activities of amoxycillin and benzylpeniciliin against Streptococcus
faecalis subsp. zymogenes strain no. 816; •——9 control; A A amoxycillin 1-0 fig per ml;
A A amoxycillin 10 per ml; S3 H benzylpenicillin 10 fig per ml; □ □ benzyl¬
penicillin 10 ftg per ml.

Fig. 2 (right).—Bactericidal activities of amoxycillin, streptomycin and kanamycin alone and in com¬
bination against the streptomycin-sensitive S. faecalis strain no. 14; 9 9 control; O O
amoxycillin 1-0 fig per ml; A—A streptomycin 20 fig per ml; □ □ kanamycin 20 fig
per ml; A A amoxycillin 1-0 fig per ml -f streptomycin 20/ig per^ml; S3 SI amoxycillin
1-0 fig per ml + kanamycin 20 ftg per ml.
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S. faecalis strain no. 14 are shown in fig. 2. Streptomycin (20 /xg per ml)
inhibited growth of the organism for 6 h but by 24 h the viable count was the
same as that in the control culture. Kanamycin (20 /xg per ml) was bactericidal
for 6 h but thereafter growth increased to equal that of the control. Similarly,
amoxycillin (1-0 /xg per ml) was bactericidal over the first 6 h but this was
followed by a resumption of growth to a level greater than the initial count
after 24 h. In contrast, a combination of amoxycillin (1 /xg per ml) with strepto-
myciu (20 /<.g per ml) or kanamycin (20 /xg per ml) brought about a 99-99%
reduction in viable count within 6 h, and the combinations sterilised the culture
within 24 h in the case of kanamycin and within 48 h with streptomycin.

On the other hand a combination of amoxycillin and streptomycin failed
to show synergistic effects against the streptomycin-resistant S. faecalis subsp.
zymogenes strain no. 816 (MIC>5000 /xg streptomycin per ml), the bactericidal
activity of amoxycillin with streptomycin being no greater than that of amoxy¬
cillin alone (fig. 3). This strain was sensitive to kanamycin (MIC 25 /xg per ml)
and to gentamicin (MIC 25 /xg per ml) and combinations of amoxycillin with
kanamycin (20 /xg per ml) or with gentamicin (10 /ig per ml) showed significant
bactericidal effects, sterilising the culture within 6 h with gentamicin or within
24 h with kanamycin. Similarly, combinations of amoxycillin with strepto¬
mycin or kanamycin were no more effective than amoxycillin alone in reducing
the viable count of a culture of S. faecalis subsp. zymogenes strain no. 830
which was resistant to both streptomycin and kanamycin (MIC>5000 /xg perml)
(fig. 4). However, the organism was sensitive to gentamicin and a combination
of the latter with amoxycillin was synergistic, reducing the viable count to
zero after 48 h (fig. 4).

Fjg. 3.—Bactericidal activities of amoxycillin, streptomycin, kanamycin and gentamicin alone and in
combination against the streptomycin-resistant S. faecalis subsp. zymogenes strain no. 816:
©——• control; O O amoxycillin 1-0 /ig per ml; A A streptomycin 20 /xg per ml,
A A amoxycillin 1 -0/xg perml + streptomycin 20 /xg perml; □ □ kanamycin 20/xg perm!;
E3 S3 amoxycillin 1-0/xgper ml+kanamycin 20/xg perml; O O gentamicin 10/xgper ml;
<> ^ amoxycillin 1-0 /xg per ml+ gentamicin 10 /xg per ml.
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Discussion

The results reported here confirm that in vitro amoxycillin is more active
than ampicillin (Sutherland et al., 1972) and that ampicillin is more active than
benzylpenicillin (Sonne and Jawetz, 1968) against enterococci, although the
differences in the activities of the three penicillins are not pronounced. The
enterococci tested were all sensitive to moderately low concentrations of the
penicillins, but a number of strains showed a high level of resistance to strepto¬
mycin or kanamycin. Toala et al. (1970) state that there has been no apparent de¬
crease in recent years in the sensitivity of enterococci to benzylpenicillin but that
the contrary is true for other antibiotics including aminoglycosides. A relatively
high incidence of resistance to streptomycin and kanamycin among entero¬
cocci was reported by Standiford et al. (1970) and Moellering et al. (1971a and
b), but all strains were sensitive to gentamicin. In those studies it was found that
streptomycin-resistant strains of enterococci were often sensitive to kanamycin
but kanamycin-resistant strains were almost invariably resistant to strepto¬
mycin. A similar pattern of cross-resistance to the aminoglycoside antibiotics
was observed among the enterococci described here.

The penicillins appeared to show poor bactericidal activity against a large
inoculum of enterococci in terms of the minimum bactericidal concentrations
(MBC) of the compounds. However, determination of the MBC was a particu¬
larly stringent test, requiring a fall in viable count to 102 cells per ml or less,
which corresponded to a 99 99% kill of a large inoculum (106 cells per ml),
for a bactericidal effect to be recorded. Under these conditions the MBCs
of the penicillins were above 100 /xg per ml. With a smaller inoculum (104 cells

Time (h)

Fig. 4.—Bactericidal activities of amoxycillin, streptomycin, kanamycin and gentamicin alone and in
combination against S. faecalis subsp. zymogenes strain no. 830, highly resistant to strep¬
tomycin and kanamycin; ® 0 control; O O amoxycillin 1-0 /xg per ml; A- A
streptomycin 20 /xg per ml; A A amoxycillin 1-0 /xg per ml + streptomycin 20 /xg per ml;
□——□ kanamycin 20/xg per ml; H B amoxycillin 1-0/xg per ml+ kanamycin 20/xg perml;
O O gentamicin 10/xg perml; amoxycillin 10/xg per ml + gentamicin 10/xgperml.



8 ELIZABETH J. RUSSELL AND R. SUTHERLAND

per ml), the penicillins readily reduced the viable count to less than 102 cells
per ml and the MBCs were quite close to the MICs. In fact, the bactericidal
activity experiments showed that moderately low concentrations of lire peni¬
cillins rapidly produced marked bactericidal effects against a large inoculum
of enterococci although the compounds failed to sterilise the cultures within the
period of the test. In these tests amoxycillin was more effective than benzyl-
penicillin.

The synergism against enterococci shown by amoxycillin when combined
with streptomycin, kanamycin or gentamicin is homologous with that of
combinations of benzylpenicillin or ampicillin with aminoglycoside antibiotics.
However, in the studies reported here, not all strains of cnterococci showed
increased susceptibility to penicillin+aminoglycoside combinations since
synergism occurred only when the organism was sensitive to (inhibited by)
the aminoglycoside being investigated. This finding is in agreement with data
reported by Standiford et al. (1970) and Moellering et al. (1971b) who found
that there was a good correlation between failure of penicillin+aminoglycoside
combinations to produce synergism and resistance of the test strain of entero-
coccus to the bacteristatic action of aminoglycoside antibiotics. The relevance
of the in-vitro synergism between penicillins and aminoglycosides against
enterococci to the clinical situation has been questioned (Tompsett and Pizette,
1962.) and clinical cures have been obtained with penicillins alone (Hein and
Berg, 1949; Geraci and Martin, 1954), but the weight of evidence suggests
that more favourable results are obtained with combinations of antibiotics
(Garrod and Waterworth, 1962; Jawetz and Sonne, 1966; Mandell et al.,
1970). The treatment of choice for enterococcal endocarditis is generally
considered to be a combination of benzylpenicillin with streptomycin but the
fairly frequent occurrence of highly streptomycin-resistant strains of entero¬
cocci throws some doubt upon this. It is evident that there is a relatively
high incidence of resistance to streptomycin and kanamycin among enterococci
and that appropriate laboratory tests need to be carried out to assist in the
choice of therapy. Many hospital laboratories find tests for synergism difficult
and time-consuming, and it has been suggested that knowledge of the amino¬
glycoside sensitivity of the strain of enterococcus can be used to predict
bactericidal synergism because of the good correlation already mentioned
between these two characteristics (Standiford et a!, 1970; Moellering et al.,
1971a). The results of this limited study are in accord with this suggestion.

Our results suggest that amoxycillin may be superior to ampicillin or
benzylpenicillin in the treatment of enterococcal infections. In addition to its
greater antibacterial activity, amoxycillin is particularly well absorbed after
oral administration to man and produces penicillin serum-concentrations that
are higher than those obtained with oral ampicillin and of about the same
order as those produced by intramuscular benzylpenicillin. These considera¬
tions seem to justify clinical trial of amoxycillin in the treatment of entetococcal
infection.
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Summary

Amoxycillin was more active in vitro than ampicillin or benzylpenicillin
against clinical isolates of enterococci. All 55 strains tested were sensitive to
the three penicillins but 15 strains showed a high level of resistance to strepto¬
mycin and two of these were also insensitive to kanamycin. All strains were
sensitive to gentamicin, which was the most active of the aminoglycoside
antibiotics.

The penicillins showed pronounced bactericidal activity against the entero¬
cocci but failed to sterilise cultures of these organisms. Combinations of
penicillins and aminoglycosides invariably produced synergistic bactericidal
effects which resulted in sterilisation of cultures of enterococci provided that
the strain was sensitive to the aminoglycoside moiety of the antibiotic combina¬
tion. Synergism was not observed with a combination of a penicillin and an
aminoglycoside when the enterococcus was resistant to the aminoglycoside.

The data reported suggest that amoxycillin may have certain advantages, •

compared with ampicillin or benzylpenicillin, for the treatment of enterococcal
infections.
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Activity of amoxycillin, alone, and in combination with aminoglycoside
antibiotics against streptococci associated with bacterial endocarditis

M. J. Basker and R. Sutherland

Beecham Pharmaceuticals Research Division, Brockham Park, Betchworth,
Surrey RH3 7AJ, England

Clinical isolates of Streptococcus viridans, Streptococcus bovis and enterococci
(Streptococcus faecalis) were tested for sensitivity to amoxycillin, ampicillin and
benzylpenicillin and to streptomycin, kanamycin, gentamicin, tobramycin, amikacin
and dibekacin. Amoxycillin was more active than ampicillin and benzylpcnicillin
against enterococci and was as active as benzylpenicillin and more active than
ampicillin against S. bovis and viridans streptococci. The strains of S. bovis and S.
viridans were more sensitive to the penicillins than were the enterococci, and amoxy¬
cillin demonstrated greater bactericidal activity against the first two species than
against the last. Combinations of amoxycillin and aminoglycosides generally
produced greater bactericidal effects than did amoxycillin alone against all three
species of streptococci unless the organism was resistant to the aminoglycoside.
Kanamycin-resistant strains of S. faecalis showed an increased resistance to
amikacin in tests of bactericidal activity.

Introduction

Infection with streptococci is the commonest cause of classical bacterial endocarditis
with the viridans group accounting for up to 70% of cases (Tompsett & Skripka, 1967;
Gray, 1975). Other streptococci, particularly Group D streptococci, are also associated
with the disease and these organisms are more common in the elderly patient or in
infective endocarditis following cardiac surgery (Gray, 1975). Group D streptococci
implicated in this condition can be classified broadly into enterococci, represented by
Streptococcus faecalis and Streptococcus faecium, and the non-enterococcal species,
Streptococcus bovis. Viridans streptococci are typically very sensitive to penicillins, and
endocarditis caused by these organisms often responds to treatment with a penicillin
alone, although an aminoglycoside, usually streptomycin, is frequently included in the
treatment regimen. In contrast, because enterococci are less sensitive to penicillin,
enterococcal endocarditis requires intensive combined therapy with a penicillin and an
aminoglycoside. Strains of S. bovis are more like viridans streptococci than enterococci
in their sensitivity to penicillins (Wilkowske, Facklam, Washington & Geraci, 1971;
Thornsberry, Baker & Facklam, 1974) so that endocarditis caused by S. bovis may not
require concomitant aminoglycoside therapy.

273
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Treatment of endocarditis often involves parenteral administration of a penicillin,
particularly in the initial stages, but compounds such as phenoxymethylpenicillin,
phenethicillin and ampicillin have been used for oral therapy of suitable infections (Gray,
Tai, Wallace <?•. Calder, 1964; Tan, Terhune, Kaplan & Hamburger, 1971). Streptomycin
has often been recommended as the aminoglycoside of choice for combined therapy
with penicillins but awareness of the increasing incidence of streptomycin-resistant
strains of enterococci has led to interest in the activity of newer aminoglycosides,
particularly gentamicin (Hook, Roberts Sande, 1975).
Amoxycillin is a new penicillin which has good activity against streptococci, including

enterococci (Russell & Sutherland, 1975) and is well absorbed by the oral route (Suther¬
land, Croydon & Rohnson, 1972). This report describes the relative activities of amoxy¬
cillin, ampicillin and benzylpeniciliin and of streptomycin, kanamycin, gentamicin,
tobramycin, amikacin and dibekacin against streptococci associated with endocarditis,
and illustrates the bactericidal effects produced by combinations of these aminoglycosides
with amoxycillin.

Materials anil methods

Antibiotics
The penicillins used were amoxycillin trihydrate, ampicillin trihydrate and sodium
bcnzylpenicillin (Beecham Pharmaceuticals), and the aminoglycosides were streptomycin
sulphate (Glaxo Laboratories Ltd.) kanamycin sulphate (Winthrop Laboratories),
gentamicin sulphate (Roussell Laboratories Ltd), tobramycin sulphate (Eli Lilly and
Co. Ltd.), amikacin base (Bristol Laboratories) and dibekacin sulphate [(3',4'-dideoxy-
kanamycin B; Umezawa, Umezavva, Tsuchiya & Okazaki, 1971) Meiji Seika Kaisha
Ltd.].

Cultures
The strains of streptococci tested were recent clinical isolates and mainly from patients
with endocarditis. The cultures of 5'. bovis and most of the v'ridans streptococci were
kindly donated by Dr M. T. Parker and Mrs L. C. Ball of the Central Public Health
Laboratory, Colindale. Classification of the Group D strains as enterococcal or non-
enterococcal species was confirmed using tests proposed by Deibel (1964) and by Facklam
(1972).

Minimum Inhibitory Concentrations {MIC)
Serial dilutions of the test antibiotics were added to 18 ml volumes of molten 5% blood
agar (Blood Agar Base, Oxoid; Defibrinated horse blood, Wellcome) at 50°C and
poured into Petri dishes. The plates were dried at 55°C and inoculated with 0-001 ml of
an undiluted 18 li broth culture of the test strain by means of a replicating device
(Dynatech Laboratories) delivering 20 cultures per plate, an inoculum of 10& cells.
MICs were determined after incubation for 18 h at 37°C, the MIC value being taken as
the lowest concentration of antibiotic preventing visible growth.

Minimum Bactericidal Concentrations (MBC)
Serial dilutions of the antibiotics were made in 5 ml volumes of nutrient broth (Nutrient
broth No. 2, Oxoid, for enteroo -cci; Todd-Hevvitt broth, Oxoid, for other streptococci)
which were inoculated with 0 03 ml of an 18-h broth culture of the test organism, an
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inoculum of about 5 x 10B cells. MIC values were recorded after 18 h incubation at 37:C.
A loopful of culture (internal loop diameter 4 mm, volume about 0-01 ml) was taken
from each tube not showing visible growth and streaked onto antibiotic-free blood agar
containing penicillinase (Difco). The plates were incubated for 18-h at 37eC and the
MBC was recorded as the lowest concentration of antibiotic from which a loop sub¬
culture failed to yield viable colonies. By this criterion the MBC was equal to that
concentration of antibiotic which reduced the viable count of the culture to less than
102 cells/ml.

Bactericidal activity
Nutrient broth (20 ml) containing selected concentrations of the test antibiotics was
inoculated with 0 03 ml of an 18-h bnffh culture of the test organism and incubated at
37°C. Samples taken after 0, 3, 6 or 24 h were suitably diluted in sterile distilled water
anc" 0 02 ml vol. were dropped with a standard dropping pipette onto blood agar
containing penicillinase. In tests where it was thought that only small numbers of
viable cells remained, TO ml vol. of the cultures were spread undiluted over the surface
of blood agar plates containing penicillinase. Colonies were counted after 18 h incubation
at 37°C and the viable counts were calculated.

Results

MIC
All three penicillins were very effective against viridans streptococci, amoxycillin and
benzylpenicillin being of similar activity and both compounds were slightly more active
than ampicillin. For example, amoxycillin and benzylpenicillin inhibited 50% of the
strains at 0 01 pg/ml, whereas ampicillin caused 50% inhibition at 0 02 pg/ml (rtgure 1).
A number of strains were rather less sensitive to the penicillins and required 0 05 to
0-2 pg bcnzylpenicillin/ml for inhibition, compared with 0-01 to 0-1 pg amoxycillin 'ml
or 0-05 to 0-5 pg ampicillin/ml. The aminoglycosides were notably less effective than the
penicillins. Gcntamicin and tobramycin were the most active of these compounds and
inhibited 50% of the strains at 1-Opg/ml. Dibeckacin and streptomycin were slightly
less active than tobramycin and inhibited 50% of strains at 2-5 pg/ml. The least active
aminoglycosides were kanamycin and amikacin, which showed similar activity and
were two- to fourfoid less effective than dibekacin.
The strains of S. bovis were rather less sensitive to the penicillins than were the viridans

streptococci. Amoxycillin and benzylpenicillin were again very similar in activity and
both compounds were slightly more effective than ampicillin. Results in Figure 1 show
that benzylpenicillin inhibited the growth of 90% of the strains at 0-05 pg/ml and that a
similar concentration of amoxycillin or of ampicillin inhibited 70 and 50%of thestrains,
respectively. One strain showed a slight increase in resistance to benzylpenicillin and
required 0-2 pg/ml for inhibition, but this strain was not more resistant to amoxycillin
or to ampicillin. The aminoglycosides were less active than the penicillins against
S. bovis, as was the case with the viridans streptococci. Gentamicin and tobramycin
were again the most effective agents and both compounds inhibited 50% of the strains
at 5-0 pg/ml. Dibekacin was slightly less active than tobramycin and amikacin and
kanamycin were respectively two and fourfold less active than dibekacin. Streptomycin,
like amikacin, inhibited 50% of the strains at 10 pg/ml, but One strain was very resistant
to streptomycin (MIC 1000 pg/ml).
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The enterococci were distinctly less susceptible to the penicillins than was the non-
enterococcal Group D species (S. bovis) and showed a different pattern of sensitivity.
Amoxycillin was the most active compound and was slightly more effective than
ampicillin and twofold more active than benzylpenicillin. It can be seen from Figure 1
that 95% of strains were inhibiteu by 0-5 pg amoxycillin/ml and 60% by the same
concentration of ampicillin. None of the strains was inhibited by 0-5 pg benzylpenicillin/
ml but the compound inhibited 85% of strains at 10 pg/ml. The aminoglycosides were

cm in o
6 6-

/ig/ml

■Figure 1. Activity of penicillins and aminoglycosides against streptococci. A, Benzyl penicillin;
9, amoxycillin; □, ampicillin; ▼, gentamicin; o, tobramycin; ♦, dibekacin; *, streptomycin;

O, amikacin; v, kanamycin.

less active than the penicillins but gentamicin, tobramycin and dibeckacin were as
active against enterococci as against the non-enterococcal Group D streptococci.
Gentamicin and tobramycin inhibited 50% of the strains of S.faecalis at 5-0 pg/ml and
dibekacin at 10-0 pg/ml. Amikacin was rather less active than dibekacin and 50 pg/ml
was required for inhibition of 50% of the strains. None of the enterococci was highly
resistant to any of these four aminoglycosides but a number of strains were resistant to
streptomycin and kanamycin. For example, streptomycin inhibited 55% of the strains
at 100 pg/ml but the others were not inhibited by 5b00 pg streptomycin/ml. Similarly,
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kanamycin was as active or slightly more active than amikacin against 85% of the
strains but the remainder were highly resistant with MIC values in excess of 50C0 gg
kanamycin/ml. Strains which were resistant to kanamycin were always resistant also to
streptomycin but not all streptomycin-resistant strains were resistant to kananiycin.

MBC
In these tests, the penicillins showed MBC values only slightly higher than their MIC
values against viridans streptococci or against S. bovis but against enterococu the
compounds appeared to demonstrate poor bactericidal activity with MBC values greater
than lOOpg/ml (Table I). The MBC values of amoxycillin against enterococci were

Table I. MIC and MBC values of amoxycillin, ampicillin and benzylpeniciliin against S. viridans
S. bovis and S. faecalis

Streptococcus Strain
species No.

Amoxycillin
MIC MBC

(pg/ml)

Ampicillin
MIC MBC

(Pg/ml)

Benzylpenicillin
MIC MBC

(Pg/ml)

S. viridans

S. bovis

S. faecalis

VI 002 0-1 0-02 0-1 0 02 0-1
V2 002 0-05 0-05 0-05 0-02 0-05
V3 002 0-2 0-02 0-2 002 0-1
V4 005 0-1 005 0-2 0-05 0-2
V5 01 0-2 0-1 0-2 0 05 C-2
V6 01 0-2 0 1 0-2 0-1 0-1

SI 01 0-5 0 1 0-5 C-l 0-5
S2 01 0-5 0 1 0 5 01 0-5
S3 01 0-2 0-1 0 5 0-1 0-2
S4 0-2 0-2 0-5 0-5 0-1 0-5
S5 0-2 0-5 0-2 0-5 0-1 0-2

F1 0-5 >i00 0-5 >100 1-0 <100
F2 0-5 >100 0-5 >100 1-0 <100
F3 0-5 >100 0-5 >100 1-0 <100
F4 0-5 >100 1-0 >100 10 <100
F5 0-5 >100 0-5 >100 1-0 <100
F6 0-5 >100 1-0 >100 2-5 <100

Table II. Minimum bactericidal concentrations of amoxycillin alone and in combination with
various aminoglycosides against nine strains of S. faecalis

Aminoglycoside
Concentration

(pg/ml) 0-5
MBC (pg amoxyciilin/ml)

JO 2-5 >100

None

Streptomycin
Kanamycin
Gentamicin
Tobramycin
Amikacin
Dibekacin

20
20
5
5
20
5

*Streptomycin MIC >5000 pg/ml.
tKanamycin MIC >5000 pg/nil.

1
2
2
1
4

2
2
1
2
2
2

9
6*

3f
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improved when the penicillin was combined with sub-inhibitory concentrations of an
aminoglycoside (Table II), but no synergism was detected with combinations of amoxy¬
cillin and streptomycin or kanamycin against enterococci which were highly resistant
to these aminoglycosides. Combinations of amoxycillin with gentamicin, tobramycin
or dibekacin were equally effective against all the strains tested. Interestingly, the
kanamycin-resistant strains appeared to be resistant also to the amoxycillin/amikacin
combination in these bactericidal tests, even though the strains were not highly resistant
to amikacin in the growth inhibition (MIC) tests.

Figure 2. (a) Bactericidal activity of amoxycillin and gentamicin against S. salivarius VI. a, Control;
"<>, amoxycillin 0-2(ig/ml; O, amoxycillin 1-Oug/ml; □, gentamicin lOgg/ml; a, amoxycillin-)-

gentamicin 0-2 pg/ml+ l-O us/ml.

(b) Bactericidal activity of amoxycillin and gentamicin against S. bovis SI. A, Control; y, amoxycillin
0-5 jig/ml; ©, amoxycillin. 2-5 jig/ml; □, gentamicin 10 jjg/ml; t, amoxycillin ! gentamicin 0-5 ug/ml-t-

1-0 jig/ml.

(c) Bactericidal activity of amoxycillin and aminoglycosides against .V. faecalis Fl. a, Control;
O, amoxycillin 10 ug/ml: aminoglycosides, amikacin 20 (jg/ml, dibekacin 5 0 pg/ml, gentamicin
5-0 ug/ml, kanamycin 20 (rg/ml and tobramycin 5 0 ug/ml; www, amoxycillin-l-aminoglycosides,

10 j.ig/ml4-5 0 or 20 0 |ig/ml.

(d) Bactericidal activity of amoxycillin and aminoglycosides against S. faecalis F3. a, Control;
O, amoxycillin 1-0 ug/ml; as Figure 2(c); v, amoxycillin 4amikacin i'0pg/ml-|-20 us/ml; A,
amoxycillin-i dibekacir. F0 us/ml + 5-0 ug/ml; *3, amoxycillin4-gentamicin or tobramycin 1-Oj.ig/mH-

5-0(jg/mI; ♦, amoxcillin + kanamycin 1-0 ug/ml+ 20 ug.'ml.



Activity of amoxycillin against streptococci 279

Bactericidal activity in viable count experiments
The bactericidal effects of amoxycillin alone and in combination with aminoglycosides
against the various streptococcal species were measured also by viable count experiments
and the results are shown in Figure 2. For example, low concentrations of amoxycillin
(0-2 or 1-0 pg/ml) reduced the viable count of a viridans streptococcus (Streptococcus
salivarius VI) by 99 0 to 99-9% within 6 h and at 1-0 pg/ml reduced the 24 h count to
zero [Figure 2(a)]. The rate of kill was enhanced by the addition of an ineffective concen¬
tration of gentamicin and a combination of 0-2 pgamoxycillin/ml plus 1-0 pg gentamicin/
ml was slightly more effective than was 1-0 pg amoxycillin/ml alone. Amoxycillin
produced marked reductions in the viable counts of S. bovis SI similar to those seen
with the strain of S. salivarius and as shown in Figure 2(b) a concentration of 2-5 pg
amoxyci 11 in/ml reduced the counts by up to 95 % in 6 h and sterilized the culture within
24 h. Again, an increased bactericidal effect was obtained by combination with genta¬
micin, as amoxycillin at 0-5 pg/ml plus gentamicin at 10 pg/ml was rather more effective
than 2-5 pg amoxycillin/ml alone.
Amoxycillin produced marked bactericidal effects against S. faecalis (strains F1 and

F3) and caused a 99-9% fall in the viable count by 6 h [Figure 2(c) and (d)] but at 24 h
about 103 bacteria/ml were still viable. No improvement in bactericidal effect was
observed when the concentration of amoxycillin was increased from 1-0 to 100 pg
amoxycillin/ml but a marked enhancement of activity was obtained when the penicillin
was combined with an aminoglycoside, provided the strain of enterococcus was sensitive
to the aminoglycoside. In the case of the aminoglycoside-sensitive strain, S. faecalis Fl,
combinations of amoxycillin with any of the aminoglycosides examined produced
marked bactericidal synergism such that by 24 h the culture was completely sterile
[Figure 2(c)], In contrast, with the kanamycin-resistant strain S. faecalis F3, combina¬
tions of amoxycillin and kanamycin or amoxycillin and amikacin were little better than
amoxycillin alone [Figure 2(d)]. However, combinations of amoxycillin and gentamicin,
tobramycin or dibekacin were synergistic and reduced the viable count of this strain
to zero within 24 h.

Discussion

The viridans streptococci were the most sensitive of the streptococci tested to the
penicillins and the compounds showed good bactericidal activity against these organisms.
The aminoglycosides were much less active than the penicillins but the addition of a
sub-inhibitory concentration of gentamicin enhanced the bactericidal activity of amoxy¬
cillin against a culture of S. salivarius. The bactericidal synergism demonstrated between
benzylpenicillin and streptomycin against viridans streptococci in vitro is well-known
(Hunter, 1952) and more recently, this combination was demonstrated to be superior to
penicillin alone in preventing experimental endocarditis in rabbits infected with S.
viridans (Durack & Petersdorf, 1973) and in treating established infections in this animal
model (Durack, Pelletier & Petersdorf, 1974). On the other hand in clinical practice,
many cases of endocarditis caused by viridans streptococci are treated with a penicdlin,
alone because of the extreme sensitivity of this group of organisms to penicillins (Gray,
1975), although streptomycin has often been included in the treatment regimen to
enhance bactericidal activity (Wolfe & Johnson, 1974).
The Group D streptococci differed greatly in their sensitivities to the penicillins, the

non-enterococcal species (S. bovis) being much more sensitive than were the enterococci
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and being more like the viridans streptococci in this respect. Amoxycillin demonstrated
pronounced bactericidal activity against 5. bovis with MBC values of the same order as
MIC values and low concentrations of amoxycillin sterilized a culture of S. bovis within
24 h. However, a combination of amoxycillin and gentamicin enhanced the bactericidal
activity of amoxycillin against the test strain of S. bovis as was the case with the viridans
streptococcus.

In contrast, the enterococci were distinctly less sensitive to the penicillins and the
concentrations required to inhibit these organisms were up to ten times greater than
those inhibitory for the strains of S. bovis. In addition the penicillins appeared to show
poor bactericidal activity in MBC tests and amoxycillin failed to sterilize cultures of
S.faecalis. There was usually no difference between the enterococci and S. bovis in their
sensitivities to the aminoglycosides, gentamicin, tobramycin and dibekacin being
the most active compounds. However, about half of the stains of enterococci were
highly resistant to streptomycin and one-third of these were resistant also to kanamycin
whereas only one strain of S. bovis was streptomycin-resistant. None of the strains of
enterococci was highly resistant to gentamicin, tobramycin, amikacin or dibekacin in
the growth inhibition (MIC) tests but it is noteworthy that amikacin was relatively
ineffective against kanamycin-resistant strains of enterococci in the tests of bactericidal
activity. Amikacin is a semi-synthetic derivative of kanamycin (Kawaguchi, Naito,
Nakagawa & Fujisawa, 1972) and these findings indicate some degree of cross-resistance
between the compounds against this organism.
Strains of non-enterococcal Group D streptococci (5. bovis) are being implicated

more frequently in bacterial endocarditis (Ravreby, Bottone & Keusch, 1973;
Watanakunakorn, 1974), and so the differences in the penicillin sensitivities of S. bovis
and enterococci could well be of clinical importance and emphasize the need for correct
identification of Group D streptococci associated with this condition. For example, as
strains of S. bovis resemble viridans streptococci rather than enterococci in their sensi¬
tivity to penicillins it is reasonable to suppose that S. bovis endocarditis might respond
to treatment with penicillin alone, and Thornsberry et al. (1974) have reported the
successful bacteriological cure of 12 cases treated in this manrer.

The desirability of using a penicillin/aminoglycoside combination for the treatment of
enterococcal endocarditis is well established but in view of the incidence of streptomycin-
and kanamycin-resistant strains of S. faecalis (Moellering, Wennersten, Medrek &
Weinberg, 19"7!; Watanakunakorn, 1971) it is essential that the aminoglycoside sensitivity
of the organism is known. It appears clear that bactericidal synergism will only be
observed with a penicillin/aminoglycoside combination when the strain of enterococcus
is sensitive to the aminoglycoside in question. On this basis, it has been suggested by
Standiford, de Maine & Kirby (1970) and by Moellering et al. (1971) that synergism
can be predicted from the results of MIC tests, and the findings reported here are in
general agreement with this. However, the results with amikacin against kanamycin-
resistant strains of enterococci indicate the need for tests for synergism in this particular
case. Another example where synergism could not be predicted on the basis of the
results of MIC tests was reported by Moellering, Wennersten & Weinstein (1973) who
found that combinations of penicillin and tobramycin failed to show bactericidal
synergism against apparently sensitive strains of S.faeciitm. Unfortunately it was not
possible to confirm this report as none of the strains of enterococci tested here belonged
to this species.
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Amoxycillin might well be expected to be effective in the treatment of streptococcal
endocarditis as the compound is highly active against streptococci associated with the
disease and is bactericidal, alone, or in combination with established or newer amino¬
glycosides. Oral therapy with ampicillin has been successful in the treatment of many
cases of streptococcal endocarditis (Gray, 1975) and amoxycillin is more active than
ampicillin against streptococci and produces serum antibiotic concentrations in man
twice those of ampicillin (Sutherland et al., 1972). Amoxycillin has been reported to be
effective in the treatment of a limited number of cases of ..creptococcal endocarditis,
either alone or in combination with gentamicin (Mashimo, 1973; Seligman, 1974) so
that further trials would appear to be justified.
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Aminoglycoside-resistant enterococci
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summary Thirty-four recent clinical isolates of Streptococcus faecalis were tested for sensitivity to
amoxycillin, benzylpenicillin, streptomycin, kanamycin, gentamicin, tobramycin, and amikacin.
Amoxycillin was two- to four-fold more active than benzylpenicillin and all strains were inhibited
by low concentrations of the penicillins. The aminoglycosides were less active against the enterococci
than were the penicillins and a significant number of strains were insensitive or relatively insensitive
to one or more of the aminoglycosides. Thus, eight (23%) strains showed a high level of resistance
to streotomycin and kanamycin (MIC > 5000 tag/ml) but were sensitive to gentamicin, tobramycin,
and amikacin. In addition, two strains of Strep, faecalis, isolated at different hospitals from patients
who had received topical gentamicin therapy, were relatively resistant to gentamicin (MIC 250 to 500
p.g/ml) and were less sensitive also to the other aminoglycosides. Bactericidal synergy was demon¬
strated by amoxycillin/aminoglycoside combinations against the enterococci, provided that the test
strain of Strep, faecalis was sensitive to the aminoglycoside in the combination. An exception to
this was the combination of amoxycillin plus amikacin which was not synergistic against kanamycin-
resistant strains of Strep, faecalis although these organisms were sensitive to amikacin in the growth
inhibition tests. The gentamicin-resistant strains showed variable responses to amoxycillin amino¬
glycoside combinations in tests for bactericidal synergy and were generally less sensitive than typical
strains of Strep, faecalis.

The aminoglycoside group of antibiotics is relatively
inactive against enterococci and these compounds
are not usually conside.red for the treatment of
en'terococcal infections. However, combinations of
aminoglycosides with penicil'ins can be shown to
produce bactericidal synergy against many strains of
enterococci, and combined penicillin/aminoglycoside
therapy is recommended for the treatment of severe
infections, notably enterococca! endocarditis (Garrod
et al., i 973). Synergism is not always demonstrated
in vitro by combinations of penicillins and amino¬
glycosides and is dependent upon the level of resis¬
tance of the organism to the aminoglycoside. Thus a
number of strains of enterococci are highly resistant
to streptomycin or kanamycin, and combinations of
penicillin and streptomycin or penicillin and kanamy¬
cin arc not synergistic against these strains
(Standiford et al., 1970; Moelleriri!; et al., 1971;
Russell and Sutherland, 1975).
The newer aminoglycosides, gentamicin and

tobiamycin, are more acuve in vitro than strepto¬
mycin and kanamycin against enterococci (Moeller-

Received for publication 20 September 1976

ing et al., 1973; Russell and Sutherland, 1975;
lannini et a!., 1976), and amikacin, a semisynthetic
derivative of kanamycin, is as active as kanamycin
against these organisms (lannini et al.. 1976).
Enierococci that are resistant to high levels of
streptomycin or kanamycin are sensitive to these
new aminoglycosides, and combined therapy with
the new compounds and penicillins has been pro¬
posed for enterococcal infections (Moellering et ah,
1971; Moellering et al., 1973; Ruhen and Darrell,
1973; Russell and Sutherland, 1975; Iannini et al.,
1976).
There have been no reports in the literature of

enterococci resistant to gentamicin, tobramycin or
amikacin, but during a study in this laboratory of
bacteria isolated from various hospitals during
December 1975 it was observed that three cultures of
Strep, faecalis were relatively resistant to gentamicin
and tobramycin. It was also noted that amikacin
failed to produce bactericidal synergy in combination
with penicillins against kanamycin-resistant strains
of Strep, faecalis. This report describes the sensitiv¬
ities of recent isolates of Strep, faecalis to penicillins,
aminoglycosides, and combinations of the com¬
pounds.



3 5 2

376

Material and methods

ANTIBIOTICS

The penicillins tested were amoxycillin trihydrate and
sodium benzylpenicillin (Beecham Pharmaceuticals)
and the aminoglycosides were streptomycin sulphate
(Glaxo Laboratories Ltd), kanamycin sulphate
(Winthrop Laboratories), gentamicin sulphate
(Roussell Laboratories Ltd), tobramycin sulphate
(Eli Lilly and Co Ltd), and amikacin base (Bristol
Laboratories).

CULTURES

The strains of enterococci tested were clinical
isolates collected from three hospitals during
December 1975 which had been cultured from a

variety of sources (blood, urine, and wounds). The
organisms were identified as group D streptococci oy
serotyping and were classified as stra:ns of Strep,
faecalis according to the criteria of Deibel (1964).

MINIMUM INHIBITORY CONCENTRATIONS

Antibacterial activity was measured by serial dilution
of the antibiotics in 18 ml volumes of 5% blood agar
(Blood Agar Base, Oxoid; Defibrinated Horse
Blood, Wellcome). Agar plates were inoculated with
0 001 ml of an undiluted overnight culture of the test
strain delivered with a multiple inoculating device
(Dynatech Laboratories). Minimum inhibitory con¬
centrations (MIC) were measured after incubation at
37°C for 18 hours.

MINIMUM BACTERICIDAL CONCENTRATIONS

OF AMOXYCILLIN'/AMINOGLYCOSIDE
COMBINATIONS

Serial dilutions of amoxycillin were made in 4-5 ml
volumes of nutrient broth (Nutrient broth No. 2,
Oxoid), and 0-5 ml volumes of selected concentra¬
tions of the aminoglycosides were added to each tube.
The aminoglycoside concentrations were selcted as
being levels attainable in the blood after usual
dosage, and at these concentrations the compounds
failed to demonstrate bactericidal activity against the
test organisms. The tubes were inoculated with 0 03
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ml of an overnight broth culture (approximately 107
cells) and mcubated at 37°C for 18 hours. A loopful
of culture was taken from each tube not showing
visible growth and streaked onto blood agar contain¬
ing penicillinase (Difco). The plates were incubated
overnight at 37°C and the minimum bactericidal
concentration (MBC) was recorded as the lowest
concentration of antibiotic from which subculture
failed to yield viable colonies.

BACTERICIDAL ACTIVITY

Tubes of nutrient broth (10 ml) containing known
concentrations of the antibiotics were inoculated
with 003 ml of an 18-hour broth culture and
incubated at 37°C. Samples were taken at intervals
and 0-02 ml volumes of suitable dilutions were

pipetted onto blood agar containing penicillinase.
Colonies were counted after incubation at 37°C for
24 hours and the number of viable bacteria was

estimated.

Results

MINIMUM INHIBITORY CONCENTRATIONS

Results in fable 1 show the distribution of the mini¬
mum inhibitory concentrations of amoxycillin,
benzylpeniciliin, and various aminoglycosides against
34 recent clinical isolates of Strep, faecalis. Amoxyci-
lin was the most active of the compounds and was
two- to four-fold more active than benzylpenicillin.
All cultures were sensitive to low concentrations of
the penicillins. The aminoglycosides were notably
less active than the penicillins, and the descending
order of activity was tobramycin, gentamicin,
kanamycin, amikacin, and streptomycin. Eight
strains were highly resistant to both streptomycin
and kanamycin (MIC values > 5000 /.-g/ml) but these
strains showed no increase in resistance to gentami¬
cin, tobramycin, or amikacin. Another strain was
highly resistant to streptomycin but was sensitive to
kanamycin and the other compounds.
Three strains of Strep, faecalis were notably less

sensitive to gentamicin than were the majority of
strains, and the sensitivities of these organisms to the

Table 1 Distribution ofminimum inhibitory concentrations ofamoxycillin, benzylpenicillin, and aminoglycosides
against 34 strains of Streptococcus faecalis

Antibiotic Minimum inhibitory concentration (ngjml) and number of strains

0-25 05 1 -25 2-5 SO 12 5 25 50 125 250 500 1250 > 5000

Amoxycillin 30 4

Benzylpenicillin 17 13 4

Streptomycin 3 16 2 3 1 9
Kanamycin 3 6 11 3 — — 3 8
Gentamicin 5 12 1 ? 2 1 — 2 1

Tobramycin 5 3 8 12 2 1 2 1
Amikacin 1 2 17 10 — 3 1
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Table 2 Minimum inhibitory concentrations of amoxycillin, benzylpenicillin, and aminoglycosides against clinical
isolates and laboratory-selected strains of Strep, faecalis resistant to gentamicin or streptomycin

Antibiotic Minimum inhibitory concentration (pglmt)

Clinical isolates Laboratory-selected strains

CI34 CI35 W464 Control1 C36 C90 C90 C90
parent S res* G res 3

Amoxycillin 0-25 0-25 0-25 025 0-25 025 0
Benzylpenicillin 0-5 0-5 1-25 0-5 10 0-5 0-25
Streptomycin 500 500 1250 >5000 50 >5000 125
Kanamycin 1250 1250 1250 >5000 50 50 500
Gentamicin 250 250 500 50 10 10 250

Tobramycin 125 125 250 5-0 10 10 100
Amikacin 500 500 1250 50 125 125 2500

'Streptomycin, kanamycin resistant.
'Streptomycin resistant, selected after three subcultures in vitro in the presence of streptomycin.
*Gentamicin resistant, selected after three subcultures in vitro in the presence of gentamicin.

aminoglycosides are shown in Table 2. Two of the
strains, C134 and C135 isolated from different sites
in the same patient, showed the same characteristics
and were regarded as being the same organism. The
third strain, W464, was isolated from a patient at a
different hospital. Both patients had been treated
with topical gentamicin for the treatment of leg
infections. The three strains were 50- to 100-fold less
sensitive to gentamicin than was a control sensitive
strain and required 250 to 500 /xg gentamicin/ml for
inhibition of growth in these tests. These strains also
showed a reduced sensitivity to the other aminoglyco¬
sides, but the reduction in sensitivity to streptomycin,
kanamycin, and amikacin was lower than that seen
with gentamicin or tobramycin.
The extent of the cross-resistance observed

among the aminoglycosides against the clinical
isolates resistant to gentamicin was similar to that
seen with gentamicin-resistant strains selected in vitro
by cultivation in the presence of gentamicin. Thus
results in Table 2 show the sensitivities of a strain of
Strep, faecalis C90, sensitive to streptomycin and
gentamicin, and of cultures of this strain selected
after three subcultures in the presence ofstreptomycin
of gentamicin. The cultures isolated after exposure to
streptomycin showed a high level of resistance to
streptomycin (MIC > 5000/xg/ml) but displayed no
increase in resistance to the other aminoglycosides.
In contrast, the strain cultured in the presence of
gentamicin showed a moderate level of resistance to
gentamic in (MTC250 /xg/ml) and also demonstrated
an increase in resistance to the other aminoglycosides.
Attempts to demonstrate transfer of gentamicin-

resistance from Strep, faecalis CI34 and Strep,
faecalis W464 to a plasmid-free recipient strain of
Strep, faecalis (JH2-2) (Jacob and Ilobbs, 1974)
were unsuccessful, although haemolysin production,
which is known to be plasmid-mediated (Jacob et al
1975) was transferred from Strep, faecalis C134 to

the recipient strain in these tests. Also no loss of
gentamicin resistance was observed after growth of
the cultures in the presence of cthidium bromide,
acridine-orange or incubation at 44°C, under which
conditions haemolysin production was eliminated
from Strep, faecalis C134. In contrast, transfer of
streptomycin and kanamycin resistance was demon¬
strated from strains of Strep, faecalis with high level
resistance (MIC > 5000/xg/ml) to the recipient strain
of Strep, faecalis JH2-2 under the same conditions.

BACTERICIDAL SYNERGISM STUDIES

The results of tests to determine the minimum
bactericidal concentrations (MBC) of combinations
of amoxycillin and the aminoglycosides against a
number of clinical isolates of Strep, faecalis of
different aminoglycoside sensitivities are shown in
Table 3. Amoxycillin was ineffective in these tests

(MBC >100 /ig/ml), but in combination with sub¬
lethal concentrations of the aminoglycosides,
amoxycillin MBC value: (5 0 /xg/ml) against the
aminoglycoside sensitive strain of Strep, faecalis
(T1089) were not greatly in excess of inhibitory con¬
centrations (ca TO /xg/ml). Against the streptomycin-
resistant strain CI 19, the amoxycillin/streptomycin
combination was not bactericidal but the other
combinations were as effective against this strain as
against the sensitive strain, T1089. Similarly, the
amoxycillin/streptomycin and amoxycillin/kanany-
cin combinations failed to demonstrate bactericidal
activity against the streptomycin/kanamycin resistant
strain ofStrep, faecalis C36. Unexpectedly, the MBC
of the amoxycillin/amikacin combination was in
excess of 100 /xg amoxyciJin/ml + 20 /xg amikacin/
ml, although the organism showed typical sensitivity
to amikacin in the growth inhibition tests (MIC 50
/xg/ml). Similar results were obtained in tests with
the other seven kanamycin-resistant strains isolated
in this study, and amoxycillin/amikacin and benzyl-
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Table 3 Minimum bactericidal concentrations of amoxycillin, alone, and in combination with aminoglycosides,
against aminoglycoside ~esistant strains o/Streptococcus faecalis

Amoxycillintaminoglycoside
combination

Minimum bactericidal concentration {og!amoxycillin}ml)

TJ0891 CI 19
{S res)

C36
(S K res)

CI34} W464
(G res)

Amoxycillin alone >100 > 100 >100 > 100
-r streptomycin (20)J 5 0 >100 >100 5 01
■r kanamycin (20)- 5-0 5-0 >100 5 0*
-i- gentamicin (5 0)? 50 10 5 0 5 0"

tobramycin (5 0)2 5 0 10 10 503
— amikacin (20)- 5 0 50 >100 5 0s

'Strain number.
•'Aminoglycoside concentration (ng/ml); the aminoglycosides were ineffective at these concentrations.
S, streptomycin; K, kanamycin; G. gentamicin.
"Growth often occurred on subculture from tubes containing higher concentrations.

Table 4 Bactericidal activities of amoxycillin alone and in combination with aminoglycosides in duplicate tests
against gentamicin-resistant strains of Streptococcus faecalis

Amoxycillin}aminoglycoside Viable count after 24 h at 3?~C {cells}ml)
combination ——

Strain C134 Strain CI35 Strain W464 Control strains

J 2 1 2 / 2 77059* rnor

Amoxycillin (2-5)1 alone >100 350 >100 200 > 100 250 >100 200
-i- streptomycin (20)' 40 200 2 0 70 750 0 200
-f kanamycin 0 50 > 100 0 0 15 0 > 100

+ gentamicin (5 0) 0 40 >100 100 0 11 0 0

-r tobramycin (5 0) I 80 SO 13 1 36 0 0
+ amikacin (20) 0 35 75 0 10 70 0 450

'Concentration (fig/ml); the aminoglycosides were ineffective at these concentrations.
3Aminoglycoside-sensitive.
aResistant to streptomycin and kanamycin.

penicillin/amikacin combinations failed to produce
synergistic bactericidal effects against any of the
kanamycin-resistant (amikacin-sensitive) strains of
Strep, faecalis. Theie was -no evidence of cross-
resistance with the arnoxycillin/gentamicin and
amoxycillin/tobramycin combinations against the
kanamycin-resistant strain Strep, faecalis C36, and
both combinations produced marked bactericidal
activity against this strain and other kanamycin-
resistant enterococci.
The gentamicin-resistant isolates responded in a

more variable fashion to amoxycillin/aminoglycoside
combinations in the bactericidal tests compared with
gentamicin-sensitive strains. In the MBC tests,
sensitive strains gave a sharp end-point so that no
giowth was observed on subculture from combi¬
nations containing amoxycillin at concentrations of
5 0 /xg/ml or more. With the gentamicin-resistant
strains there was no growth from cultures containing
5 0 fig amoxycillin/ml or JO /xg amoxycillin/ml in
combination with the aminoglycosides but growth
sometimes occurred in subcultures from tubes con¬

taining higher concentrations of amoxycillin. In the
viable count tests, gentamicin-sensitive strains of
Strep, faecc 'is were always sterilised by combinations

of 2-5 fig amoxycillin plus 5-0 /tg gentamiein/ml
whereas, with the gentamicin-resistant strains, on
some occasions the cultures were made sterile, but on
repeat tests viable bacteria were often recovered
(Table 4). Similar variable responses were observed
with combinations containing other aminoglycosides.

Discussion

The results reported here for a limited number of
recent clinical isolates of Strep, faecalis show the
prevalence of a relatively high proportion of strains
with reduced sensitivity to aminoglycoside anti¬
biotics. Strains resistant to streptomycin or kanamy¬
cin demonstrated a high level of resistance to the
compounds but were sensitive to gentamicin,
tobramycin or amikacin. Jn contrast, the strains with
reduced sensitivity to gentamicin showed a moderate
level of resistance to gentamicin and to the other
aminoglycosides.
Enterococci with a high level of resistance to

streptomycin have been known for some time
(Havard et al., 1959), and more recent reports have
described a relatively high incidence of resistance to
streptomycin and kanamycin (Standiford et a/.,



Aminoglycoside-resistant enterococci 379

1970; Moellering et al., 1971; Ruhen and Darrell,
1973; Iannini ct al., 1976). In this study, the strepto¬
mycin-resistant strains of Strep, fuecalis isolated in
1975 were almost always resistant to kanamycir.
which contrasts with the results of earlier studies
reported from this laboratory. For example, none of
10 streptomycin-resistant strains of Strep, faecalis
isolated in 1961 and only two of 15 streptomycin-
resistant strains isolated in 1967 were resistant also to
kanamycin (Sutherland and Rolinson, 1964; Russell
and Sutherland, 1975). The apparent increase in the
proportion of kanamycin-resistant strains relative to
streptomycin-resistant strains observed here may be
a reflection of increased usage of kanamycin, but the
number of strains tested was very small.
Enterococci with a high level of resistance to

streptomycin or kanamycin have been shown to be
sensitive to gentamicin, tobramycin, and amikacin
(Iannini et al., 1976), and bactericidal synergy has
been demonstrated by a combination of penicillins
and gentamicin or tobramycin against these resis¬
tant strains (Moellering ctal., 1971; Moellering et al.,
1973; Ruhen and Darrell, 1973; Russell and
Sutherland, 1975). The results of this study are in
agreement with these reports but the failure to
demonstrate synergism with penicillin/amikacin
combinations against kanamycin-resistant strains of
Strep, faecalis was unexpected in view of the apparent
sensitivity of these organisms to amikacin. Amikacin/
penicillin combinations produce synergistic effects
against kanamycin-sensitive strains, and the lack of
synergy against kanamycin-resistant strains is
evidence of cross-resistance between kanamycin and
amikacin which is not observed in growth-inhibition
tests.

Gentamicin-resistant enterococci have not been
reported previously in the literature, and the strains
described here do not show the high level of resis¬
tance which is characteristic of streptomycin and
kanamycin-resistant enterococci. Nevertheless the
concentrations of gentamicin required to inhibit
growth of the two cultures of Strep, faecalis (250 to
500 /xg/ml) were notably higher than the levels
required to inhibit the majority of strains (5 0-12 5
/xg/ml). Moreover, the variable results obtained in
the bactericidal tests with these two strains con¬

trasted with the uniform bactericidal synergy
observed with combinations of amoxycillin and
gentamicin against sensitive strains of Strep,
faecalis. The rationale for the use of penicillin/
aminoglycoside combinations in the treatment of
enterococcal infections has been largely based upon
the fact that such combinations can sterilise cultures
of enterococci in vitro (Garrod ct at., 1973), but with
these gentamicin-resistant strains this effect was not
always observed.

The characteristics of the gentamicin-resistant
clinical isolates, namely, the moderate level of
resistance and degree of cross-resistance with other
aminoglycosides, were markedly similar to those of
the resistant strains selected in vitro after subculture
in the presence of gentamicin. These findings, coupled
with the failure to demonstrate conjugal transfer of
resistance or to eliminate resistance with curing
agents, suggest that the strains might have arisen in
vivo by selection as a result of therapy w ith topical
gentamicin, as has been reported for Pseudomonas
aeruginosa (Spelling et al., 1971; Holmes et al.,
1974) and, more recently, for Staphylococcus aureus
(Porthouse et al., 1976: Warren and Roberts, 1976).
Therapy with benzylpenicillin and streptomycin

has often been recommended as the treatment of
choice for severe enterococcal infections but aware¬

ness of the increasing incidence of streptomycin and
kanamycin-resistant strains has led to an increased
interest in the activity of combinations of penicillins
vvith newer aminoglycosides, namely, gentamicin.
tobramycin, and amikacin. The finding of strains
that are apparently less sensitive to these compounds
emphasises the need for appropriate laboratory tests
for the selection of the most suitable penicillin/
aminoglycoside combination for therapy of entcro-
coccal infections.

We are grateful to Dr A. E. Jacob for providing the
plasmid-free strain of Strep, faecalis JH2-2.
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The antibacterial activities of ticarcillin, carbenicillin, tobramycin, and gen-
tamicin and of combinations of these antibiotics were measured against Pseu¬
domonas aeruginosa and other gram-negative bacilli in vitro and in experimen¬
tal mouse infections. Synergistic effects were produced by the penicillin/amino-
glycoside combinations in growth inhibition tests and in bactericidal tests
against many of the bacteria tested. Combinations of ticarcillin + tobramycin
were more active in vitro than carbenicillin + gentamicin against P. aeruginosa
but were no more active than the latter against other gram-negative bacilli.
Ticarcillin + tobramycin and carbenicillin + gentamicin also demonstrated
synergistic activities against P. aeruginosa, Escherichia coli, and Enterobacter
cloacae in experimental mouse infection models. Thus, the penicillin/aminogly-
coside combinations produced greater protective effects than the individual
antibiotics against lethal intraperitoneal infections and also were more effective
in reducing kidney counts of viable bacteria and kidney abscess formation in
experimental pyelonephritis infections. As was the case in vitro, ticarcillin •+■
tobramycin was more effective than 'carbenicillin + gentamicin against the
experimental P. aeruginosa infections. The results of these in vitro and in vivo
studies suggest that combined therapy with ticarcillin and tobramycin may be
warranted in the treatment of serious infections due to P. aeruginosa and
Enterobacteriaceae.

Combined therapy with carbenicillin and
gentamicin is often recommended for the treat¬
ment of serious infections caused by gram-neg¬
ative bacilli because c' the synergy that can be
demonstrated in vitro and in vivo againstPseu-
domonas aeruginosa and other gram-negative
bacilli (2, 3, 10, 12, 18). A number of newer
aminoglycosides with claims to being superior
to gentamicin in some respect have become
available, and combinations of carbenicillin
with tobramycin (2, 7, 9, 21), amikacin (9, 11,
14), sisomicin (9, 14), and netilmicin (14) have
been reported to be synergistic against P. aeru¬
ginosa. Similarly, ticarcillin, a semisynthetic
penicillin analogue of carbenicillin, has been
shown to produce synergy when combined with
gentamicin (1, 15, 20, 21), but no experimental
data have been reported for combinations of
ticarcillin with the newer aminoglycosides.
The present study was designed to investi¬

gate the antibacterial effects produced by com¬
bining ticarcillin with tobramycin against P
aeruginosa and other gram-negative bacilli.
The combinations of antibiotics were examined
for synergy in growth inhibition and bacteri¬

cidal tests in vitro and against two experimen¬
tal mouse infection models. In these tests the
activity of ticarcillin + tobramycin was com¬
pared with that of carbenicillin - gentamicin.

MATERIALS AND METHODS
Bacteria. Most of the cultures tested in vitro and

in vivo were clinical isolates from specimens of
blood, urine, and wounds.
Mice. Male and female albino i.iice. IS lu 22 g,

were used for the intraperitoneal infection studies,
and female mice, 18 to 20 g, were used for the experi¬
mental pyelonephritis. The OLAC strain of mouse
(Oxford Laboratory Animal Colony was employed
throughout.
Antibiotics. Dry powder preparations of titarcil-

lin disodium, 815 pg/mg (Beecham Pharmaceuti¬
cals); carbenicillin disodium, 790 pg'mg 'Beecham
Pharmaceuticals); tobramycin sulfate. 910 pg/'mg
(Eli Lilly and Co. Ltd., Basingstoke. England1; and
gentamicin sulfate, 587 pg/mg (Nicholas Laborato¬
ries Ltd., Slough, England) were used in the in vitro
and in vivo studies. All concentrations were ad¬
justed to penicillin free acid or aminoglycoside
free base.
MICs. The activities of the penicillins and amino¬

glycosides, alone and in combination, were mea¬
sured by a chess board test using a microtiter broth

956
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dilution technique (3). Nutrient broth (Oxoid no. 21
containing the penicillin, the aminoglycoside, or a
combination of the penicillin ■+■ aminoglycoside was
serially diluted by twofold steps in 0.05-ml volumes
per well to produce the desired range of antibiotic-
concentrations. Each well was inoculated with a

replicating device (Dt iley-Tech Ltd., Billingshurst,
Sussex, England), using stainloss-steel pins deliver¬
ing 0.001 ml of a 1/10 dilution of an 18-h broth
culture of the test organism, an inoculum of approx¬
imately 5 x 104 cells per well, equivalent to approxi¬
mately 10" cells per ml. Minimum inhibitory concen¬
trations (MICs) were read after 18 h of incubation at
37SC.
MBCs. Samples of culture (0.001 ml) were re¬

moved from each well of the microtiter plates by
means of the inoculating device described above,
after the MIC values had been read, and subcul-
tured in 0.05-ml volumes of sterile, antibiotic-free
nutrient broth in each well of a microtiter plate. The
wells were examined for growth aler overnight in¬
cubation at 37°C, and the minimum bactericidal
concentration (MBC) was taken as the concentra¬
tion of antibiotic or combination of antibiotics from
which there was no visible growth.
Viable count experiments. Nutrient broth (10 ml)

containing selected concentrations of the antibiot¬
ics, alone and in combination, was inoculated with
0.02 ml of an overnight culture of the test strain ofP.
aeruginosa, an inoculum of about 10" cells per ml. In
one test, the compounds were added to 10-mI vol¬
umes of pooled human serum that were inoculated
with the test strain of pseudomonas, and the cul¬
tures were incubated in a GasPak jar (Baltimore
Biological Laboratory, Cockeysville, Md.) in an at¬
mosphere of 10% CO2/907c air to maintain the pH
.dlue of the serum at about 7.4. The cultures were

incubated at 37'C, samples were taken at 3, 6, and
24 h, and 0.02-ml volumes of suitable dilutions were
pipetted onto the surface of antibiotic-free agar
plates. In tests where it was thought that the viable
counts had fallen to low levels, 0.1-ml volumes of
undiluted culture were spread over the surfaces of
the plates. Colonies were counted after overnight
incubation at 37°C and the numbers of viable bacte¬
ria were calcinated.
Intraperitoneal infections. Mice were injected by

the intraperitoneal route with 0 5 ml of a suspension
in 5% hog gastric mucin (1701-W, Wilson Laborato¬
ries, Chicago, 111.) of a dilution of an overnight broth
culture of the test organism, standardized to give an
infective inoculum of approximately 100 median le¬
thal doses. Three clinical isolates or P. aeruginosa
and one strain ofEnlerobacter cloicae were tested in
this model. The antibiotics were administered by
the subcutaneous route to groups of 10 mice 1, 3, 5, 7,
and 9 h after infection, 0.2 m','20 g for each dose, as
solutions in phosphate-buffered saline. The combi¬
nations of a penicillin plus an aminoglycoside were
mixed immediately before dosing. The numbers of
animals surviving 4 days after infection were re¬
corded, and the percentage of survivors per treat¬
ment group was calculated. The data were subjected
to a binomial test of proportions for the assessment
of statistically significant differences (19).

Bactericidal activity in vivo. Mice were infected
intraperitoneally with P. aeruginosa 4 and dosed
with either ticarcillin or tobramycin alone or with a
combination of ticarcillin 4- tobramycin 1, 3. 5, 7,
and 9 h after infection. Groups of three mice were
killed by dislocation of the neck at intervals during
the 24-h period after infection. The abdomen was
swabbed with 70% alcohol, and 4.5 ml of sterile
phosphate-buffered saline was injected forcefully
into the peritoneum. The abdomen was carefully
massaged to ensure adequate mixing, a small inci¬
sion was made into the peritoneum, and a sample of
the washings was collected with a sterile Pasteur
pipette. The samples were diluted in 0.2% yeast
extract (Difco Laboratories, Detroit, Mich.), 0.02-m!
volumes were plated on predried nutrient agar
plates, and viable colonies were counted after over¬
night incubation at 37°C.
Pyelonephritis infections. Mice were infected in¬

travenously with 0.2 ml of a culture of the test
organism suitably diluted in double-strength veal
infusion broth (Difco). The mice were injected with
approximately 101* cells ofEscherichia coli JT415 or 2
x 10" to 5 x 10" cells of P. aeruginosa 11. Iron sorbi¬
tol citrate (Jectofer, Astra Chemicals Ltd., Watford,
England) was administered by the intramuscular
route 18, 42, 66, and 90 h after infection to promote
the growth of the organism in the kidney (4). Treat¬
ment with subcutaneous injection of the ticarcillin
and tobramycin was started 20 h after infection and
continued four times a day at 2-h intervals for 4
days. Groups of five mice were killed between days
7 and 11 for the pseudomonas infection, and on days
7 and 15 for the E. coli infection. After infection,
kidneys were examined for macroscopic abscesses,
and bacterial counts were performed on homoge-
nates of the infected kidneys.

RESULTS

In vitro studies. Combinations of penicillins
and aminoglycoside-, were considered to be syn¬
ergistic when one-quarter the MIC or MBC of
each antibiotic inhibited growth or killed the
test organism and to be partially synergistic
when the effective combination contained one-

quarter the MIC or MBC of one antibiotic com¬
bined with half the MIC or MBC of the other.
An indifferent effect was recorded when the
concentration of both compounds was only
twice as effective in combination as each alone
or when the MIC or MBC of one drug did not
change when in combination with the other.
(i) MICs. Examples of the synergistic effects

obtained with ticarcillin and tobramycin or car-
benicillin and gentamicin are illustrated in Ta¬
ble 1, showing typical MIC values obtained
with the antibiotics alone and in combination.
It can be seen that the higher activities of the
new compounds, ticarcillin and tobramycin,
against P. aeruginosa, compared with carbeni-
cillin and gentamicin, respectively, were re¬
flected also in their combined effects. Synergy
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was demonstrated not only against strains of P.
aeruginosa that were susceptible to the penicil¬
lins but also against strains that were moder¬
ately resistant, but /3-lactamase-producing
strains with a high level of resistance to carben-
icillin and ticarcillin, e.g., Dal and FR11, were
always indifferent to the combinations. The
pseudomonas strains with a moderate level of
resistance to gentamicin usually showed in¬
creased susceptibility to ticarcillin + tobramy¬
cin and sometimes to carbenicillin + gentami¬
cin, but the former combination was notably
more active.
The penicillin/aminoglycoside combinations

also showed enhanced activity against gram-
negative bacilli other than P. aeruginosa, and
both combinations were equally active against
these organisms, reflecting the activities of the
individual antibiotics (Table 1). In general,
synergy was most pronounced against bacteria
that were susceptible or only moderately resist¬
ant to the penicillins and aminoglycosides. En¬
hancement of activity was never seen with (i-
lactamase-producing strains of bacteria with a
high level of resistance to the penicillins. Syn¬
ergy was demonstrated against two tobra-
mycin/gentamicin-resistant strains of Prom-
dencia stuartii tested, but the concentrations of
aminoglycosides in the synergistic combina¬
tions make the clinical relevance of such syner¬
gism doubtful.
The numbers of strains against which syner¬

gistic effects were demonstrated by the penicil¬
lin/aminoglycoside combinations are shown in
Table 2. Ticarcillin + tobramycin showed en¬

hanced activity against 27 of 34 strains of P.
aeruginosa and against 17 of 20 enterobacteria.
Only /3-lactamase-producing strains highly re¬
sistant to ticarcillin were indifferent to the
combination. Essentially similar results were
obtained with the combination of carbenicillin
+ gentamicin, synergistic effects being ob¬
served against 24 of 34 strains of pseudomonas
and 16 of 20 other gram-negative bacteria.
There was no evidence of antagonism in any of
these tests.
(ii) MBCs. Table 2 also shows that both ticar¬

cillin + tobramycin and carbenicillin + genta¬
micin produced enhanced bactericidal activity
against most of the strains of P. aeruginosa
tested. As was the case in the MIC tests, the
combination of ticarcillin + tobramycin was
'

wo- to fourfold more effective in the MBC tests
than was the carbenicillin + gentamicin combi¬
nation.
(iii) Viable count tests. The bactericidal syn¬

ergism shown by the ticarcillin + tobramycin
combination in MBC tests was reproduced also
in viable count experiments against P. aerugi¬
nosa. For example, Fig. la shows that a combi¬
nation of 100 p.g of ticarcillin per ml + 0.1 pg of
tobramycin per ml was rapidly bactericidal
againstP. aeruginosa PU4 and caused a 99.99%
kill by 6 h, whereas the antibiotics alone were
ineffective or only moderately effective. In¬
creasing the tobramycin concentration to 1.0
pg/ml resulted in increased bactericidal activ¬
ity, and the compound alone caused a 99% kill
of the culture, but when combined with ticarcil¬
lin (100 gg'ml) the culture was sterilized within

Table 1. Examples of responses of P. aeruginosa and other gram-negative bacilli to combina':cns of
ticarcillin + tobramycin and carbenicillin + genlamicin

MIC (fig/m!)
Organism Ticarcil¬ Tobramy¬ Ti„arcillin -r to¬ Carbeni¬ Gentami¬ Carbenicillin - gen¬

lin cin bramycin cillin cin tamicin

P. aeruginosa R2 31 0.12 8.0 + 0.03 62 0.5 16 + 0.12

R4 62 0.25 8.0 + 0.06 125 1.0 16 + 0.25
R139 16 0.25 8.0 + 0.06 31 1.0 16 + 0.25
Dal >500 0.25 >500 + 0.25 >500 1.0 >500 + 1.0
PMG-1 31 0.25 8.C 4- 0.12 62 12.5 31 + 6.2
WM627 31 6.2 4 4- 1.6 125 25 16 4- 6.2
PA100 31 >100 8.0 4 25 62 >100 31 4- >100
FR11 >500 31 >500 + 31 >500 500 >500 + 500

E. coli JT1 8.0 0.5 2.0 + 0.12 8.0 0.5 2.0 4" 0.12
Proteus mirabilis 977 4.0 1.0 1.0 + 0.25 8.0 1.0 2.0 + 0.5
Proteus rettgeri I 4.0 0.5 1.0 + 0.12 4.0 0.5 1.0 + 0.12
Klebsiella aerogenes A 125 0.5 31 + 0.12 250 0.25 62 + 0.06
E. coli JT4 >500 0.5 >500 + 0.5 >500 1.0 >500 + 1.0
P. stuartii 500 50 125 + 25 500 250 250 + 50
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6 h. The bactericidal effects produced by the and tobramycin against P. aeruginosa NCTC
combination were measured also in tests car- 10662 in nutrient broth and in serum. In this
ri d out in human serum, and Fig. lb compares test neither antibiotic was particularly effective
the relative bactericidal activities of ticarcillin in broth, whereas the combination demon-

Table 2. Synergy of ticarcillin + tobramycin and carbenicillin + gentamicin combinations against P.
aeruginosa and other gram-negative bacilli"

No. of strains

Test Organism Combination
Synergy

Partial
synergy

Indif¬
ference

Bacteriostatic P. aeruginosa (34 Ticarcillin + to¬ 12 15 7

(MIC) strains) bramycin
Carbenicillin + 9 15 70

gentamicin

Other gram-negative Ticarcillin + to¬ 9 8 3

bacilli (20 strains) bramycin
Carbenicillin + 10 6 4

gentamicin

Bactericidal P. aeruginosa (18 Ticarcillin + to¬ 7 10 1

(MBC) strains) bramycin
Carbenicillin + 8 7 3

gentamicin
" See text for definition of synergy.

(a) Pseudomonas aeruginosa PU 4

control
_ „ control

TICAoCllLIN (100)

TOBRAMYCIN tl'O)

TICARCIIUNi-
TOBRAMYCIN

(IOOH-0)

hour
o 3 6

k udomonns aeruginosa NCTC 10662

human serum

~i

74

l(T-

TICARCILLIN+ 2
TOBRAMYCIN 10 "

(100+I 0)

0 TT
hours

24 0 3 6

Ftg. 1. Bactericidal activities of ticarcillin and tobramycin, alone and in combination, against two strains
ofP. aeruginosa (a) in nutrient broth and (b) in nutrient broth and human serum. Figures in parentheses
show antibiotic concentrations (micrograms per milliliter).
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strated pronounced bactericidal activity in the
early part of the test, "ausirtg a 99.9% reduction
in the viable count by 6 h, although regrowth of
the culture occurred between 6 and 24 h. Ticar-
cillin showed greater activity in human serum
than in broth and caused a 99.9% kill by 6 h but
failed to prevent subsequent regrowth. Tobra¬
mycin was relatively ineffective, as was the
case in broth, but the combination of ticarcillin
+ tobramycin was rapidly bactericidal, produc¬
ing a 99.9% kill at 6 h and reducing the 24-h
count to a very low level.
Increased bactericidal activity was demon¬

strated also by ticarcillin + tobramycin against
a strain ofP. aeruginosa resistant to gentami-
cin (MIG, 15.6 pg/ml). In this experiment, car-
benicillin at 100 pg/ml was bactericidal and
caused a 99.9% kill in 6 h, gentamicin (10 gg/
ml) had little effect, and a combination of the
two antibiotics (100 + 10 pg/ml) was no more
effective than was carbenicillin itself (Fig. 2).
In contrast, ticarcillin (100 pg/rnl) showed bac¬
tericidal activity slightly greater than that of
carbenicillin, and tobramycin (1.0 /xg/rnl) was
markedly bactericidal, reducing the viable
count 99.9% by 6 h. The combination of ticarcil¬
lin plus tobramycin (100 + 1.0 /xg/ml) showed
an enhanced rate of bactericidal activity during
the first 6 h of the test, although there was
some regrowth of the culture during overnight
incubation.

Activity against experimental infections, (i)
Intraperitoneal infections. The results of par¬
enteral treatment of mouse intraperitoneal in¬
fections are shown in Tables 3, 4, and 5. In all
these tests the doses of the individual antibiot¬
ics were chosen so as to produce only small
numbers of survivors (usually less than 20%).
Table 3 shows that combinations of ticarcillin +
tobramycin produced significantly greater pro¬
tective effects against the three test strains of
P. aeruginosa than were produced by the indi-

u

I io"-
o
V

£ 10'-

i control..

-t06>.v®

Table 3. Synergy between ticarcillin and
tobramycin against three intraperitoneal

pseudoinonas infections in mice
Survivors"

Treatment
Total dose"
(mg/kg)

P.

aerugi¬
nosa 4

P.

aerugi¬
nosa 11

P.

aerugi¬
nosa 31

Ticarcillin 78 15 5 20
39 5 5 0

Tobramycin 6.3 10 5 5
3.1 0 0 0

Ticarcillin + 78 + 6.3 80" 85'' 100'

tobramy¬ 39 + 6.3 55'' 45" 100"
cin 78 + 3.1 75" 55" 95"

39 + 3.1 30" 5' 55"

Fig. 2. Bactericidal activities of ticarcillin and to¬

bramycin and carbenicillin and gentamicin against
a gentaniicir-resistant strain of P. aeruginosa,
PMG1. Figures in parentheses show antibiotic con¬
centrations (micrograms per milliliter).

" Dosed at 1, 3, 5, 7, and 9 h after infection.
4 Mean of two tests, 20 mice per group.
* P < 0.001.
"P < 0.01.
" P < 0.05.
' P is not significant.

vidual antibiotics. Thus, doses of the com¬
pounds that were ineffective on their own pro¬
duced significant increases in the numbers of
survivors when the compounds were adminis¬
tered in combination. Similarly, ticarcillin +
tobramycin was notably more active against an
infection due to E. cloacae than when either
ticarcillin or tobramycin was administered
alone (Table 4).
The activity of ticarcillin + tobramycin was

also compared with that of carbenicillir. + gen¬
tamicin against the pseudomonas infections
(Table 5). Ticarcillin and tobramycin were rela¬
tively ineffective when administered alone, and
carbenicillin and gentamicin were, if anything,
less effective than the never compounds
against these infections. As before, the combi¬
nations of ticarcillin + tobramycin usually re¬
sulted in a marked increase in protection of the
infected mice, whereas carbenicillin + genta¬
micin was relatively ineffective, and it was evi¬
dent that combined therapy with ticarcillin +
tobramycin was significantly more effective.
(ii) Bactericidal activity in vivo. The effects

of subcutaneousiy administered ticarcillin, to¬
bramycin, and a combination of ticarcillin +
tobramycin on the proliferation of bacteria in
the peritoneal cavity of mice after intraperito¬
neal injection with P. aeruginosa 4 are illus¬
trated in Fig. 3. In untreated mice the bacterial
peritoneal count fell from the initial inoculum
of 7 x l(p cells to 4.9 x 10' cells over the first 3 h
and then increased to a count in excess of 10"
cells at 14 h. Administration of tobramycin had
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little effect, and the bacterial counts were not
significantly different from those of the un¬
treated mice. Treatment with ticarcillin re¬

sulted in a reduction of the viable count to 5 x

104 cells for up to 14 h, after which time the
count increased to a level of 7.8 x 107 cells. A
combination of ticarcillin (78 mg/kg) + tobra¬
mycin (6.3 mg/kg) resulted in a notably greater
reduction in the viable counts in the peritoneal

Table 4. Synergy between ticarcillin and
tobramycin against an intraperitoneal mouse

infection caused by E. cloacae T753

control

Treatment Total dose" (mg/kg)
» Survivors*

Test 1 Test 2

Ticarcillin 312 10 10
156 0 0

Tobramycin 1.6 0 0
0.8 0 0

Ticareillin + 312 + 1.6 90'' 90"

tobramy¬ 156 + 1.6 70" 100"
cin 312 + 0.8 30" 20"

156 + 0.8 0" 0"

Dosed at 1, 3, 5, 7, and 9 h after infection.
b Ten mice per group.
' P < 0.001.
P is not significant.

Table 5. Comparative activities of ticarcillin and
tobramycin and. carbpnicillin and gentamicin

against intraperitoneal pseudotnonas infections in
mice

% Survivors*

Treatment Total dose"
(rng/kg)

P.
aerugi-

' nosa 4

P.
aerugi¬
nosa 11

P.
aerugi¬
nosa 31

Ticarcillin 78 30 10 30
39 10 10 0

Tobramycin 6.3 20 10 0
3.1 0 0 0

Ticarcillin + to¬ 78 + 6.3 100 100 100
bramycin 39 + 6.3 80 70 100

78 + 3.1 100 90 90
39 + 3.1 50 0 60

Carbeniciiiin 78 0 10 0
39 0 0 0

Gentamicin 6.3 0 0 0

3.1 0 0 0

Carbeniciiiin + 78 + 6.3 10 10 20

gentamicin 39 + 6.3 0 0 0
78 + 3.1 10 0 20
39 + 3.1 30 0 a

" Dosed at 1, 3, 5, 7, and 9 h after infection.
6 Ten mice per group.

11 14

hours

Fig. 3. Bactericidal effects of a combination of
ticarcillin and tobramycin on the growth of P.
aeruginosa 4 in the peritoneal cavity of mice. The
animals uiere dosed subcutaneously 7, 3, 5, 7, and 9
h after infection, and the percentages in parentheses
show survivors from control groups.

cavity than either antibiotic alone. Thus, more
than 99% of the bacterial cells were killed by 9
h; there was little increase in the bacterial
count from then up to 25 h after infection, and
at 25 h it was evident that the combination was

notably more effective than the individual anti¬
biotics.
The efficacy of treatment of this infection in

reducing the mortality of the infected mice in
this experiment is also shown in Fig. 3, and it
can be seen that the combination of ticarcillin
+ tobramycin increased the amount of protec¬
tion afforded. In untreated mice and mice
treated with tobramycin, there were no survi¬
vors; ticarcillin produced 40% survivors, but
half of these were moribund up to 48 h after
infection. However, treatment with (he combi¬
nation provided 90% protection of infected ani¬
mals.
(iii) Experimental pyelonephritis. The ef¬

fects of therapy with ticarcillin, tobramycin,
and ticarcillin + tobramycin in reducing bacte¬
rial kidney counts and kidney abscess forma¬
tion in mice surviving from 7 to 15 days after
intravenous infections with P. aeruginosa or E.
coli are illustrated in Fig. 4 and 5. In both
infections, some 80% of the untreated control
mice had significant kidney bacterial counts,
and there was a high incidence ofvisible kidney
lesions.
Interpretation of the results of therapy of the

pseudomonas infection was complicated by the
fact that a number of mice had to be killed
during the experiment because of central nerv¬
ous system toxicity. This was particularly evi¬
dent in groups treated with tobramycin, where
33 to 58% of the animals were affected, and was
also seen, albeit to a lesser extent, in untreated
animals. Also, several deaths occurred within
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Fig. 4. Efficacy ofticarcillin and tobramycin, alone and in combination, against an experimental pyelone¬
phritis in mice infected with P. aeruginosa 11. Each bar in the histograms representing the bacterial kidney
counts shows the counts measured in an individual animal. Symbols: (dots) ticarcillin; (circles) tobramycin;
(stripes) ticarcillin + tobramycin.

Fig. 5. Efficacy of ticarcillin and tobramycin, alone and in combination, against an experimental pyelone¬
phritis in mice infected with E. coli JT415. Each bar in the histograms representing the bacterial kidney
counts shows the counts measured in an individual animal. Symbols: (dots) ticarcillin; <circles) tobramycin;
(stripes) ticarcillin 4 tobramycin.

48 h in these groups. Interestingly, central
nervous system toxicity was not observed in the
groups receiving ticarcillin or combined ther¬
apy, although the dose of tobramycin adminis¬
tered to the latter animals was the same, and
none of the mice died within 48 h.
In both infections, treatment with the indi¬

vidual antibiotics was relatively ineffective in
reducing kidney bacterial counts or in prevent¬
ing visible abscess formation, whereas ticarcil¬
lin + tobramycin produced a much greater de¬
gree ofprotection of the infected animals. Thus,
in both experiments the combination of anti¬
biotics was notably more effective than either
ticarcillin or tobramycin alone in the treatment
of this experimental pye'onephritis, and these
results would appear to provide further evi¬

dence for synergy between ticarcillin and tobra¬
mycin in vivo.

DISCUSSION

The extent of synergy produced by ticarcillin
4- tobramycin was generally of the same order
as that demonstrated by carbenicillin ->• genta-
micin, and consequently the ticarcillin — tobra¬
mycin combination was usually four times
more effective than the carbenicillin 4- genta-
micin combination against F. aeruginosa in the
MIC and MBC tests. The greatest differences in
activity between the combinations were seen
against the gentamicin-res'stant. tobrainycin-
susceptible strains, and these were notably
more susceptible to ticarcillin - tobramycin.
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Against gram-negative bacilli other than P.
aeruginosa there was little difference between
the combinations in any of the tests. Synergy
was observed most often in tests with bacteria
susceptible to both the penicillin and the ami¬
noglycoside constituents of the combinations
but was also seen on occasion against strains
with a moderate level of resistance to the anti¬
biotics. In general, synergistic effects were not
seen with bacteria with a high level of resist¬
ance to either or both of the antibiotics in the
test combinations.
In the in vivo studies described here, the

combination of trtarcillin + tobramycin demon¬
strated a significant enhanced antibacterial ac¬
tivity not only against P. aeruginosa but also
against E. coli and E. cloacae, the two orga¬
nisms tested as examples of nonpseudomo-
nads. Thus, in the intraperitoneal infection
model the combination was significantly more
effective against all three pseudomonas infec¬
tions and against the enterobacter infection
than either ticarcillin or tobramycin alone. The
viable count study of the effect of the antibiotics
on the growth of P. aeruginosa in the perito¬
neal cavity of infected animals showed that the
combination of ticarcillin + tobramycin pro¬
duced greater bactericidal effects than either
antibiotic alone and that the bactericidal activ¬
ity correlated with the degree of protection pro¬
duced. Moreover, ticarcillin + tobramycin was
more efficacious than carbenicillin + gentami-
cin against all three pseudomonas infections,
reflecting the superior activities of the newer
compounds in this infection model.
Enhancement of activity was also observed

against the experimental mouse pyelonephritis
when ticarcillin was combined with tobramycin
at doses that, alone, showed only little effect in
reducing the counts of viable bacteria in the
kidneys cf infected animals or in preventing
visible kidney abscess formation. It was not
possible to make a direct comparison of the
effect of ticarcillin + tobramycin with that of
carbenicillin +• gentamicin in this model be¬
cause of the size of the study involved, but
comparison with earlier (unpublished) studies
with carbenicillin + gentamicin suggest that
the ticercillin + tobramycin combination would
be the more effective of the two combinations.
The results of treatment of the experimental
pyelonephritis described here might be more
significant than those obtained with the intra¬
peritoneal infection, as in ttiis infection model
dosing is delayed for 20 h after infection, by
which time there is substantial lodgment of the
bacteria in the kidney (4). Thus, therapy is not
started until the infection is established, as is
normally the case in clinical practice.

The observations of McLaughlin and Reeves
(13) of the inactivation of gentamicin by carben¬
icillin caused concern, but it is now generallv
agreed that the interaction is likely to be of
clinical importance only under special circum¬
stances, notably, in patients with renal failure
(17). Recent studies by Davies et al. (5) and
Holt et al. (6) have shown that there is no

significant difference between ticarcillin and
carbenicillin with respect to inactivation of
aminoglycosides, in agreement with results
(unpublished! obtained in this laboratory. The
results of the present study, showing evident
synergy in vitro and in vivo with ticarcillin +
tobramycin, support the view that inactivation
of tobramycin by ticarcillin is only rarely likely
to be of clinical significance.
In clinical studies, Klastersky et al. (8) have

reported better responses in cancer patients
treated with combinations of antibiotics, in¬
cluding ticarcillin + tobramycin, that were
synergistic than with nonsynergistic combina¬
tions. More recently, Parry and Neu (16) found
that ticarcillin + tobramycin compared favora¬
bly with ticarcillin alone, or with ticarcillin +
gentamicin, in eradicating P. aeruginosa from
the sputum of patients with cystic fibrosis. The
results of the in vitro and in vivo studies de¬
scribed in this report support these preliminary
clinical observations that combined therapy
with ticarcillin and tobramycin may be advan¬
tageous in the treatment of infections due to P.
aeruginosa and other gram-negative bacilli.

ACKNOWLEDGMENTS

We wish to thank Julie King and Carol Pierce for skilled
technical assistance and G. Kimber for his assistance with
statistical evaluation of the data. We also thank Eli Lilly
and Co. Ltd. for a generous gift of tobramycin.

LITERATURE CITED

1. Acred, P., P. A. Hunter, L. Mizen, and G. N*. Rolinson.
1971. a-Carboxy-3-thienylmethylpenicillin (BRL
2288), a new semisynthetic penicillin: in vivo evalua¬
tion, p. 396-401. Antimicrob. Agents Chemother.
1970.

2. Anderson, E. L., P. K. Gramiing, P. R. Vestal, and W.
E. Farrar, Jr. 1975. Susceptibility of Pseudornonas
aeruginosa to tobramycin or gentamicin alone and
combined with carbenicillin. Antimicrob. Agents
Chemother. 8:300-304.

3. Andriole, B. T. 1971. Synergy of carbenicillin and gen¬
tamicin in experimental infection with Pseudomonas.
J. Infect. Dis. 124 (Suppl.):S46-55.

4. Comber, K. R. 1976. Pathogenesis of an experimental
pyelonephritis model in the mouse and its use in the
evaluation of antibiotics, p. 311-316. In J. D. Wil¬
liams and A. M. Geddes (ed.), Chemotherapy, vol. 2.
Plenum Publishing Corp., New York.

5. Davies, M., J. R. Morgan, and C. Anand. 1975. Interac¬
tions of carbenicillin and ticarcillin with gentamicin.
Antimicrob. Agents Chemother. 7:431-434.

6. Holt, H. A., J. M. Broughall, M. McCarthy, and I). S.



3 6 5

964 COMBER ET AL. Antimicrob. Agents Chemother.

Reeves. 1976. Interactions between aminoglycoside
antibiotics and carbenicillin or ticarcillin. Infection
4:107-109.

7. Klastersky. J., A Henri, and L. Vandenborre. 1973.
Antimicrobial activity of tobramycin and gentarnicin
used in combina ion with cephalothin and carbenicil¬
lin. Am. J. Med. Sci. 266:13-21.

8. Klastersky, J., C. Hensgeas, and L. Debusscher. 1975.
Empiric therapy for cancer patients: comparative
study of ticarcillin-tobramycin. ticarcillin-cephalo¬
thin, and cephalothin-tobramycin. Antimicrob.
Agents Chemother. 7:640-645.

9. Klastersky, J., B, Nyamubeya, and L. Vandenborre.
1974. Antimicrobial effectiveness of karamycin, ami-
nosidin, BB-K8, sisomicin, gentamicin and tobramy¬
cin combined wtih carbenicillin or cephalothin
against gram-negative rods. J. Med. Microbiol.
7:465-472.

10. Klastersky, J., G. Swings, and I). Daneau. 1970. Anti¬
microbial activity of the carbenicillin/gentamicin
combination against gram-negative bacilli. Am. J.
Med. Sci. 260:373-380.

11. Kluge, R. M., H. C. Standiford, B. Tatern, V. 31.
Young, W. H. Greene, S. C. Schimpff, F. M. Calia,
and R. B. Horniek. 1974. Comparative activity of
tobramycin, amikacin, and gentamicin alone and
with carbenicillin against Pseudomonas aeruginosa.
Antimicrob. Agents Chemother. 6:442-446.

12. Konickova. L., and \V. Prat. 1971. Effect of carbenicil-
lirt, gentamicin and their combination on experimen¬
tal Pseudomonas aeruginosa urinarv tract infection.
J. Clin. Pathol. 2=1:113-116.

13. McLaughlin, J. E., and I). S. Reeves. 1971. Clinical ar.d
laboratory evidence for inactivation of gentamicin by
carbenicillin. Lancet 1:261-264.

14. Marks, M. I., S. Hammerberg. G. Greenstone, and B.
Silver. 1976. Activity of newer aminoglycosides and
carbenicillin, alone and in combination, against gen-
tamicin-resistant Pseudonmncs aeruginosa. Antimi¬
crob. Agents Chemother. 10:399-401.

15. Neu, H. C., and E- B. Winshell. 1971. In vitro studies of
a semisynthetic penicillin. - >-a-carboxy-3-
thienylacetamido] penicillanic acid 'BPvL 2288'. ac¬
tive against Pseudomonas, p. 385-389. Antimicrob.
Agents Chemother. 1970.

16. Parry, M. F., and II. C. Neu. 1976. Tobramycin and
ticarcillin therapy for exacerbations of pulmonary
disease in patients with cystic fibrosis. J. Infect. Dis.
134 (SuppU:Sl94-197.

17. Riff, L. J., and G. G. Jackson. 1972. Laboratory and
clinical conditions for gentamicin inactivation by car-
benicillin. Arch. Intern. Med. 130:887-891.

18. Smith, C. B., J. N. Wilfert, P. E. Davis. T. A. Kurrus.
and M. Finland. 1970. In vitro activity of carbenicil¬
lin and results of treatment of infections due lo Pseu¬
domonas with carbeniciliin singly and in combina¬
tion with gentamicin. J. Infect. Dis. 122 iSuppl.>:Sl4-
25.

19. Snedecor, G. W., and W. G. Cochran. 1967. Statistical
methods, 6th ed. Iowa State University Press, Ames.

20. Sutherland, R., J. Burnett, and G. N. Rolinson. 1971.
rt-Carboxy-3-thienylmethylper.icillin <BRL 22SS i. a
new semisynthetic penicillin: in vitro evaluation, p.
390-395. Antimicrob. Agents Chemother. 1970.

21. VVald, E. L., H. C. Standiford. B. A. Tatem. F. M.
Calia, and R. l>. Hornick. 1975. BL-P1654, ticarcillin
and carbenicillin: in vitro comparison atone and in
combination with gentamicin against Pseudomonas
aeruginosa. Antimicrob. Agents Chemother. 7:336-
340.



Proceedings of the 10th International Congress of Chemotherapy

1978 In press

SYNERGY BETWEEN TICARCILLIN AM AMINOGLYCOSIDES AGAINST

GRAM-NEGATIVE BACILLI IN VITRO AND IN VIVO

M. J. Basker, K. R. Comber and R. Sutherland

Beecham Pharmaceuticals Research Division,
Brockham Park, Betchworth, Surrey, England.

Serious infections caused by Pseudomonas aeruginosa or

other Gram-negative bacilli are often treated with a combination of

carbenicillin and an aminoglycoside antibiotic, not only because of

the broad-spectrum of activity displayed by this antibiotic

combination but also because of the synergy that can be demonstrated

in vitro (3, 4, 5) against experimental infections (1). The

effectiveness of combined carbenicillin/aminoglycoside therapy in the

treatment of such infections appears to be well established.

Ticarcillin, an analogue of carbenicillin, is a broad-spectrum

penicillin which is more active than the latter against Ps. aeruginosa

and, in a number of studies, synergy has been demonstrated between

ticarcillin and gentamicin or tobramycin (2, 5). In the study

reported here the activities of combinations of ticarcillin and

aminoglycosides, namely, gentamicin, tobramycin, sisomicin, amikacin

and dibekacin against Ps. aeruginosa and Enterobacteriaceae were

measured in vitro and against experimental mouse infections.

Antibacterial activity in vitro

The Minimum Inhibitory Concentrations (MIC) of the anti¬

biotics alone, and in combination, were measured by two-fold serial

dilutions in nutrient broth in microtitre plates (2).

3 3^3 6 6
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Ticarcillin inhibited 18/22 strains of Ps. aeruginosa at a concen¬

tration of 62.5 Pg/mlj was twice as active as carbenicillin

against the test organisms but was very much less active than the

aminoglycosides. Tobramycin was the most active of the amino¬

glycosides against strains of Ps, aeruginosa and was about two-fold

more active than gentamicin and dibekacin. Amikacin was rather less

active than the latter two compounds and inhibited all strains at a

concentration of 2 |ig amikacin/ml. Aminoglycoside-resistant strains

of Ps. aeruginosa were as sensitive to ticarcillin as typical

pseudomonas strains but these strains had various distinctive

patterns of sensitivity to the aminoglycosides. In general, strains

that were resistant to gentamicin were resistant also to sisomicin

but could be sensitive to the other aminoglycosides. Similarly,

tobramycin-resistant strains of Ps. aeruginosa showed complete cross-

resistance to dibekacin but not to the other compounds. A number of

pseudomonas were resistant to gentamicin, sisomicin, tobramycin and

dibekacin brt were sensitive to amikacin and some strains are

insensitive to all five aminoglycosides. Against Enterobacteriaceae,

ticarcillin was no more active than carbenicillin, and gentamicin,

tobramycin and sisomicin generally showed similar activities, being

rather more active than amikacin and dibekacin. The anaerobic

Bacteroides fragilis were uniformly insensitive to the aminoglycosides

and moderately sensitive to the penicillins (MIC 16-32 pg/ml).

Synergy in vitro

The inhibitory activities of ticarcillin in combination

with the aminoglycosides were measured by the chessboard technique
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using the microtitre serial-dilution method described above. The

bactericidal effects were measured by subculture of 0.01 ml volumes

from wells showing no growth in the chessboard MIC tests into

antibiotic-free broth. Minimum bactericidal concentrations (MBC)

were measured after 18 h incubation at 37°G as the lowest concen¬

trations showing no visible growth. Combinations of ticarcillin

and aminoglycoside were recorded as being synergistic when one-quarter

the MIC or MBC of each constituent of the combination inhibited or

killed the test organism. The effects were considered to be

partially synergistic when the effective combination contained one-

quarter the MIC or MBC of one antibiotic combined with one half the

MIC or MBC of the other constituent. The combination was reported

as being indifferent in effect when the concentration of both drugs

was no more effective or was only twice as effective in combination

as each was alone.

The frequency of synergistic effects demonstrated by

ticarcillin/aminoglycoside combinations in the MIC tests was similar

for all five combinations tested (Table 1). In general, synergy

was observed against approximately half of the pseudomonas strains

and enhanced activity (partial synergy) was produced against most

of the remainder. Likewise, the ticarcillin/aminoglycoside

combinations produced a marked increase in activity against most

of the strains of Enterobacteriaceae tested, provided that the

organism was not highly resistant to ticarcillin or to the amino¬

glycoside under test. Strains of B. fragilis were no more sensitive

to the combinations than to ticarcillin alone. The patterns of
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synergy in the MBC tests to measure bactericidal activity were

similar to those observed in the MIC tests.

Table 1

Synergy between ticarcrllin and aminoglycosides against
Ps, aeruginosa and other Gram-negative bacilli

fo strains
Organism Combination

Synergy
Partial

synergy
Indifference

cl

gentamioin (22) 52 43 4

tobramycin (22) 36 . 64 0

Ps. aeruginosa ticarcillin + sisomicin (16) 50 50 0

amikacin (16) 50 50 0

dibekacin (16) 56 38 6

gentamicin (16) 64 18 18

Other Gram-

negative
bacteria*3

tobramycin (16)
ticarcillin + sisomicin (20)

amikacin (20)

38

55

45

44

25

35

18

20

20

dibekacin (20) 45 35 20

ell.
Number of strains

"k
E, coli, K. aero,genes. Enterobacter sp. ,

S. marcescens, Proteus sp., B. fragilis.

Synergy against experimental infections

The efficacy of ticarcillin and the aminoglycosides, alone

and in combination, were measured against mouse peritoneal infections

due to Ps. aeruginosa and to Ent. cloacae. Mice were infected by

the intraperitoneal route with suspensions of the test organism in

5°/o hog gastric mucin standardised to produce an infective inoculum

of approximately 100 MLD.



3 70

- 5 -

The antibiotics were administered by the subcutaneous route 1, 3,

5, 7 and 9 hours after infection, the numbers of animals surviving

4 days after infection were recorded and the percentage of survivors

per treatment group was calculated. The results of treatment of

infections due to Ps. aeruginosa 4 are shown in Table 2.

Table 2

Synergy between ticarcillin and aminoglycosides against
intraperitoneal mouse infections due to Ps. aeruginosa 4

Treatment
Total dosea
(mg/kg) »lProtection j

ticarcillin 78 0

gentamicin 25 0

ticarcillin + gentamicin 78 + 25 85

ticarcillin 78 15

tobramycin 3.1 0

ticarcillin + tobramycin 78 + 3.1 75

ticarcillin 78 0

sisomicin 12.5 5

ticarcillin + sisomicin 78 + 12.5 100

ticarcillin 78 0

amikacin 25 15

ticarcillin + amikacin 78 + 25 100

ticarcillin 78 0

dibekacin 12.5 5

ticarcillin + dibekacin 78 + 12.5 75

ct
Animals dosed subcutaneously 1, 3> 5, 7 and 9 hr
after infection,

h ™20 mice per group.
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In all tests the individual antibiotics had little effect in

protecting the mice from the lethal effects of the infection and

there were only small numbers of survivors (0-15%) in groups

treated with ticarcillin or the aminoglycosides alone. In contrast,

the combinations of ticarcillin and the aminoglycosides at the same

doses were significantly more effective (p >0.05) and protected

75 "to 100% of the infected animals. Similar results were also

obtained against an infection due to a different test strain of

Ps. aeruginosa,II. Likewise, therapy of an intraperitoneal mouse

infection due to Ent. cloacae T 755 with combinations of ticarcillin

and aminoglycosides was significantly more effective (p <0.05) than

treatment with the antibiotics alone. Results in i'able 3 show that

combined therapy resulted in 75 to 95% protection of the infected

animals compared with 5 to 15% survival in the groups treated with

ticarcillin or with the individual aminoglycosides.



Table 3

Synergy "between ticarcillin and aminoglycosides against
intraperitoneal infections due to Enterobacter cloacae T 753

Treatment
Total dosea
(mg/kg) _ . * b

Protection

ticarcillin

gentamicin
ticarcillin + gentamicin

106

1 .8

100 + 1 .8

5

10

85

ticarcillin

tobramycin

ticarcillin + tobramycin

106

1.6

106 + 1.6

O

O

ir\CO

ticarcillin

sisomicin

ticarcillin + sisomicin

106

0.4

106 + 0.4

10

10

80

ticarcillin

amikacin

ticarcillin + amikacin

106

5-0

106 + 3.0

5

15

95

ticarcillin

dibekacin

ticarcillin + dibekacin

106

2.5
106 + 2.5

5

15

75

ct
Animals dosed subcutaneously 1, 3> 5, 7 and 9 lu?
after infection

^
20 mice per group.



Conclusions

The results of the studies described here show that

synergistic effects were produced in growth inhibition tests and in

bactericidal tests by ticarcillin in combination with the five

aminoglycosides tested. The extent and frequency of synergy against

the strains of Ps. aeruginosa and other Gram-negative bacilli was

generally similar for all the combinations tested. Synergistic

effects were not usually observed with aiuinoglycoside-resistant

bacteria or in rests with bacteria with a high level of resistance

to ticarcillin. The synergy observed in vitro was reproduced against

experimental mouse infections and ticarcillin/aminoglycoside

combinations produced significantly greater protective effects than

the individual antibiotics. The results reported here indicate that

combined therapy with ticarcillin and an aminoglycoside antibiotic

would be justified in the treatment of serious infection caused by

Gram-negative bacilli.
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([Reprinted from Nature, Vol. 201, No. 4922, pp. 868-869,
February 29, 1964)

Synergistic Activity of Penicillins against
Penicillinase-producing Gram-negative Bacilli
The semi-synthetic penicillins, methicillin and cloxa-

cillin, which are highly ctable to staphylococcal penicil¬
linase are also stable to the penicillinases of many Gram-
negative bacteria1'2. However, these penicillins have little
activity against Gram-negative bacteria because of
intrinsic insensitivity of the organisms, and consequently
penicillinase-producing and non-penicillinase-producing
Gram-negative bacteria are equally insensitive to methi¬
cillin and cloxacillin'. With ampicillin and benzyl-
penicillin, however, this is not the case, and with certain
Gram-negative bacteria penicillinase production may be
important in determining the activity of ampicillin or
benzylpenicillin'.
In the case of certain penicillinase-producing Gram-

negative bacteria, penicillinase activity can bo inhibited
with methieilliri1 or cloxacillin, with the result that in
the presence of one of these penicillinase-stable penicillins
the rate of inactivation of ampicillin or benzylponicillin
is diminished- The results in Table 1 show the rato of
inactivation of ampicillin in the presence of either methi¬
cillin or cloxacillin as a percentage of the rate of inactiva¬
tion of ampicillin alone; similar results are also shown for
benzylpcnicillin in the presence of these two penicillinase-
stable penicillins. In tho experiments shown in Table 1
ampicillin and benzylpenicillin wore at a concentration
of 10 ug/inl., and metlucillin and cloxacillin were at
1 pg/ml. Penicillinase activity was estimated by lollowing
the formation of penicilloie acid using the microiod~-
metric method5. It will be seen that the rate of inacti-a
tion by penicillinase could bo diminished in the presence
ofmethicillin and cloxacillin. With certain bacteria, the
degree of inhibition of penicillinase activity was con¬
siderable while with other strains the effect was small or
non-existent. When methicillin and cloxacillin were

tested in equal concentration to benzylpenicillin and
ampicillin (that is, 10 pg/ml.) inhibition was much more
frequently encountered, and almost complete inhibition
was often observed.
In antibacterial tests in vitro, mixtures of methioillin

or cloxacillin with ampicillin or benzylpenicillin show
synergistic effects against certain strains ofGram-negative
bacteria. These organisms are intrinsically sensitive to
ampicillin or benzylpenicillin but by virtue of their
ability to produce penicillinase are normally able to
destroy these labile penicillins'. In the presence of the
penicillinase-stable j)enicillin3, methicillin and cloxacillin,
the penicillinase activities of theso bacteria are diminished
and tho organisms are more sensitive to ampicillin and
benzylpenicillin. Examples of synergism of this type are
shown in Table 2. In these experiments, serial dilutions



Table 1. Bate of InacttvaTIOS of Amitcillix or Besztlpekicillis in
the Presence of Methicillin or Cioxaoillin, as a Percentage of the

Bate in the Absencf. op Methichxin or Cloxacillin

Benzyl¬ Benzyl-
Ampiciliin Ampicillin penicillin penicillin
10 jig/ml. 10 /ig/ml. 10 /ig/ml. 10 /«/ml.

Organism + 4* 4- +
{methicillin cloxaciilin methicillin cioxacillin

1 /ig/ml. 1 /ig/ml. 1 /ig/ml. 1 /ig/ml.

Klebsiella pneurrwniae C <1 45 15 50
Escherichia coli 83 14 86 19 100
Escherichia coli 70 42 100 7 70
Escherichia coli 2£136 62 38 86 100
Aerobacter aerogenes A 64 90 45 100
Aer'Abutter aerogenes G 67 100 27 77
Pseudomona? pi/ocyanea

* ♦ 24 <1
Proteus vulgaris A 11 45 28 100

* Ampicillin was highly stable to this penicillinase.

of ampicillin or benzylpenicillin were made in nutrient
broth, and also in nutrient broth containing 10 ug/ml.
of methicillin or cloxaciilin, and the minimal inhibitory
concentrations were determined after overnight incuba¬
tion at 37° C. Methicillin and cloxaciilin showed no

activity against any of the bacteria at concentrations of
up to 50 ag/ml., and the concentration of 10 pg/inl. used
in the tests was chosen as being one which can be readily
obtained in the serum in human beingswithnormal dosage.
It will be seen from Table 2 that a striking degree of

synergism could bo demonstrated with certain strains of
bacteria. Tor example, against Escherichia coli Til 30
ampicillin was inhibitory only at a concentration of
25 [ig/ml., and cloxaciilin alone at a concentration of
10 ug/ml. was without effect. In combination with 10
pg/ml. of cloxacilJin, however, ampicillin was inhibitory at
2-5 jxg/ml. Similar synergistic effects were seenwith various
strains of E. coli, Aerobacter aerogenes and Proteus sp.
In general, synergism was observed more frequently

with benzylpenicillin than with ampicillin, and this may
be associated with the fact that ampicillin is more stable
than benzylpenicillin to the penicillinases produced by
certain Gram-negative bacteria1-3-6. As a result of this,
certain organisms are sensitive to ampicillin but are
relatively insensitive to benzylpenicillin and it was with
tins group of bacteria that synergism with benzylpeni¬
cillin was most marked. However, although the minimum
inhibitory concentrations of benzylpenicillin were in
certain cases diminished considerably in the presence of a
penicillinase-stable penicillin, they wore in general no
lower than those obtained with ampiciilin alone. More¬
over, no one combination of penicillins was consistently
more synergistic than any other, and there was a distinct
variation from strain to strain, so thatwith certain bacteria
synergism was more marked with methieillin than with
cloxaeillin. while with other strains the converse was the
case.

It was observed that in certain cases inhibition of
penicillinase was not reflected in the results of the mini¬
mum inhibitory concentration tests because of intrinsic



Tables.KniiancbmkntoftubAntibacterialActivitiesohA.mpicillinorBenayli'EnicillinauainstGkam-nboativiiBacteriaintubPresenceokMctiiicii.linorCloxacillin Minimalinhibitoryconcentration(pg/ml.)
(bcnai-dilutionmbroth;inoculum,onedropofanovernightbrothculture)

Ampicillin.

Ampicilliu

Ampiciilm

Benzylpcnicillm
Bony.ylpemcillm

withmethicillin*
withcloxacillin*
Benzylpenicillin
withmethiciliin*
withcloxacillin*

Escherichiacoli22136

25

25

2-5

>250

125

25

Escherichiacoli3P34Q

2-5

2-5

2-5

50

50

5-0

Escherichiacolilid

5-0

5-0

5-0

50

50

5-0

AerobacteraerogcncsA
>100

5*0

50

50

50

50

Aerobacteracrogenes2292
10

10

<5-0

ProteusvulgarisA

50

10

2-5

25

2-5

10

Proteusmirabilis2220

50

5-0

5*0

25

5*0

.5*0

Proteusmirabilis7>'34

1-25

1-25

L-25

50

,50

50

ParacolonA

30

2*5

2*5

50

50

25

*Mcthicillinorcloxacillinwerepresentataconcentrationof10#<g/ml.Tlicscpenicillinswereinactiveagainsttlietestorganismsatconcentrations
upto50/ig/ral.



insensitivity of the organisms, penicillinase playing little
part in the resistance of these bacteria. In other cases
whore synergism was apparent in the serial-dilution tests,
the amounts of penicillinase produced were too low to
permit inhibition of tho enzyme to be studied by the
methods used. Moreover, quantitative differences would
also arise because fixed concentrations of 1 fig/ml. ofmethi-
cillin or cloxacifiin and 10 ug/rril. of ampicillin and benzyl-
penicillin were used in the enzyme investigations, whereas
in the serial-dilution tests concentrations of ampicillin,
and benzylpenicillin from 1 pg/ml. to 500 ug/nd. were
combined with a concentration of 10 ;ig/ml. of methicillin
or cloxacillin.
In order tc assess the possible clinical value of such

synergism, a survey was carried out with 350 freshly
isolated clinical strains of Gram-negativo bacilli. In
these experiments, strains of bacteria which hud been
found to require more than 5 pg/ml. of ampicillin or
bonzylpenicillin for inhibition wero tested for sensitivity
to these penicillins alone and in combination with 10
ug/ml. of methicillin or cloxacillin. Of the total of 350
isolates, 62 per cent (217 strains) wero inhibited by
ampicillin alone, at a concentration of 5 pg/rul. or less.
With the strains which required a concentration greater
than 5 ;ig/ml. for inhibition. 9 per cent (12 strains)
showed a significant degree of synergism, but only in 4
per cent (5 strains) of these isolates was this effect adequate
to reduce the minimal inhibitory concentrations to values
of 5 gg/ml. or loss. With benzylpenicilliu tho situation
was similar. As would be expected, sensitivity to benzyl-
penicillin alone was not so frequent as was the case with
ampicillin and only 18 per cent of the isolates (63 strains)
were sensitive to concentrations of 5 pg/ml. of this peni¬
cillin or les3. Of the strains requiring greater than
5 pg/ml. of benzylpenicillin for inhibition (287 strains)
a significant degree of synergism was demonstrated
with 17 per cont (49 strains), but in only 6 per cent (17
strains) was theminimum inhibitory concentration reduced
to 5 fig 'ml. or less. Therefore, although synergism is
clearly demonstrable with certain strains of Gram-
negativo bacteria, these constitute only a small propor¬
tion of the bacteria encountered routinely, and tho degroe
of synergism would seem to be inadequate for this to have
useful clinical application.

R. Sutherland
F. R. Batchei.or

Beecham Research Laboratories, Ltd.,
Research Division,

Brockham Park, Betchworth, Surrey.
1 Percival, A., Brumfltt, \V., and Louvois, J. de, J. Gin. Microbiol., 32, 77

(1963).
! Smith, J. T-, and Hamilton-Miller, J. M. T., Nature, 197, 976 (1963).
• Sutherland, It., J. Gen. Microbiol, (in the press).
4 Hamilton-Miller. J. M. T„ Eiochem. J„ 87, 209 (1963).
• Goodall, K., and Davies, R., Analyst, 88, 326 (1961).
• Ayliffe, O. A. J., J. Gen. Microbiol., 30, 339 (1963).
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Antibacterial Activities of Combinations of Ampicillin
and Cloxacillin

P. ACRED and R. SUTHERLAND

Beecham Research Laboratories, Brockham Park, Betchivorth, Surrey, England

Infections in premature infants or newborn babies may require empirical
treatment with a broad-spectrum antibiotic before bacteriological data are
available. However, several of these agents, including sulfonamides, chlo¬
ramphenicol, and tetracycline, are potentially toxic to this age group, where¬
as ampicillin, although of low toxicity, is not active against penicillinase-
producing staphylococci. On the other hand, a combination of ampicillin with
cloxacillin is relatively nontoxic and would be expected to be active against
a wide range of bacteria. Accordingly, experiments were designed to evalu¬
ate the antibacterial activities of various mixtures of these penicillins in
vitro and in experimental infectious in mice. There was no evidence of
antagonism between the penicillins, and, in general, the mixtures demon¬
strated the activities of the individual substituents, except that synergistic
effects were observed in vitro and in vivo against certain penicillinase-
producing gram-negative bacteria. The synergism between the penicillins
was shown to be due to inhibition by cloxacillin of the penicillinases produced
by these bacteria and subsequent reduction of the extent of inactivation of
ampicillin. It was concluded that a mixture of ampicillin with cloxacillin
should provide a broad-spectrum antibiotic combination effective against
penicillinase-producing staphylococci and most strains of gram-negative
bacteria.

The treatment of suspected, or con¬
firmed, bacterial infections in premature
infants or neonates may necessitate the
use of broad-spectrum antibiotics or of
combinations of antibacterial agents to
provide adequate antibiotic cover. This
age group is, however, particularly sus¬
ceptible to the hazards of treatment with
these substances, and several compounds
are known to be potentially dangerous,
especially sulfonamides, chlorampheni¬
col, and tetracyclines (Lancet 2:562-563,
1963). An alternative broad-spectrum
antibiotic, ampicillin, is not toxic to
neonates (Lancet 2:562-563, 1963) and is
active against a wide range of bacteria
(5), but this penicillin is ineffective
against penicillinase-resistant staphylo¬
cocci which are frequently implicated in
neonatal infections. The penicillinase-

stable penicillin, cloxacillin, like ampi¬
cillin, is nontoxic, but unlike the latter
is active against penicillin-resistant
staphylococci. Accordingly, the use of
a combination of these two penicillins,
namely, the penicillinase-stable penicil¬
lin, cloxacillin, together with the broad-
spectrum penicillin, ampicillin, has been
recommended for use in the treatment
of neonatal infections (Lancet 2:562-563,
1963; Lancet 1:863, 1966). The experi¬
ments described here were designed to
evaluate the antibacterial activity in
vitro and in vivo of combinations of these
two penicillins.

Mcterials and Methods

The minimpi inhibitory concentrations
(MIC) of ampicillin and cloxacillin, alone and
in combination, required to prevent growth of

53
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the test organism for 18 hr at 37 C were de¬
termined by serial dilution in nutrient broth.
The cultures of bacterid used in these studies
were mainly obtained from clinical sources.
When mixed cultures of Staphylococcus aureus
and Escherichia ccli were tested for suscep¬
tibility to the penicillins, samples were re¬
moved from the tubes after incubation over¬

night and plated on selective media containing
no antibiotic. Staphylococci were identified
by their growth on mnnnitol-salt agar, and
coliform organisms, by their appearance on
MacConkey agar. In certain of the serial-
dilution experiments, the extent of destruction
of nmpicillin, whether tested alone or in com¬
bination with cloxacillin, was measured by
microbiological assay for ampicillin. Samples
were taken from these tests after overnight
incubation and were assayed by an agar dif¬
fusion method (7) with a strain of E. coli
which was susceptible to ampicillin and re¬
sistant to cloxacillin. The bactericidal activ¬
ities of the penicillins were determined by
measurement of reduction in viable count of
bacterial cultures after exposure to the drugs
by use of a standard drop-plate technique.

The activities oe the penicillins against
experimental staphylococcal infections in mice
were determined by infecting the animals in
a hind leg via the intramuscular route and
measuring the effect of therapy on the thigh
lesion produced. In some experiments, the
animals were infected with a penicillin-suscep¬
tible and a penicillin-resistant staphylococcus,
each culture being injected into a separate
h.nd limb (2). Groups of 10 mice were treat¬

ed at 0, 24, and 48 hr with the individual
penicillins and with the combination of ampi-
cillin and cloxacillin. The results of treat¬
ment were measured in the same way as for
the single thigh lesion.

Mouse protection experiments wore also
carried out to measure the curative doses of
the penicillins in mice infected with ampicil-
lin-resistant strains of E. coli. The cultures
were suspended in 5% hog mucin and injected
via the intraperitoneal route. The penicillins
were administered orally or subcutaneously
to groups of 10 mice immediately after infec¬
tion, and the animals were observed for a
period of 4 days.

Results

The results in Table 1 show the ac¬

tivities of ampicillin, cloxacillin, and of
a combination of equal parts of ampicil-
lin and cloxacillin against two strains
of S. aureus andiJ. coli. Ampicillin was
active against the nonpenicillinase-pro-
ducing cultures S. aureus (Oxford) and
E. coli 372, but was destroyed by the
penicillinase-producing organisms S.
aureus (Russell) and E. coli 80. The
staphylococci were susceptible to cloxa¬
cillin, whereas both strains of E. coli
were resistant to this penicillin; how¬
ever, this was not due to destruction of

Table i. Relative activities in vitro of ampicillin and cloxacillin alone and in
combination against various bacteria"

(. — —

Culture

Staphylococcus aureus (Oxford)''.
S. aureus (Russell)r
Escherichia coli 372 ''
E. coli 80c

S. aureus (Oxford)
E. coli 372

S. aureus (Russell)
E. coli 372

S. aureus (Russell)
F. coli 80

MIC (pg/ml)

Ampicillin

0.1

250

1.25

500

0.25
1.25

250
250

>500
>500

Cloxacillin

0.1

0.5

500

500

0.25
125

0.5
250

1.25
250

Ampicillin +
cloxacillin (50/50)

0.1

1.25

2.5

50

0.5
2.5

1.25
50

1.25
125

"Nutrient broth containing graded amounts of the penicillins was inoculated with the test organism. After
overnight incubation at 37 C, subcultures were made onto penicillin-free MacConkey agar and penicillin-free man-
lutoi-salt agar. Minimal inhibitory concentrations were determined after overnight incubation at 37 C.

^Nonpeniciilinase-producing culture.
Penicillinase-producing culture.
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cloxacillin. The combination of ampicil-
lin and cloxacillin was active against
both strains of staphylococci whether
cultured alone or in the presence of E.
coli. Likewise, the growth of a mixed
culture of the ampicillin-susceptible
strain of E. coli and the penicillin-
susceptible staphylococcus was inhibited
by the two penicillins. However, the
combination of penicillins failed to in¬
hibit the growth of the ampicillin-sus¬
ceptible coliform (E. coli 372) in the
presence of S. aureus (Russell) owing
to destruction of the ampicillin moiety
by the penicillin-resistant staphylococ¬
cus. On the other hand, the combination
of ampicillin and cloxacillin was more
active against the penicillinase-producing
strain of E. coli than was ampicillin
alone.

Table 2 shows the results of experi¬
ments designed to test the combination
of ampicillin and cloxacillin against the
double infection in mice resulting from
both penicillin-susceptible and penicillin-
resistant bacteria. In these tests, the
double thigh lesion technique was used:
the mice were infected in one hind limb
with a penicillin-susceptible staphylo¬
coccus and in the other with a penicil¬
linase-producing strain of S. aureus.
Ampicillin exerted significant activ¬
ity against the infection produced by
the penicillin-susceptible staphylococcus
(strain 2187) despite the fact that the
mice were also infected with a penicil¬

lin-resistant culture. The activity of
ampicillin against S. aureus 2187 in the
double-thigh lesion test was about the
same as that obtained against that par¬
ticular organism in a single-thigh lesion
test when the mice were infected with
the susceptible organism alone. The
combination of ampicillin and cloxacillin
was as active against the experimental
infections as would be predicted from
the activities of the individual penicil¬
lins.

The results of tests with ampicillin
and cloxacillin, alone and in combination,
against penicillinase-producing strains
of gram-negative bacteria are shown in
Table 3. On occasion, the combination
of ampicillin and cloxacillin demonstrated
activity considerably greater than that of
ampicillin alone. Cloxacillin was vir¬
tually inactive against these organisms.
Microbiological assay of the ampicillin
content of the cultures after overnight
incubation in the serial-dilution tests
showed that these penicillinase-producing
bacteria destroyed ampicillin during the
course of the tests, whereas the addition
of cloxacillin to ampicillin brought about
a substantial reduction in the extent of
destruction of ampicillin. This is illus¬
trated in Fig. 1, which shows the results
of a viable-crnnt experiment with an
ampicillin-resmtant strain of Proteus
morganii. Ampicillin at a concentration
of 500 /Jgfml produced a significant fall
in the viable count of the organism after

Table 2. Relative activities in vivo of ampicillin and cloxacillin, alone and in combination"

Protectionb (%)

Penicillin Dose Staphylococcus aureus S. aureus
Russell 2187

Oral Subcutaneous Oral Subcutaneous

mg/kg
Ampicillin 50 27.1 26.7 72.6 91.3

Cloxacillin 50 42.8 87.4 45.2 66.6

Amnicillin + cloxacillin 50 + 50 40.0 90.6 84.1 89.1

''Groups of 10 mice were infected in one hind limb with S. ttltrt'us Russell (penicillinase-producing strain) and
in the other hind limb with penicillin-susceptible .S. anrvus 2187.

/>Pcr cent protection - [(mean daily thigh enlargement of infected controls - mean daily thigh enlargement of
penicillin group) /' (mean daily thigh enlargement of infected controls}] * 100-
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Table 3. Synergism between ampicillin and cloxacillin against
gram-negative bacteria in vitro

Organism

MIC (p.g'/ml)

Cloxacillin Ampicillin Ampicillin +
cloxacillin (50/50)

Escherichia coli B6 1,000 >1,000 1,000
E. coli E80 500 >1,000 100
E. coli 83 1,000 250 50

Aerobacter aerogenes 1390 .... 1,000 1,000 50
A. aerogenes N1 >1,000 1,000 100
A. aerogenes N2 >1,000 >1,000 >1,000

Proteus mirabilis 8 >1,000 1,000 250

t>. morganii A 1,000 250 25

P. morganii H 1,000 100 25

P. rettgeri A 1,000 50 50

P. vulgaris A 250 50 25

P. vulgaris E >1,000 >1,000 250

7 and 24 hr, and there was no destruc¬
tion of the penicillin. At a concentration
of 100 pg/ml, ampicillin reduced the
viable count at 7 hr, at which time there
was no appreciable loss in activity of

the antibiotic, but after 24 hr there
was no ampicillin level and the culture
showed considerable growth. With the
mixtures of ampicillin and cloxacillin, it
was obvious that the cloxacillin had

ampicillin/cloxacillin

Fig. 1. Rcic tericida! activities of am pic illin and c /oxacillin, alone and in combination, against a penicil¬
linase-producing strain of Proteus morganii. Symbo x, antibiotic-free control; O, cloxacillin, 500 fig ml; □,
ampicillin, 100 fig 'ml: L. ampicillin, 500 fig/nil; m, ampicillin (10 ftg/mh 4 cloxacillin (10 ftg ml); U, ampicillin
(25 fig ml) 4 c loxacillin (2 5 fig ml); A, ampicillin (50 fig ml) + cloxacillin (50 fig,'ml). Figures in brackets show
ampic ill in concentrat ions after 24 hr.
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reduced the penicillinase activity of the
organism, allowing the residual ampicil-
lin content to inhibit growth of the or¬
ganism.

The results of the tests with the
combination of ampicillin and cloxacillin
in experimental infections in mice with
penicillinase-producing gram-negative
nacteria were less uniform and less im¬
pressive than were the results of in
vitro tests with these organisms, but en¬
hanced activity was demonstrated with
the combination of penicillins against
certain bacteria. The results of experi¬
mental infections with two strains of E.
coli are shown in Table 4, and these
are expressed as the dose required to
cure 50% of the infected animals (CDS0,
mg/kg).

Discussion

The results of the experiments re¬
ported here demonstrate that, in general,
when ampicillin is combined with cloxa¬
cillin the penicillins function independent¬
ly, producing additive effects. Conse¬
quently, the combination is active against
a wide range of gram-positive and gram-
negative bacteria, including penicillin-
resistant staphylococci. Although peni¬
cillin-resistant staphylococci are capable
of destroying the ampicillin moiety of
the combination of penicillins in vitro,

this may not necessarily occur in vivo.
The results of treatment with a combina¬
tion of ampicillin and cloxacillin of ex¬
perimental infections due to mixed cul¬
tures of bacteria show that, in certain
circumstances at least, ampicillin retains
its activity in vivo in the presence of a
penicillinase-producing staphylococcus.
A combination of ampicillin and cloxa¬
cillin might, therefore, be effective
against mixed infections of ampieillin-
susceptible gram-negative bacteria and
penicillin-resistant staphylococci. The
results of clinical trials in the United

Kingdom with a combination of ampicil¬
lin and cloxacillin (Ampiclox) in the
treatment of infections of premature and
newborn infants have been encouraging
(1, 9) and are in accord with the data
presented here. (Ampiclox is the regis¬
tered trade mark of Beecham Research
Laboratories for a combination of ampi¬
cillin and cloxacillin containing two parts
of the former and one part of the latter.)

Synergism may be demonstrated in
the laboratory with ampicillin and cloxa¬
cillin against penicillinase-producing
strains of gram-negative bacteria as a
result of inhibition of penicillinase activ¬
ity by cloxacillin (4, 8). In the previous
report from our laboratory (8), we ques¬
tioned whether such synergism was likely
to have much clinical significance, but
this observation was based on the results

Table 4. Synergism between ampicillin and cloxacillin against penicillinase-
producing strains of Escherichia coli hi vivoa

Culture Penicillin mic

cdso (mg/kg)
Oral Subcutaneous

Expt 1 Expt 2 Expt 1 Expt 2

pg/ml
Escherichia coli R101 Ampicillin 100 >400 >400 200 310

Cloxacillin >50 >400 >400 370 >400

Ampicillin + 10 >400 >400 50 76

cloxacillin, 50/50

E. coli R136 Ampicillin 25 27 50 76 50
Cloxacillin >50 >400 >400 >400 >400

Ampicillin + 2.5 76 32 23 31

cloxacillin, 50/50

"Groups of 10 mice were infected by the intraperitoneal route and treated immediately after infection.
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of experiments with combinations of
ampicillin and cloxacillin containing a
low concentration of cloxacillin, i.e.,
10 pg of cloxacillin per ml. (The con¬
centration of 10 pg of cloxacillin per ml
was chosen as being one which can be
readily obtained in the serum of human
beings with normal dosage.) With higher
concentrations of cloxacillin, examples
of synergism with ampicillin become
more numerous in vitro. It is conceiva¬

ble, therefore, that synergism between
ampicillin and cloxacillin might on occa¬
sion be achieved under circumstances

during which higher serum or tissue
concentrations of both penicillins are
achieved during therapy. A clinical ex¬

ample of synergism between penicillins
as a result of inhibition of penicillinase
activity is that reported by Shirley and
Moore (6), who successfully treated a
refractory urinary infection due to Pseu-
domonas aeruginosa with high doses of
benzylpenicillin and methicillin after in
vitro tests had shown synergism between
the two penicillins. In the newborn,
serum concentrations obtained with ther¬

apeutic doses of ampicillin or cloxacillin
may be much higher than those obtained
in older subjects (3; Knudsen and Suther¬
land, in preparation). Zaidi (9) has re¬
ported satisfactory response in neonates
treated with a combination of ampicillin
and cloxacillin, although the coUforms
which were isolated from these infants

were resistant to ampicillin in vitro.
This may be a reflection of high ampi¬
cillin levels or, alternatively, may indi¬
cate synergism between the penicillins.

The laboratory results reported here
substantiate clinical reports that a com¬
bination of ampicillin and cloxacillin
provides a nontoxic, bactericidal, broad-
spectrum antibiotic combination espe¬
cially suitable for the treatment of
infections in the newborn.
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Synergism Between Penicillins

ELIZABETH J. RUSSELL, AND R. SUTHERLAND

Beecham Research Laboratories, Betchuorth, Surrey, England

The resistance of ampicillin-resistant strains of Gram-negative
bacteria is frequently associated with penicillinase production
and the ability of these organisms to destroy the penicillin.
Synergism can be demonstrated between ampicillin and penicilli-
nase-stable penicillins against certain ampicillin-resistant bac¬
teria and it is generally assumed tl.at the synergism observed is
the result of competitive inhibition of the penicillinase of the
test organism by the penicillinase-stable penicillin. However,
the resistance of many Gram-negative bacteria to ampicillin may
be due to both penicillinase-production and to an intrinsic re¬
sistance which apparently does not involve drug destruction. Da¬
ta are presented to show that the effect of combining cloxacil-
lin or flucloxacillin with ampicillin may result not only in pro¬
tection of ampicillin from destruction by penicillinase but also
in a pronounced increase in the activity of ampicillin against
intrinsically resistant cells. Further evidence to suggest a sy¬
nergistic action between ampicillin and cloxacillin or flucloxa-
cillin which is not associated with inhibition of penicillinase
activity is shown by the enhanced activity of combinations of
ampicillin with cloxacillin or f lucloxacillin against certain am-
picillin-sensitive bacteria which do not produce penicillinase.

The resistance of Enterobacteriacae to ampicillin is often associatedwi th
R-lactamase production and the ability of these organisms to destroy the
penicillin, but with some bacteria R-lactamase activity may be accompanied
by an intrinsic insensitivity not involving drug destruction (3). Synergism
can be demonstrated with combinations of ampicillin and penici11 inase-stab¬
le penici11ins against some ampici11in-resistant bacteria and it is general¬
ly assumed that this is due to competitive inhibition of fS-lactamase acti¬
vity by the pen i ci 1 1 inase-stabl e penicillin (i , 2, '() . In the present stu¬
dy , data are presented to suggest that the synergistic activities of com¬
binations of ampicillin and penici11inase-stable penicillins may be due
not only to inhibition of B_lactamase but also to potentiation of the in¬
trinsic activity of ampicillin.
The results in Table 1 illustrate the relative activities of ampicillin
and a combination of equal parts of ampicillin and cloxacillin against 300
strains of bacteria. The combination showed distinct synergistic activity
against ampicillin-resistant strains of Shigella sonnei and certain Esche¬
richia coli but not against E. coli carrying ampicillin R-factors. Enhan¬
cement of activity, of a lower order, was also observed against the majo¬
rity of strains of Kiebsiel1a/Enterobacter and with resistant indole posi¬
tive Proteus species. Examination of a number of these ampici11in-resist-
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ant bacteria showed that destruction of ampicillin took place during the
course of the sensitivity tests and that this was reduced in the presence
of cloxacillin, indicating that synergism was associated with inhibition
of ^-lactamase activity.
TABLE 1. Relative activities of ampicillin and a combination of equal parts

of ampicillin and cloxacillin against 300 strains of bacteria

0 rganism Ampici11in No. of Fold-i nc rease in activity of
sensitivity strains ampici 1 1 in -cloxaci11in combi-

nation *

-2 0 2 k 8 16

Escherichia resis tant 29 - 15 - 2 11 1

col i sensitive ^3 3 16 22 2 -

Shigel 1 a resistant 18 - - - 6 6 6
Sonnei sensitive 2k - 12 12 - - -

Salmonel1 a

species
sensitive 20 1 18 1 - - -

Proteus sensitive 10 - 8 2 - - -

species resis tant 30 - 3 1 1 8 k it

K1ebsiel 1 a/
Enterobacter

resis tant 81 1 11 *t5 19 5 -

Staphylococcus resis tant 19 - 18 1 - - -

aureus sensitive 6 - k 2 - ■—

S treptococcus
faecalis

sensitive 20 - 2 18 - - -

300 5 07 nit 37 26 11

- M.I.C. of ampicillin against test organism
Concentration of ampicillin in M.I.C. of combination

However, the data in Table 1 also show that the ampici 1 1in/cloxaci11in com¬
bination appeared to be as active as ampicillin alone against a number of
ampici11in-sensitive strains of E. coli and Sh, sonnei, although cloxacil¬
lin was inactive against these bacteria (MIC 250 pg/ml or greater). This
was not the case with strains of Salmonella species or sensitive strains
of Proteus mirabilis where the combination showed only the activity to be
expected from its ampicillin content. The ampici11in/cloxaci11in combina¬
tion also showed enhanced activity against enterococci, but showed no syner¬
gistic effects against sensitive or resistant strains of Staphylococcus au¬
reus. The ampici11in-sensitive bacteria did not destroy ampicillin in the
sensitivity tests and so inhibition of g-lactamase was unlikely to be a
reason for the enhanced activity of the combination of ampicillin and clo-
xaci11in.

The activities of ampicillin, alone, and in combination with cloxacillin
were investigated in greater detail in the viable count experiment with an
ampici11in-resistant strain of E. coli Cf25) illustrated in Fig. 1. Cioxa-
cillin (10 pg/ml and 100 pg/ml) had little effect on the growth of the or-



Fig. 1. Bactericidal activities of
ampicillin and ampici11in/c1oxaci 1 -
lin combinations against E. coli
425
■control; A ampicillin 10 pg/ml;
• ampicillin 100 pg/ml; cloxacil-
iin 100 pg/ml; A ampici11in/c1 oxa¬
cillin 10 + 10 pg/ml; o ampicillin/
cloxacillin 10 + 10 pg/ml.
Figures in brackets show ampicillin
concentrations.

ganism, and ampiciliin at a concentration of 10 pg/ml was inhibitory for
only a short period of time. A higher concentration of ampicillin (100 pg/
ml) produced a marked bactericidal effect over the first three hours of the
test, but three hours later there was an increase in the viable count al¬
though there was no obvious destruction of ampicillin during this period
of time. The ampici11in/cloxaci11 in combinations (10 + 10 pg/ml, 10 + 100
pg/ml) produced even greater bactericidal effects than 100 pg/ml ampicil¬
lin, although the ampicillin content of each combination was onlyonetenth
that of the culture containing 100 pg arnpici11 in/ml, and although there
was no evidence that the resistance of the culture growing in the presence
of 100 pg ampici11 in/ml was due to B-lactamase activity. These results sug-

Fig. 2. Bactericidal activities of ampicillin and ampici11in/cloxaci11in
combinations against (a) F.. coli 425; (b) Culture I, derived from
E. coli 425 growing in the presence of 100 pg ampici11in/ml;
(c) Culture II, derived from E. coli 425 growing in the presence
of ampiciI 1in/cloxaci11 in (10 + 10 pg/ml).
A control; • ampicillin 100 pg/ml; A ampici11in/cloxaci11in 10+10
pg/ml; □ ampici11in/cloxaci11in 100 + 100 pg/ml. ,

Figures iri brackets show ampicillin concentrations.



3 8 8

gest that growth was occurring in the presence of high concentration of
ampicillin due to the presence of ceils which had an intrinsic resistance
to ampicillin and that these cells were more sensitive to the combinations
of ampicillin and cloxacillin than to ampicillir, alone.
A further experiment was performed in which E. coli ^25 was grown in the
presence of ampicillin and ampici11in/cloxaci11in combinations (Fig. 2).
As in the previous experiment ampicillin (100 pg/ml) and the ampicillin/
cloxacillin combination (10 + 10 pg/ml) exerted an ?nitial marked bacteri¬
cidal effect, but at 12 hours there was substantial regrowth, although sig¬
nificant amounts of ampicillin remained in the cultures (Fig. 2a).Aliquots
were taken from these two 12 hr cultures (l, ampicillin 100 pg/ml and
II, ampici11in/cloxaci11in 10 + 10 pg/ml) and subcultured into antibiotic-
free broth. After incubation for 12 hr at 37°C, cultures I and II were tes¬
ted for sensitivity to ampicillin and ampici11in/cloxaci11in combinations.
Culture I, selected from the cells growing in the presence of 100 pg/ml am¬
picillin, grew well in the presence of 100 pg/ml ampicillin, but was as
sensitive to ampici11in/cloxaci11in combinations as was the parent cultu¬
re, E. col i **25 (Fig. 2b). In a similar fashion, culture II, selected from
cells growing in the presence of ampici11in/cloxaci11 in (10 + 10 pg/ml)
was totally resistant to ampici11in/cloxaci11in (10 + 10 pg/ml) but was
sensitive to ampicillin and to the higher concentration of the ampicillin/
cloxacillin combination (Fig. 2c). These results indicate that populations
of cells with differing sensitivities to ampicillin or to the combination
of ampicillin and cloxacillin had been selected after initial exposure to
the drugs and that these cells had an intrinsic resistance to the penicil¬
lins in addition to possessing E-lactamase.
Data similar to those illustrated above have been obtained with other
strains of E. col i and with other bacteria e.g. Sh. sonn.ei , P. morganiiand
were demonstrated with different combinations of penicillins e.g. ampicil¬
lin and f1ucloxaci11 in or amoxycillin and f1ucloxaci11in. The results sug¬
gest that in certain cases enhancement of activity of ampicillin against
ampici11in-resistant bacteria by penici11inase-stable penicillins may be
due to effects other than inhibition of £-1actamase or in some cases to
both an intrinsic activity and inhibition of E-lactamase. Further evidence
to support a synergistic effect between penicillins which is not inhibition
of ft-1actarnase appears to be provided by the enhanced activity of ampicil¬
lin combination against some ampici11in-sensitive bacteria.

REFERENCES

1. Bach, J. A., Buono, N. Chisholm, D., Price, K. E., Puisiano, T. A., and
Gourevitch, A. (1967) Antimicrob. Ag. Chemother., 1966, 328.

2. Hamilton-Miller, J. M. T., Smith, J. T., and Knox, R. (196*0 Nature, 201,
867-

3- Smith, J. T- , Hamilton-Miller, J. K. T., and Knox, R. (1969) J. Pharm.
Pharmac., 21, 337-

k. Sutherland, R. and Batchelor, F. R. , (196*0 Nature, 201, 868.



Chemotherapy 1978 In press
3 7/3 8 9

ANTIBACTERIAL ACTIVITY AND SYNERGY, IN VITRO MI) IN VIVO,

OF A COMBINATION OF AMOXYCILLIN AND FLTJCIOXACILLIN

K. R. Comber, D. J. Merrikin and. R. Sutherland

Beecham Pharmaceuticals Research Division,
Brockham Park, Betchworth, Surrey, England.

Abstract

The antibacterial activity of a combination of equal

parts of amoxycillin and flucloxacillin was compared in vitro and

in vivo with that of amoxycillin and flucloxacillin against a range

of Gram-positive and Gram-negative bacteria. The combination

generally showed additive effects against bacteria sensitive to

the individual penicillins and there was no evidence of antagonism,

but synergistic effects were observed between amoxycillin and

flucloxacillin against certain amoxycillin-resistant Gram-negative

bacilli. The extent of synergism varied according to the particular

bacterial species under test and synergy was observed only against

bacteria with chromosomally-mediated p-lactamases and not against

bacteria with R-factor mediated P-lactamases. In general,

amoxycillin + flucloxacillin demonstrated activity against experi¬

mental mouse infections in good agreement with its in vitro activity,

and synergy was produced against a range of Gram-negative bacilli

in vivo. The data suggest that clinical trial with amoxycillin +

flucloxacillin in the treatment of selected infections including

those due to some amoxycillin-resistant bacteria may well be

justified.
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INTRODUCTION

Amoxycillin is a broad-spectrum penicillin which inhibits

the growth of a wide range of Gram-positive and Gram-negative

bacteria at concentrations readily attainable in the body at normal

dosage (16). However, amoxycillin is usually not stable to the

p-lactamases produced by a variety of bacteria and is readily

inactivated by these organisms. As a consequence, amoxycillin is

not active against 3-lactamase-producing strains of staphylococci

or of many enterobacteria, although p-lactamase production is not

always the sole mechanism of resistance of the latter group of

organisms. In contrast, flucloxacillin is stable to most bacterial

(3-lactamases "and is ra.rely inactivated by (3-lactamase-producing

bacteria. Nevertheless, flucloxacillin is relatively inactive

against Gram-negative bacteria and shows activity of interest solely

against Gram-positive cocci including penicillin-resistant staphylo¬

cocci (15)- Combining flucloxacillin with amoxycillin might therefore

be expected to extend tne broad antibacterial spectrum of amoxycillin

to include j3-lactamase-producing strains of Staphylococcus aureus.

In addition, it has been shown that certain combinations

of p-lactamase- stable and ^-lactamase-labile penicillins demonstrate

synergistic effects against various Gram-negative bacilli (1, 3> 4,

5, 14). The synergy exhibited arises as a result of the inhibition

of the (3-laotamase of the organism by the (3-lactamase-stable member

of the combination enabling the labile penicillin to exert its

antibacterial activity against the organism. As the combination

of ampicillin and cloxacillin has been shown to demonstrate synergistic
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activity as a result of this mechanism (2, 6, 7, 8, 11) it would

be expected that amoxycillin + flucloxacillin would exhibit similar

effects.

The study presented here was designed to measure the anti¬

bacterial activity of a combination of equal parts of amoxycillin and

flucloxacillin in vitro and against a variety of experimental infections,

and to determine the extent and frequency of synergy produced by

combining amoxycillin and flucloxacillin.

MATERIALS AND METHODS

Amoxycillin was used in in vitrotests and in in vivo oral

absorption studies as amoxycillin trihydrate (860 pg/mg). In in vivo

parenteral studies amoxycillin sodium salt was administered (93$ pure).

Flucloxacillin sodium salt was tested in all in vitro and in vivo

experiments (915 Ng/®g)• All preparations were obtained from

Beecham Pharmaceuticals, Worthing, England,

Antibacterial activity in vitro

Minimum Inhibitory Concentrations (MIC) of amoxycillin,

flucloxacillin and of the combination of equal parts of amoxycillin +

flucloxacillin required to inhibit growth of the test organism for

18 hr at 37°C were measured by two-fold serial dilution of the

substances in 20 ml volumes of nutrient agar (Blood Agar Base,

Oxoid). When set, the agar plates were inoculated with 0.001 ml

of undiluted overnight broth culture delivered by a multiple

5
inoculating device, an inoculum of about 5 x 10 cells.
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The bactericidal activity of the substances against a

(3-lactamase-producing strain of Escherichia coli (425) was measured

by inoculating 20 ml volumes of nutrient broth containing selected

concentrations of the compounds with 0.05 ml of an overnight broth

culture of the organism. Samples talcen at 0, 6 or 24 hr after

incubation at 37°C were suitably diluted and 0.02 ml volumes were

dropped with a standard dropping pipette onto blood agar containing

penicillinase. Colonies were counted after 18 hr incubation at

57°C and the viable counts were calculated. The antibiotic concen¬

trations present in the samples were measured by large plate agar

diffusion assay, using a P-lactamase-producing strain of S, aureus

(1555) to measure flucloxacillin and an amoxycillin-sensitive

(flucloxacillin-resistant) strain of E. coli (NGTC 86) for the assay

of amoxycillin.

Activity against experimental infections

Albino mice (Olac strain, 18-22 g) were injected by the

intraperitoneal route with 0.5 ml of a suspension in hog gastric

mucin (1701-W, Wilson Laboratories) of a dilution of an overnight

broth culture (Veal Infusion, Difco) of the test organism

standardised to give an infective inoculum of 10 to 100 Median

Lethal Dose (MLD). The antibiotics were administered immediately

after infection as a single dose, 0.2 ml/20 g, as acacia suspensions

in phosphate-buffered saline for oral administration, or as solutions

in phosphate-buffered saline for injection. Groups of ten mice were

treated at each dose level. The numbers of animals surviving 4 days

afuer infection were recorded and the dose of penicillin required to

produce 50/ protection of infected animals was calculated.
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The activities of the combination of the penicillins were

also determined against an experimental mouse pyelonephritis

produced by intravenous injection of E. coli. Mice (Olac strain

18-22 g) were injected intravenously with 0.2 ml of a suitable

dilution in veal infusion broth (Difco) of an overnight culture of
8

E. coli JT 415> an inoculum of approximately 10 cells/mouse.
The renal virulence of the bacteria was enhanced by intramuscular

administration of iron sorbitol citrate (Jectofer, Astra Chemicals

Lrd.), 30 mg/kg, at 18 hr, 42 hr, 66hr and 90 hr after infection.

Subcutaneous treatment with the penicillins started 20 h after

infection and continued 4 times a day at two-hourly intervals.

Groups of 10 mice were killed at each dose level, 10 to 15 days

after infection. The kidneys were removed aseptically and examined

for macroscopic abscesses, and bacterial counts were made from

homogenates prepared from the kidneys.

BESULTS

Antibacterial activity in vitro

The antibacterial activities of amoxycillin and of

flucloxacillin against a representative range of Gram-negative and

Gram-positive bacteria are illustrated in Table 1. It can be seen

that amoxycillin was active at low concentrations against Gram-positive

cocci, except penicillin-resistant staphylococci which were resistant

as a result of ^-lactamase activity. Gram-negative bacteria

sensitive to amoxycillin included gonococci, Haemophilus influenzae,

E. coli, Proteus mirabilis and Salmonella and Shigella species.
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Table 1

Antibacterial spectrum of amoxycillin
and flucloxacillin

MIC (pg/ml)
Organism

amoxycillin flucloxacillin |
Escherichia coli 5.0 500

Salmonella typhi 1.25 500

Shigella sonnei 5.0 250

Klebsiella aerogenes 250 >500
Enterobacter aerogenes 250 >500

Pseudomonas aerugi.nosa >500 >500

Proteus mirabilis 2.5 250

Proteus morganii 250 250

Haemophilus influenzae 0.25 12.5

Neisseria gonorrhoeae 0.C1 0.1

Bacteroides fragilis 25 250

Staphylococcus aureus 0.1 0.1

Staphylococcus aureus* 250 0.5

Streptococcus pyogenes 0.01 0.1

Streptococcus pneumoniae 0.02 0.25

Streptococcus faecalis 1 .25 25

* j3-lactamase-producxng strain.

Strains of Pseudomonas aeruginosa, Klebsiella aerogenes and

Enterobacter species, indole-positive Proteus species Serratia

marcescens and Bacteroides fragilis were relatively insensitive to

the broad-spectrum penicillin. Flucloxacillin was active against

pyogenic streptococci, pneumococci and staphylococci, including

p-lactamase-preducing strains of S. aureus, but was generally less

active than amoxycillin against penicillin-sensitive cocci. In

general, Gram-negative bacteria were relatively insensitive to
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flucloxacillin with the exception of gonococci which were quite

sensitive to the compound.

The combination of equal parts of amoxycillin +

flucloxacillin usually produced additive effects against amoxycillin-

sensitive bacteria and against |3-lactamase-producing strains of

S. aureus so that the activity observed was that to be expected for

the activities of the individual penicillins. In a number of cases,

however, the combination appeared to be active as amoxycillin

against amoxycillin-sensitive strains of E. coli and Sh. sonnei

and against Str. faecalis although flucloxacillin was relatively

inactive against these organisms.

In contrast, against certain p-lactamase-producing strains

of Gram-negative bacilli, distinct synergistic effects were produced

by amoxycillin + flucloxacillin and results in Table 2 illustrate

examples. It can be seen that a wide range of Gram-negative bacteria

are represented in the table. Flucloxacillin was virtually inactive

against these organisms (MIC 500 pg flucloxacillin/ml or greater) and

amoxycillin MIC values varied from 25 to 500 pg amoxycillin/ml,

i.e. these bacteria were markedly less sensitive to amoxycillin than

are sensitive strains of enterobacteria (MIC values 1.0-5-0 pg ampicillin/

ml). The combination showed a distinct degree of synergism against

the test organisms so that in most cases one-tenth or less of the

inhibitory concentration of amoxycillin combined with one-tenth or

less of the inhibitory concentration of flucloxacillin produced

inhibition of these particular penicillinase-producing bacteria.



Table 2

Examples of synergy between amoxycillin and flucloxacillin
against amoxycillin-resistant strains of Gram-negative bacilli

Organism Strain

MIC (pg/ml)

amoxycillin flucloxacillin
amoxycillin

+

flucloxacillin

Escherichia coli JT 410 250 500 12.5 + 12.5

JT 460 250 >500 25 + 25

JT 497 125 500 12.5 + 12.5

Shigella sonnei 4052 500 >500 50 + 50

4036 500 >500 50 4- 50

4342 250 500 25 + 25

Proteus morganii 718 500 >500 50 + 50

709 250 500 25 + 25

Enterobacter R 140 250 >500 12.5 + 12.5
aerogenes T 627 250 >500 25 + 25

Citrobacter ¥ 98 50 500 6.3 + 6.3
freundii

T 745 25 >500 5-3 + 6.3

Klebsiella T 3 500 >500 125 125
aerogenes T 4 500 >500 125 + 125

66 500 >500 50 + 50

The frequency and extent of synergism demonstrated by

amoxycillin + flucloxacillin against 138 strains of amoxycillin-

resistant bacteria with MIC values of 125->800 pg amoxycillin/ml are
illustrated in Table 3- The most pronounced synergistic effects

were observed with certain amoxycillin-resistant strains of E. coli,

Sh. sonnei, P. morganii and Enterobacter species and with a significant

proportion of these organisms the combination showed a five to ten-fold
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increase in activity compared with amoxycillin. Against K. aerogenes

the extent of synergism was evident with only a limited number of

strains. Similarly, synergism was not demonstrated with strains of

R-factor enterobacteria with transferable amoxycillin resistance and

the combination was inactive against these bacteria. Examples of

this in Table 3 are 10 strains of E. coli with amoxycillin R-factors

which were no more sensitive to amoxycillin + flucloxacillin than to

amoxycillin alone. In this study synergism was demonstrated only

against those amoxycillin-resistant enterobacteria possessing non¬

transferable chromosomally-mediated p-lactamases.

Table 3

Distribution of synergistic effects prodyced by
amoxycillin + flucloxacillin in MIC tests with

138 amoxycillin-resistant strains of Gram-negative bacilli

Organism
Ro. of

Increase in activity of combination*
strains > _L

2 1 2 3 10

Escherichia coli 20 10 3 6 1

Shigella sonnei 9 2 - 5 2

Proteus mirabilis 8 4 4

Proteus morganii 6 2 - 4

Proteus rettgeri 5 1 3 1

Proteus vulgaris 7 5 1 1

Enterobacter species 16 6 4 2 4

Citrobacter freundii 10 2 3 3 2

Klebsiella aerogenes 34 1 6 21 5 1

Pseudomonas aeruginosa 4 4

Bacteroides fragilis 19 5 12 2

Total 138 1 14 72 23 21 7

T . .. 1 / MIC of combinationIncrease in activity = mtc of »w,im, done
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Synergism between amoxycillin and flucloxacillin against

amoxycillin-resistant bacteria was also demonstrated in disc

sensitivity tests using amoxycillin and flucloxacillin filter paper

discs. Thus, the results in Figure 1 illustrate a disc sensitivity

test with a strain of E. coli, and it can be seen that the organism

was resistant to amoxycillin (25 bg) and flucloxacillin (25 bg) discs

but appeared sensitive to a sensitivity disc containing 25 bg

amoxycillin and 25 bg flucloxacillin. Similar results were

obtained with other amoxycillin-resistant strains of E. coli,

Sh. sonnei and P. morganii.

Examination of a number of amoxycillin-resistant bacteria

showed that amoxycillin was destroyed during the course of the

sensitivity tests and that the extent of inactivation was reduced in

the presence of flucloxacillin, confirming that the synergism observed

with these bacteria was associated with inhibition of P-lactamase

activity by flucloxacillin. An example of the protection of

amoxycillin by flucloxacillin is given in Figure 2 which shows the

bactericidal activity against a p-lactamase-producing strain of E. coli

425. Amoxycillin (10 bg/ml) was inactive and the viable count was

similar to that of the control culture. At a higher concentration

(100 bg/ml) amoxycillin was active during the early part of the

experiment but at 24 hr the concentration had fallen to 4 bg/ml and
the viable count had increased to greater than 10 cells/ml. In the

presence of flucloxacillin, however, the bactericidal effects were

markedly increased and a combination of 10 pg amoxycillin/ml +

10 bg flucloxacillin/ml was significantly more active than 10 bg

amoxycillin/ml during the first six hours of the test.
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A higher concentration of flucloxacillin (100 M-g/ml) brought about

almost total protection of amoxycillin (100 pg/ml) and caused a

total bactericidal effect at 24 hours.

Antibacterial activity in vivo

The results in Table 4 compare the activities of amoxycillin,

flucloxacillin and the combination of equal parts of amoxycillin +

flucloxacillin against intraperitoneal mouse infections due to

sensitive strains of staphylococci, streptococci and colifom bacilli.

In these tests flucloxacillin was much less active than amoxycillin

against the Gram-positive cocci and was inactive against the Gram-

negative bacilli. Amoxycillin was effective against all the

infections and amoxycillin + flucloxacillin showed the activity to

be expected from the amoxycillin content of the combination.

Similarly, additive effects were also obtained against an

intraperitoneal infection due to a P-lactamase-producing strain of

S. aureus where amoxycillin was inactive and flucloxacillin showed

good activity, as would be expected from the in vitro sensitivity

of the organism to the compounds. In this case, amoxycillin +

flucloxacillin showed activity corresponding to the flucloxacillin

moiety of the combination(Table 5).

The production of synergistic antibacterial effects in vivo

was investigated in a number of mouse intraperitoneal infections

caused by P-lactamase-producing strains of Gram-negative bacilli

which had been shown to be more sensitive in vitro to amoxycillin +

flucloxacillin than to amoxycillin alone.
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Table 4

Activity of amoxycillin + flucloxacillin against intraperitoneal
mouse infections caused by amoxycillin-sensitive bacteria

PD^O (mg/kg)*
Organism

Route of

dosing amoxycillin flucloxacillin
amoxycillin

+

flucloxacillin

Staphylococcus
aureus Smith

oral
subcutaneous

0.15
0.14

26.2
11.3

0.14 + 0.14
0.13 + 0.13

Streptococcus
pyogenes CN10

oral
subcutaneous

0.16
1.5

21.5
13.2

0.30 + 0.30
1.25 + 1.25

Escherichia
coli 8

oral
subcutaneous

23
72

>500
>500

23 + 23
64 + 64

Escherichia
coli 9

oral
subcutaneous

21

29
>500
>500

19 + 19
25 + 25

Salmonella

typhimurium 10
oral

subcutaneous
6.0
5.6

>500
>500

4-4 + 4.4
6 +6

Proteus
mirabilis 13

oral
subcutaneous

50
50

>500
>500

35 + 35
71 + 71

* Median, protective dose.

Table 5

Activity of amoxycillin/fluc1oxaci11 in against an. intraperitoneal
mouse infection caused by a penicillinase-producing strain of S. aureus 1555

Route
of

dosing

1^0 (mg/kg)

flucloxacillin amoxycillin
amoxycillin

+

flucloxacillin

oral 56
(41 - 77)

>400 81 + 81

(72 - 364)*

subcutaneous 36
(21 - 60)

790
(220- 2850)

21 + 21

(22 - 81)
.

* 95^ confidence limits
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The results in Table 6 show the relative activities of the compounds

and of the combination administered by the oral route and by

subcutaneous injection against two strains of each of E. coli,

Sh, sonnei, P. morganii, Ent. aerogenes and K. aerogenes and one

strain of Ent. cloacae. Flucloxacillin was ineffective by both

routes against all the infections, as was amoxycillin by the oral

route against the E. coli, Sh. sonnei and P. morganii infections.

It can be seen that the combination of amoxycillin + flucloxacillin

was notably more effective by the oral route against all infections

except for the two Ent. aerogenes infections and the infection due

to K. aerogenes 1112. Amoxycillin showed greater efficacy against

these infections when administered by subcutaneous injection but

amoxycillin + flucloxacillin was also significantly more active

(p <0.05) by this route against all the infections caused by these

amoxycillin-resistant Gram-negative bacteria. In contrast to these

findings, the combination was ineffective against infections caused

by two strains of E. coli and two strains of K. aerogenes, all of

which were insensitive to the combination of amoxycillin +

flucloxacillin in vitro. (Results not shown in table).
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Table 6

Synergistic activity of amoxycillin/flucloxacillin against
intraperitoneal mouse infections caused by amoxycillin-resistant bacteria

1

Organism
Eoute of

dosing

PE^O (mg/kg)

amoxycillin flucloxacillin
amoxycillin

+

flucloxacillin

Escherichia
coli JT 415

oral
subcutaneous

>1000
580

>1000 | 410 + 410
>1000 j 70+70

Escherichia
coli JT 417

oral I >1000
subcutaneous j 36O

>1000
>1000

315 + 315
115 + 115

Shigella
sonnei CAM3463

oral | >1000
subcutaneous j 422

>1000
>1000

335 + 335
75 + 75

Shigella
sonnei CAM3606

oral
subcutaneous

>1000

500
>1000
>1000

500 + 500
125 + 125

Proteus

morganii Eu10
oral

subcutaneous
>1000
820

>1000
>1000

158 + 158
90 + 90

Proteus

morganii Eu.718
oral

subcutaneous
>1000

760
>1000
>1000

330 + 330
105 + 105

Ehterobacter
aerogenes USS

oral
subcutaneous

232
1000

>1000
>1000

150 + 150
310 + 310

Enterobacter

| aerogenes TJS11
P

oral
subcutaneous

153
250

>1000
>1000

190 + 190
129 + 129

| Enterobacter| cloacae T754
i

oral
subcutaneous

>1000

1500
>1000
>1000

600 + 600
360 + 360

j Klebsiella

j aerogenes E66
oral

subcutaneous
580
300

>1000
>1000

65 + 65
63 + 63

! Klebsiella

i aerogenes 1112
oral

subcutaneous
500
500

>1000
>1000

750 + 750
210 + 210
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The combination of penicillins also demonstrated synergy

against an amoxycillin-resistant strain of E. coli in a different

infection model, namely an experimental mouse pyelonephritis. Data

in Figure 3 show that in 70% of the mice treated with the individual

4
penicillins the kidney bacterial counts were of the order of 10 to

Q
10 cells per ml of kidney homogenate, whereas in mice treated with

the combination of amoxycillin + flucloxacillin less than 100 cells/ml
were isolated from the renal tissues. The differences in efficacy

were also apparent from the macroscopic appearance of the kidneys.

Thus, 90% of the untreated animals and 70% of the mice treated with

amoxycillin or flucloxacillin had visible abscesses in the cortical

and medullary regions. In contrast abscess formation was markedly

reduced after treatment with amoxycillin + flucloxacillin and

abscesses were observed in only 0 to 10% of these animals.

DISCUSSION

Various reasons can be advanced to show why the use of a

combination of antibiotics may be preferred to single drug therapy,

and among the more important are the need to extend the antibacterial

spectrum for the treatment of serious undiagnosed infections or of

mixed infections,and the production of synergistic effects. From

the results reported here it is evident that a combination of

amoxycillin and flucloxacillin meets both these criteria to a greater

or lesser extent. Thus amoxycillin + flucloxacillin is active against

a broad spectrum of Gram-positive and Gram-negative bacteria,
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including penicillinase-producing strains of staphylococci that

are resistant to amoxycillin on its own. There is no evidence of

antagonism between the two penicillins and the combination displays

at the very least additive effects and, in a number of cases,

synergistic effects. Amoxycillin + flucloxacillin therefore

extends the spectrum of amoxycillin to incorporate penicillin-

resistant staphylococci, but what is less obvious is the significance

of the synergism shown experimentally by the combination.

Gram-negative bacilli produce a wide variety of p-lactamases

(9) and it is not unexpected that flucloxacillin should be inhibitory

against only a limited range of f3-lactamases. The evidence presented

here indicates that flucloxacillin has its greatest effect against

certain chromosomally-mediated p-lactamases which confer a medium

level of resistance to amoxycillin. Thus, amoxycillin + flucloxacillin

produces synergistic effects most frequently against strains of E, coli,

Sh, sonnei, P. morganii and Enterobacter species with MIC values of

125-500 bg rmoxycillin/ml and the combination may be from five to ten

times more active than amoxycillin against these organisms. This

group of organisms is generally resistant to cephalosporins and is

relatively sensitive to carbenicillin as well as to amoxycillin +

flucloxacillin. On the other hand, strains of Enterobacteriaceae

with f3-lactamases mediated by R-factors show a high level of

resistance to amoxycillin (MIC >1000 pg/ml) and the combination is

rarely active at concentrations less than 500 bg/ml or greater,

R-factor strains now constitute a high proportion of amoxycillin-

resistant strains of Enterobacteriaceae and amoxycillin + flucloxacillin

woiild not be expected to be effective against these bacteria.
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The good correlation between the in vitro sensitivity of

amoxycillin-resistant bacteria to amoxycillin + flucloxacillin and

the results of treatment of experimental mouse infections is of

considerable interest as it appears to show that bacteria with an

increased sensitive ty to amoxycillin + flucloxacillin in vitro also

display an increased response to the combination in vivo. Conversely,

bacteria that are resistant to the combination in vitro may be

expected to be resistant in vivo. The good response of experimental

mouse infections to amoxycillin + flucloxacillin may encourage belief

that the combination could produce satisfactory results in the

treatment of suitable clinical infections. . Clinical studies on the

treatment of infections due to resistant bacteria with combinations

of penicillins have produced mixed results. In some cases, combined

treatment was considered to have produced a synergistic effect and to

be advantageous but in others no enhancement of activity was observed

(6, 8, 10, 12, 1j). However, it is not always clear that the

ampicillin-resistant bacteria causing the infections were in fact

sensitive to the penicillin combination under trial, a necessary

requirement for successful outcome of treatment.

Overall, it is evident that amoxycillin + flucloxacillin

demonstrates synergistic effects against a broad spectrum of

amoxycillin-resistant bacteria but that with only a limited number

of bacteria could the degree of synergism be expected to be sufficient

to produce satisfactory therapeutic results. On the other hand,

the evidence of these in vitro and in vivo studies suggests that

infections due to amoxycillin-resistant bacteria that are sensitive



to amoxycillin + flucloxacillin in vitro may well respond satis¬

factorily to appropriate therapy with the combination. The data

indicate that the clinical trial of amoxycillin + flucloxacillin

in the treatment of suitable infections would be justified, including

urinary tract infections due to appropriate p-lactamase-producing

Gram-negative bacilli, where high concentrations of the agents can

be achieved in the urine and where synergy would be most likely to

occur.
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Figure 1. Synergy between amoxycillin and flucloxacillin in

an antibiotic-sensitivity disc test against an

amoxycillin-resistant strain of Escherichia coli.

A, amoxycillin 25 ng; F, flucloxacillin 25 ;g;

AF, amoxycillin 25 ng + flucloxacillin 25 \ig.
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Spiramycin was less active than erythromycin in vitro against sensitive strains of
Staphylococcus aureus, but was as effective against staphylococcal infections in mice
when the drugs were administered immediately after infection: spiramycin was

relatively more effective in prophylactic experiments when the antibiotics were
administered at 4 or at b hr before infection. Strains of staphylococci which had
been habituated to either spiramycin or erythromycin in vitro showed complete
cross-resistance to both antibiotics in vitro, but the majority of a number of
erythromycin-resistant strains isolated from patients were sensitive to spiramycin
in vitro. Spiramycin was effective against a number of such strains in vivo, but
erythromycin had little effect against these infections. Investigation into the distribu¬
tion of the antibiotics in the serum and tissues of mice showed that spiramycin
was maintained in tissues (lung, liver, kidney, spleen and heart) at higher concentra¬
tions rnd for a longer period than erythromycin, although erythromycin was initially
present in serum in higher concentrations. It is suggested that the efficacy of
spiramycin against experimental infections is due to its persistence in the animal body.

Soon after the isolation of spiramycin (Rovamycin) in 1954 (Pinnert-Sindico, Ninet,
Preud'Homme & Cosar), two years after the discovery of erythromycin (McGuire,
Bunch, Anderson, Boaz, Flynn, Powell & Smith, 1952), it became apparent that,
although the physical, chemical and biological properties of these two antibiotics
were close'y related, erythromycin was more active than spiramycin in vitro.
Chabbert (1955) demonstrated that the antibacterial spectrum of spiramycin

corresponded closely with that of erythromycin, but that the latter was more
effective in vitro against susceptible organisms. These findings were confirmed by
Garrod & Waterworth (1956) and by Garrod (1957), who made extensive studies
in vitro of the relative antibacterial activities of the erythromycin group of antibiotics.
Jones & Finland (1957) found that spiramycin was less effective than erythromycin
in tests in which the antibacterial activity of sera was measured in vitro after admini¬
stration of these antibiotics to healthy human volunteers. As it had also been
established that some degree of cross-resistance existed between the two substances,
it is not surprising that it was concluded that spiramycin was far less effective than
erythromycin (Garrod, 1957; Editorial, 1957).
On the other hand, Cosar (1956) reported that spiramycin was as effective as

erythromycin against a number of experimental infections. Chabbcrt, Boyer, Saviard,
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Boulingre & Herve (1957) concluded that spiramycin was more effective in the
treatment of experimental staphylococcal infections and, more recently, Benazet &
Dubost (1959) reported that spiramycin was more active than erythromycin against
streptococci and staphylococci in mice.
The dissimilarity of the two antibiotics was further emphasized by the diversity

of results of various studies concerning the nature and extent of the cross-resistance
existing between the two antibiotics. Although habituation zrc vitro to either of the
antibiotics produced strains of bacteria complerely resistant to the other antibiotic,
the degree of cross-resistance reported from clinical studies was very variable. For
example, while Garrod (1957) reported complete cross-resistance in one-third of the
erythromycin-resistant strains examined in his study, Finland (1956) found very little
cross-resistance between the two drugs, and Lowbury & Hurst (1959) noted only a

slight reduction in sensitivity to spiramycin in about one-quarter of the erythro¬
mycin-resistant staphylococci used by them.
The results reported in fhis paper were derived from experiments designed to

compare the relative antibacterial activities of spiramycin and erythromycin in vitro
and in vivo and, if possible, to provide some explanation for the diverse results
reported by various workers.

METHODS

In vitro

Bacteriostatic activity. Spiramycin and erythromycin were dissolved in aqueous methanol
and serially diluted by 2-fold steps in ox-heart digest broth. Each tube was inoculated with
0.1 ml. of a 6-hr-old broth culture of Staphylococcus aureus and incubated at 37° C for
24 hr, when the minimal inhibitory concentrations (M.I.C.) were determined as the lowest
concentrations of antibiotic which prevented growth visible to the naked eye.

The °ffect of serum on the antibacterial activity of the antibiotics was determined by
adding horse serum to a final concentration of 10% or 20% to digest broth and by reading
the M.I.C. as before. Similarly the effect of inoculum size was determined by inoculating
series of antibiotic-broth solutions with varying dilutions of the infecting organism.
Bactericidal activity. Bactericidal tests were carried out by subculturing from tubes showing

no growth in the bacteriostatic tests on to nutrient agar containing no antibiotic. After
overnight incubation, the absence or presence of growth was noted.
The effect of the antibiotics on ihe viable counts of cultures was measured as follows.

Three concentrations of spiramycin and erythromycin (equivalent to M.I.C.X4; M.I.C.xl;
and M.I.C. x 0.25) were prepared in 45 ml. digest broth. For spiramycin these concentrations
were 12.5, 3.125, and 0.8 pg/ml., and for erythromycin 1.25, 0.32, and 0.08 fig/ml., respectively.
Each bottle of broth, and one containing no antibiotic, were inoculated with 5 ml. of a
24-hr-old broth culture of Staphylococcus aureus (Oxford) standardized to contain 10'
organisms/ml. At intervals of 1, 2, 4, 7 and 24 hr after inoculation 1 ml. aliquots were
diluted in 1 /4 strength Ringer solution prepared from tablets supplied by Oxoid giving final
salt concentrations in g/1. of NaCl 2.25, KC1 0.105, CaCk 0.12, NaHCCk 0.05. Viable counts
were made by a drop-plate method, modified from Miles, Mista & Irwin (1938) and readings
were made after incubation at 37° C for dg hr.

Habituation. Serial dilutions of spiramycin and erythromycin were made in digest broth,
and the tubes were inoculated with 0.1 ml. of 18-hr broth cultures of Staph, aureus. After
incubation at 37° C for 24 hr, subcultures were made, from the tubes containing the highest
concentration of antibiotic in which there was obvious growth, into a fresh series of anti¬
biotic-broth solutions. Transfers were made daily until resistance developed to the antibiotics.
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Coagulate tests. Tubes containing 1 ml. volumes of fresh rabbit plasma, diluted 1/10 with
saline, were inoculated with 0.1 ml. of 18-hr broth cultures of Staph, aureus, and incubated
at 37° C in a water bath. Results were read after 0.5, 1, 3, 6 and 24 hr.

, .... In vivo
Activity in mice

Therapeutic activity. Albino mice were infected intravenously with 0.2 ml. of 18-hr broth
cultures of Staph, aureus, and dosed orally with 0.5 ml. of suspensions of the antibiotics,
i, 6, 24, 48 and 72 hr after infection. Deaths were noted daily for 10 days, when surviving
mice were killed and examined macroscopically for the presence of abscesses on kidneys ;
all kidneys were cultured for staphylococci.
Prophylactic activity. Groups of mice were given orally a single dose of 0.5 mg/g of

the antibiotics at 6, 4 or 2 hr or immediately before intravenous infection with, in the first
experiment, 0.1 ml. of an 18-hr broth culture, and in the second experiment 0.5 ml. of a 10_I
dilution of an 18-hr broth culture of Staph, aureus (CN 491). Deaths were recorded daily
for 7 days.

Antibiotic levels in tissues of mice
The methods adopted for the extraction and assay of the tissue antibiotic concentrations

were similar to those used by Benazet & Dubost (1959) in their studies on the erythromycin
group of antibiotics, except that the French workers used aqueous methanol in their extraction
procedures, and preferred a filter-paper technique for the assay of antibiotic concentrations.
Mice were given a single oral dose of 0.5 mg/g of spiramycin or erythromycin, and groups

of 10 were killed 2, 6, 24 and 48 hr after injection. Heart blood was collected from the
groups of mice killed at 2 hr and 6 hr, and the pooled sera were assayed for antibiotic
concentrations. The heart, liver, lungs, kidney and spleen were removed aseptically from
the animals killed 6, 24 and 48 hr after dosing, and pools of each of these organs were

weighed. Each of the organ pools was triturated with sterile sand (1 g/2 g tissue) and
phosphate buffer, pH 8.0 (25 ml. for the pooled organs of each group, but 100 ml. for
pooled livers), centrifuged, and the supernatant fluids assayed for antibiotic content.
The sera and extracts were assayed for spiramycin and erythromycin as described for

erythromycin by Grove & Randall (1955), Sarcina lutea (N.C.T.C. 8340) being used as the
assay organism. The extracts were added to antibiotic cylinders on Pen-assay agar (Difco),
pH 8.0, pre-seeded with Sarcina lutea. Zone diameters were measured after incubation at
30° C for 2.4 hr, when the tissue antibiotic concentrations were calculated from standard
curves.

RESULTS

Activity in vitro
The inhibitory concentrations of spiramycin and erythromycin to 45 strains of

antibiotic-sensitive staphylococci are shown in Table 1. Erythromycin was more
active than spiramycin, the growth of all 45 strains being inhibited by 1.0 pg/ml. or
less of erythromycin, whereas only 7 of these strains were affected by similar
concentrations of spiramycin. The average inhibitory concentrations of spiramycin

Table 1

BACTERIOSTATIC ACTIVITY OF SPIRAMYCIN AND ERYTHROMYCIN AGAINST
45 SENSITIVE STRAINS OF STAPH. AUREUS

No. of strains inhibited.
No. of Minimal inhibitory concentrations (pg/ml.)
strains • .

Antibiotic tested 0-03 0-06 0-13 0-25 0-5 10 2-0 4-0 8-0 16-0

Spiramycin 45 0 0 0 0 2 5 17 16 4 1
Erythromycin 45 4 9 14 11 5 2 0 0 0 0
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in this seiies were 2.0 to 4.0 ng/ml. of antibiotic, about 20-fold greater than those
of erythromycin (average 0.1 to 0.2 jug/ml.).
In a series of experiments with antibiotic-resistant staphylococci (naturally resistant

and derived from patients), the inhibitory concentrations of spiramycin against 18
out of 20 coagulase-posilive, erythromycin-resistant strains were very similar to
those found necessary to inhibit sensitive organisms (Table 2). The remaining
two strains were inhibited by 25 /ig/ml. and 32 /xg/ml. of spiramycin.

Table 2

BACTERIOSTATIC ACTIVITY OF SPIRAMYCIN AND ERYTHROMYCIN AGAINST 20
ANTIBIOTIC-RESISTANT STRAINS OF STAPH. AUREUS DERIVED FROM PATIENTS
The sensitivity of the staphylococci to antibiotics other than spiramycin or erythromycin was

determined by a filter paper disc-agar diffusion technique
(R—resistant: S= sensitive)

M.I.C. (/ig/ml.) Antibiotic sensitivity

Strain Spira¬ Erythro¬ Peni¬ Strepto¬ Tetra¬ Chloram¬
no. mycin mycin cillin mycin cyclines phenicol

1 4-0 250 R R R S
2 8-0 250 R R R S
3 32-0 125 R R R S
4 8-0 125 R R R S
5 4-0 125 R R R S
6 8-0 63 R R R s
7 4-0 63 R R R s
8 4-0 8 0 R R R s
9 4-0 63 R R R s
10 2-0 125 R R R s
11 2-0 63 R R R s
12 <1-0 4-0 R R R s
13 3-2 3-2 R R R s
14 - 12-5 12-5 R S R s
15 12-5 6-3 R S S s
16 25-0 25-0 R S R s
17 2-0 16-0
18 8-0 125 R R R s
19 <1-0 1-0 R R R mod. S
20 2-0 125 — — — —

21 2-0 0-1 S S S s

Horse serum added to digest broth at concentrations of 10% and 20% had little
or no effect on the activity of spiramycin and erythromycin, there being a 2- or 4-
fold change in the M.I.C. at the most. Likewise, altering the inoculum size had
little effect on the inhibitory concentration of either antibiotic, there being only a
4-fold difference between series of tubes inoculated with an 18-hr-old culture and
those inoculated with a 10 6 dilution of the same culture.

The bactericidal effects of both antibiotics were also closely related (Fig, 1), so
that equivalent multiples of the M.I.C. of each antibiotic produced similar changes
in the viable counts of the Oxford strain of Staph, aureus. For example, 3.2 jug/ml.
of spiramycin, equivalent to the M.I.C., prevented multiplication of the original
inoculum of 10"3 organisms/mi. over a period of 24 hr, while 0.32 pg/ml. of
erythromycin, also equivalent to the M.I.C., produced a similar effect. Likewise
concentrations of M.I.C. x 4 of the antibiotics produced comparable falls in the
numbers of organisms (Fig. 1).
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Fig. L The bactericidal effects of equivalent inhibitory concentrations of spiramycin (O O)
and erythromycin (# ») against Staph, aureus (Oxford) in vitro. The line X X
denotes the growth over 24 hr of the control culture of Staph, aureus, (a) Minimal inhibitory
concentrations (M.I.C.): spiramycin 3.2 jig/ml.; erythromycin 0.32 pg/ml. (h) M.T.C.x4:
spiramycin 12.5 pg/ml.; erythromycin 1.25 ;ig/ml. (c) M.I.C. x0.25: spiramycin 0.8 pg/ml.;
erythromycin 0.08 pg/ml. Ordinates: Log viable count (organisms/ml.). Abscissae: time
in hr.
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Similarly, subcultures taken at 24 hr front the bacteriostatic tests showed both
antibiotics to be bactericidal at concentrations within one or two tubes of the
bacteriostatic inhibitory concentrations.
Two sensitive strains of Staph, aureus, cultured in subinhibitory concentrations

of either spiramycin or erythromycin, soon developed resistance to the antibiotics
in which they were cultured, and highly resistant strains were obtained after 15
transfers in increasing concentrations of the antibiotics. These strains (made
resistant in the laboratory) showed complete cross-resistance to both antibiotics,
and it was noted that some of the characteristics of the resistant variants differed
from those of the parent (sensitive) strains. In general (Table 3) these strains did
not ferment mannitol, the coagulase reaction was less marked, and their patho¬
genicity to mice was reduced.

Table 3

CHARACTERISTICS OF STRAINS OF STAPH. AUREUS HABITUATED IN VITRO TO
EITHER SPIRAMYCIN OR ERYTHROMYCIN

Mannitol fermentation was determined on mannitol salt agar (Oxoid) and pathogenicity to mice
was estimated by a comparison of the effect of graded dilutions of cultures of the respective strains

injected intravenously

Strain
Habituated

to

M.I.C. Org/ml.)

Spira- Erythro¬
mycin mycin

Coagu¬
lase

Mannitol
fermen¬
tation

Patho¬
genicity
to mice

CN 491
CN 491 SR
CN 491 ER

Spiramycin
Erythromycin

2-0
>50
>50

0-1
>50
>50

++ +
+
+

+ + + +
+

133
133 SR
133 ER

Spiramycin
Erythromycin

2-0
>50
50

0-1
>50
>50

+ +
+
+

+ + ++

+

Oxford Spiramycin >100 >100 Not tested

Activity in mice
In there experiments, the intravenous infection of untreated mice normally caused

the death of most of the animals within 2 to 5 days ; after 2 days, abscesses visible
to the naked eye could be observed in the kidneys of most of the infected mice, and
staphylococci could be cultured from the kidneys of surviving mice in nearly all
cases.

Therapeutic activity. Spiramycin was as active as erythromycin in in vivo experi¬
ments against a mouse-virulent laboratory strain, Staph, aureus (133), although
erythromycin was considerably more active in vitro against this organism (Table 4).
Post-mortem examination of surviving mice, 10 days after infection, showed that
there was a lower incidence of kidney infection in the groups of mice treated with
spiramycin, as judged by the presence of macroscopic abscesses and by the numbers
of healthy-looking kidneys from which staphylococci were cultured.
Spiramycin was also highly effective against mouse infections caused by recently

isolated strains of erythromycin-resistant staphylococci from patients (Table 5). In
contrast, erythromycin was inactive, or relatively so, against these experimental
infections.
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Table 4

COMPARATIVE ACTIVITIES OF SPIRAMYCIN AND ERYTHROMYCIN AGAINST AN
INTRAVENOUS STAPHYLOCOCCAL INFECTION IN MICE

Organism: Staoh. aureus 133. The drugs were administered orally 0-5, 6, 24, 48 and 72 hr after
infection. Numbers in parentheses are fiducial limits of error. P—0-05

M.I.C. Single oral dose No. surviving ED50
Antibiotic (ag/m!.) (mg/g) after 10 days mg/g

Spiramycin 2-0 0-5 10/10
0-25 10/10
0-13 8/10 0-075
0-06 4/10 (0-05-0-11)

Erythromycin 0-1 0-5 10/10
0-25 8/10 0-11
0-13 6/10 (0-07-0-17)
0-06 3/10

Untreated — — 0/10 —

Table 5

COMPARATIVE ACTIVITIES OF SPIRAMYCIN AND ERYTHROMYCIN AGAINST
EXPERIMENTAL INFECTIONS CAUSED BY RECENTLY ISOLATED ERYTHROMYCIN-

RESISTANT STRAINS OF STAPH. AUREUS
The drugs were administered orally 0-5, 6, 24, 48 and 72 hr after infection

M.I.C. fog/ml.) Single No.
oral surviving

Spira¬ Erythro¬ dose after
Strain mycin mycin Treatment (mg/g) 10 days
MB 1 4-0 250 Untreated

Spiramycin
Erythromycin

0-5
0-5

1/10
10/10
2/10

MB 2 8-0 250 Untreated
Spiramycin
Erythromycin

0-5
0-5

0/10
10/10
1/10

MB 7 4-0 630 Untreated
Spiramycin
Erythromycin

0-5
0-5

1/10
8'10
4/10

MB 9 4-0 63-0 Untreated
Spiramycin
Erythromycin

0-5
0-5

0/10
9/10
2/10

MB 11 2-0 63-0 Untreated
Spiramycin
Erythromycin

0-5
0-5

1/10
10/10
4/10

MB 12 <1-0 4-0 Untreated
Spiramycin
Erythromycin

0-5
0-5

1/10
10/10
4/10

On the other hand, neither antibiotic was active in vivo against a strain of Staph,
aureus (133 ER), which had been habituated to erythromycin in vitro, although both
were effective in vivo against a strain (CN 491 SR) which had been habituated to
spiramycin (Table 6). These strains were completely resistant in vitro to both
antibiotics.

Prophylactic activity. Spiramycin was more effective than erythromycin when the
antibiotics were administered to mice at intervals before infection with Staph, aureiu
(CN 491). The results of two experiments are given in Table 7. Thus, in the first
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Table 6

EFFECT OF SPIRAMYCIN AND ERYTHROMYCIN IN VIVO AGAINST STRAINS
STAPH. AUREUS HABITUATED IN VITRO TO THESE ANTIBIOTICS
The compounds were administered orally 0-5, 6, 24, 48 and 72 hr after infection

OF

Strain

133 ER

Habituated
to

Erythromycin

CN 491 SR Spiramycin

No.
surviving

M.I.C. Dose after
Antibiotic (fg/ml.) (mg/g) 10 days

Spiramycin 50 0-5 3/8
0-25 2/8
013 1/8

Erythromycin >50 0-5 3/8
0-25 2/8
0-13 0/8

— — Untreated 0/15
Spiramycin >50 0-5 8/8

0-25 6/8
013 2/8

Erythromycin >50 0-5 8/8
0-25 7/8
013 4/8

— — Untreated 0/6

Table 7

PROPHYLACTIC EFFECT OF ONE ORAL DOSE OF SPIRAMYCIN AND ERYTHRO¬
MYCIN ADMINISTERED TO MICE 0, 2, 4 OR 6 HR BEFORE INTRAVENOUS INFECTION

WITH STAPH. AUREUS CN 491

Experiment 1: infecting dose, 0-1 ml. of 18-hr culture. Experiment 2: infecting dose, 0-5 ml. of
1/10 dilution of 18-hr culture

Treatment

Untreated

Spiramycin

Erythromycin

Dose

Time of
admin¬
istration
before
infection

No. surviving
after 7 days

Mean survival
time (days)

(mg/g) (hr) Expt. 1 Expt. 2 Expt. 1 Expt.
— — 1/5 0/10 2-8 2-5

0-5 0 4/5 .0/10 6-8 7-0
2 4/5 3/10 6-8 6-0
4 4/5 8/10 6-6 6-8
6 3/5 6/10 6-0 6-1

0-5 0 3/5 3/10 5-8 5-5
2 3/5 2/10 5-8 5-4
4 0/5 2/10 3-0 4-9
6 0/5 0/10 2-0 2-9

experiment, erythromycin afforded some protection to animals treated 2 hr before,
and immediately before, infection, but none of the mice dosed with this drug 4 hr
and 6 hr beforehand survived the duration of the experiment. Spiramycin, on the
other hand, was effective at all foui intervals of time.
In the second experiment the protection afforded by spiramycin was repeated

except for the group of animals dosed 2 hr before infection, where 5 mice died
suddenly on day 6. The pattern of survival in the case of erythromycin-dosed
animals was similar to that of the first experiment, except for some slight extension
of protection to the group treated 4 hr before infection.
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Antibiotic concentrations in the organs of uninfected mice
The results of these experiments are summarized in Table 8.
Both antibiotics were present in high concentrations in the serum within 2 hr

after administration (15.0 /.tg/ml. of erythromycin, 9.4 /ag/ml. of spiramycin), but
.the antibiotic concentrations in the serum fell to fairly low values (3.5 /j.g/ml. of
erythromycin, 1.8 /rg/ml. of spiramycin) 6 hr after administration. The concen¬
trations of erythromycin in the serum were almost twice those of spiramycin at
both periods.

Table 8

TISSUE CONCENTRATIONS OF SPIRAMYCIN AND ERYTHROMYCIN AFTER ONE
ORAL DOSE OF 0.5 MG/'G TO MICE

Time
after
admin- Serum Tissue concentration Gg/g)
istration concn. —— — — ■

Expt. Antibiotic (hr) (pg/mi.) Heart Kidney Liver Lung Spleen

1

Spiramycin 2
6

24
48

9-4
1-8 34

9-0
0 (< 5 *0)

95
16-0
8-0

110
7-0
2-5

82
180
Trace
«3-0)

111
180
Trace
«2-0)

Erythromycin 2
6
24
48

150
3-5 16

<1-5
59
6-0

120
<0-5

46
1-0

51
5-0

7
Spiramycin 24 - — 10 16 7-0 17 18

X.

Erythromycin 24 — <2-0 <1-0 <1-0 <2-0 <20

Six hours after administration of the antibiotics, high concentrations of spiramycin
and erythromycin were present in the organs. In general, erythromycin produced
lower concentrations than spiramycin except in the liver. After 24 hr, however,
while substantial amounts of spiramycin (about 1/5 to 1 /10 of the 6-hr values) were
still present in all the tissues, low concentrations only of erythromycin could be
detected in some organs. Spiramycin could still be detected in the organs, except
the heart, 48 hr after administration. In a further experiment to confirm these
results, spiramycin and erythromycin were administered at the same time and the
24-hr tissue extracts were assayed. The concentrations of spiramycin found in the
tissues in this experiment were very similar to those found previously, but erythro¬
mycin could not be detected in any of the extracts.

DISCUSSION

Spiramycin is 1/10 to 1/20 as active in vitro as erythromycin against antibiotic-
sensitive strains of staphylococci. This fact has already been demonstrated in Great
Britain (Garrod & Waterworth, 1956), in France (Chabbert, 1955) and in the
United States (Jones & Finland, 1957). Likewise, although the results of the
bactericidal experiments indicate that the mode of action on one antibiotic is very
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similar to that of the other, the equivalent bactericidal concentrations of each differ
to about tue same extent as do the bacteriostatic concentrations.

Spiramycin, however, is undoubtedly much more active against experimental
infections than might be expected from the activity of the compound in vitro.
Garrod (1957) suggested that the ratio of the in vitro activity of spiramycin to
that of erythromycin would be reflected in the body, but this is not so. In this
series of experiments spiramycin was as effective in vivo as erythromycin against the
laboratory ..train of Staph, aureus (133), in spite of the fact that the latter antibiotic
wr.s 20 times as active in vitro against this strain. Spiramycin, too, was active against
naturally occurring antibiotic-resistant staphylococci in vivo, whereas erythromycin
had little or no effect against these infections. Finally, the extent and duration of
prophylactic activity of spiramycin was greater than that of erythromycin. Our
experiments have been limited to a study of staphylococcal infections, but others,
Benazet & Dubost (1959), Cosar (1956) and Freeman (personal communication), have
demonstrated similar anomalous results against other micro-organisms, such as

streptococci or pneumococci.
An explanation for this phenomenon would be apparent if spiramycin were

metabolized in vivo to a highly active form, but extensive studies in France have
produced no evidence of the existence of such a metabolite (Benazet, personal com¬
munication). An alternative hypothesis put forward by Chabbert et al. (1957) is
that spiramycin is active in vivo because it is retained in the body in high concentra¬
tions for a considerable period. To confirm this, these workers carried out an
elegant series of experiments, which demonstrated that the activity of spiramycin
in mouse infections was related to the tissue concentrations of the antibiotic. More

recently, Benazet & Dubost (1959) reported similar findings in an independent study.
The experiments reported here confirm that spiramycin is retained in the body

of the mouse longer, and in higher concentrations, than is the case with erythromycin,
and it seems reasonable to suggest that the pronounced in vivo activity of spiramycin
against mouse infections may be due to this factor. The same explanation would
account for the superiority of spiramycin over erythromycin in prophylactic experi¬
ments. Recently, too, Maniar, Eidus & Greenberg (1960) have reported that, after
subcutaneous administration of a single dose of antibiotic to mice, spiramycin was

present in various organs at higher concentrations than erythromycin over a period
of 24 hr; after prolonged treatment spiramycin accumulated in the tissues whereas
erythromycin did not. These workers also demonstrated that spiramycin was more
effective against a pneumococcal infection in mice, although erythromycin was
4 times more active in vitro, and concluded, accordingly, that the in vivo activity
of spiramycin was related to its affinity for animal tissues (Greenberg, Maniar &
Eidus, 1960).
It is important to note that in these experiments the serum concentrations of

erythromycin were almost twice as great as those of spiramycin after administration
of equivalent doses of the antibiotics. If, then, therapeutic activity were related
d:redly to antibiotic serum concentrations, as is the rationale of the in vivo-in vitro
type of experiment used by Jones & Finland (1957) in the evaluation of these two
antibiotics, and which is favoured by many workers for the comparison of related



ANTIBACTERIAL ACTIVITY OF SPIRAMYCIN 109

antibiotics, erythromycin might be expected to be more active in vivo than spira¬
mycin—but this is not so. This work therefore appears to support the doubts which
have been expressed recently (Editorials, 1961a, 1961b) as to the validity of die
assessment of antibiotics by measurement of the antibacterial activity of sera.
The nature of the cross-resistance which exists between these two antibiotics is

more obscure, and it is possible that at least two mechanisms are involved. Garrod
(19j7) and Jones, Nichols & Finland (1956) have demonstrated that strains habituated
in vitro show complete cross-resistance to each other, but that cross-resistance
between strains isolated from clinical infections is variable. For example, Lowbury
& Hurst (1959) have shown that, of 305 strains of staphylococci fully resistant to
erythromycin, none was resistant to spiramycin in vitro.
Our experiments with a limited number (20) of typical antibiotic-resistant strains

of staphylococci derived from clinical sources show that not only is spiramycin
active against most naturally occurring erythromycin-resistant strains in vitro, but
also that it is very effective in vivo against these organisms. The therapeutic activity
of spiramycin against these staphylococci is of considerable practical importance
in view of the increasing numbers of infections caused by antibiotic-resistant
staphylococci.
A possible explanation for the divergent results reported from various laboratories

might be that strains habituated in the laboratory to spiramycin and erythromycin
bear as little relationship to recently isolated resistant staphylococci as penicillin-
resistant strains produced in the laboratory bear to resistant penicillinase-producing
staphylococci. This conclusion might appear to be borne out not only by the
fact that the biochemical characteristics of the habituated strains differed from those
of the parent strain but also from the unexpected results derived from experimental
infections caused by these organisms.
It may be concluded that spiramycin is an active antistaphylococcal antibiotic,

effective against many erythromycin-resistant strains of staphylococci. For the
purpose of antibiotic-sensitivity tests, and for use in clinical practice, spiramycin,
because of its effectiveness against antibiotic-resistant organisms, and by virtue of
its high and prolonged tissue concentrations, should be considered as an antibiotic
in its own right, rather than as a member of the erythromycin group of antibiotics.
It is also suggested that the evaluation of the therapeutic activity of antibiotics from
data based largely on in vitro studies—the method in common use to-day—may be
misleading. Discrepancies between in vivo and in vitro results in the evaluation of
antibiotics should be explored. Light may be shed on these by estimates of tissue
concentrations of an antibiotic as well as serum concentrations. Moreover, the
assessment of cross-resistance solely by the use of organisms habituated to anti¬
biotics in vitro may also be misleading ; results should be checked by the use of
naturally occurring resistant strains, if any are available.

I acknowledge gratefully the skilled assistance of my technicians, Miss A. Davenport, Mrs
I. Pugh and Mr J. Sharp ; the help of Dr J. P. F. Whelan ; and the advice and encouragement
offered by Dr J. A. McFadzean and Dr R. Wien. I am indebted to Dr Mary Barber, Dr E. L.
Lowbury, Dr R. W. Riddell, Dr R. E. O. Williams and Mr E. G. Millwood for kindly
supplying the staphylococcal cultures.
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Amoxycillin was significantly more active than ampicillin in the treatment of
intraperitoneal mouse infections when administered by oral and parenteral
routes, although the causal bacteria were equally susceptible in vitro to the two
penicillins. Amoxycillin produced higher antibiotic blood concentrations in mice
than ampicillin after oral administration, and this was a possible explanation for
the superior oral activity of amoxycillin. In contrast, antibiotic blood concentra¬
tions were the same for both compounds after subcutaneous injection, but it was
demonstrated that amoxycillin was more effective than ampicillin by this route
in reducing bacterial counts in the peritoneal cavity and in the blood of mice
infected with Escherichia coli. Amoxycillin was also significantly more active
than ampicillin in the treatment of infection by intraperitoneal dosing as a result
of greater bactericidal activity in infected mice together with the production of
higher antibiotic blood levels. The results of these studies on the effects of par¬
ental treatment of experimental infections with the two penicillins show that the
superior chemotherapeutic activity of amoxycillin was associated with the greater
bactericidal activity of amoxycillin in vivo and with differences in the distribution
of the two penicillins in the infected animal.

Although amoxycillin is similar to ampicillin
with respect to antibacterial spectrum and
general level of antibacterial activity in vitro (4,
5), initial chemotherapeutic studies showed
that the compound was more active than am¬
picillin against a variety of mouse infections by
oral and parenteral routes (1). The superior
activity of amoxycillin by the oral route might
be explained largely by the better oral absorp
tion characteristics of amoxycillin compared
with ampicillin, resulting in higher serum con¬
centrations of amoxycillin, but this would not
be the explanation for the results obtained by
subcutaneous injection where the blood levels
produced by amoxycillin were no different from
those Of ampicillin (1). Further investigations of
the activity of amoxycillin after parenteral
treatment of an experimental mouse thigh le¬
sion infection showed that amoxycillin pro¬
duced greater bactericidal effects than ampicil¬
lin in vivo and suggested that this was the
explanation for the superior chemotherapeutic
activity of amoxycillin (2).
The data reported here were derived from

studies designed to investigate differences be-
tcveen amoxycillin and ampicillin in the treat¬
ment of experimental intraperitoneal mouse in¬
fections and involved measurement ofantibiotic

levels and bacterial counts in the blood and peri¬
toneal cavity of infected mice and correlation of
these parameters with effectiveness of treat¬
ment.

MATERIALS AND METHODS

Antibiotics. The penicillins were used as commer¬
cial preparations of amoxycillin trihydrate (850 pg/
mg; Amoxil, Bencard) and ampicillin trihydrate (855
Mg/mg; Penbritin, Beecham Research Laboratories)
except in parenteral treatment studies, where the
sodium salts were used.
Mice. Male or female albino mice, 18 to 22 g. CSl

strain (Charles River, U.K. Ltd.) or OLAC strain
(Oxford Laboratory Animal Colony), were used
throughout.
MICs. Twofold serial dilutions of amoxycillin and

ampicillin were prepared in 5-ml volumes of nutrient
broth (Oxoid no. 2). Each tube was inoculated with a

drop (0.03 ml) of an overnight broth culture of the test
organism, and the minimal inhibitory concentrations
(MICs) were determined after 18 h of incubation at
37 C.
Bactericidal activity in vitro. The bactericidal

activities of amoxycillin and ampicillin in vitro were
compared in (i) veal infusion broth (Difco), (ii) mouse
peritoneal washings prepared by intraperitoneal injec¬
tion of 5.0 ml of saline (see below), and (iii) mouse

peritoneal washings prepared by intraperitoneal injec-
179
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tion of 0.5 ml of 31 hog gastric mucin (1701-\V,
Wilson Laboratories. Chicago), followed after a short
interval with 4.5 ml of saline.
The antibiotics were incorporated in 20-ml volumes

of the test media at a final concentration of '20 Mg/ml,
and each flask was inoculated with 2.0 ml of a 1:1000
dilution in 0.21 yea. t extract (Difco) of an overnight
broth culture of Escherichia coli 8. The flasks were

incubated at 37 C, t.O-ml aliquots were removed at
intervals, and 0.1-ml volumes of suitable dilutions in
0.27 yeast extract were plated in duplicate on nutri¬
ent agar (Oxoid) plates. Colonies were counted afte-
18 h of incubation at 37 C and the number of viable
bacteria in the samples was estimated.
Mouse protection tests. Mice were injected by the

intraperitoneal route with 0.5 ml of a suspension in
hog gastric mucin of a dilution of an overnight broth
culture of the test organism standardized to give an
infective inoculum of 100 to 1,000 median lethal
doses. Strains of E. coli 8, Salmonella typhimurium
10. Staphylococcus aureus Smith, and Streptococcus
pyogenes CN10 were suspended in 3% mucin, Kleb¬
siella aerogenes 18 in 1% mucin, and Proteus mirabilis
13 in 5% mucin. The antibiotics were administered
immediately after infection as a single dose, 0.2 ml/20
g, as acacia suspensions in phosphate-buffered saline
for oral administration or as solutions in phosphate-
buffered saline for subcutaneous or intraperitoneal in¬
jection. In general, group of 5 to 10 mice were treated
at each dose level, but in a number of tests groups of
20 or 25 animals were used. The numbers of animals
surviving 4 days after infection were recorded, and the
dose of penicillin required to produce 5091 survival of
infected animals was calculated by using log probabil¬
ity paper (3).
Bactericidal activity in vivo. Mice were infected

intraperitoneally with E. coli 8 and dosed with amox¬
ycillin or ampicillin immediately after infection
Groups of five mice were killed by dislocation of the
neck at intervals during the 8-h period after infection.
Samples of blood were collected from the axillary
region and 0.3-ml volumes were added to 0.3 ml of
heparin (1,000 U/ml; Weddal Laboratories L.d.). For
peritoneal counts, the abdomen was swabbed with
701 alcohol and the skin was reflected, care being
taken not to open the peritoneal cavity. The perito¬
neum was grasped in a fine pair of forceps and tented,
and 4.5 ml of sterile phosphate-buffered saline was
injected forcefully. The abdomen was carefully mas¬
saged 20 times between the thumb and first two
fingers to ensure adequate mixing. A small incision
was made into the peritoneum, and a sample cf
washings was collected with a sterile Pasteur pipette
and diluted in 0.2% yeast extract. Volumes (0.1 ml) of
yeast extract dilutions of blood and peritoneal wash¬
ings were plated in dulpicate on nutrient agar plates,
and viable colonies were counted after overnight
incubation at 37 C.
Antibiotic concentrations in blood and perito¬

neal washings. Specimens of blood and peritoneal
washings from mice infected intraperitoneally with E.
coli 8 were collected as described above and assayed
by large-plate agar diffusion assay with Sarcina lutea
NCTC 8340 as assay organism. Specimen., of hepario-

Antimicrob. Acents Chemother.

ized mouse blood were assayed against standard
solutions of amoxycillin or ampicillin in whole horse
blood, a diluent shown not to differ appreciably from
mouse blood in the assay procedures. Specimens of
peritoneal washings were suitably diluted in phos¬
phate-buffered saline and assayed against standard
antibiotic solutions prepared in the same diluent. The
assay plates were incubated overnight at 30 C, inhibi¬
tion zone diameters were measured, and antibiotic
concentrations were derived from standard lines pre¬
pared from the standard solutions.

RESULTS

In vitro sensitivities of infecting
organisms. MICs of amoxycillin and ampicillin
against the bacteria selected for the production
of experimental intraperitoneal mouse infec¬
tions are shown in Table 1. In those tests the

organisms were equally susceptible to both
penicillins, although there were wide differences
in the MIC values found against the different
bacteria. For example, the staphylococci and
streptococci were much more susceptible to
amoxycillin and ampicillin than were the
gram-negative bacilli.
In the studies reported here, the bactericidal

activities of amoxycillin and ampicillin against
E. coli 8 were compared both in vitro and in
vivo, and results in Fig. 1 illustrate the in vitro
bactericidal effects of the compounds in veal
infusion broth and in mouse peritoneal wash¬
ings (with and without mucin). These latter two
media were tested to find the influence of the
milieu to be found at the site of infection in the
mouse on the bactericidal activities of the
penicillins. The compounds were tested at a
concentration of 20 pg/ml, one that is readily
attained in the peritoneal cavity of the mouse.
In all three media, amoxycillin produced
slightly more rapid and slightly greater bacteri¬
cidal effects against E. coli 8, but at no time was
the difference between the compounds very
pronounced.
Activity against various intraperitoneal

infections. Data in Table 2 compare the rela¬
tive activities of amoxycillin and ampicillin
against various intraperitoneal mouse infec¬
tions and show the mean median protective
doses of both compounds by oral and subcuta¬
neous routes of administration. It can be seen

that in the large number of tests reported,
amoxycillin was significantly more active than
ampicillin by the oral route (P < 0.01) against
all six strains of test bacteria (E. coli 8, Salmo¬
nella typhimurium 10, K. aerogenes 18, P.
mirabilis 13, Staphylococcus aureus Smith, and
Streptococcus pyogenes CN10). After subcuta¬
neous administration, amoxycillin was more
effective than ampicillin (P > 0.01) in the
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treatment of the infections due to the gram neg¬
ative bacilli, but there was no significant differ¬
ence between the compounds (P < 0.1) against
the staphylococcal or streptococcal infections.
Antibiotic blood levels after oral adminis¬

tration. The antibiotic concentrations meas¬

ured in the blood of mice infected with E. coli 8
after single oral doses of amoxycillin or ampi

Table 1. Minimal inhibitory concentrations of
amoxycillin and ampicillin against infecting

organisms

Minimal inhibitory concn

Organism (pg/mll

Amoxycillin Ampicillin

Escherichia coli 8 5.0 5.0
Salmonella typhimurium

10 0.5 0.5
Klebsiella aerogenes

18 2.5 2.5
Proteus mirabilis 13 1.25 1.25
Staphylococcus aureus
Smith 0.05 0.05

Streptococcus pyogenes
CN10 0.01 0.01

Peritoneal Peritoneal Veal
washings washings infusion

(with mucin) (saline) broth

FiC. 1. Bactericidal effects of amoxycillin and am¬
picillin against E. coli 8 in vitro. Symbols: B, Control;
•, amoxycillin (20 gg/ml); A, ampicillin (20 gg/mt).

cillin are shown in Fig. 2. Peak antibiotic con¬
centrations occurred from 30 to 60 min after
dosing and fell to relatively low levels at 120
min. At both dose levels tested. 12.5 and 25
mg/kg, the concentrations of amoxycillin were
generally two to three times higher than the
corresponding ampicillin concentrations.
Effects against an intraperitoneal infection

due to E. coli 8. (i) Development of infection.
The development of infection in mice after
intraperitoneal injection of E. coli 8 is illus¬
trated in Fig. 3. When the organism was admin¬
istered as a suspension in saline, the bacterial
count fell within 10 min from the initial inocu¬
lum of 105 cells per ml of peritoneal washings to
a count of approximately 103 cells/ml and re¬
mained at that value for the next 7 h. Bactera
appeared rapidly in the blood after intraperito¬
neal injection, reaching a count of about 50
cells/ml within 10 min, but thereafter there was

only a slight increase in the count to just above
100 cells per ml of blood. In contrast, the
virulence of E. coli 8 was significantly enhanced
when the organism was injected as a suspension
in 3% hog gastric mucin. Thus, in the peritoneal
cavity the viable count increased from 10s cells
per ml of peritoneal fluid after injection to a

10 20 30 45 60
Minutes

I 20

Fig. 2. Antibiotic blood concentrations, after oral
administration of amoxycillin and amp-cillin to mice
infected with E. coli 8. Symbols: •, Amoxycillin \12.5
mg/kg); O, amoxycillin (25 mg/kg); a, ampicillin
(12.5 mg/kg): A, ampicillin (2b mg/kg). Each point
represents the mean of five mice.

Table 2. Relative activities of amoxycillin and ampicillin against intraperitoneal infections in mice

Mean PDj0 (nig/kg) ora « Mean PD5a (mg/kg) subcutaneous

Organism No. of Ampi¬ Amoxy¬ No. of Ampi¬ Amoxy¬

expts cillin cillin expts cillin cillin

Escherichia colt 8 31 77.9 30.5 <0.01 40 63.7 19.7 <0.01
Salmonella typhimurium 10 .... 41 20.8 7.3 <0.01 33 24.0 11.0 <0.01
Klebsiella aerogenes 18 31 17.3 5.1 <0.01 31 27.0 9.5 <0.01
Proteus mirabilis 13 9 18.2 6.7 <0.01 12 38.2 OO 0 < 0.01

Staphylococcus aureus Smith . .
42 0.33 0.18 <0.01 39 0.33 0.27 >0.1

Streptococcus pyogenes CN10 . 8 0.55 0.15 <0.01 7 0.19 0.12 >0.1

" PDS0, Median protective dose.
" P, Wilcoxon signed ranks test (f>).
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Fig, 3. Effect of mucin on the prolifeiation of E.
coli 8 in mice after intraperitoneal injection. Symbols:
□ , Peritonea! washings; O, blood.

count in excess of 109 cells/ml by the end of 8 h.
The bacterial count in the blood of these mice
rose to 5 x 103 cells per ml of blood after 1 h and
7 x 10a cells/ml at 8 h. In the presence of mucin,
therefore, the culture proliferated rapidly in the
peritoneal cavity after intraperitoneal injection,
resulting in the rapid appearance of bacteria in
blood and the production of progressive bactere¬
mia.

Accordingly, in all tests reported below E. coli
8 was injected as a suspension in 3% mucin.
(ii) Effects after subcutaneous administra¬

tion of the penicillins. The effect of treatment
of mouse intraperitoneal infections due to E.
coli 8 with a single subcutaneous dose of amox¬
ycillin or ampicillin is illustrated in Table 3. In
this test groups of 25 mice were treated at each
dose level, and it can be seen that amoxycillin
was more effective than ampicillin at all doses.
The median protective dose of amoxycillin was
significantly lower than that of ampicillin IP <
0.05), in agreement with results reported in
Table 2.
The average antibiotic concentrations mea¬

sured in the blood, and peritonea! cavities after a
single subcutaneous dose of amoxycillin or am¬
picillin to mice infected with E. coli 8 are shown
in Fig. 4. The antibiotic blood concentrations
were the same for both compounds after a single
suhcutaneous dose of 12.5 mg/kg, falling rapidly
from a peak level of about 8.5 gg/ml at 10 min to
0.5 Mg/inl at 2 h. The antibiotic concentrations
in peritoneal washings reached peak values
within 20 min and fell to relatively low concen¬
trations at 2 h. The levels obtained with amox¬

ycillin were consistently higher than those of
ampicillin at both doses shown, i2.5 and 25
n.g/kg, although the differences were less than
twofold.
The inhibitory effects of a suhcut ineous dose

of amoxycillin on the proliferation of bacteria in

Antimickob. Agents Chemother.

the peritoneal cavity and in the blood of mice
after intraperitoneal injection of E. coli 8 are
illustrated in Fig. 5. In untreated mice the
bacterial peritoneal count increased rapidly
from the initial inoculum of 5 x 104 cells to a

count in excess of 10s cells at 8 h. Administra¬
tion of a single subcutaneous dose of amoxycil¬
lin resulted in an initial fall in the viable count,
and the highest dose (200 mg/kg) resulted in
99.9% reduction of the inoculum by 4 h. How¬
ever, the bacterial count rose between 4 and 8 h
so that by 8 h the peritoneal counts were of the
same order as the original infecting inoculum.
After intraperitoneal injection of E. coli 8, the

bacterial count in the blood of untreated mice
increased rapidly, reaching 5 x 103 cells/ml at 1
h and 7 x 108 cells/ml at 8 h. The rate of
increase in the blood bacterial count was mark¬
edly lower in the amoxycillin-treated mice, and
at the higher doses the blood count barely
exceeded 10 cells/ml over the 8-h period.
The effect of treatment with a subcutaneous

dose of amoxycillin in reducing the mortality of

Table 3. Relative activities of amoxycillin and
ampicillin by the subcutaneous route against an

intraperitoneal infection due to E. coli 8

Amoxycillin Ampicillin
Dose

(mg/kg) No. of PDso" No. ot PDS„
survivors" (mg/kg) survivors (mg/kg)

200 24 22
100 23 19
50 20 21.0 14 48.0
25 14 6
12.5
6.25

10
3

(14.3-30.!))" 2

4
(32.6-70.6)'

3.12 7 1
0 0 0

a 25 mice per group.
&PD50, Median protective dose.
c95^ confidence limits (3).

Minutes 20 45

Fio. 4. Concentrations of amoxycillin and ampicil¬
lin in blood and peritoneal washings after subcutane¬
ous injection in mice. Symbols: •, Amoxycillin (12.5
mg/kg); O, amoxycillin (25 mg/kg): A. ampicillin
(12.5 mg/kg); A, ampicillin (2.5 mg/kg).
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if peritoneal wishing*

Fig. 5. Bactericidal activity of amoxycillin after
subcutaneous administration to mice infected with E.
coli 8. Symbols: ■, Control: □, 200 mg/kg: A, 50
mg/kg; •, 12.5 mg/kg: O, 3.1 mg/kg. In parentheses,
no. of suruivors/no. infected.

the infected mice in this test is also shown in

Fig. 5; increasing the dose of amoxycillin re
suited in an increase in the amount of protec¬
tion afforded. Thus, in untreated mice, there
were no survivors in the untreated control
groups, whereas the top dose of amoxycillin (200
mg/kg) produced 10097 protection of infected
mice and the intermediate doses resulted in
corresponding responses.
Results in Fig. 6 compare the effects of a

single subcutaneous dose of amoxycillin or am-
picillin on the bacterial counts in blood and
peritoneal washings of mice infected intraperi-
toneally with E. coli 8. The values shown
represent the mean values obtained in five tests
and are typical of values obtained in each
individual study. As was found in the previous
study with amoxycillin (Fig. 5). the blood and
peritoneal counts increased rapidly after infec¬
tion in untreated mice, but treatment with the
penicillins resulted in pronounced inhibitory
effects depending upon the dose and the com¬
pound. At both dose levels tested (12.5 and 3.1
mg/kg), amoxycillin caused a greater reduction
in the viable counts in the peritoneal cavity and
in the blood than did the equivalent doses of
ampicillin, and amoxycillin was more effective
than ampicillin in protecting the mice.
Intraperitoneal administration. (i)

Activity. The curative effects of treating mice
by intraperitoneal administration of the com¬
pounds immediately after intraperitoneal injec¬
tion of E. coli 8 are shown in Table 4; amoxycil¬
lin was significantly more effective than am¬
picillin in the tests shown. The differences
between the compounds were statistically sig¬
nificant (P < 0.05! and were of the same order
as those observed in the test reported in Table 3,
where the compounds were administered by
subcutaneous injection.
(ii) Antibiotic levels in blood and perito¬

neal washings. After intraperitoneal injection

of a 12.5 mg/kg dose to mice infected with E.
coli 8, the concentrations of both compounds in
peritoneal washings fell rapidly from greater
than 400 Mg/ml immediately after injection to
between 15 and 30 pg/ml after 30 min and to
barely detectable levels at 2 h (Fig. 7). In
general, there was little difference between
amoxycillin and ampicillin, and the concentra¬
tions in the peritoneal washings of infected mice
were similar for both compounds. In contrast, in
blood the amoxycillin concentrations in these
mice were distinctly higher than those obtained
with ampicillin, being twice as high for amox¬
ycillin at all time intervals up to 90 min after
dosing (Fig. 7).
(iii) Comparative bactericidal effects of

amoxycillin and ampicillin. The effects of a
single intraperitoneal dose of amoxycillin or
ampicillin on the bacterial counts in blood and
peritoneal washings of mice infected intraperi-
toneally with E. coli 8 are shown in Fig. 8. At
the higher dose level tested (12.5 mg/kg). amox¬
ycillin caused a 999c reduction in the viable

Fig. 6. Bactericidal activities of amoxycillin and
ampicillin after subcutaneous administration to mice
infected with E. coli 8 (mean of five tests). Symbols:
■ , Control: ©, amoxycillin (12.5 mg/kg): O, amox¬
ycillin (3.1 mg/kg): A, ampicillin (12.5 mg/kg): A,
ampicillin (3.1 mg/kgi. In parentheses, no. of survi¬
vors/no. infected.

Tablk 4. Relative activities of amoxycillin and
ampicillin by the intraperitoneal route against an

intraperitoneal infection due to E. coli 8

Amoxycillin Arapicillin
Dose

(mg/ks) No. of PDjo" No. of PDS„
survivors" (mg/k?) survivors tmg/kal

200 19 19
too 19 17
50 18 12.5 13 24.5
25 11 6
12.5
6.25
0.12

13
9
4

(8.0-19.2 >" 6 H5.3-39.2g
3
6

0 0 0

° 20 mice per "roup.
"PDsn. Median protective dose.
' 95*7 confidence limits (31.
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b) Blood

Fig. 7. Concentrations of amoxycillin and ampicit-
lin in blood and peritoneal washings after intraperito¬
neal administration to mice (mean of three tests).
Symbols: • , Amoxycillin (12.5 mg/kg); A, ampicitlin
(12.5 mg/kg).

Fig. 8. Bactericidal activities of amoxycillin and
ampicillin after intreaperitoneal administration to
mice infected with E. coli 8. Symbols: a) 9, Control;
• , amoxycillin (12.5 mg/kg): O, amoxycillin (3.1
mg/kg): A, ampicillin (12.5 mg/kg): A ampicillin (3.1
tag/kg), b) 9, Control: □, amoxycillin (6.25 mg/kg):
A. ampicillin (12.5 mg/kg): V, ampicillin (6.25 mg!
kg). In parentheses, no. of survivors/no. infected.

count in the peritoneal cavity within 2 h,
whereas the corresponding dose of ampicillin
was markedly less effective and was not much
more active than the lower dose of amoxycillin
(3.1 mg/kg). Similarly, amoxycillin was dis¬
tinctly more active than ampicillin in reducing
the blood bacterial counts, and the bactericidal
activity resulting from the dose of 6.25 mg of
amoxycillin per kg was as great or greater than
that of 12.5 mg of ampicillin per kg.

DISCUSSION

Effective antimicrobial therapy requires the
administration of an appropriate agent so as to
produce inhibitory levels at the site of infection.
Factors that are important to achieve this effect
and that can be measured readily in the labora¬
tory include the in vitro susceptibility of the
organism to the antibiotic, its extent of binding
to serum protein, and the antibacterial serum

concentrations obtained after dosing; knowl¬
edge of these parameters is necessary for predic¬
tion of the outcome of therapy. However, pro¬
duction of adequate antibiotic concentrations at
the site of infection in the body is dependent not
only upon the factors already mentioned but
upon others that are not so easily determined,
e.g., diffusion through membranes, tissue distri¬
bution, etc. Previous studies with amoxycillin
have shown that the compound demonstrates
therapeutic activity against experimental infec¬
tions that cannot be explained entirely on the
basis of in vitro activity, protein binding, or
antibiotic blood concentrations (1, 2). The stud¬
ies reported here were designed to investigate
factors other than these that might also be
contributing to the activity of amoxycillin
against experimental infections.
The results reported confirm the findings of

Acred et al. (1) that amoxycillin was more
active than ampicillin against a variety of
bacterial infections in mice. The superiority of
amoxycillin was most marked when the com¬
pounds were administered by the oral route,
and amoxycillin was significantly more active
than ampicillin against the four test strains of
gram-negative bacilli and the two strains of
gram-positive cocci. By subcutaneous injection,
amoxycillin was the more active of the com¬
pounds against the enterobacteria but was no
more effective than ampicillin in the treatment
of the streptococcal and staphylococcal infec¬
tions. The infecting organisms used in these
tests appeared to be equally sensitive in vitro to
both amoxycillin and ampicillin by conven¬
tional serial dilution tests, so the greater oral
activity of amoxycillin might be reasonably
attributed to the good absorption characteris¬
tics of the compound that result in higher
concentrations of amoxycillin in the blood of
infected mice (1,2). This is not the explanation,
however, for the differences in activities result¬
ing from subcutaneous injection of the penicil¬
lins, since the antibiotic blood concentrations
were the same for both amoxycillin and ampicil¬
lin by this route as has been reported by others
(1. 2).
After subcutaneous injection, amoxycillin

was more effective than ampicillin in reducing
the bacterial count in the peritoneal cavity of
mice infected intraperitoneally with E. coli 8. Jn
these tests, the penicillins exerted an initial
bactericidal effect on the bacterial count that
persisted for up to 4 h after injection. At this
time, the antibiotic concentrations in the peri¬
toneal fluid had fallen well below inhibitory
concentrations and at all dose levels there was

resumption of growth from 4 h onwards. How-
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ever, the increase in the peritoneal bacterial
count between 4 and 9 h did not necessarily
produce a corresponding increase in the blood
bacterial count since the mucin necessary to
ensure the proliferation of E. coli 8 had disap¬
peared from the peritoneal cavity by this time.
As a result, there was a significant increase in
the blood count only if the peritoneal count at 4
to 6 h was of the same order as that immediately
after injection. The inhibitory effects of the
penicillins on blood bacterial counts depended
therefore not only upon the antibiotic concen¬
trations in the blood but also upon the bacteri¬
cidal effects of the compounds in reducing the
numbers oforganisms in the peritoneal cavity in
the early stages of the infection.
The superior bactericidal activity of amox¬

ycillin compared with ampicillin in the perito¬
neal cavity of infected mice after subcutaneous
injection can be explained in part by the better
peritoneal concentrations of amoxycillin, but
other factors must also be responsible since the
differences in the peritoneal concentrations of
the two compounds '.vere less than twofold,
whereas the bactericidal activity of amoxycillin
in the peritoneal cavity appeared to be two to
four times greater than that of ampicillin. In
vitro experiments suggested that the bacteri¬
cidal activity of amoxycillin against E. coli 8
might be slightly greater than that of ampicil¬
lin, but the differences between the compounds
were never very pronounced. In these studies,
therefore, amoxycillin was producing greater
bactericidal effects in vivo after subcutaneous
injection than would be predicted on the basis
of in vitro activity or antibiotic concentrations,
in agreement with findings reported by Hunter
et al. (2) in a different experimental model.
The results obtained after intraperitoneal

administration of the penicillins confirmed the
superior activity of amoxycillin compared with

ampicillin in reducing the bacterial peritoneal
counts in mice infected with E. coli 8. although
the peritoneal concentrations of amoxycillin
were no higher than those of ampicillin. How¬
ever, the concentratiosn of amoxycillin in the
blood of the infected mice were found to be
twice as high as those of ampicillin after intra¬
peritoneal dosing; consequently the superior
therapeutic activity of amoxycillin by this route
can be attributed not only to its superior
bactericidal activity in the peritoneal cavity but
also to the higher concentrations found in the
blood.
The results reported here confirm that amox¬

ycillin is more effective than ampicillin in the
treatment of experimental mouse infections,
and the evidence suggests that the greater
efficacy of amoxycillin by injection compared
with ampicillin is due to its superior in vivo
bactericidal activity combined with better dis¬
tribution characteristics in the infected animal.
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An experimental mouse intraperitoneal infection due to Escherichia coli was
treated with subcutaneous amoxycillin or ampicillin. Specimens of blood and
peritoneal washings from the infected animals were assayed for antibiotic
concentrations and examined microscopically for observation of the effects
produced by the two penicillins on the morphology of bacteria growing in vivo.
Amoxycillin was significantly more effective than ampicillin in protecting the
animals from the lethal effects of the infection, although the antibiotic concen¬
trations in the body fluids were very similar for both compounds. However,
microscopic examination showed marked differences in the morphological effects
produced at equivalent dose levels by the two compounds against the bacteria
present in blood and peritoneal fluid. Treatment with amoxycillin at dose
levels that produced peak antibiotic concentrations in the body fluids ranging
from one-quarter to three times the minimum inhibitory concentration resulted
in the formation of spheroplast forms, which lysed rapidly. In contrast, at the
same concentrations, ampicillin produced relatively stable filaments or long
cell forms, which lysed much more slowly, although at higher dose levels the
effects produced were generally similar to those seen with amoxycillin. It is
concluded that the superior therapeutic activity of amoxycillin compared with
ampicillin is due to its greater bacteriolytic activity in vivo.

Amoxycillin [d-( — )-a-amino-p-hydroxyben-
zylpenicillin] and ampicillin [d-(—)-n-amino-
benzylpenicillin] show similar activities in con¬
ventional growth inhibition tests, but amoxy¬
cillin has been reported to exert more rapid
bactericidal effects in vitro than ampicillin (10,
14). In more recent studies by Rolinson and his
colleagues (15; G. N. Rolinson, A. C. Macdon-
ald, and D. A. Wilson, Abstr. 9th Int. Congr.
Chemother, London, abstr. 302, 1975), micro¬
scopic examination of cultures of Escherichia
coli exposed to the two penicillins revealed
that at concentrations just above minimum
inhibitory concentration (MIC) values amoxy¬
cillin caused the formation of spheroplasts,
which lysed readily, whereas exposure to am¬
picillin resulted in the formation of filamentous
cells, which were relatively stable. The more
rapid rate of lysis demonstrated by amoxycillin
as a result of its production of spheroplasts
accounts for its greater bactericidal activity
compared with ampicillin.
It is reasonably well established that amoxy¬

cillin is significantly more active than ampicil¬
lin against experimental infections, even when

blood and tissue concentrations of the two com¬

pounds are similar (1, 3, 10). Also, there is
evidence to she. that in these infections amox¬

ycillin product-: greater bactericidal effects in
the infected animal than does ampicillin, and
it is suggested that this may largely explain
the superior chemotherapeutic activity of
amoxycillin compared with ampicillin (3, 10).
It seemed desirable to investigate the effects

produced by amoxycillin and ampicillin on the
morphology of bacteria during the course of
experimental infections to determine if there
was any correlation between activity and mor¬
phological effects in vivo, as has been demon¬
strated in vitro. The experiments reported de¬
scribe results observed during the treatment of
an intraperitoneal mouse infection due to a
strain ofE. coli with ampicillin and amoxycil¬
lin.

MATERIALS AND METHODS

Antibiotics. The penicillins tested were prepara¬
tions of sodium amoxycillin and sodium ampicillin
(Beecham Pharmaceuticals, Worthing, Sussex).
Mice. Male or female albino mice (18 to 22 g),

736
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MFI strain (Olac 1976 Ltd., Bicester, Oxon), were
used throughout.

Mouse protection tests. Mice were injected by
the intraperitoneal route with 0.5 ml of a suspension
in 31- hog gastric mucin (1701W, Wilson Laborato¬
ries, Chicago, 111.) of a dilution of an overnight
broth culture of E. coli 8 standardized to give an
infective inoculum of 100 median lethal doses. The
antibiotics were administered by the subcutaneous
route immediately after infection, 0.2 ml/20-g mouse
in phosphate-buffered saline. In a second series,
mice were infected with 10,000 median lethal doses,
the inoculum used for the microscopical studies,
and were treated at the time of infection and 4 h
later. Groups of 20 mice were treated at each dose
level. The numbers of animals surviving 4 days
after infection were recorded, and the dose of peni-
cil'in required to produce 501 survival of infected
animals was calculated (.11).
Antibiotic concentrations in mouse blood and

peritoneal washings. Mice were infected intraperi-
tor.eally with E. coli 8 and dosed subcutaneously
with amoxycillin or ampicillin immediately after
infection. Groups of five mice were killed by dislo¬
cation of the neck at intervals during the 2-h period
after infection. Samples of blood were collected from
the axillary region, and 0.3-ml volumes were added
to 0.3-ml volumes of heparin (100 U/ml; Weddal
Pharmaceuticals Ltd., Wrexham, Clwyd). For de¬
termination of antibiotic concentrations in the peri¬
toneum, the abdomen was swabbed with 75% alcohol
and the skin was reflected, care being taken not to
open the peritoneal cavity, and 2 ml of saline was
injected forcefully. The abdomen was carefully mas¬
saged to ensure adequate mixing. A small incision
was made in the peritoneum, and a sample of
washings was collected with a sterile Pasteur pi¬
pette. The specimens of blood and peritoneal wash¬
ings were assayed by large-plate agar diffusion
assay with Sarcina lutea NCTC 8340 as the assay
organism. Specimens of heparinized mouse blood
were assayed against standard solutions of amoxy¬
cillin or ampicillin in whole horse blood, a diluent
shown not to differ significantly from mouse blood
in the assay procedures. Specimens of peritoneal
washings were suitably diluted in phosphate-
buffered saline and assayed against standard anti¬
biotic solutions prepared in the same diluent. The
assay plates were incubated overnight at 30°C, in¬
hibition zone diameters were measured, and anti¬
biotic concentrations were derived from standard
lines prepared from standard solutions.
Microscopy and photography. Mice were infected

intraperitoneal^ with approximately 107 cells of a
suspension in 3% mucin of an overnight broth cul¬
ture of E. coli 8 and were treated with a single
subcutaneous dose of amoxycillin or ampicillin. The
animals were killed at intervals after administra¬
tion of the penicillins, and specimens of blood and
peritoneal fluid were collected for microscopic ex¬
amination. For the observations made on the peri¬
toneal washings, the mice were dosed by the subcu¬
taneous route immediately after infection, but for
the studies on the blood the mice were not treated
with penicillins until 6 h after intraperitoneal infec¬

tion to ensure there was a sufficient bacteremia at

the time of therapy. Specimens of peritoneal wash¬
ings were suspended in an equal volume of 2%
glutaraldehyde fixative in 0.05 M sodium cacodylate
(osmolality, 305 mOsinol/kg); blood samples were
suspended in 2% glutaraldehyde fixative containing
20 U of heparin (osmolality, 320 mOsmol/kg). The
osmolalities of the fixatives were prepared to be the
same as previously determined osmolalities of
mouse peritoneal washings and blood. The glutar¬
aldehyde fixative was shown in preliminary experi¬
ments to preserve the morphology of the bacteria
and to prevent any further antibacferial activity of
the penicillin. Specimens for microscopy were
mounted on a thin film of agar prepared by spread¬
ing 0.6 ml of molten 0.8% brain heart infusion agap
over the surface of a no. 1 cover slip (22 by 56 mm),
which was trimmed to a 10-mm square after the
agar had solidified. The sample was placed in the
center of the agar and covered with a second cover
slip for high-resolution microscopy, using a Ziess
WL microscope fitted with differential interference
contrast optics. Photography of the samples was
carried out with a 120-format roll film camera and
a 100-W tungsten-base lamp.

RESULTS

Activity against E. coli intraperitoneal in¬
fection. The relative activities of amoxycillin
and ampicillin in protecting mice from the
lethal effects of intraperitoneal infection with
E. coli 8 are shown in Table 1. In the first study,
in which the infective inoculum was approxi¬
mately 10r> cells (100 median lethal doses), the
animals were treated with a single subcuta¬
neous dose immediately after infection, as was
the case in earlier studies to compare the in
vivo activities of amoxycillin and ampicillin (1,
3). At all dose levels, amoxycillin was more
effective than amp;cillin, and the median pro¬
tective dose of amoxycillin was significantly
lower than that of ampicillin (P < 0.05). In the
second study, the iroculum was much larger
(107 cells) and was chosen for the microscopy
studies. Against this larger inoculum, repre¬
senting about 10,000 median lethal doses, treat¬
ment with a single dose of either compound
was relatively ineffective, except at doses of
200 mg/kg or greater. However, administration
of a second dose 4 h after infection resulted in
effective therapy (Table 1), and amoxycillin
was again signficantly more effective than an -

picillin (P < 0.05).
Antibiotic levels in blood and peritoneal

fluid. Data in Fig. 1 show the mean values
obtained in three experiments to measure the
antibiotic concentrations obtained in the blood
and peritoneal cavities ofmice infected with E.
coli 8 after a single subcutaneous dose of amox¬
ycillin or ampicillin. The concentrations of
amoxycillin or ampicillin were the same in the
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Table 1. Relative activities of amoxycillin and arnpicillin by the subcutaneous route against an
intraperitoneal mouse infection due to E. coli 8

Inoculum
(no. of cells)

Dose

(mg/kg)

Amoxycillin Ampicillin

No. of survivors
(20 mice/group)

PD.,„"
(mg/kg)

No. of survivors
(20 mice/group)

PDm
(mg/kg)

1<P (100 MLDC) 200 19 19
100 19 17
50 17 12
25 16 4.0 11 23.5
12.5 13 (2.4-8.6)" 8 (15.5-35.5)
6.25 12 1
3.12 9 2
0 0 0

107c (10,000 MLD) 200 20 20
50 19 7.2 19 22 0
12.5 16 (4.6-11.2) 3 (16.3-29.7)
3.12 3 0
0 0 0

" PD50, Median protective dose.
6 Dosed immediately after infection.
c MLD, Median lethal dose.
" 95% confidence limits.
' Dosed immediately and 4 h after infection.

minutes

Fig. 1. Concentrations of amoxycillin and ampi¬
cillin in blood and peritoneal washings after a single
subcutaneous dose to mice infected with E. coli 8.
Symbols: Blood— (A) 12.5 mg of amoxycillin and
ampicillin per kg; (A.) 3.1 mg of amoxycillin and
ampicillin per kg. Peritoneal washings— (□) 12.5
mg of amoxycillin per kg; (OJ 12.5 mg of ampicillin
per kg; (0) 3.1 mg ofamoxycillin and ampicillin per
kg

blood at both dose levels, 12.5 and 3.1 mg/kg,
and in the peritoneal fluid at the 3.1-mg/kg
dose level. In the blood, the dose of 12.5 mg/kg
produced a peak level of 8.5 pig/ml at 10 min>
which fell rapidly to undetectable levels (<0.01
p.g/ml) by 120 min; at 3.1 mg/kg, the concentra¬
tions also fell rapidly from the peak value of
1.5 jug/ml measured at 10 min. The antibiotic
concentrations measured in the peritoneal cav¬
ity were rather higher than those obtained in
the blood. At 12.5 mg/kg, the peak level of

ampicillin was 12 p.g/ml at 20 min compared
with 15 p.g/ml for amoxycillin, and the levels
of both penicillins fell rapidly to low values 2 h
after treatment. In general, at this dose level
the amoxycillin levels were about 20% higher
than those cf ampicillin. At the 3.1-mg/kg dose,
peak concentrations of about 3 0 fig of amoxy¬
cillin and ampicillin per ml were measured in
the peritoneal washings after 10 min.
Morphological effects in vivo, (i) Peritoneal

fluid. The effects produced by a single subcu¬
taneous dose of ampicillin (12.5 mg/kg) on the
morphology ofE. coli 8 in the peritoneal cavity
of infected mice are illustrated in Fig 2. Nor¬
mal rod-shaped cells were observed up to 30
min after dosing, after which there was a
progressive increase in cell length. Thus, at 1
h most bacteria observed were two to three
cells in length, and these were replaced by
cells of increasing length: at 2 h, with filaments
5 to 10 cells long, and from 3 h onwards with
filaments 10 to 20 cells in length (Fig. 2a).
Most of the filaments had normal motility, and
many of them showed small bulges at one or
more points along the cell. By 4 h many of the
filaments had lysed, but some showed evidence
of fragmentation, with regeneration of cells of
normal morphology. Septation generally oc¬
curred at the tip of the filaments, though some
cells showed multiple fragments (insert, Fig.
2a). At 5 h large numbers of filaments were
still present, and increased macrophage activ¬
ity was also evident so that many of the resid-

e
D> 10 0

Blood
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Fig. 2. Effects of a single subcutaneous dose ofampicillin (12.5 mg/kg) on the morphology ofE. coli 8 in
the mouse peritoneum at. (a) 3 h, (b) 5 h, (c) 9 h, and (d) 14 h. Differential interference phase contrast ( y.l ,100).

ual long forms and normal bacteria were in
the process of being engulfed by the macro¬
phages (Fig. 2b). At 9 h, large numbers of
normal cells were being regenerated from the
filaments, and by cell division (Fig. 2c), so that
by 14 h very large numbers of noimal cells
were seen in each microscope field, together
with the occasional greatly elongated cell (Fig.
2d).
At a higher dose level (50 mg/kg), treatment

with ampicillin initially caused spheroplast for¬
mation and a rapid reduction in the numbers
of bacteria, after which there was a progressive
increase in cell length so that from 90 mi n to 2
h small numbers of elongated celb four to

eight cells in length were seen in each micro¬
scope field. Between 3 and 9 h, when the
ampicillin concentration in the peritoneal fluid
had fallen to subinhibitory levels, filaments 10
to 20 cells long were present. Many of these
gradually lysed over the next few hours, so
that 6 h after dosing ghost forms of filaments
were seen and surviving filaments were show¬
ing signs of fragmenting, and at 9 h normal
cells were more numerous. There was no evi¬
dence of filament formation after treatment
with a dose of 200 mg of ampicillin per kg, and
only small numbers of normal cells were seen
during the 14-h period after dosing.
In contrast to the findings with ampicillin, a
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dose of 12.5 rag of amoxycillin per kg caused
the rapid formation of spheroplasts, which
lysed readily, and there was no evidence of
filament formation. Instead, slightly elongated
cells, about two cells in length, with sphero¬
plasts, were seen 40 to 60 min after dosing
(Fig. 3a), 10 to 30 min after the peak antibiotic
concentrations (15 pg/ml) were measured in
the peritoneal fluid. Soon thereafter, the major¬
ity of spheroplasts had lysed, and only small
numbers of normal cells and an occasional
spheroplast were seen 2 h after dosing. Similar
results were obtained with higher doses of
amoxycillin.
Treatment with a lower dose of amoxycillin

(3.1 mg/kg) also resulted initially in the rapid
formation of Lpheroplasts 60 to 80 min after
dosing (Fig. 3b), i.e., 50 to 70 min after peak
antibiotic levels (3.2 pg/ml) were measured in
the peritoneum, and only small numbers of
slightly elongated cells were seen up to 90 min
after dosing. However, from 2 h onwards, by
which time the antibiotic concentrations in the
fluid had fallen to very low levels, the surviving
cells elongated and filament formation became
evidert. In contrast to ampicillin-induced fila¬
ments, many of these long cells had bulbous
swellings (Fig. 3c), and by 3 h there was a
great variety of cell forms, including long forms
with multiple bulbous swellings and bulges

Fig. 3. Effects of a single subcutaneous dose ofamoxycillin on the morphology ofE. coli 8 in the mouse
peritoneum: (a) 12.5 mglkg, 40 min; (b) 3.1 mglkg, 80 min; (c) 3.1 mglkg, 2 h; (d) 3.1 rnglkg, 3 h.
Differential interference phase contrast (xi ,500).
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along the Filaments (Fig. 3d). At 4 h many of
the long cells were still present, some showing
evidence of lysis and others of fragmentation.
By 9 h macrophage activity had increased,
large numbers of normal cells were seen, and a
number of Filaments were still present.
(ii) Blood. The results of treatment with a

single subcutaneous dose of 12.5 mg of ampicil-
lin per kg on the morphology oiE. coli 8 in the
blood of infected mice are illustrated in Fig. 4.
As was the case in the peritoneum, this dose of
ampicillin caused characteristic cell elongation
and filament formation. Relatively large num¬
bers of normal cells were observed up to 30
min after dosing, but these were replaced after
60 to 90 min, when the antibiotic concentrations
had fallen to subinhibitory levels, by Filaments
four to six cells in length, many with central
bulges or collars (Fig. 4a). By 2 h, large num¬
bers of elongated cell forms were seen, and
filaments six to eight cells long were present
(Fig. 4b). Fragmentation of filaments and the
reappearance of normal cells were observed 3
to 5 h after dosing (Fig. 4c), and, by 9 h,
normal cells were seen in large numbers of the
blood of surviving animals. At a higher dose,
50 mg/kg, there was some evidence of cell
elongation and cells of two to four cells in
length were observed 1 to 2 h after treatment,
but there was no sign of filament formation
during this period, although it is likely this
would have occurred later after the fall in
ampicillin concentrations in the body.
The administration of amoxycillin at 12.5

and 50 mg/kg resulted in the formation of
spheroplasts and rapid lysis of bacteria in the
blood, as in the peritoneal cavity, and there
was no evidence of filament formation. Typi¬
cally, large numbers of spheroplasts were ob¬
served in the blood after 40 to 50 min (Fig. 4d),
and by 60 min there was a significant reduction
in the number of bacteria present, so that only
the occasional spheroplast or normal cell was
seen.

Again, rather different effects were observed
at the lower dose of amoxycillin, namely, 3.1
mg/kg. Relatively large numbers of normal
cells were observed after 30 min, but these
evolved between 50 to 60 min to slightly elon¬
gated forms, about two cells in length, many
with large swellings or spheroplasts (Fig. 4e).
In addition, numerous ghost cells were seen.
Between 1 and 2 h there was a marked decrease
in the number of spheroplasts and a few normal
cells were observed, together with slightly elon¬
gated cells with central collars. At 3 h many of
the surviving bacteria had elongated, and fila¬
mentous cells were observed, many with large,
single or multiple swellings (Fig. 4f). Between

3 and 5 h after dosing, a number of the bizarre
forms lysed while fragmentation occurred in
some of the filamentous forms, so that at 5 h a
variety of cell forms was seen, including elon¬
gated cells with swellings as well as increased
numbers of normal cells.

DISCUSSION
In the studies reported here amoxycillin was

significantly more effective than ampicillin in
protecting mice from the lethal effects of intra¬
peritoneal infection with a strain of E. coli.
Both compounds produced similar antibiotic
concentrations in blood and peritoneal wash¬
ings of the infected animals, in agreement with
the results of earlier studies (3), so that the
difference in the activities of the compounds
cannot be explained in this fashion. In the
earlier studies mentioned above, amoxycillin
was shown to produce greater bactericidal ef¬
fects than ampicillin in the infected animals,
but this aspect was not investigated here.
In this study, microscopic examination of

specimens of blood and peritoneal fluid from
infected animals revealed striking differences
in the effects produced by equivalent doses of
the two penicillins on the morphology of the
bacteria growing in vivo. In essence, amoxycil¬
lin typically produced spheroplast forms, which
lysed rapidly, whereas ampicillin only did so
at relatively high doses compared with amoxy¬
cillin. Characteristically, ampicillin produced
filamentous or long cell forms at dose levels at
which amoxycillin was producing spheroplasts,
and these variants lysed relatively slowly.
However, at high doses ampicillin caused
spheroplast formation in the same way as
amoxycillin, whereas at low dose levels treat¬
ment with amoxycillin resulted in the forma¬
tion of filamentous cells after initial sphero¬
plast formation, so that the differences between
the compounds are essentially concentration
dependent rather than reflecting differences in
modes of action.
To a great extent, the morphological effects

produced by the two penicillins during the
course of treatment of this experimental infec¬
tion resembled the effects described by Rolinson
and his colleagues in their in vitro studies (15;
Rolinson et al., Abst.r. 9th Int. Congr. Chemo¬
ther., abstr. 302, 1975). The similarities in the
effects produced in vitro and in vivo are some¬
what unexpected in view of the differences
between the two experimental systems. For
instance, in the infected animal the bacteria
are exposed to the body fluids and to the host
immune mechanism, factors that are not pres¬
ent in cultures incubated in vitro. In addition,
in :n vitro studies the bacteria are exposed to a
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Fig. 4. Effects of a single subcutaneous dose of ampicillin or amoxycillin on the morphology ofE. coli 8
in the blood of infected mice. Ampicillin <12.5 mglkg) at: (a) 60 min; (b) 2 h; (c) 4 h. Amoxycillin: (d) 12.5
mg/kg, 40 min; (e) 3.1 mglkg, 1 h; (f) 3.1 mglkg, 3 h. Differential interference phase contrast (Xl ,100).
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constant concentration of antibiotic for a rela- his colleagues (15), where filament formation
tively long period of time, whereas in the occurred at subinhibitory concentrations and
animal studies described here, peak antibiotic lysis of the filaments only took place after a
concentrations were attained rapidly (within period of hours. In contrast, the effects pro-
15 min) and the levels declined rapidly as the duced in vivo by ampicillin were more in keep-
antibiotics were excreted from the host. The ing with those observed in vitro by Rolinson et
dynamic nature of the in vivo system is illus- ah (15) and Greenwood and O'Grady (6), in
trated by the changing morphology of the bac- that spheroplast formation was observed in
teria in the infected animals with the passage vitro and in vivo only when the bacteria were
of time. For example, at a low dose of amoxycil- exposed to ampiehlin concentrations well in
lin (3.1 mg/kg), spheroplasts were produced excess of MIC levels. At concentrations not
soon after peak antibiotic levels were attained greatly in excess of MIC values (up to two to
in blood and peritoneal fluid, but later, as the three times the MIC), and at subinhibitory
compound was being excreted from the animal, concentrations, treatment with ampicillin re-
the low concentrations remaining evoked the suited typically in the formation of filaments
production of filamentous forms. Similarly, in vitro and in vivo.
with a dose of 50 mg of ampicillin per kg, The morphological effects produced by ben-
spheroplast formation, seen soon after peak zyl^enicillin on susceptible bacteria were ob-
antibiotic levels were attained, was followed served soon after the antibiotic was isolated
by cell elongation as the ampicillin concentra- (5), and the presence of abnormal varieties, in
tions in the body fell to subinhibitory levels. animals or patients, after penicillin therapy
Although filament formation was evident has been described (2, 4, 8, 9, 12). More re-

with low doses of amoxycillin as well as at cently, there has been a resurgence of interest
higher doses of ampicillin, there were obvious in the various morphological effects produced
differences in the appearances of the long cell by /3-lactam antibiotics as a result ofawareness
forms. For instance, with amoxycillin, the fila- of the variety of effects caused by compounds
inents had characteristic multiple swellings, of differing structures (4, 6, 14, 17), and differ-
like inflated balloons, along the length of the ences in effects on morphology have been cor-
cells, whereas these abnormal forms were not related with differences in affinity for binding
seen with ampicillin. These swellings became sites (7, 13, 16). However, to the best of our
evident some length of time after the initial knowledge, the study reported here represents
rapid formation of spheroplasts by amoxycillin the first attempt to seek a correlation in vivo
had ceased and at a time when amoxycillin between antibiotic effect on morphology and
was no longer detectable in the body fluid0. the results of therapy. The apparent similarity
Perhaps the most striking feature of this between in vitro and in vivo observations is of

study is the very rapid bacteriolytic effect pro- obvious interest.
duced in vivo during treatment with amoxycil- It is evident from the results of this study
lin at dose levels that resulted in the bacteria that the differences in the therapeutic activities
being exposed to subinhibitory concentrations of amoxycillin and ampicillin against experi-
of the compound for only short periods of time. mental infections are associated with the differ-
For example, at a dose level of 3.1 mg/kg, ences produced on the morphology of the bacte-
amoxycillin produced peak blood antibiotic con- ria in vivo by the relatively low transient
centrations of about 1.5 pg/ml at 10 min, and concentrations of the compounds present in the
these fell to about 0.25 /xg/nil at 60 min and blood and tissues of the infected animals during
were undetectable at 120 min. The MIC of therapy. The rapid production of spheroplasts
amoxycillin (and ampicillin) against the test and the rapid lysis observed with amoxycillin
organism, E. coli 8, was found in repealed in vivo contrasts markedly with the filament
tests to be 5.0 pg/ml, so that at best the formation and slower rate of lysis seen with
bacteria in the blood of the infected animal ampicillin. The significantly greater bacterio-
were exposed to a concentration of one-fourth lytic activity ofamoxycillin in infected animals
the MIC for a very short period of time. Never- compared with ampicillin provides the expla-
theless, treatment with this dose ofamoxycillin nation for its greater bactericidal activity in
resulted in the rapid formation of spheroplasts vivo and is the reason for the superior thera-
in the blood followed by rapid lysis, i.e., within peutic activity of amoxycillin.
60 min after administration of the compound.
n , i >].. ACIV.Ml ?V Lhi/uiflblN J S
Consequently, amoxycillin appeared to be iw- u, „ c . . n ., A u... f . . r .
, , , i_ . m i a ' • , 1 , vVe are gratef il to David A. Wilson for helpful discus-tably more bacteriolytic in vivo than was ob- sions and to Charles Winter for skilled assistance in print'
served in the in vitro studies of Rolinson and ing the photographs.
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(Reprinted from Nature, Vol. 203, No. 4944, pp. 548-549,
August 1, 1964)

Development in vitro of Bacterial Cross-
resistance involving Penicillins,
Chloramphenicol and Tetracycline

The selection, of antibiotic-resistant variants of bacteria
can readily bo demonstrated in vitro by repeated transfer
of the culture in the presence of the particular antibiotic
in question. Resistant variants isolated in this way show
cross-rcsistance to other antibiotics of similar chemical
structure to the antibiotic in which the original organism
was culturod. Cross-resistance among unrelated anti¬
biotics has boon reported on occasion1^5 with strains of
bactoria selected from in vitro experiments, hut the
phenomenon has not become woll established and it is
usually accepted that cross-resistance is not seen among
chemically dissimilar antibiotics. We now wish to report
the development of cross-resistance between certain peni¬
cillins, chloramphenicol and tetracycline, with bacteria
cultured in the prosonco of any of these antibiotics.
The results of experiments with a strain of Salmonella

paratyphi B (B.R.L. 1824) are shown in Table 1. Thi3
culture was sensitive to ampicillin, honzylpenicillin,
chloramphenicol, streptomycin and tetracycline before
repeated transfer in sub-inhibitory concentrations of those
antibiotics. After resistance had dovolopod to the par¬
ticular antibiotic in which the organism was transferred,
the resistant culturo was tested for sensitivity to the
other antibiotics. It was found that there was cross-

resistance between the penicillins, chloramphenicol and
totracyclino, such that the increase in rosistanco which
devoloped as a result, of culturo in the presenco of one of
these antibiotics was accompanied by a lesser, but never¬
theless significant, increase in resistance to the other
unrelated, antibiotics. The development of this multiple
resistance occurred in a gradual stepwise maimer, and

Table 1. Selection in vitro or Antibiotic-resistant Valiants or
Salmonella paratyphi i! (b.b.l. 1824) showing Ckoss-resistanci: involving

Penicillins, Chloramphenicol, and Tetracycline

Antibiotic in Minimum inhibitory concentration pig,'ml.)
which culture No. of Ainpi- Benzyl- Chloram- Tctra- Stropto-
wastransferreil transfers cillin penicillin phenicol cycline mycin

None (parent
culture) 0 1-25

Ampicillin 12 250
Benzylpenicillin 12 125
Chloramphenicol 10 25
Tetracycline 10 25
Streptomycin 4 1-25

12-5 50
>500 50
> 500 50
125 125
125 25
5-0 5 0

1-25 12-5
25 25
25 12-5
50 50
125 25
1 25 >500
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there was no evidence that polyresistant variants were
present in the original antibiotic-oensitivo cultures.
In contrast to these findings, the multiple-resistant

variants doscribed here wero, in general, as sensitive to
streptomycin as was the parent strain, and streptomycin-
resistant variants of the original culture of Salm. para¬
typhi £ (B.R.L. 1824) remained sensitive to tho peni¬
cillins, chloramphenicol and tetracycline. Likewise, a
culture of this organism repeatedly transferred in the
presence of ampicillin showed no change in sensitivity to
cycloserine, kanamycin, neomycin or polymyxin.
The development of cross-resistance involving peni¬

cillins, chloramphenicol and tetracycline was also demon¬
strated with a strain of Escherichia coli, a strain of
Klebsiella pneumoniae and several Salmonella species.
Cross-resistanco was not seen with two strains of Proteus
mirabilis, and one strain each of Shigella flexneri and
Shigella sonnei.
It would seem, therefore, on tho basis of the findings

reported here, that the emergence of antibiotic-resistance
in vitro should not be regarded as a phenomenon which
is highly specific for the antibiotic in which tho bactorial
culture is transferred. On the contrary, it is evident that
cross-resistanco among dissimilar antibiotics can readily
be demonstrated in vitro with certain bacteria, par¬
ticularly species of Salmonella, although the clinical
significance of this is as yet not known.
These results will be reported in detail elsowhero.
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Abstract

Suthkui.and, R. (lleechani Research Labora¬
tories Ltd., Betchworth, Surrey, England), and
G. X. Rou.xsox. Characteristics of methicillin-
resistant staphylococci. J. Racteriol. 87:887-899.
190-1.—Cultures of naturally occurring methicillin
resistant staphylococci obtained from a number of
hospitals were examined for the nature and degree
of resistance to methicillin and other antibiotics.
All the cultures tested were similar in that they
consisted of mixed populations in which the ma¬
jority of cells were of normal sensitivity to methi¬
cillin with a minority showing methicillin resist¬
ance. The resistant members also differed from
the rest of the population in that they grew more
slowly even in the absence of methicillin. Pure
cultures of the resistant minority were obtained
readily but, on repeated transfer in the absence of
methieillin, resistance was lost and the cultures
reverted to mixed populations similar to the orig¬
inal naturally occurring strains. When niethicillin-
sensitive staphylococci were repeatedly subeul-
tured in the presence of methicillin, a mixed
population was obtained in which only a minority
of cells were resistant to the antibiotic; in this
respect, the cultures of inethicillin-resistant
staphylococci selected in vitro resembled the
naturally occurring strains. The original cultures
of methicillin-resistant staphylococci comprised
populations of cells with uniform sensitivity or
insensitivity to other antibiotics. The resistance
of these staphylococci to methicillin was not due
to increased ability to inactivate the drug but to
intrinsic insensitivitv to methieillin.

At the time ntetliicjllin was introduced into
elinieal practice, naturally occurring strains of
Staphylococcus aureus resistant to the drug had
not been encountered in the course of extensive
tests. Soon after, however, devoirs (1901) de¬
scribed three strains, of a total of 5,440 isolates
tested, which showed increased resistance to
methieillin. These strains showed no increased
ability to destroy methicillin, but did differ from
normal staphylococci in that the cultures com¬
prised mixed populations of cells with differing

sensitivities to methieillin; the majority were
sensitive to methicillin and a minority were
highly resistant (Knox, 1961; Rolinson, 1961).
Since the first report of methicillin-resistant

staphylococci, further strains have also been
encountered elsewhere (Barber, 1961; Barber
„nd Waterworth, 1962; Chabhert and Baudens,
1962; Cetin and Aug, 1962; Stewart and Holt,
1963; Eriksen and Eriehsen, 3963; Jevons, C'oe,
and Parker, 1963; Beck and Evans, 1963; Hard¬
ing, 1963), and, like the original strains isolated
at Colindale, some of these strains have been
reported to comprise cultures with a minority
population of highly resistant cells (Barber,
1961; Barber anu Wuterworth, 1962; Chabbert
and .Baudens, 1962; Harding, 1963).
In contrast, other strains of naturally occurring

methicillin-resistant staphylococci have been
reported to differ from this pattern. For example,
Stewart and Holt (1963) described niethicillin-
resistant strains comprising cultures uniform in
appearance, growth, and insensitivity to methi¬
cillin. Moreover, these strains were reported to be
able to inactivate the penicillinase-stable penicil¬
lin, cloxaeiliin, to a greater extent than did nor¬
mal strains of pcnicillinase-producing staphylo¬
cocci. Eriksen and Erichsen (1963) also described
strains of staphylococci capable of destroying
methieillin.
The incidence of methicillin-resistant staphylo¬

cocci would appear to be very low (Jevons et ah,
1963), but there is little doubt that such .-trains
can, on occasion, cause serious infection which
may not he controlled with methicillin (Stewart,
and Holt, 1963; Harding, 1963). It is important,
therefore, that as much should be known about
these strains as possible, and, particularly, that
reliable methods of detecting these strains during
routine clinical testing should be determined.
In the present paper, we describe experiments
with subcultures of many of the methicillin-
resistant strains described in the literature from
1961 to date, and include tests for population
composition, degree and stability of resistance to
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methieillin, ability to inactivate methieillin and
clovacillin, and resistance to other antibiotics.
Consideration is also given to reliable methods
of detecting methicillin-resistant strains during
the course of routine antibiotic-sensitivity testing.

AIATKIUAI-S AN"]) AIKTHODS

Cultures. Strain 13137 was received from 1'. AI.

Jevons, and was one of the original isolates of
methicillin-resistant staphylococci (Jevons, 1061).
R. \Y. Riddel! of the Brompton Hospital sup-
plicd strain 7069. Strain PS9 was one of several
cultures sent to our laboratory from Poland by
J. Parnas. (1. T. Stewart supplied strains
QAIH I, QA1H II, 6467, and 8054, which had
been isolated at Queen Mary's Hospital, Oarshal-
ton. Strains QAIH 1 and QAIH II had been iso¬
lated before and after the death of a child who
failed to respond to methieillin treatment
(Stewart and Holt, 1963). J. W. Harding of the
Central Middlesex Hospital supplied strains
1244/62 and 1247/62, which were the cause of a
serious infection (Harding, 1963); K. R. Erikseu
of Copenhagen sent strains 5974 and 5982, which
were described in the literature earlier (Eriksen
ami Erichsen, 1963). Strains BRL 1776 and BRL
1800 had been isolated at The Children's Hospi¬
tal, Birmingham, and were sent to us by K. B.
Rogers. Mary Barber of the Hammersmith
Hospital supplied strains M11-AI25, and A. Beck
of Paddington General Hospital provided strains
19223/62-1529/63. Strains 8/5, 97/2, and 71/5,
isolated at St. Thomas' Hospital, were sent to
us by M. Ridley.
Minima1 inhibitory concentrations (MIC). AIIC

levels of antibiotics were determined by serial
dilut'on of graded concentrations of the drugs in
5-ml volumes of broth or 18-ml volumes of agar.
Inoeula comprised 1 drop (approximately 0.03
ml) of an overnight broth culture of the test
organism diluted as specified, and the cultures
were incubated at 37 C for 24 and 4S hr.
Determination of population composition. The

population composition of the methicillin-re¬
sistant cultures was determined by spreading
0.1-r.il amounts of dilutions of broth cultures on

agar containing graded concentrations of methi¬
eillin. The numbers of colonies visible after 24
and -18 hr of incubation were counted, and the
proportions of the total population resistant to
different concentrations of methieillin were calcu¬
lated.
Selection of. resistant cells. Resistant cells were

J. Bactf.rioi..

selected from methicillin-rcsistant cultures be¬
spreading these strains on agar containing 100 to
500 gg/ml of methicillin and, after 48 hr of incu¬
bation, subcultliring into antibiotic-free broth.
Strains of normal staphylococci were habitu¬

ated in vitro to methicillin by daily transfer in
broth containing increasing concentrations of the
penicillin. As inoculum, a drop from the culture
growing in the highest concentration of methi¬
cillin in the previous test was used.
Bactericidal effects. Bactericidal effects were

measured by inoculating Erlenmeyer flasks con¬
taining 100-ml volumes of nutrient broth and
the required concentrations of methicillin with 1
ml of an overnight broth culture of the test organ¬
ism, giving an inoculum of approximately 10s
cells. Samples (1 ml) were taken from the flasks
at intervals after inoculation, and viable counts
were made by pipetting 0.02-m! volumes of
suitable dilutions of the cultures onto blood-agar
plates.
Sensitivity disc tests. Sensitivity disc tests were

carried out in the usual fashion by flooding agar
plates with suitable dilutions of overnight broth
cultures of the test organisms and placing freshly
prepared filter-paper discs (diameter, 6 mm)
containing 5 gg of cloxaeillin or 10 pg of methi¬
cillin on the surface of the plates. The diameters
of zones of inhibition were measured after ov er¬

night incubation at 37 C.
Results and Discussion

Determination of MIC levels of methicillin. The
AUG levels of methicillin in broth against
methicillin-resistant staphylococci are shown in
Table 1. In these experiments, a large inoculum
(approximately 10,000,000 organisms) and a
small inoculum (approximately 10 organisms)
were employed, and inhibition of growth was
measured after incubation at 37 C for 24 and 48
hr.
With all strains, the growth of the light inocu¬

lum was inhibited after 24 hr by a concentration
of 5 jvg/ml of methicillin, and most strains were
inhibited by concentrations below this level.
In the same test, the AIlO of methicillin against
a normal penieillinase-produeing strain of
staphylococcus (BRL 1089) was 1.25 jig/ml. so
that under these conditions mothicillin-resistant
strains were only slightly more resistant to
methicillin than were other staphylococci. After
48 hr with the light inoculum, the MIC values of
these cultures were slightly higher, but all were

SUTHERLAND AND ROLIXSOX
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table 1 Effect of inoculum size and length of incubation time on sensitivity of
staphylococci to methicillin

MIC (/ig/mlj

Source Strain Phage type Light inoculum" Heavy inoculum''

24 hr 48 hr 14 hr 48 hr

Colindale 13137 7/47/53/S4/75/77 2.5 5.0 5.0 125

Brompton Hospital 7059 — 1.25 2.5 5.0 125

Poland P89 Group III 2.5 5.0 12.5 500

Queen Mary's Hospital
Carshalton

QMHI
QMHII
(i 107
8054

53/75/77
53/75/77

2.5
2.5
5.0
5.0

5.0

5.0

5.0

12.5

12.5
12.5
5.0
12.5

500
500

125
' 500

Birmingham Bill, 1770
RRL 1800 47/53/77

2.5
•2.5

5.0

12.5
12.5
12.5

>500
>500

Central Middlesex

Hospital
1247/02
1241/02

7/42E/53/54/75/77
7/47/53/54/75/77

2.5
2.5

5.0
12.5

12.5
25

500
>500

Hammersmith Hospi¬
tal

Mil
M15
M25

47/53/54/77
53/75/77
54/75/77

2.5
1.25

2.5

5.0
1.25
5.0

12.5
5.0
25

125
250
250

Copenhagen 5974
5982

Group III
Group III

1.25
2.5

5.0

5.0
12.5
5.0

250
125

Paddington Hospital 19223/02
25191/02
24114/02
1702/03
1529/03

47/53/77
47/53/75/77
47/53/75/77
47/53/75/77
47/75/77

5.0
2.5
2.5
2.5
2.5

12.5
5.0

5.0
5.0

12.5

25
12.5

12.5
12.5
25

250
250
250
250
250

St. Thomas' Hospital 8/5
97/2
71/5

75/77
53/75/77
53/75/77

2.5
0.5
2.5

5.0

2.5
2.5

12.5
12.5

12.5

125
250
500

Bill; 1727e 0.5 2.5 2.5 >500

15B1. 10S9-' 1.25 2.5 2.5 5.0

Staphylococcus
aureus Oxford

0.25 1.25 0.5 2.5

" One drop of a 10-c dilution of an overnight culture.
6 One drop of an overnight culture.
r Strain of S. aureus, coagulase-negative.
''Typical methicillin-sensitive, penicillinase-producing strain of S. aureus.
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Table 2. Population analysis of a methicillin-rcsistant strain of Staphylococcus aureus 8054*

Dilution of
inoculumt No. of cells Incubation period

< hr) i

Cortcri of , nhicil in (/ig ml)

300 250 125 50 25 ,,, 5.0 2.5 1.23 0.5 Control

None 30 X 108 24 — zk + + + + +
48 100 250 ± rk ± + + + + +

10"- 30 X 10J 24 — - - _ - + + + + +
4S - - 2 is 10 100 + + + + +

1()-4 30 X IT 24 ± ±

48 zfc ± ± ± ±

10-8 30 24 50 30 20 30
4S ! — — — — — — 30 50 33 25 30

"Symbols: + = confluent growth; ± = discrete colonies (too numerous to count); numbers =
number of colonics visible; — = no growth.
t Inoculum, 0.1 ml of overnight broth culture diluted us specified and spread over surface of blood-

agiir plate.

inhibited by 5.0 to 12.5 jug/mi of methicillin. In
contrast, with the heavy inoculum the AUG
values were generally as high as 12.5 pg/ml even
after 24 hr of incubation, and after 48 hr most
of the strains were inhibited only by concentra¬
tions as high as 250 pg/ml or greater. Under the
same conditions, the MIC,' values for a methi-
cillin-sensitive staphylococcus were 2.5 pg/ml
after 24 hr and 5.0 pg/ml at 48 hr.
With all the strains of methicillin-resistant

staphylococci, the MIC values therefore ranged
from as low as 1.25 co 2.5 pg/ml to as high as
250 jug/ml and over, depending entirely on the
size of the inoculum and the length of incubation.
It is well known that there is" an analogous
inoculum effect with benzylpenicillin and peni-
cillinase-producing staphylococci, giving rise to
results similar to those shown in Table 1. With

benzylpenicillin, the inoculum effect results from
the destruction of the drug, which becomes greater
as the inoculum size and incubation times are

increased. With methicillin and the resistant
strains used in this work, however, preliminary
experiments showed that destruction of the drug
was negligible. Since drug inactivation is not a
factor in these experiments, the results shown in
Table 1 suggest that these strains are mixed
populations with respect to methicillin sensitivity,
the majority of the population being of normal
sensitivity but with a minority highly resistant.
This interpretation is consistent with the effect
of inoculum size and incubation period on the
MiC. If the strains arc mixed populations as
suggested, a very small inoculum would contain
primarily, or even entirely, sensitive organisms,

and the AUG for methicillin would be low. Afore-
over, the AIIC would not vary substantially as a
result of further incubation. A very large inocu¬
lum, on the other hand, would be expected to
include at least a certain number of cells of the
resistant proportion.
Population analysis. The population composi¬

tion of methicillin-resistant strains was deter¬
mined as described in Alaterials and Methods,
and typical results for one of the .strains are
shown in Table 2. With an inoculum of 0.1 ml of
a 10'~6 dilution of an overnight broth culture, 30
colonies grew on the control plate after 24 hr;
and approximately the same number also grew
on agar containing methicillin at concentrations
up to 5 jug/ml, but there was no growth at 5 gg/'ml
and over. Similar results were obtained with an

inoculum of a 10 4 dilution of broth culture. In
this case, however, the colonies were too nu¬
merous to count but growth was uniform on
the plates containing less than 5 gg/ml of methi-
cillin, whereas at 5 gg/ml and over there was no

growth. As the inoculum and therefore the num¬
ber of organisms plated increased, resistant
members became evident, so that, with 0.1 ml of
undiluted overnight culture, visible growth was
present even after 24 hr at concentrations of
methieillin as high as 50 gg/ml. However,
growth on the plates containing from 12.5 to 50
jug/ml of methicillin was not identical with
growth on the control plates or on those containing
low concentrations of methicillin. At the higher
concentrations of methicillin, the colonics were
much less mmerous and were very much smaller
and less pigmented than normal. These resistant
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table 3. Determination of proportion of methicillin-resisltinl cells in seven strains of
methicillin-resistant staphylococci*

Strain

Methicillin concn (tig ml)

50(1 250 125 50 25 12.5 5.0 2.5 1.25
' Control

13137 0 0.1 o.s 0.0 0.0 2 5 X 10" 10" 10s 108

QMH J 0 0.75 1.3 4 35 25 7 X 10s 10s 108 108

8054 2.5 0 0 45 100 250 10s 10s 10s ; 106
5974 1 10 4 5 0 35 5 X 10' 10" 108 108
BRL 1770 0.3 0.5 0.8 1.0 1.2 0 30 10s 1118 108

RRL 1800 0 0.1 0.3 2 2 O — 10s 108 IIP

1244/02 1 3 3 0 40 50 10s 108 108 : 108

BRL 17271 0 0 0.3 3 0 8 10 108 108 108
BRL 1089+.... 0 0 0 0 0 0 0.5 10" 108 10"

* Results are expressed as the numbei of colonies per million plated growing it indie:ited concentra-

tion of methicilliu. Colonies were counted after 18 hr at 37 C.
t Strain of Staphylococcus aureus, coagulase-negutive.
t Typical methicillin-sensitive, penicillinase-produeing strain of S. aureus.

members of the population also grew more
slowly in the presence of mothieillm than did the
rest of the population, and, on incubation of the
plates for a further 24 hr, colonies were then
visible at concentrations as; high as 500 pg/ml
of methicillin. These highly resistant members
grew as a mixture of small pigmented colonies
and minute nonpigmented colonies, this differ¬
ence in colony appearance being due possibly to
different rates of growth. In contrast, the mcthi-
eillin-sensitive members obtained by plating a
small inoculum grew quickly and normally in
the presence of low concentrations of methioillin,
and the number and appearance of the colonies
did not alter as a result of further incubation from
2-1 to 48 hr.

Although certain members of the culture were
highly resistant to methicillin (Table 2), they
were present only as a minority of the total
population. These figures are expressed in Table
3 as the numbers of colonies growing at different
concentrations of methicillin per million colonies
growing on the control drug-free plate. With this
strain (culture 8054), only 250 per million of the
population were able to grow at a concentration
of 12.5 pg/ml and only 2.5 cells per million wore
capable of growing at 500 pg/ml of metlueillin.
This type of analysis was also carried out for six
other strains of methicillin-resistant staphylo¬
cocci, and for a typical penicillin-resistant,
methicillin-sensitive culture (BRL 1089). The
figures obtained from these experiments to deter¬

mine the proportions of the populations with
different degrees of resistance are shown in
Table 3. All these cultures displayed the same
pattern of growth and population composition
as illustrated in Table 2 for strain S054. That is
to say, the highly resistant cells were visible only
after 48 hr of incubation, and the proportion
capable of growing at a concentration of 12.5
yug/ml of methicillin or over was small and in no
ease exceeded 250 cells jeer million plated.
Although the highly resistant members of the

strains shown in Table 3 are clearly a minority of
the total culture, the basic population of these
cultures does show a slight but distinct degree of
resistance compared with typical pemeillinase-
producing staphylococci. Results for the hitter
type of culture (BRL 10S9) are shown in Table 3;
the population was uniformly able to grow in a
concentration of 2.5 /ug/ml of methicillin, but
only 0.5 colonies per million were evident at
concentrations of 5 pg./ml. With the methicillin-
resistant strains, however, all except one culture
contained at least 5 X 10* cells per million of the
population capable of growth at 5 pg ml. With
these methicillin-resistant, strains, therefore, the
basic population itself would seem to be slightly
more resistant to methieillm than are typical
staphylococci, but this degree of resistance is
only in the order of a single twofold dilution.
Characteristics of the highly n.cthi' ilUn-resiskmt

members of the populations. Results are shown in
Table 4 for the highly resistant members selected
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tabi.k 4. Effect of methicillin on the growth of resistant fractions isolated from melhicitlin-resistant
strains of Staphylococcus aureus*

Strainf Dilution of
inoculum

Incubation
(hr)'

Methicillin concn (/ig.ml)

5 0 250 125 50 25 12.5 5.0 2.5 1.25 0.5 0.25 0.1 Control

13137R Xone 24 + + + + + + + + + + + +
48 + + + _j_ + + + + + + + + +

10'6 24 — — M M M M M M M M M M M

48 25 27 23 .35 27 25 28 29 20 23 27 25 31
5974R Xoiie 24 ± ± + + + + + + + + + + +

48 ± + + + + + + + ■ + + + + +
10"6 24 M M M M M 28 31 35

48 25 17 30 22 37 21 19 24 29 30 36 35
S054II Xcne 24 ± + -j- + + + + + + + + + +

4S ± + + + + + + + + + + + +
to-6 24 — _ M M M M M M M M 20 28 30

48 40 33 27 31 21 28 30 29 35 27 28 31 32

* Symbols: + = confluent growth; ± = discrete colonies; numbers = number of colonies; — = no
growth; M = minute colonies.
t Strains 131.37R, 597-111, and 805411 were the highly resistant members isolated from cultures 13137,

5974, and 8054, respectively.

from three methici'liurt. ist.ant cultures. Selec¬
tion of these resistant members was carried out

by fucking off colonies growing after 48 hr on
agar containing 500 Mg/inf of methicillin, and
eulturing these colonies overnight in antibiotic-
free broth. Volumes (0.1 ml) of suitable dilutions
of these broth cultures were then used to inocu¬
late agar plates containing graded concentrations
of methicillin, in the manner of the experiment
shown in Table 2. The methicillin resistant frac¬
tion isolated in this way gave rise to a uniformly
resistant population, since a small inoculum
resulted in approximately the same number of
colonies on a plate containing 500 Mg/ml as on
the ( introl drug-free plate. These resistant cells
also grew at a slower rate, as was seen in the
experiments with the original cultures. Similar
observations were also reported by Barber (1961).
Growth was slow even on drug-free agar, resulting
in rather small white colonies after 24 hr of incu¬
bation. In the case of the resistant fraction iso¬
lated from culture 13137, almost no growth at
all could he detected after 24 hi\ The presence of
methieillin exerted an additional inhibitory
effect so that colonies growing in high concentra¬
tions were nonpigmented and were smaller than
those colonies growing at lower concentrations of
methicillin. After 48 hr of incubation, growth was

considerably heavier and colonics could be
counted clearly, ; Ithough again colony size be¬

came smaller as the concentration of methieillin
increased. It is apparent, therefore, that this
resistant minority is a dearly distinguishable
fraction of the total population and that the
extremely limited number of colonies growing on
high concentrations of methicillin represents not
the total population growing poorly but the
distinct resistant members of a mixed population.
Stability of the methiciUin-resistant fractions.

The three cultures shown in Table 4, representing
the resistant fraction present in cultures 13137,
5974, and 805-1, were subcultured in drug-free
nutrient broth for six transfers, and the popula¬
tion analysis was again carried out by plating
0.1-ml amounts of undiluted broth cultures and
10~~6 dilutions of broth cultures on agar containing
graded concentrations of methicillin (Table 5).
After six transfers in the absence of methieillin,
all three cultures had reverted to a mixed popula¬
tion similar to the original cultures from which
the resistant fractions had been obtained, which
is in agreement with findings reported by Barber
(1962). The proportion of resistant cells was still
somewhat higher than that seen in the original
cultures, but the majority of the population was
sensitive as indicated by the results with the small
inoculum, which showed colonies only at eonccn-
tations of 5 pg/ml and below. The resistant frac¬
tion still showed slower growth, whereas the
sensitive members grew normally after only 24 hr
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T.\BI.K 5. Stability of resistant fractions after subculture (six transfers) in the at.senet of methirillin*

Dilution of
inoculum

None

10"6

None

10"*

None

ur8

Incubation i

thr) i~

•21
4S
24

4S

24

4S
24

4S
24

4S
24

48

50

!1! -;r
; ±> ±

M

±

Mt-tlmillin concn (rr nil.

125 50 25

80
20
±

M M
± i ±

i i rh

12.5 5.0 i 2.5

+
+
25

+
+
•20

25 • 20

h I +
b +
- 27

- | 25 27
dr j "b +

+ +
- i 32

- 12 i 32

1.25 0.5 0.25 0.1 Control

+
+
30

30

+
+
'27
27

+
+
18
18

20

20

14

14

24

24

+
41

41

+
+
35
35
+
+
23
23

+
37
37
+

20

20
+
+
10

10

+
+
27
27

+
+

23
23

* .Symbols: + = confluent growth; ± = discrete colonies; numbers = number of colonies; -
growth; M — minute colonics.
f Strains 1313711, 507411, and S054R were the highly resistant members isolated from culture.-

5074, and 8054, respectively.
13137,

of incubation. Resistance to methicillm would,
therefore, appear to be an unstable factor, and
loss of resistance also appears to be accompanied
by resumption of normal rate of growth and
colony appearance.

Effect of methicillin on the viable count of broth
cultures of methiciUin-rcsistant staphylococci.
Since the metliicillin-resistant staphylococci used
in this work appear to comprise cultures, with
mixed populations, of which the majority are
sensitive to methieillin, a substantial fall in the
viable count of such cultures might be expected
in the presence of methicillin during the first
few hours before the resistant fraction has been
able to proliferate. Bactericidal activity of
methieillin against different strains of staphylo¬
cocci is shown in Fig. 1 to 4. The strain shown in
Fig. 1 was a typical penicillin-resistant, methi-
cillin-sensitive strain, almost the entire popula¬
tion of which was sensitive to a concentration of
5 pg/nil of methicilliii after 48 hr of incubation.
In this culture, therefore, resistant menibeis
were not detectable. In Fig. 2 and 3, both cultures
were naturally occurring methicillin-resistant
strains. One of these (culture ."1)74) contained
resistant members but only as a very small
proportion, and even at 5 jug/ml the growth of a
significant proportion of the population was
inhibited. In the other culture (.-train 8054),
the level of resistance of the basal population
itself was slightly higher, and the majority of the

rrc;. 1. Effect of mcthicillin on the ijrowth of
Staphylococcus aureus MIL 1060. Methirillin con¬
centrations: • , untibiutic-frie control; O. 1.25
Icy/nil; A, 2.5 up/ml; □, 5.0 jigiml.

population was capable of growth at a concen¬
tration of 5 £ig/ml, although again only a small
minority was capable of growth at 12.5 gg/ml
and above. As shown in Fig. 1, 2. and 3, the
results of the viable counts are in accord with the

population analysis for these cultures shown in
Table 3. With strain BR1. Ub-0. a concentration
of 1.25 yg/ml of mothieillin permitted growth
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4 7 24
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Kit;. 2. Effect of methicillin on the growth of
Staphylococcus aureus 5974. MethiciUin concentra¬
tions: • , antibiotic-free control; 0,9.5 yd/ml; A,
5.0 fiii/'iil; □, 20 pg/ml.

t

4 7

TIME (HOURS)
48

but thereafter the highly resistant- members
grew; even at a concentration of 20 ag/ml,
the viable count increased over 100-fold between
7 and 2-1 hr. A similar picture was also obtained
with the otner methicillin-resistani culture
(SOo-t), but in this case the basal population
itself showed some degree of resistance; with
5 pg/ml only a diminished rate of increase in
viable count was obtained. With 10 pg/ml,
however, a kill of over 99% was again obtained
in the first- 7 hr, but thereafter the resistant
variants proliferated; at 24 hr the viable
count with 10 yug/ml of metliicillin was almost
as high as in the control culture. As would be
expected, a pure culture of a resistant fraction
isolated from strain 8034 was not readily affected
by methicillin, and no bactericidal activity was
seen with concentrations of up to 40 pg/ml of
the drug (Fig. 4).
Sensitivity of methicilHn-rcsistani staphylococci

to clo.racillin. MIC values of cloxaciliiu against
certain methicillin-resistant cultures are shown
in Table f>. Even with a heavy inoculum, most
of the cultures were inhibited by a concentration
of 2.5 jug/ml of cloxacillin after 24 hr of incuba¬
tion. The corresponding figures for methicillin
were 12.5 to 25 /xg/ml. This difference in activities
is similar to that obtained with typical methieil-
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tu

lO6

fig. 4. Effect of methicillin on the growth of
Staphylococcus aureus 8054. MethiciUin concen¬
trations: O, antibiotic-free control; O, 5.0 pcj/ml;
A, 10 pg/ml; □, 20pg/»il.

over the first 7 hr, but a concentration of 2.5
Mg/ml or greater resulted in a kill of over 99%
of the original population during this period.
With further incubation up to 24 hr, little change
took place and, although some growth did occur
at 2.5 jug/ml, the viable count, even at 24 hr,
was still below the initial figure. With the metlii-
cillin-resistant culture 5974 (Fig. 2), considerable
bactericidal activity again took place during the
first 7 hr with relatively low levels of methieillin,
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fjg. 4. Kffcct of methicillin on the growth of

Staphylococcus aureus 8054H, a resistant culture
isolated from stain 8054■ Methicitlin concentra¬
tions: • , antibiotic-free control; O, 10 pg/mt; A.
40 py/ml.
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table 6. Sensitivity of metkicillin-resistunl staphylococci to cloiacillin

MIC u*g- ml

Source Strain Light inoculum" Heavy inoculum''

24 hr 48 lir 24 hr 48 Ivr

Colindale 13137 0.25 1.25

'

0.5 125

Bronipton Hospital 7059 0.25 0.5 1.25 125
0.5

Poland P89 0.5 1.25 >500

Queen Mary's Hospital QMH I 0.25 2.5 1.25 250
Carshalton QMH II 0.25 1.25 2.5 250

G4G7 0.25 0.5 5.0 >500
8054 0.5 0.5 1.25 250

Birmingham BUT, 1770 0.5 1.25 2.5 250

BK L 1800 0.05 0.1 1.25 125

Cent ral Middlesex Hospital 1247/02 0.25 0.5 0.5 50

1244/02 0.05 0.5 0.5 50

Hammersmith Hospital Mil 0.25 1.25 1.25 50

M15 0.25 0.25 0.5 12.5
M25 0.5 0.5 2.5 250

Copenhagen 5974 0.1 0.5 1.25 25

59S2 0.1 0.5 1.25 50

Paddingtcm Hospital 19223/02 0.25 0.5 1.25 12.5

24414/02 0.05 0.5 0.5 50

1529/Go 0.25 0.5 2.5 12.5

St. Thomas' Hospital 8/5 0.5 0.5 1.25 >500
97/2 0.25 0.5 2.5 >500

71/5 0.25 0.5 1.25 25

BILL 1727' 0.01 0.25 5.0 >500

Bit L 10S9'' 0.25 2.5 0.5 i 1.25

Staphylococcus aureus Oxford 0.025 0.1 0.1 1 0.25

" One chop of a 10~" dilution of an overnight culture.
b One drop of an undiluted overnight broth culture.
£ Strain of Staphylococcus aureus, eoagutase-negative.
d Typical niethicillin sensitive, penieillinase-producing strain of S. aureus.

lin-sensitivc staphylococci where cloxauillin is
approximately five times more active than methi-
eillin. The minority population, highly resistant
to methicillin, is also resistant to eloxai-illin,
however, and with a heavy inoculum, after IS hr
of ineuhation, the MIC values of cloxacillin for
some strains were as high as 250 gg/nil.

Sensitivity of VHthicillin-rcsisl'int staphylococci
to other antibiotics. The MIC values of tetra¬

cycline, streptomycin, chloramphenicol, and
erythromycin for certain nw thicillin-resistant
cultures of staphylococci are shown in Table 7.
Graded concentrations of the antibiotics were

prepared in agar in petri dishes, and the surface
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Table 7. Sensitirity of seri n strains of nit thicillin-resislant staphylococci
to streptomycin, tetracycline, rhloramphenico!, and erythromycin

mic te/ml.l

Strain Inoculum* Streptomycin Tetracycline Chloramphenicol Erythromycin

24 hr 4S hr 2t hr 4S hr 24 hr
.

4N hr 24 hr 4X hr

13187 Xeat >500 >500 250 500 5.0 12.5 2.5 2.5
Dilute >500 >500 125 125 5.0 5.0 0.5 0.5

8054 Xeat >500 >500 125 250 5 0 12.5 1.25 2.5
Dilute 500 500 50 250 1.25 5.0 0.1 0.1

JillL 1800 X'eat >500 >500 250 500 5.0 12.5 2.5 2.5
Dilute >500 >500 125 125 5.0 5.0 0.5 0.5

1247/02 Xeat >500 >500 250 500 5.0 12.5 2.5 2.5
Dilute >500 >500 50 125 5.0 5.0 0.5 0.5

Mil X'eat >500 >500 250 500 5.0 12.5 2.5 2.5
Dilute >500 >500 125 125 5.0 5.0 0.5 0.5

5974 X'eat >500 > 500 250 500 5.0 12.5 2.5 2.5
Dilute >500 >500 125 125 5.0 5.0 0.5 1.25

24414/02 X'eat >500 >500 125 250 <j() 125 1.25 2.5
Dilute >500 >500 125 125 25 50 0.5 1.25

Oxford Xeat 5.0 5.0 0.5 2.5 5.0 12.5 2.5 2.5
Dilute 1.25 2.5 <0.1 0.5 5.0 5.0 0.25 0.5

* X'eat inoculum, one drop of an tmdilufed overnight broth cultures dilute inoculum, one drop of a
10~" dilution of overn iRlit culture.

of the agar was inoculated. Again, two levels of
inoculum were used, a large inoculum comprising
one drop of an overnight broth culture, and a
«mall inoculum consisting of one drop of a 10'"*
dilution of the same broth culture. Growth was

recorded after 24 and 48 hr of incubation. All
the cultures Appeared to consist of fairly uniform
populations with respect to antibiotic sensitivity.
This is indicated by the fact that the MIC
values for the heavy inoculum were very similar
to those obtained with the small inoculum. The
strains also showed a rather similar spectrum of
resistance. All the cultures were highly resistant
to tetracycline and streptomycin, with MIC
values generally of 250 jug/ml or over. All the
strains also showed the same level of sensitivity
to erythromycin, with MIC values of 2.5 gg/ml
for a large inoculum and 0.5 pg/ni! with a small
inoculum, the Oxford staphylococcus being
inhibited in these tests at the same concentra¬
tions. With chloramphenicol, all strains except
one were relatively sensitive, with MIC values
of 5 pg/ml for a heavy inoculum after 24 hr of
incubation. One of the methiciliin-resistant

staphylococci, however, was highly resistant to
chloramphenicol, and required 50 to 125 pg/'tnl
for inhibition.

In addition to the sensitivity tests with the
original cultures of methicillin-re.sistant staphylo¬
cocci, tests were also carried out to determine the
antibiotic sensitivity of pure cultures of the
methicillin-resistunt fractions present in these
strains. The MIC values were determined with
graded concentrations of antibiotic in agar, and
the plates were inoculated with 10~a dilutions of
overnight broth cultures of the original strains
and of the isolated resistant fractions. Tu the
ease of the original cultures, this dilution ensured
that the inoculum consisted essentially of sensi¬
tive members compared with the pure cultures
of resistant variants. Xo significant difference in
sensitivity was observed with respect to tetra¬
cycline, streptomycin, chloramphenicol, and
erythromycin. Consequently, these resistant
fractions appeared to differ from their parent
cultures only with respect to sensitivity to
methicillin and not to any of the other anti¬
biotics tested.
Methicillin-resistant staphylococci selected in

vitro. In view of the results with naturally occur¬
ring methiciliin-resistant strains indicating them
to be characteristically mixed populations of
differing sensitivities, experiments were carried
out on the population composition of methicillin-
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resistant staphylococci habituated in vitro. The
Oxford staphylococcus and a typical penicillin-
resistant, methicillin-sensitive staphylococcus
(strain 452) were transferred repeatedly in broth
containing methieillin. By means of this selection,
a culture was obtained from the Oxford strain
which grew in nOpg/ml of methieillin; from strain
4,52, a culture was obtained which grew in 12.5
Mg/ml of methieillin. These cultures were ex¬
amined for population composition, as above, on
agar containing graded concentrations of methi-
eillin, with broth cultures containing 50 and 125
jug/ml of methicillin, respectively, as inocula.
The cultures were not transferred in the absence of
methicillin prior to the population analysis. The
proportions of the total population capable of
growth at different levels of methicillin were
calculated as previously (Table 3); the results
are shown in Table S. W ith the resistant variant
from the Oxford staphylococcus, although the
inoculum was a culture growing in broth con¬
taining 50 jug/ml of methieillin, no growth
occurred on agar at this concentration, and at
12.5 to 25 vg/ml less than 0.1 % of the population
was capable of growth. At 1.25 to 5.0 gg/tnl of
methicillin, 90% of the population was sensitive
to the drug. Similar results were also obtained
with the resistant variants from culture 452.
The culture analyzed had been taken from a
broth culture containing 125 pg/'ml of methicillin.
At this concentration, less than 0.02% of the
population was capable of growth on agar, and
90% of the population was inhibited by 5 gg/ml.
Both cultures, therefore, showed a mixed popula¬
tion similar to that of naturally occurring strains.
Although these cultures had been selected by
transfer in the presence of the drug and were
capable of showing some growth in high eoneon-
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trations of methieillin, the populations were still
largely sensitive with only a very small propor¬
tion actually resistant. A further reduction in
the numbers of the resistant proportion of the
population also occurred when the cultures were
taken through six transfers in methicillin-free
broth. This instability was seen with the variants
selected from the penieillinase-producing strain
as well as with that obtained from the Oxford
staphylococcus.
Ivaclivation of methicillin and cloxaciUin by

methicillin-resistant staphylococci. Serial dilution
tests in broth culture were carried out with
methicillin and cloxacilliu by use of large inocula
of two strains of methicillin-resistant staphylo¬
cocci, cultures 8054 and 5974. Culture 80-54 was
one of the Carshalton strains which were reported
to inactivate cloxacilliu (Stewart and Holt,
1963), and culture 5974 was reported by F.riksen
and Eriehson (19G3) to inactivate methieillin.
After 48 hr of incubation, the penicillin concen¬
tration in each tube was estimated by assay with
Sarcina hitca; a set of uninoculated serial dilu¬
tions incubated for the same period were used as
standards. Some assay error is evident in this
type, of experiment, but the results (Table 9)
indicate that the extent of inactivation of both
methicillin and cloxacilliu was very slight.
Gloxaeillin is known to be less stable to staphylo¬
coccal penicillinase (Nayler et ah, 19G2) than
inethiciU'm, and in this experiment inactivation
of eloxacillin was more readily detectable than
was inactivation of methicillin. Inactivation of
low concentrations of eloxaeillin (2 to 5 gg/inl)
by methicillin-resistant staphylococci is un¬
doubtedly greater than is the ease with typical
staphylococci, but this is only because the latter
type of staphylococci do not grow at such con-

METHICII#LIX-RESISTANT STAPHYLOCOCCI

table 8. Determination of numbers of nielliicillin-rcsisltinl cells present in
two strains of Staphylococcus aureus habituated to me.lhicillin in vitro*

Mpthiciliin concn (jug/ml;
Strain f

125 | 50 25 12.5 5.0 2.5 ! 1.25 j 0.5 | Control

Oxford tt o ! o <io3
<2.5 X 10»j 2..5 X HP 5 X HP

<10:<
5 X 10'

<105
10*

<ios ! <hp ! io« hp
hp 1 10" hp 1 hp452R

* Results are expressed as number of colonies per million plated growing in the indicated concentra¬
tions of methicillin after 48 hr at 37 C.
t Strain Oxford R was a resistant culture obtained from S. aureus (Oxford) by repeated transfer in

the presence ot methicillin. Strain 4.52R was a resistant culture obtained from a penicillinase-proihtcing.
methieillin-sensitive staphylococcus.
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com rat ions; destruction of the antibiotic would
therefore not be expected. Alethieillin-resistant
strains show intrinsic resistance to methieillin and

cloxaeillin; this is clearly indicated by the results
in Table 9 which show growth in broth containing
residual concentrations of methieillin and cloxa-
eillin as high as 200 jug/ml after the period of in¬
cubation. Where drug inactivation occurs, this is
the consequence, and not the cause, of the bac¬
terial growth.
Routine testing for resistance to methieitlm and

cloxaciUin. All the cultures of methieillin-resistant.

staphylococci described in this report were mixed
populations with respect to sensitivity to methi¬
eillin. This feature presents certain difficulties
with regard to routine sensitivity testing. Thus,
in serial dilution tests, if a large inoculum was
employed these cultures appeared to he re¬

sistant, but with a small inoculum they generally
appeared to be sensitive. Results of experiments
with mctlrioiliin and cloxaeillin sensitivity discs
with several strains of methieillin-resistant

table 9. IMotivation of methicillin and eloxacillin
by tiro mcthicittin-resistant strains

of Staphylococcus aureus

Mcthicillin Cloxucillin

Strain Initial
concn

Residual
cor..i* Growth" Residual

concn* Growth*

si/ml pX/ml sS/m!

8051 250 220 ± 250 ±

125 120 + 140 ±

50 00 + 45 +
25 22 + 23.5 +
12.5 11.0 + 11.5 +
5.0 3.3 + <2.5 +
2.5 1.7 + <2.5 +
1.25 0.5 + +
0.5 0 + +

597-1 250 220 + 230 db

125 130 130 ±

50 -17 + 50 +
25 + 20 +
12.5 15.0 + 12.5 +
5.0 5.4 + <2.5 +
2.5 1.5 + <2.5 +
1.25 0.25 + +
0.5 0 + i +

* Growth and residual penicillin concentration
measured at -18 hr. Symbols: -p = full giowlh;
d. = light growth.

J. Bacteriol.

Table 10. Sensitivity testing ofmcthieitlin-resistant
strain* with nnlibiolie -sensitivity discs

Strain Inoculum*

Zone diametert (mm)

Methii illin
(1" PR)

Cloxacillin
(5 «5>

13137 Xeat 3.0| 0

Dilute 12 15

QMH I Xeat 0 7
Pilule 17 23

QMI1 11 Xeat 3 5
Dilute 9 14

8054 Xeat 0 0

Dilute 10 21

5974 Xeat St 10
Dilute 12| 14

59S2 Xeat 8 9

Dilute 9 M

BRL 1S00 Xeat "% 0

Dilute 12 15

1247/02 Xeat 7t 10
Dilute 13 15

Oxford Xeat 23 22

Dilute 24 24

BRL 10S9 Xeat 10 12

(methieillin sen¬ Dilute 20 10

sitive)
Russell Xoat 15 8

(methieilliu-sen- Dilute 20 24
sit ive)

* Neat = overnight culture; dilute = diluted
to give discrete colonies (10 *).
t Zone diameter = diameter of zone of inhibi¬

tion minus diameter of disc (0 mm).
J Few isolated colonies growing tvithia zone.

staphylococci and three strains of normal staph¬
ylococci are shown in Table 10 where the same
inoculum effect is apparent. Undiluted overnight
broth culture was used as a large inoculum,
resulting in dense confluent growth; a dilution
of 10~4 was used to provide a small inoculum,
giving numerous but separate colonies on the
plates. With the Oxford strain of staphylococcus,
the level of inoculum had little effect on zone

diameter. On the other hand, with the typical
penicillin-resistant strains (BRL 1089 and Rus¬
sell), the inhibition zones with a large inoculum
were considerably smaller than those obtained
with small inocula. This was particularly marked
with eloxaeillin and would seem to be a reflection
of the penicillinase activities of the cultures.
With the methicillin-resistant strains, all the
cultures showed zones of inhibition with niethi-

SUTHKRi.AXn ANT) ROI.IXSOX
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cillin and eloxaeillin when the small inoeuluin
was used; on the basis of this type of test, these
strains might be judged to be sensitive. With the
heavy inoculum, the zones of inhibition were very
much smaller, yet some of the strains gave zones
of inhibition notwithstanding the fact that the
cultures were known to contain mcthicillin-
resistant cells.
These results were quite consistent with the

characteristics of these strains, as determined in
the experiments on population composition. A
complete absence of an inhibition zone with these
cultures would only he expected with an inoculum
sufficiently heavy to provide a uniform growth
of the resistant fraction, and in many of the
cultures the resistant proportion was too small
to allow this. Not infrequently, the resistant
members could be seen growing as minute iso¬
lated colonies within an otherwise clear zone of

inhibition, but even these were not always ap¬

parent until after 48 hr of incubation. The disc
method is, therefore, not entirely satisfactory for
routine testing for resistance to methicillin. A
more reliable procedure would be a serial dilution
test, with a heavy inoculum and incubation for
48 hr. Under these conditions, typical mcthieillin-
sensitive staphylococci showed MIC values of
5.0 pg/ml or less, whereas all the strains of
methieillin-resistant staphylococci examined in
our laboratory required 125 pg./ml °r more of
methicillin for inhibition. In this way, it should
he possible to identify clearly the presence of
methieillin-resistant staphylococci.
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Reprinted from "Therapy with the New Penicillins".
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DISCUSSION

Chairman: A. Manten (Utrecht); Participants: P. C. Fleming {Toronto)-, M. T.
Parker {London)-, K. R. Eriksen {Copenhagen)', Mary Barber {London)',
G. Ayliffe {Birmingham)-, R. Sutherland {Brockham).

Clinical significance of Methicillin-resistant
staphylococci
Fleming: In Toronto we have for three years
been looking for methicillin-resistant strains.
We have examined 8,000 routine isolates in
our own hospital, and not found them. The
Provincial Health Laboratory have, authorised
us to say that they have examined 45,000
strains in the 18 months, and not found them.
I have approached each of the major teaching
hospitals in Toronto, with the same result.
This is in line with the lack of reports of

these strains coming from the United States.
During the last three years we have used 95
kilograms of penicillinase-resistant penicillins—
about two cwt.—and about 75% of this
has been used by a relatively small group
of patients in the fibrocystic clinic. About 40
of these fibrocystic patients are on continual
inhalation therapy, of 3 grammes of methicillin
a day; some of them are also, in addition, on
oral cloxacillin. I examine their flora every
month in the vast majority of instances, very
carefully, because I had expected that in this
situation we might find tolerant strains, and so
far we have not seen them.
We have heard a lot to-day about the resis¬

tant strains, and this resistance is so far only
laboratory resistance: there has been no clinical
experience of cases treated with methicillin
who have failed to respond, and who have been
described in large enough numbers to make
any observations of clinical importance on the
clinical side. Therefore I suggest that we go
on for the moment referring to them as
methicillin-tolerant strains.
What are the clinical implications? The

results from normal plates with no sodium
chloride added show that the vast majority
of cells are killed very rapidly by relatively
small quantities of methicillin. Therefore you
might assume that in a patient who was infect¬
ed, the staphylococcal load would so be reduced
by therapy that his natural defence mechanisms
might reasonably produce a cure. If one con¬
siders the situation, where there is a break¬
through of the tolerant strains, Mary Barber
and many others have pointed out that these
strains are different from their parent strains
in that they grow more slowly and have a

different colonial appearance. It might then
be reasonable to think that, if you compare
their virulence with their parent strain, the
virulence might be less.
However, because an organism has less

virulence does not mean that it cannot be
pathogenic. For example, Staphylococcus
albus can be pathogenic on a heart valve, it
can be pathogenic in patients with leukaemia
or other impairment of the host defence
mechanisms. I think it is against this back¬
ground that we must consider the scanty
clinical information which we have.
Assuming that these strains do break

through, do you stop the methicillin? I sug¬
gest this is the wrong thing to do as the
strains should revert back to the more normal
and therefore more virulent form. It would
probably be more correct to add another
antibiotic.
The only clinical information we have to go

on are the two cases described in the literature
by Dr. Stewart, and another one by Dr. Hard¬
ing. They are clearly just not enough, because
we do not know fully about the host responses,
and in some of these cases we do not know
the full clinical details. We have only reached
the situation where we cannot talk about
methicillin-resistant strains in a clinical sense,
but only about methicillin-tolerant strains in a
laboratory sense.
As Mary Barber has pointed out, all these

strains will grow apparently normally on the
plate if you add some sodium chloride. Per¬
haps we should not think of pencillin as being
primarily bactericidal, but rather primarily as
interfering with the cell-wall formation, and
that it is the environment which is bactericidal
—in the case of the laboratory, it is the tonicity
of the broth, and in the case of the human we
do not really know what is the bactericidal
factor. It may well be that L-forms and proto¬
plasts are formed, and the body has a special
mechanism for getting rid of this type of
micro-organism; this would fit in with cases
where one might have expected a response but
do not necessarily find one.
It is quite clear that these strains were in

existence long before methicillin was produced.
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I would like to ask Dr. Parker if any of
these strains are neomycin-resistant. I an;
merely wondering what the selective factor is—
if the habit of using Naseptin cream could be
causing selection of neomycin-resistant strains,
which perhaps also happen to be examples
of these naturally-occurring methicillin-resis-
tant strains?

Parker: Neomycin resistance is, in our
experience, almost entirely confinea to the
"new" untypable members of phage^gioup III.
Some of these organisms are indeed methicillin
resistant, but so are many strains in which
neomycin-resistance has not yet become com¬
mon, so there is no suggestion of a significant
link-up here.

Eriksen: All our methicillin-resistant strains
have been neomycin-sensitive, and the reason
they were selected in our research department
was because they were tetracycline-resistant.

Barber: In one particular case Dr. Fleming
did, I think, misquote, when he suggested I had
said these methicillin-tolerant organisms were
less virulent than are methicillin-sensitive cul¬
tures. That is not the case. One of the
interesting things with methicillin is that the
methicillin-tolerant culture in the absence of
methicillin appears to be a fully virulent
staphylococcus.

Elek: I believe Professor Barber was respons¬
ible for introducing the terminology of resistant
and tolerant staphylococci. A point she made
was that these tolerant organisms are as virulent
as the parent. She left out the words "to mice".
There is no agreed method of establishing the
virulence of organisms at the present moment.
Some people accept mcuse virulence; others
accept virulence to man, and yet others have an
even more composite concept of what virulence
means. It seems to me that Dr. Parker's
evidence is very valuable in that respect.
If we assume that these tolerant organisms

are in fact virulent, we could reasonably assume
that in the course of four years they would
increase in numbers, as far as clinical infections
are concerned; and that does not seem to be the
case.

The other point Professor Barber has made
is fascinating. The fact that she has bio¬
chemical mutants which have a partial sus¬
ceptibility to methicillin veiy strongly suggests
that there are at least two mechanisms in cell-
wall formation. What she did not say again

was that she must have worked with first-stage
mutants, because the first-stage mutant may be
very different from the original wild strain.
What appears to be the case is that these
organisms are capable of manufacturing some
cell-wall, but not enough cell-wall under normal
circumstances. I think as a fundamental ob¬
servation this must be very interesting indeed,
and I hope Professor Barber will follow it up.

Ayliffe: In view of the lack of clinical
evidence, or very little, on the treatment of
methicillin-resistant infections with methicillin,
I might mention some mouse experiments that
were done or this subject.
Mice were infected by intraperitoneal injec¬

tion with a methicillin-resistant staphylococcus,
and another group with a sensitive strain. These
mice were then treated with methicillin or

cloxacillin, in doses of 100 mg. per kg. daily
given in two doses for the first three days.
The results were that the mortality in the mice
infected with the methicillin-resistant strain
was the same, both in the treated and in the
untreated mice, both for methicillin and cloxa¬
cillin; whereas with the sensitive strain mor¬
tality was much lower in the treated mice.

Assessment of resistance to methicillin

Sutherland: I would like to stress the very
great variation seen in sensitivity tests with
naturally occurring strains of methicillin-resist¬
ant staphylococci. The results shown in Table I
are representative of those seen in tests
in our laboratories. I would suggest that Dr.
Parker, in using a concentration of 12.5 gg./ml.
with an incubation period of 18 hours, may
have missed a certain number of these resistant
strains. We would consider it essential to
incubate for a period of 48 hours.
This variation in sensitivity with inoculum

size and incubation period is analogous to that
seen with penicillin G and penicillinase-produc-
ing staphylococci but, with methicillin-resistant
strains, resistance to methicillin is not due to
destruction of the antibiotic. It is our ex¬

perience that these strains produce very little
destruction of methicillin and we have been
unable to confirm destruction of methicillin
as extensive as that reported.
Our interpretation of the results shown in

the table is that these cultures consist of mixed
populations in which the majority of cells are
of normal sensitivity to methicillin, with a
minority showing resistance. This is demon¬
strated in Figure 1. The figure on the left hand
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TABLE I

Effect of Incubation Period and Inoculum Size on the
Sensitivity to Methicillin of Naturally Occurring
Methicillin-Resistant Strains of Staphylococcus

aureus.

Minimal inhibitory concentration
(jig./ml.)

Inoculum* 24 hours 48 hours
undiluted 5.0-25 500
1/100,000 2.5-5.0 5.0-12.5

♦Inoculum, one drop of an overnight broth culture
diluted as specified.

side shows the effect of varying concentrations
of methicillin on a naturally occurring methicil¬
lin-resistant strain of staphylococcus. It can
be seen that a concentration of 5 pg./ml. of
methicillin had little effect on growth of the
organism, while at a concentration of 10 pg./
ml. there was a marked bactericidal effect for
seven hours, but thereafter the culture grew so
that at 24 hours growth was equal to that in
the drug-free medium. With the concentration
of 20 p.g./ml. there was again a marked bacteri¬
cidal effect over seven hours after which there
was an increase in growth. After 24 hours the
growth was less than that in the drug-free
medium, but at 48 hours there was complete
growth. If a sample is taken from the 48 hour
growth in the tube containing 20 jig./ml.
methicillin and inoculated into a fresh series
of tubes containing methicillin, the growth
curves obtained are as shown in the second
figure. It can be seen that even at the upper
concentration growth was almost as rapid as
in the drug-free tube, although growth in the
drug-free medium was not as rapid as that seen
with the parent naturally occurring rnethicillin-
resistant strain. Thus, after one transfer in
methicillin a resistant variant has been selected
from the original culture which comprised a
mixed population of cells.
This is further illustrated in Figure 2. There

are two parameters, firstly, drug concentration
and, secondly, medium. The plates contain
graded concentrations of methicillin, those on
the left containing 100 pg./ml. methicillin, the
next 50 pg./ml„ .the next 25 Mg./ml., and the
plates on the right hand side 12.5 jtg./ml.
methicillin. Plates in the upper row contain
nutrient agar, and in the lower row, nutrient
agar containing 5% sodium chloride. The
upper half of each plate was inoculated with
a series of dilutions of a naturally occurring
methicillin-resistant strain of staphylococcus.
The drop on the left hand side was undiluted

overnight broth culture and would comprise an

inoculum of approximately one million cells.
The drop in the middle was a 1/1,000 dilution
of this culture, and that on the right hand side
a 1/100,000 dilution. The plates were incubat¬
ed for 48 hours. After this period, growth on
plates containing 12.5 j<.g./ml. of methicillin
was the same as that seen on the drug-free
control plate, which is not shown here. At a
concentration of 25 jig./ml. methicillin, how¬
ever, the inocula diluted 1/1,000 and 1/100,000
failed to grow and only the undiluted inoculum
shows growth on this plate. Likewise, at a
concentration of 50 jxg./ml. methicillin only the
undiluted inoculum grew, this time with a
certain reduction in growth and at 100 jig./ml.
methicillin only a few isolated, and in some
cases, small colonies, grew. This illustrates the
nature of the mixed population of the naturally
occurring methicillin-resistant strain. If now
one transfers cells growing on the plate con¬
taining 100 jag./ml. methicillin into drug-free
broth, and after overnight incubation uses this
as an mocu'um in a similar test, the results
obtained are shown on the lower half of each
plate. It can be seen there was uniform growth
on all plates with all three inocula, illustrating
the uniform resistance of this methicillin-resist¬
ant fraction.
The results of some experiments with electro¬

lytes are also illustrated in Figure 2 where the
plates in the lower row contain nutrient agar
plus 5% sodium chloride. With a concentra¬
tion of 12.5 jig./ml. methicillin, there was good
growth of all inocula, the growth was, in fact,
rather better than that seen on the correspond¬
ing plate containing nutrient agar. Moreover,
at a concentration of 25 /j.g./roh methicillin, all
three inocula grew, unlike the growth on nutri¬
ent agar where only the undiluted inoculum
grew. Flowever, with a concentration of 50
jig./ml. methicillin only the undiluted inoculum
grew and at 100 jj.g./ml. methicillin only a
small number of isolated colonies could be seen.

Thus, in our experiments, the addition of 5%
sodium chloride increased the growth of methi¬
cillin-resistant staphylococci in the presence of
methicillin only over a limited range of con¬
centrations. The effect of electrolytes on the
growth of methicillin-resistant staphylococci is
a very interesting phenomenon but its signific¬
ance is still to be wholly determined.
It is possible, however, that the phenomenon

may have an application in sensitivity testing.
As Dr. Parker has illustrated, routine sensitivity
testing of these strains with antibiotic sensitivity
discs is very misleading. Some of our results
with sensitivity discs are shown in Figure 3
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Fig. 1.—The effect of methicillin on the viable count of methicillin-resistant staphylococci.
(a) naturally occurring methicillin-resistant strain ©, drug-free medium; O, 5 /tg./ml.;
A, 10 /tg./ml.; □, 20
(b) methicillin-resistant fraction isolated from (a) Q, drug-free medium; O, 10 /tg./ml.;
A 40 /tg./ml. methicillin.

This figure is reproduced by kind permission of the Editor of the Journal Of Bacteriology

Fig. 2.—The effects of electrolytes on the action of methicillin against mcthicillin-resistant
staphylococci.
From left to right the plates contain 100 /tg./m!„ 50 /tg./ml., 25 /tg./ml. and 12.5 /tg./ml.
methicillin, respectively.
Upper row, nutrient agar. Lower row, nutrient agar + 5% sodium chloride.
The upper half of each plate has been inoculated with an undiluted, a 1/1,000 dilution
and a 1/100.000 dilution of an overnight broth culture of a naturally occurring
methicillin-resistant staphylococcus.
The lower half of each plate has been inoculated with similar dilutions of a methicillin-
fraction isolated from the strain shown in th; upper half.
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Discs contain 10 /ig. methicillin or 5 p.g. cloxacillin, (in upper two plates,
disc on right-hand side of plate contains 5 /ig. benzylpenicillin).
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Fig. 4.—Effects of electrolytes on the results of antibiotic-sensitivity disc tests with methicillin-
resistant staphylococci.
Dishes on the left-hand side have been inoculated with a penicillinase-producing, methicil-
lin-sensitive strain of Staph, aureus, and those on the right-hand side with a naturally
occurring methicillin-resistant staphylococcus.
Discs on the leit-hand side of each plate contain 10 /ig. methicillin and those on the right-
hand side, 5 /:g. cloxacillin.
Dishes 1,2, 3, and 4 contain agar. Dishes 5 and 6 contain nutrient agar 4- 5% sodium
chloride. Dishes 7 and 8 contain mannitol-salt agar.
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where it can be seen that the variation demon¬
strated in M.I.C. tests occurs also in sensitivity
disc tests. Thus, with a light inoculum of cells,
large zones of sensitivity can be seen with the
methicillin and cloxacillin discs, and there is
no doubt that any worker would report these
strains as being sensitive to these penicillins.
Even with the undiluted inocula fairly large
zones of sensitivity can be seen with some
staphylococci, although with other strains the
zones are indeed very small and these latter
strains would be classified as being resistant.
With some strains, resistant colonies may be
seen within a zone of inhibition after 24 hours,
but other strains require 48 hours incubation.
Therefore, we would recommend a test in which
broth or agar containing a concentration of 12.5
or 20 fig./ml. of methicillin was inoculated
with the test organism and incubated for a
period of 48 hours. In our experience, all
methicillin-sensitive staphylococci are inhibited
by these concentrations over this period of time,
but all naturally occurring strains of methicillin-
resistant staphylococci will grow.

However, as in clinical practice the results
of laboratory tests are required as rapidly as
possible the following test might be more satis¬

factory from a clinical point of view. Figure 4
shows the results of disc sensitivity tests on
agar containing electrolytes. The plates on the
left hand side of the slide have been inoculated
with a penicil'inase-producing staphylococcus
sensitive to methicillin, and those on the right
with a naturally occurring methicillin-resistant
strain of staphylococcus. The upper four plates
contain nutrient agar and illustrate the effect
of inoculum size. The plates in the third row
from the top contain nutr'ent agar plus 5%
sodium chloride, and it can be seen that in this
case the resistant colonies in the methicillin-
resistant culture have grown up to the edge
of the disc containing 10 jug. of methicillin.
The effect with the cloxacillin discs (5 p.g.) is
not so obvious, ibut there are usually quite a
large numDer of resistant colonies growing up
within the inhibition zone after 24 hours. The
plates at the bottom contain mannitol salt agar
(Chapman agar), a selective medium often used
for isolating staphylococci, and again it can be
seen that the naturally occurring methicillin-
resistant staphylococci appear to be resistant
to the disc containing 10 /xg. of methicillin. It
is possible that this test, or an adaptation of it,
may be suitable for the routine testing of strains
of staphylococci for sensitivity to methicillin.
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SUMMARY

The insensitivity of Gram-negative bacteria towards different penicillins
has been correlated with the inactivation of these compounds by the
penicillinases produced by these bacteria. Penicillins such as phenethi-
cillin, propicillin, methicillin, and cloxacillin were relatively inactive
against Gram-negative bacteria, but resistance was not accompanied by
inactivation of these compounds. With ampicillin and benzylpenicillin,
however, bacterial resistance was associated with destruction of the
penicillins. Ampicillin was more stable to the penicillinases produced by
certain Gram-negative bacteria than was benzylpenicillin and was corre¬
spondingly more active against these organisms. Gram-negative bacteria
which produced little or no penicillinase were two to four times more
sensitive to ampicillin than to benzylpenicillin, but ampicillin was at least
ten times more active than benzylpenicillin against several penicillinase-
producing coliform organisms. All strains of bacteria which were resistant
to both ampicillin and benzylpenicillin were capable of inactivating both
compounds, but the insensitivity of these bacteria was not necessarily due
solely to penicillinase production. Strains of Pseudovionas aeruginosa
and certain strains of Escherichia coli and Proteus mirabiiis were able to

grow in high concentrations of these antibiotics, whereas with the strains
of Aerobacter aerogenes, Proteus morganii and Proteus vulgaris examined,
the resistance appeared to be due solely to inactivation of the penicillins.

INTRODUCTION

The destruction of benzylpenicillin by certain Gram-negative bacteria was re¬
ported first by Abraham & Chain (1940) and, later, by Bondi & Dietz (1944), but
both groups of workers also observed that the resistance of bacteria to penicillins
was not invariably associated with penicillinase formation. Similar findings with
ampicillin were reported by Rolinson & Stevens (1961) who showed that certain
Gram-negative bacteria were capable of destroying the antibiotic, but that others
were capable of growing in high concentrations of it; these results have been
confirmed by other workers (Stewart, Coles, Nixon & Holt, 1961; Trafford et al.
1962; Ayliffe, 1963). Thus, with ampicillin, as with benzylpenicillin, penicillinase
appeared to occupy an indeterminate role in the resistance of Gram-negative
bacteria towards penicillins. More recently, the characteristics of the penicillinases
elaborated by certain Gram-negative bacteria have been investigated by various
workers who have reported striking differences in the activities of these enzymes
against various penicillins. For example, Auhagen et al. (1962) and Smith (1963)
described strains of Escherichia coli which destroyed benzylpenicillin but which
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had little or no effect on ampicillin, propicillin, methicillin or oxacillin. Avlilfe (1903)
showed that ampicillin was more stable than benzylpenicillin to the penicillinase
produced by a strain of E. cr>li, but, in addition, reported that ampicillin was
inactivated as rapidly, or more rapidly, by penicillinases produced by strains of
Proteus and Klebsiella. In these laboratories, Mr F. R. Batchelor (personal com¬
munication) has measured marked variation in the reaction of several penicillins
to the penicillinases produced by a number of Gram-negative bacteria. It seemed
possible that in some cases the differences in the sensitivities of some strains of
Gram-negative bacteria towards various penicillins might be correlated with the
relative stabilities of these compounds to the bacterial penicillinases. The results
reported here were derived from experiments designed to investigate the relation¬
ship between the penicillinase activity ofGram-negative bacteria and the sensitivity
of these organisms to penicillins, with a view to assessing the significance of these
enzymes as factors in the resistance of bacteria to these antibiotics. The experiments
comprised tests for antibacterial activity, measurement of the destruction of
penicillins by bacteria, and observation of the growth of bacteria in the presence
of penicillins. In addition, certain tests were also carried out to distinguish between
penicillin inactivation by ^-lactamases (penicillinases), which yield penicilloie acids,
and deacylases (penicillin amidases) which yield 6-amino-penicillanic acid (6-APA).

methods

Measurement of the, antibacterial activities ofpenicillins. Minimal inhibitory con¬
centrations of various penicillins against bacteria were determined by twofold serial
dilution in nutrient broth (Oxoid No. 2). The antibiotics were incorporated in
graded concentrations in 5 ml. volumes of nutrient broth which were inoculated
with 1 drop (0-03 ml.) of an overnight culture of the test organism. Inhibitory
concentrations were measured after overnight incubation at 37°. In other experi¬
ments, the effect on the antibacterial activity of the penicillins of altering the
inoculum size was measured.
Measurement of penicillin destruction. The destiuction of penicillins incubated

overnight in the antibacterial tests described above was estimated bymicrobiological
assay of residual penicillin activity. Samples were taken from the cultures and
were plated in punch-holes in large rectangular plates containing nutrient agar
seeded with Bacillus subtili-s (ctcc 6633). In these assays, standard lines were
prepared from standard solutions of penicillins which had been incubated overnight
at 37° in nutrient broth to compensate for thermal inactivation of penicillin. The
plates containing test and standard samples were incubated overnight at 29° when
the diameters of zones of inhibition were measured in the usual way. Tests were
also carried out to estimate the extent of penicillin inactivation due to the experi¬
mental procedure adopted, and which represented destruction additional to that
occurring in the antibacterial tests. Likely factors appeared to be change in pH
value of cultures, and the penicillinase activities of test cultures during the micro¬
biological assay procedures.
Measurement of the effect ofpenicillins on the grozclh of bacteria. Optically matched

tubes containing selected concentrations of penicillins in 10 ml. volumes of nutrient
broth were incubated with 0-5 ml. or 1-0 ml. of an overnight culture of test organism.
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The solutions were incubated at 37° in a water bath, and growth was measured
turbidimetrically over a period of 24 hr by means of an EEL nephelometer. In
addition, a replicate set of cultures was prepared in an identical fashion and samples
were taken from these at regular intervals and assayed for penicillin content as
described above.

Quantitative estimation of penicillins by chromatography. Samples were taken
from broth cultures of Pseudomonas aeruginosa which had been incubated overnight
at 37° with known concentrations of ampicillin or benzylpenicillin and these were
assayed as follows. One drop (about 6 yl.) was placed on the origin of filter-paper
tapes (1 cm. wide, Whatman No. 1) and developed by descending chromatography
in a butanol + pyridine +water (1+1 + 1, by vol.) system. Tapes spotted with
nutrient broths containing from 2-5 to 100 yg. ampicillin or benzylpenicillin/ml.
were treated in a like manner. After 16 hr, the tapes were placed on the surface of
large rectangular assay plates containing nutrient agar seeded with Bacillus subtilis
(atcc 6633) and incubated for 24 hr at 29°. The penicillin concentrations of the
test samples were estimated from standard lines derived from standard samples.
Chromatographic estimation of 6-aminopenicillanic acid. Samples were taken

from the antibacterial tests and treated as above for quantitative estimation of
penicillin by chromatography. The tapes were sprayed with 5 % sodium bicarbonate
solution and 5% phcnylacetyl chloride in acetone before being plated for micro¬
biological assay (JBatclielor, Doyle, Nayler & Rolinson, 19.79).
Chromatographic examination for penicilloic acid. Samples from antibacterial

tests with ampicillin and benzylpcnieillin were spotted on large sheets (Whatman
paper No. 1) and developed in the butanol + pyridine+water system as described
above. The chromatograms were sprayed with the starch-iodine reagent of Thomas
(1961), and the zones which developed compared with those produced by the
penicilloic acids which had been prepared by treatment of standard solutions of
ampicillin and benzylpenicillin with penicillinase.

RESULTS

Preliminary
Destruction of penicillin due to change in piI values of bacterial cultures was con¬

sidered to be negligible as a result of experiments which showed that there was
little inactivation of standard solutions of benzylpenicillin incubated overnight in
nutrient broth buffered at pH 5-0. This was the lowest pll value recorded for a
number of overnight cultures of Enterobacteriaceae.
The amount of destruction of ampicillin or benzylpenicillin by bacterial peni¬

cillinase during the microbiological assay procedures was estimated by finding the
effect of adding, at measured intervals, a culture of a penicillinase-producing strain
of Staphylococcus aureus to standard solutions of these penicillins contained in
punch-holes in an assay plate. There was significant inactivation only when the
enzyme system was added within 30 rnin. of placing the penicillin solution on the
assay plate, owing to the very rapid diffusion of the penicillins into the surrounding
medium. It seemed improbable therefore that there would be any marked destruc¬
tion of penicillins during the microbiological assay as a result of the penicillinase
produced by the Gram-negative bacteria being examined.



88 R. Sutherland

Examination for ■production of G-aminopenicillanic acid (6-APA)
Chromatographic examination of broth cultures in which there was marked

destruction of penicillin as judged by microbiological assay, showed the presence of
large amounts of the cognate penicilloic acid, and little or no 6-APA. The organisms
tested included strains of Escherichia coli, Proteus, Pseudomonas aeruginosa and
Aerobacter aerogenes. With one strain of Proteus reltgeri, however, an appreciable
quantity of 6-APA was detected; the penicilloic acids of benzylpenicillin and 6-APA
were also observed in cultures of this strain.

The activities of seven penicillins against Gram-negative bacteria
The relative activities of ampicillin, benzylpenicillin, phenoxymethylpenicillin,

phenethicillin, propicillin, methicillin, and cloxacillin, against a Variety of Gram-
negative bacteria are shown in Table 1. From this it can be seen that of these
compounds, ampicillin and benzylpenicillin alone showed appreciable activity. In
general, ampicillin was two to ten times more active than benzylpenicillin, but
certain strains were insensitive to both penicillins.

Table 1. The relative activities of seven penicillins against certain
Gram-negative bacteria

Antibiotic

Phenoxy-
Benzyl- methyl- Piiene- Propi- Mcthi- Cloxa-

Ainpicillin penicillin penicillin thicillin cillin cillin cillin
Minimal inhibitory concentration (/tg./ml.)

Organism ,— — * ,

Escherichia coli 2 2-5 12-5 125 > 500 500 > 500 > 500
E. coli 0 50 25 250 500 250 > 500 500

E. coli 37 25 500 > 500 500 250 > 500 500
E. coli 83 500 > 500 > 500 > 500 500 > 500 > 500
Aerobacler aerogenes a 250 125 500 > 500 500 500 500
Klebsiella pneu¬ 1-25 5*0 125 500 250 ■ .

moniae k

Proteus mirabtlis 977 2-5 2-5 50 250 125 125 500
P. mirabilis os9 > 500 > 500 . .

P. morganii a 125 > 500 > 500 500 500 .

Pseitdomonas aerugi- > 500 > 500 > 500 > 500 > 500 > 500 > 500
nosa a

Salmonella typhi 1-25 2-5 50 250 125 > 500 500

S. paratyphi a 1-25 50 250 500 250 > 500 > 500

Shigella sonnei 50 25 125 500 250 > 500 > 500

S. jlexneri 2-5 12-5 125 250 125 500 500

The relative stabilities of seven penicillins to the penicillinases of Gram-negative
bacteria

The results of experiments designed to correlate the antibacterial activities of
seven penicillins against two strains of Escherichia coli and the stabilities of these
compounds to the penicillinases produced by the test bacteria are shown in Table 2.
In these tests theminimal inhibitory concentrations of the antibiotics weremeasured
in the usual fashion in nutrient broth using an ampicillin-sensitive strain and an
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ampicillin-resistant strain of E. coli; in addition, the amount of destruction of
penicillin which had occurred after overnight incubation was measured by micro¬
biological assay. It will be seen that phenethicillin, propicillin, metliicillin and
cloxacillin were almost completely unaffected by the penicillinases produced by

Table 2. The relative stabilities of ampicillin, benzylpenicillin, phenoxymethyl-
penicillin, phenethicillin, propicillin, methicillin, and cloxacillin to the penicillinases
produced by two strains of Escherichia coli
Minimal inhibitory concentrations of the penicillins against two strains of Escherichia coli were

determined by serial dilution in nutrient broth; growth and residual penicillin activity after over¬
night incubation at £7° were determined by visual inspection and microbiological assay respectively.

Penicillin Organism Growth and penicillin concentration (/rg./nil.) after incubation at 37' for 18 hr.

Bacteria-free control* 500 250 125 50 25 12-5 5 0 2-5 1-25

Benz.yl- E. coli 2 — — — — — + + + +
penicillin 470 245 9(5 45 17-2 2-2 2-2 0-9 0-4

E. coli S3 + + + + + + + -f +
0 0 0 0 0 0 0 0 0

Ampicillin E. coli 2 — — _ — — — - + +
500 245 120 53 240 13-4 5-3 2-4 1-3

E. coli 83 + + + + -f + + + +
400 82 24 1-3 0-7 0 0 0 0

Phenoxy- E. coli 2 + + + + + + + + +

methyl- 520 240 115 34 130 5*8 8-0 1-3 0-0

penicillin E. coli S3 a. + -4- + + + + + +
0 0 0 0 0 0 0 0 0

Phenethi¬ E. coli 2 + + + + + + + + +
cillin 530 250 132 53 270 130 4-7 2-0 1-25

E. coli 83 + + •4- + + + + + +
550 195 93 41 10-5 8-4 2-0 00 0

Propicillin E. coli 2 + + + + + + + + +
400 250 120 45 260 120 4-4 21 0-9

E. coli 83 A -t- + 4 + + + + +
510 250 127 •0 230 11-0 3-0 1-8 0-4

Methicillin E. coli 2 + + + + + + + +
250 128 54 250 130 5-1 2-6 12

E. coli 83 . + + + + + + + +
250 130 49 250 12-5 4-0 1-8 0-9

Cloxacillin E. coli 2 + 4- + + + + + +
235 128 51 240 13-0 45 3-1 .

E. coli 83 + + + + + _L + +
245 130 51 25 0 130 40 0 .

* These concentrations represent the initial concentrations of penicillins prior to incubation with the cultures.
+ = Growth.
— = No growth.
+ = Partial growth.

either strain of E. coli, but exerted little or no inhibitory effect on these cultures.
In contrast, there was complete destruction of benzylpenicillin and marked de¬
struction of ampicillin by the resistant strain of E. coli strain 83, and there was some
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obvious destruction of benzylpenicillin by the sensitive strain of E. coli 1 at con¬
centrations below the inhibitor) value. Ampicillin was, however, unaffected by
this strain. Phenoxymethylpenicillin appeared to occupy a mid-way position
between these two groups of penicillins, inasmuch as this compound was almost
inactive against one strain and was completely inactive against the other; but,
nevertheless, there was obvious destruction of this penicillin by the ampicillin-
sensitive organism and complete destruction by the second strain.

Table 3. The activities of ampicillin and bsnzylpenicillin against Gram-negative
bacteria causing minimal destruction ofpenicillins

Minimal inhibitory concentrations of the penicillins against five strains of Gram-negative bacteria
were determined by serial dilution in nutrient broth; growth and residual penicillin activity after
overnight incubation at 37° were determined by visual inspection and microbiological assay respec¬
tively.

Growth and penicillin concentration (/tg./inl.) after incubation at 37° for IS hr.Organism Antibiotic

Bacteria-free control* 50 25 12-5 5-0 2 5 1-25 0-5 0-25 0-1

Salmonella
typhi

Benzyl-
penicillin

-

50

+

2-3
+
1-4

+
0-7

+
0-28

-r

010

Ampicillin —

50 2-7 1-4

+

0-53
+
0-28 01

S. paratyphi a Benzyl -
penicillin 50 10

i
i-i

+
0 7

-p
0-2S 0-16

Ampicillin
2-5 1-8

±
0-44

a.

0-23 0-12

Proteus
mirabilis 1

Benzyl¬
penicillin 12 5 50 20

+
10

+
0-52

+
0 29 0 16

Ampicillin —

50 20 1-4 0-53

u.

0-22 0-16

P. mirahilis
C977

Benzyl-
penicillin 10 0 4-2

+
1-9

+
1-4

+
0-44

+
0-29

-r

0-10

Ampicillin
5 0 2-8 1-4

+
0-53

+
0-21 0-1

Klebsiella

pneumoniae E
Benzyl¬
penicillin 10-5 50 2-4

+

1-4
+
0 45

+
0-2S < 0-1

Ampicillin
5-6 2-9 1-3 0-6

+
0-23 < ox

* These concentrations represent the in
+ = Growth.
— = No growth.
+ = Partial growth.

tial concentrations of penic illins prior to incubation with the cultures.

The antibacterial activities and penicillinase stabilities of ampicillin and
benzylpenicillin towards Gram-negative bacteria

As a result of numerous experiments to compare the relative antibacterial
activities of ampicillin and benzylpenicillin, the Gram-negative bacteria were
grouped as follows:
Group 1. Gram-negative bacteria sensitive to both ampicillin and benzylpenicillin.

The results in Table 3 show the relative activities of ampicillin and benzylpenicillin
against two Salmonella species, two strains of Proteus mirabilis and one strain of
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Klebsiella pneumoniae. These organisms were inhibited by concentrations of
0-5-5-0 fig. penicillins/ml. but, in general, ampiciliin was two to four times more
active than was benzylpenicillin. Microbiological assay of these samples showed
that there had been little or no destruction of either penicillin after incubation
with the test organisms at 37° for 16-20 hr.
Group 2. Gram-negative bacteria sensitive to ampicillin but relatively resistant to

benzylpenicillin. From Table 4 it can be seen that ampicillin inhibited the growth
of three strains of Escherichia coli and one strain of each of Shigella Jlexneri and

Table 4. Penicillinase activities of certain Gram-negative bacteria sensitive to
ampicillin but moderately insensitive to benzylpenicillin

Minimal inhibitory concentrations of the penicillins against live strains of Grain-negative bacteria
were determined by serial dilution in nutrient broth; growth and residual penicillin activity after
overnight incubation at 37° were determined by visual inspection andmicrobiologicalassay respectively.

Organism Antibiotic Growth and penicillin concentration f/ig./nil.) after incubation at 37° for 18 lir.

Bacteria-free control* SO 25 12-5 5 0 2-5 1-25 0-5 0-25 0 1

Shigella
jlexneri

Benzyl
penicillin 13-5 13-0

-f
0-44

+
0-2

+
0-10

+
0-12 <

+
0-1 <

+
0-1

Ampicillin
50 20 1-7

+
0-44

+
0-2 <

+
0-1

S. sonnei Benzyl¬
penieillin

-

0

~T~

0
+
0

+
0

H-
0

+
0

+
0

+
0

Ampicillin
5-0 2 1 105

+
0-12 <

+
01 <

+
0-1

Escherichia
coli 2

Benzyl¬
penicillin 17-0

+
1-9

+
0-04

+
0 40

+
1-8

+
0-12 <

+
0-1 <

+
0-1

Anipieillin
5-2 2-6

+

1-4
+
0-53

+
0-14 <

+
0-1

E. coli 61 Benzyl¬
penicillin 200 6-8

+
0-34

+
0

+
0

+
0-12

+
0

+
0

Ampicillin
5-0 2 6 1-4

+
0-41

+
0-22 <

+
0-1

E. coli t 341 Benzyl¬
penicillin

-

270
+
1-5

+
0

+
0

+
0

+
0

+
0

+
0

Ampicillin
150 4-4

±
2-65

+
0-63

+
0-24

+
0

+
0

* These concentrations represent the initial concentrations of penicillins prior to incubation with the cultures,
-f = Growth.
— — No growth.
+ = Partial growth.

S. sonnei at concentrations of 1-25-2-5 /tg./ml., whereas benzylpenicillin was
inhibitory only at 12-5-25 /<g./m)., thus showing a tenfold difference in the activities
of these penicillins. Moreover, all five strains of bacteria destroyed most or all of
the benzylpenieillin at concentrations below the minimal inhibitory concentrations,
but there was little or no destruction of ampicillin by these organisms. These ?-esults
showed the greater stability of ampicillin to the penicillinases produced by these
bacteria, and suggested the possibility that the sensitivity of each strain to these
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penicillins r, as related to the stabilities of the compounds to the penicillinase
elaborated by each particular strain. This is supported by the results of an experi¬
ment shown in Fig. 1, illustrating the growth of one of these strains of bacteria,
E. coli t31i, in the presence of different concentrations of benzylpenicillin, and in
Table 5 which shows the rate of destruction of the penicillin by this strain. It can
be seen that at the lowest benzylpenicillin concentration (5 /ig./ml.) growth was as
rapid as in the control tube containing no antibiotic, while the concentration of
antibiotic diminished steadily until none could be detected after 7 lir. At the next
higher concentration (12-5 /tg./ml.), there was little increase in growth for the first

Table 5. Destruction of benzylpenicillin by cultures of Escherichia coli r341
Nutrient broth solutions containing graded concentrations of benzylpenicillin were

inoculated with Escherichia coli T341 and incubated at 37° for 24 hr.; samples were
taken at intervals and assayed for penicillin content by microbiological assay.

Incubation Penicillin concentration
time (/tg./ml.)
(hr) , —' ,

0 25 12-5 50
1 24 11-5 5-4
2 2!) 9-2 5-0
3 16 g-3 4-5
4 15 3-0 2-5
5 12 1-3 1-3
6 11 1-3 0-9
7 10 0 0
24 0 0 0

3—1 hr., while the penicillin concentration fell gradually to 3-0/tg./ml.; during the
next 3 hr the turbidity of the culture increased steadily and the penicillin con¬
centration fell to zero. At the highest concentration (25 /tg./ml.), there was no
increase in turbidity over a period of 7 \ hr, during which time the penicillin con¬
centration decreased from 25 to 10 /eg./ml. After incubation overnight at 37° the
turbidities of all these cultures were approximately equivalent to that of the
control culture containing no penicillin, and no penicillin was detected for any
concentration.

Group 3. Gram-negative bacteria resistant to both ampicillin and benzylpenicillin.
Examples of bacteria resistant to ampicillin and to benzylpenicillin are shown in
Table 0; it can be seen that all strains brought about marked destruction of both
penicillins. In some cases, no penicillin could be detected in any of the culture
tubes in which there was growth, e.g. Escherichia coli 70, Proteus mirabilis 889,
Klebsiella pneumoniae c, Aerobacler aerogenes a and g. In other cases there was

complete destruction of benzylpenicillin, but only partial destruction of ampicillin,
for example, with strains of P. rettgeri a and Ps. aeruginosa a and c9. Yet again,
with some strains there was only partial destruction of either penicillin, e.g. E. coli 37
and Paracolon wm29.

Quantitative estimation of penicillinase activity by Pseiulomonas aeruginosa was
made by bioautographic techniques, as it was noted that antibiotic-free cultures
of this species displayed marked antibacterial activity against the assay organism,
Bacillus sublilis atcc 6G33, with the result that microbiological assays showed little
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Table 6. Penicillinase activities of Gram-negative bacteria resistant to amjncillin
a)id bcnzyl'pen icillin

Minimal inhibitory concentrations of the penicillins against ten strains of Gram-negative bacteria
were determined by serial dilution in nutrient broth; growth and residual penicillin activity after
overnight incubation at 37° were determined by visual inspection and microbiological assay respectively.

Organism Antibiotic Growth and penicillin concentration (/(g./ml.) after incubation at 37' for 18 lir.

Bacteria-free control* 500 250 125 50 25 12-5 50 25 1-25

Escherichia Benzyl- + -f + + 4- 4- +
coli 70 penicillin 0 0 0 0 0 0 0 0

Ampieillin 4- 4- + + + 4- + +
0 0 0 0 0 0 0 0

Proteus Benzyl- 4- 4- + + + + 4- +
mirabilis penieillin 0 0 0 0 0 0 0 0
889 Ampicillin + -f + + + + + +

0 0 0 0 0 0 0 0

Klebsiella Benzyl - + + -C + + 4- + +
'pneumoniae penicillin 0 0 0 0 0 0 0 0
c Ampicillin 4- + + + + + 4- +

0 0 0 0 0 0 0 0

Aerohacter Benzyl- _ — + 4- + + +
aerogenes a penicillin 170 8 0 0 0 0 0 0

Ampicillin -- -r + + + + + 4-
90 0 0 0 0 0 0 0

A. aerogencs Benzyl- — + + + + + 4- +
G penicillin 55 0 0 0 0 0 0 0

Ampicillin + + + + + + 4- 4-
0 0 0 0 0 0 0 0

Pscw'.omonas Benzyl- + + + + 4- 4- 4- + 4-

aeruginosa penicillin 0 0
a Ampicillin 4- + + + 4- + 4- + +

530 135 •

Ps. aeru¬ Benzyl- + + + + + 4- + + 4-
ginosa c9 penicillin 0 0 .

Ampicillin + + + + + 4- + + 4-
375 150

Proteus Benzyl- + 4- + -r + + + 4- +
rettgeri a penicillin 0 0 0 0 0 0 0 0 0

Ampicillin — — — + 4- + + + 4-
520 260 120 40 9-2 0-88 0-2 0 0

E. coli 37 Benzyl- + + + + -1- + + + +
penieillin 8-5 1S-5 12-5 3-2 0-3 < 01 0-5 0-4 < 01

Ampiciliin — — + 4- 4- + + • + +
505 220 105 31 130 6-5 1-7 0-6 0-2

Paracolon Benzyl- + + + + 4- 4- 4- 4- +
\VM 29 penicillin 160 72 15 15 0 0 0 0 0

Ampicillin + + + + 4- 4- + 4- +
330 135 82 29 9-3 7-1 1-5 0-35 01

* These concent rations represent the initial concentrations of penicillins prior to incubation with the cultures.
+ = Growth. — = No growth. + = Partial growth.
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or no destruction of either penicillin by this species. In fact, most strains of P.
aeruginosa were capable of causing some destruction of both penicillins, ampicillin
being more resistant than benzylpenicillin.
It is of interest that of some 30 strains of Gram-negative bacteria tested which

were resistant to ampicillin and benzylpenicillin, all were capable of causing some
degree of destruction of penicillin. In this series, no organisms which did not
produce penicillinase and were inherently penicillin insensitive were isolated. In
general, ampicillin was more stable than benzylpenicillin to the penicillinases pro¬
duced by these Gram-negative bacteria, save that strains of Aerobacter aerogenes
appeared to destroy ampicillin to a rather greater extent than benzylpemcillin.
Further experiments were designed to attempt to determine to what extent the

resistance of these bacteria was due to penicillinase production. A. simple type of
experiment appeared to be estimation of the effect of decrease in inoculum size on

Table 7. The effect of alteration of inoculum, size on the sensitivity of Gram-
negative bacteria to ampicillin and benzylpenicillin

Ben/.yl-
Ampicillin penicillin

Minimal inhibitory
concentrations (,«g./ml.)

Organism Inoculum* r-
a

Escherichia coli 70 Neat > 500 500
10" 12-5 25
to-6 12-5 25

Proteus vulgaris i> Neat > 500 > 500
io" 5-0 12-5
10" 1-25 2-5

P. morganii a Neat 125 > 500
io-3 25 125
10"s 2-5 12-5

Aerobacter aerogenes a Neat 500 125
10"3 12-5 12-5
io-6 2-5 5-0

A. aerogenes u Neat 500 125
io-3 12-5 12-5
10" 2-5 5 0

Pseudotnonas aeruginosa a Neat > 500 > 500
10" 500 > 500
10" 500 > 500

E. coli 83 Neat > 500 > 500
10" > 500 > 500
10" 500 > 500

P. mirabilis 8s9 Neat 500 500
10" 500 250
10" 250 250

* 1 drop of an overnight culture diluted as specified.

the sensitivity of the organism to penicillin, the rationale being that intrinsically
sensitive, penicillinase-producing bacteria would show a marked increase in
sensitivity to penicillins with smaller inocula, whereas very small inocula of
inherently insensitive organisms would still be capable of proliferating in high
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concentrations of penicillin. It can be seen from Table 7 that Escherichia coli 70,
Proteus vulgaris d and P. morganii a, and Aerobacter aerogenes a and g were very
much more sensitive to ampicillin and benzylpenicillin when small inocula were
employed, whereas with Pseudornonas aeruginosa a, E. coli 88, and P. mirabilis 889
there was little or no change in sensitivity to ampicillin or benzylpenicillin, even
when the inoculum was diminished by a factor of one in a million. From these
results it would seem that the former five strains might be examples of intrinsically
sensitive, penicillinase-producing bacteria, and that the latter three strains might
serve as examples of intrinsically insensitive organisms. These results prompted
further experiments designed to confirm these findings by correlating growth with
concomitant penicillin destruction.

Table 8. Destruction of benzylpenicillin by cultures of Aerobacter aerogenes a

Nutrient broth solutions containing graded concentrations of benzylpeniciliin were
inoculated with Aerobacter aerogenes a and incubated at 37° for 24 hr; samples were
taken at intervals and assayed for penicillin content by microbiological assay.

Penicillui concentration

(/tg./ml.)
Incubation

time

(br) r-

0 100
1 100
oi 00
4 37

5.1 4-
24 0

25 50
25 4-8
20 2 0

2-8 10

2-2 0-7
0 0

An example of an intrinsically sensitive, but penicillinase-producing organism is
illustrated in Fig. 2, which shows the growth of Aerobacter aerogenes a in the presence
of different concentrations of benzylpenieillin; the rate of destruction of the
penicillin by this culture is shown in Table 8. The minimal inhibitory concentration
of this culture after overnight incubation was 500 /tg. benzylpenicillin/ml., but
during the first 6 hr a concentration of 100 /tg./ml. completely inhibited growth;
during this period the penicillin concentration fell from 100 to 5 ftg.jml. Thereafter
growth took place so that after 2-1 hr the turbidity of this culture equalled that of
a penicillin-free control culture. These results appear to confirm that the growth of
this culture in the presence of benzylpenicillin was related to the rate of destruction
of the antibiotic by the organism.
In contrast, an intrinsically insensitive strain of Escherichia coli 83 multiplied

in the presence of concentrations of up to 500 /(g. benzylpenicillin/ml. as rapidly
as did an antibiotic-free culture (Fig. 3), although the rate of destruction of penicillin
was relatively slow (Table 9), showing that the organism was able to proliferate
readily in the presence of high concentrations of penicillin.
Thus, the inferences drawn from the inoculum-dilution experiments regarding

the nature of the insensitivity of various Gram-negative bacteria to penicillins
appeared to be supported by the growth experiments illustrated above, and would
seem to confirm that whereas some penicillinase-producing strains of Gram-
negative bacteria are inherently insensitive to penicillins, with other strains resistan ce
is due mainly to destruction of the antibiotic.
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Fig. 1. Growth of Escherichia coli (t341) in the presence of benzylpenicillin. x , Peni-
cillin-frce culture; •, culture containing penicillin, 5/<g./ml.; O, culture containing
penicillin, 12-5 /tg./inl.; A> culture containing penicillin, 25 /ig./ml.
Fig. 2. Growth of Aerobacter aerogenes a in the presence of benzylpenicillin. x , Penicillin-
free culture; •, culture containing penicillin, 5/tg./xnl.; O, culture containing penicillin,
25 /<3-/ml.; A, culture containing penicillin, 100 /tg./ml.
Fig. 0. Growth of Escherichia coli (83) in the presence of beu/.ylpenieillin. x , Penicillin-
free culture; ®, culture containing penicillin, 25 /(g./ml.; O. culture containing penicillin,
125 //.g./ml.; culture containing penicillin, 500 /tg./jnl.

Table 9. Destruction of benzylpenicillin by cultures of Escherichia coli S3
Nutrient broth solutions containing graded concentrations of benzylpenicillin were

inoculated with Escherichia coli S3 and incubated at 37° for 24 hr; samples were taken at
intervals and assayed for penicillin content by microbiological assay.

Incubation Penicillin concentration
time (/(g./ml.)
(hr) f

A

0 500 125 25
1 490 124 20

3J 465 115 16

5J 425 90 8
24 0 0 0

DISCUSSION

On the bas:5 of the results reported here, the penicillins which display a relatively
low order of activity against any of the Gram-negative bacteria examined may be
readily distinguished from those penicillins which show a significant effect against
certain strains. Compounds in the former group include phenethicillin, propicillin,
methicillin and cloxacillin, and it is plain that the insensitivity of the Gram-
negative bacteria to these penicillins is in no way associated with penicillinase. In
contrast, the sensitivities of Gram-negative bacteria to ampicillin and benzyl¬
penicillin were very varied, and in many cases the reaction of the organism to these
drugs appeared to depend upon the ability of the organism to produce a penicillinase
capable of destroying the specific penicillin. From the experiments described above,
the bacteria tested could be divided into three groups, according to the effect of
the specific penicillinase upon ampieillin or benzylpenicillin, e.g.:

(a) Strains which produced little or no penicillinase and were sensitive to
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ampicillin and to benzylpenicillin, e.g. one Salmonella species, and some strains
of Proteus rnirabilis and Klebsiella.

(b) Strains which caused little or no destruction of ampicillin but more marked
destruction of benzylpenicillin, and which were, accordingly, sensitive to ampicillin
but less sensitive to benzylpenicillin, e.g. strains of Escherichia coli, Shigella species.

(c) Strains which were capable of destroying both compounds. This group,
comprising penicillin-resistant organisms, could be further divided into: (i) intrin¬
sically sensitive, penicillinase-producing, bacteria, e.g. strains of Aerobacter aerogenes,
P. vulgaris, P. morganii; (ii) intrinsically insensitive, penicillinase-producing,
bacteria, e.g. Pscudomonas aeruginosa, strains of E. coli and P. mirabilis.
It follows frcm these findings that the main difference in the activities of ampi¬

cillin and benzylpenicillin is associated with the increased stability of ampicillin
towards the penicillinases produced by certain Gram-negative bacteria. Conse¬
quently, while ampicillin is from two to four times more active than benzylpenicillin
against Gram-negative bacteria which produce little or no penicillinase, it is at least
ten times more active against many strains which do produce penicillinase. The
latter would apparently include the large number of strains of Escherichia coli
which are sensitive to relatively low concentrations of ampicillin, but which require
considerably higher concentrations of benzylpenicillin for inhibition. It is worth
noting, however, that with these organisms growth is dependent upon destruction
of the penicillin in the culture medium, so that benzylpenicillin might seem to be
considerably more effective if antibacterial activity were measured over a shorter
period of time than is conventional. Strains resistant to both penicillins are usually
capable of destroying both compounds, although, again, ampicillin is generally
more stable to the action of the penicillinases produced by these organisms. An
exception to this finding is that benzylpenicillin appears to be more stable to
Aerobacter aerogenes than is ampicillin but there is usually extensive destruction of
both compounds. These findings are in good agreement with those of various
other workers who have reported that ampicillin displays increased stability to the
penicillinases produced by Gram-negative bacteria (Auhagen et al. 1962; Ayliffe,
1963; Smith, 1963). The last two workers also noted the superior stability of
benzylpenicillin to the penicillinases produced by Aerobacter species.
In this series of experiments, all the resistant strains of bacteria produced peni¬

cillinase, whereas Trafford et al. (1962) reported that a relatively high proportion
of bacteria which did not produce penicillinase were resistant to ampicillin. On the
other hand, Barber (1962) reported that the majority of coliform bacteria are
penicillinase-producing organisms capable of destroying penicillins. It is possible
that in some cases at least, divergences in findings may be due to differences in
techniques; this is being investigated. Likewise, although Knox & Smith (1962)
have described strains of Gram-negative bacteria which are sensitive to ampicillin
but with inherent resistance to benzylpenicillin, such strains have not been isolated
in the experiments described above.
It thus seems that benzylpenicillin is active against strains of Gram-negative

bacteria which produce little or no penicillinase, but is ineffective against peni¬
cillinase-producing bacteria. In contrast, ampicillin is relatively stable to the
penicillinases produced by certain of the Gram-negative bacteria, and is, as a
consequence, substantially more active than benzylpenicillin against many of these



98 R. Sutherl and

bacteria. With resistant strains of bacteria, however, the situation is much more

complex; here insensitivity may be due to penicillinase activity alone, or may be
due to inherent resistance, although in the results reported here this inherent
resistance was always accompanied by some degree of penicillin destruction.

It is a pleasure to thank Dr M. O. Moss for his assistance in carrying out the
chromatographic procedures and Dr G. N. Rolinson for much helpful advice and
criticism.
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SUMMARY

The resistance of 148 clinical isolates of Gram-negative bacteria to
ampicillin and benzylpenicillin was determined in serial-dilution sensitivity
tests, together with the extent of inactivation of the penicillins, and
the production of 6-aminopenicillanic acid (6-APA). Many of the cult¬
ures were resistant to the penicillins and inactivated the compounds,
but only one culture, a strain of Escherichia coli, showed penicillin acylase
activity, as indicated by the production of 6-APA. However, the cultural
conditions prevailing in serial-dilution tests, namely, stationary culture
at 37°, although favourable for the functioning of penicillin acylases, were
shown to be highly unfavourable for production of the enzyme by coliform
bacteria.

INTRODUCTION

The resistance of certain Gram-negative bacteria to ampicillin and benzyl-
penicillin has been shown to be associated with the destruction of the penicillins by
the /^-lactamase (penicillinase, Fig. 1) activity of these organisms (Ayliffe, 1963;
Percival, Brumfitt & de Louvois, 1963; Sutherland, 1964). However, the occurrence
of penicillin acylase activity, leading to the hydrolysis of penicillins with the pro¬
duction of the relatively inactive 6-aminopenicillanic acid (6-APA) (Fig. 1) has
been reported in many species of Gram-negative bacteria (Ivaufmann & Bauer,
1960; Rolinson el al. 1960; Claridge, Gourevitch & Lein, 1960; Huang, Seto & Shull,
1963), and resistance to penicillins as a result of penicillin acylase activity has been
described by English, McBride & Huang (1960) and by Holt & Stewart (1964a).
The latter authors reported that 40% of 310 clinical strains of Escherichia coli
examined produced penicillin amidase (penicillin acylase), but the properties of the
enzyme extracted from one of these cultures, E. coli ncib 9465, (Holt & Stewart,
19645) differed very markedly from those of the penicillin acylases produced by
other strains of E. coli (Rolinson et al. 1960; Kaufmann, Bauer & Off'e, 1960;
Kaufmann & Bauer, 1964).
The experiments described here were designed to investigate the occurrence of

penicillin acylase activity among Gram-negative bacteria of clinical origin and to
ascertain the role of this enzyme in the resistance of bacteria to penicillins. Because
optimum cultural conditions for the formation of penicillin acylase by Escherichia
coli (Kaufmann & Bauer, 1964) are different from those prevailing in antibiotic
sensitivity tests, a lack of activity in these tests might be due either to intrinsic
inability of the organism to form the enzyme or to the cultural conditions being
unfavourable for production of penicillin acylase. Accordingly, the Gram-negative
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bacteria used in these experiments were examined for penicillin acylase activity,
not only in the serial-dilution tests employed routinely for the determination of
bacterial sensitivity to antibiotics, but also in experiments using cultural conditions
found to b" especially favourable for the formation of penicillin acylase by Entero-
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Fig. 1. Degradation of penicillins by Gram-negative bacteria.

bacteriaceae. It was hoped by this means to obtain a true measure of the occurrence
of penicillin acylase among Gram-negative bacteria. Three strains of E. coli reported
by Holt & Stewart (19G4u, b) to be penicillin acylase-producing cultures were also
included in the studies reported here.
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methods

Bacterial cultures. A total of 148 strains of Gram-negative bacteria which, were
predominantly resistant to ampicillin and benzylpenieillin were obtained from
several hospitals. Jn addition, ten strains of bacteria of non-clinical origin known
to produce penicillin acylase were included in these experiments.
Effects of cultural conditions on penicillin acylase formation in Escherichia coli.

strain c 975. Conical flasks (500 ml.) containing 50 ml. of medium were inoculated
with 0-5 ml. of an overnight nutrient broth culture of a clinical strain of E. coli.
c 975. The cultures were incubated stationary or on a rotary shaker, at 26° or 37"
(see Table 1 for details). After 18 hr sodium benzylpenicillin was added to all flasks
to a final concentration of 1 mg. penicillin/ml. The penicillin was added in m/4
phosphate buffer (pH 8-5) as penicillin acylase is known to be most active under
alkaline conditions (Rolinson et al. 1960). All flasks were shaken for 4 hr at 30° after
which samples were assayed for 6-APA as described below. The followingmedia were
employed :

(a) Yeatex medium consisting of 2-5% Yeatex paste (Standard grade, English
Grains Ltd., Shobnall Road, Burton-on-Trent, Notts.) in water, adjusted to pH 7 0.
(b) Yeatex medium+ 0-15 % phenylacetic acid. This acid was dissolved in NaOH

to give a 5% solution at pH7-0 which was added to the Yeatex medium to the
desired concentration, and the whole was adjusted to pH 7-0 before sterilization at
15 lb./sq. in. for 15 min.
(c) Nutrient broth (Oxoid no. 2) adjusted to pH 7-0.
(d) Nutrient broth+ 0-15% phenylacetic acid as in (b).
Measurement of antibacterial activity. Minimal inhibitory concentrations of

ampieillin and benzylpenicillin required to inhibit growth of the test bacteria were
measured by two-fold serial dilution in nutrient broth (Oxoid no. 2). The penicillins
were incorporated in graded concentrations in 5 ml. volumes of nutrient broth which
were inoculated with one drop (0-03 ml.) of an overnight culture of the test organism.
Inhibitory concentrations were determined after overnight incubation at 37°.
Measurement ofpenicillin destruction in penicillin sensitivity tests. The destruction

of penicillins in the antibacterial tests described above was estimated by micro¬
biological assay of residual penicillin with an agar diffusion method (Sutherland.
1964). Certain samples wee also examined for /^-lactamase activity by chromatogra¬
phic examination for penicilloic acids.
Penicillin acylase activity' in penicillin sensitivity tests. Samples were taken from

cultures containing the highest concentration of penicillin allowing growth after
overnight incubation and these were examined for 6-APA.
Penicillin acylase in shaken flask cultures. Two 500 ml. conical flasks containing

50 ml. of a solution consisting of 2-5% Yeatex paste and sodium phenylacetate at a
final concentration equivalent to 0-1% phenylacetic acid were inoculated with 0-5
ml. of an overnight nutrient broth culture of the test organism. The flasks were
shaken on a rotary shaker (1 in. throw) at 24° for 24 hr Ten ml. of a 6 mg./ml.
solution of sodium fcenzylpenieillin in .m/4 phosphate buffer (pH 8-5) were added to
one of the flasks to give a concentration of 1 mg./ml. penicillin. A similar quantity
of ampieillin was added to the second flask. The flasks were transferred to a rotary
shaker and shaken at 80°, After 4 hr 0-5 ml. of «-butyl acetate was added to each
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flask and the shaking was continued for a further hour by which time the cultures
were non-viable. The flasks were assayed for 6-APA content by paper chromato¬
graphy as described below. Solutions of benzylpenicillin and ampicillin were also
chromatographed to provide standards for the estimation of the amount of residual
penicillin in the reaction mixtures.
Analytical methods. Detection and estimation of 6-APA. Filter paper strips,

Whatman no. 1, 1 cm. wide, were spotted in duplicate with 6 p\. of the samples
under test. The benzylpenicillin reaction mixtures were chromatographed with a
butanol + ethanol solvent system (n-butanol + ethanol +water 4 + 1+ 5 v/v top
phase). Ampicillin reaction mixtures were chromatographed in a butanol+acetic
acid solvent system («-butanol+ acetic acid +water, 12 + 3 + 5 v/v). In both cases

chromatography was carried out overnight at 5°. The chromatograms were dried
at 40° and one of each pair was sprayed with 5% aqueous sodium bicarbonate, 5%
phenylacetyl chloride in acetone and 5% aqueous sodium bicarbonate, consecutively,
to convert 6-APA into benzylpenicillin (Batchelor, Doyle, Naylor & Rolinson, 1959).
The zones of ampicillin, benzylpenicillin and phenylacetylated 6-APA were located
by placing dried chromatograms on nutrient agar seeded with a spore suspension of
B. subtilis atcc 6633 and incubated at 37°. The appearance on only the phenyl¬
acetylated cliromatogram of an antibacterial zone at the Kr given below was taken
to indicate the presence of C-APA. Solutions of 6-APA in m/20, pH 7, phosphate
buffer were also chromatographed alongside samples of reaction mixtures so as to
provide standards for the estimation of 6-APA. On the phenylacetylated chroma¬
tograms a solution of 6-APA 5 fig. Iml. yielded an inhibition zone 14 -15 mm. wide
at an 11F of about 0-44 in butanol + acetic acid and 16-18 mm. wide at an 11r of
about 0-12 in butanol+ ethanol. Under these conditions 6-APA 1 /tg./ml. could be
detected. Phenylacetylated chromatograms of the benzylpenicillin and ampicillin
solutions showed no zones of 6-APA. Benzylpenicillin had an UF of 0-39 in butanol+
ethanol and ampicillin an Rr of 0-74 in butanol + acetic acid.
Detection of penicilloic acids. Test samples (6-30 ;d.), containing about 8 /ig.

penicilloic acid were applied to sheets ofWhatman No. 1 chromatography paper and
3 fig. of the penicilloic acids of ampicillin, benzylpenicillin and 6-APA were also
treated in the same way, as standards. The penicilloic acids were prepared in two
ways. In the first method 5 mg. of penicillin or 6-APA in 5 ml. of water was treated
with 0-75 ml. of 5 n-NaOH for 30 min. at 37°, after which the solution was neutra¬
lized with 0-75 ml. of 5 n-HCI and the volume made up to 10 ml. with water. In
the second method 5 mg. of penicillin or 6-APA in 5 ml. m/20 phosphate buffer
(pH'7) was treated for 30 min. at 37° with 1 ml. of the sunernatant fluid of a penicil¬
linase (/?-lactamase)-producing culture ofBacillus cercus, after which the volume was
adjusted to 10 ml. The chromatograms were developed with a butanol + pyridine
solvent (n-butanol +pyridine+water, 1 + 1 + 1 v/v) overnight at 5° afterwhich they
were dried at 40° and sprayed with the starch + iodine+ acetic acid spray described
by Thomas (1961), to reveal white penicilloic acid zones on a dark background. The
approximate RF values of the various compounds in the above solvent system were:

Benzylpenicillin 0-75 Ampicillin penicilloic acid 0-37
Ampicillin 0-62 6-APA penicilloic acid 9-28
Benzylpenicilloic acid 0-51
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RESULTS

Factors affecting penicillin acylase formation by Escherichia coli c 975
The results given in Table 1 illustrate the effect of cultural conditions on the

formation of penicillin acylase in Escherichia coli c 975, one of the clinical strains of
bacteria examined. Under the most favourable conditions, namely, growth at 26"
in a shaken flask of Yeatex medium containing phenylacetic acid, all the available
benzylpenicillin was converted to 6-APA. It can be seen that the cultural conditions
had a significant effect on the amount of growth, but enzyme formation was not
necessarily proportional to bacterial growth. For example, the shaken cultures
grown in nutrient broth at 26° and at 37° produced similar quantities of bacteria,
but the penicillin acylase activity of the culture grown at 26° was at least a hundred¬
fold greater than that of the culture grown at 37°. Likewise, the growth-promoting
effect of phenylacetic acid did not account entirely for the observed increase in
enzyme activity.

Table 1. Effect of cultural conditions on the production ofpenicillin
acylase by a clinical isolate of Escherichia coli c 975

E. coli c 975 was grown for IS lir under the conditions shown below, after Which benzyl -
penicillin to a final concentration of 1 mg./ml. was added to each flask. The cultures
were incubated at .30 ' for 4 hr, when the concentration of G-APA was measured.

Cultural conditions Growth: Enzyme
, *- "

f 015% dry wt. activity:
Tempera¬ phcnyliieetic bacteria 6-APA

Basal medium ture Aeration acid (mg./ml.) (/(g./ml.)
2-5 % nutrient broth pll 7 0 37° Static Absent 0-3S Trace

37° Shaken Absent 113 Trace
20° Static Absent 0-33 IS

26° Shaken Absent 1-39 100
26° Shaken Present 2 14 515

2-5 % Yeatex pTI 7 0 20° Shaken Present 3 6 635

Distribution of minimal inhibitory concentrations
The organisms tested for sensitivity to ampicillin and benzylpenicillin, together

with the respective minimal inhibitory concentrations, are shown in Table 2.
Because the organisms used in this work were predominantly resistant to the
penicillins the proportion sensitive to the penicillins in these tests was smaller than
is typical of strains encountered routinely in clinical practice (Sutherland &
Rolinson, 1964; Sutherland & Batchelor, 1964).

Penicillin acylase activity in penicillin sensitivity tests
In the sensitivity tests with 148 clinical cultures of bacteria, 133 strains (90%)

destroyed benzylpenicillin and 91 strains (61 %) caused some destruction of
ampicillin. However, only one culture, Escherichia coli 1187, showed any penicillin
acylase in these tests. With this culture a trace of 6-APA (< 1 /tg./ml.) was
detected in the test with benzylpenicillin but none was found with ampieillin. The
conditions of pll (alkaline) and temperature (37°) prevailing in these sensitivity
tests were favourable for penicillin acylase activity (Rolinson el at. 1960), hence
lack of enzyme activity in these tests was due to absence of the enzyme.
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Table2.Distributionofminimalinhibitoryconcentrationsofampicillinandbenzylpcnicillin against14SstrainsofGram-negativebacteria
Organism

No.ol strains

Penicillin

>500

500

250

Escherichiacoli

51

Ampicillin Bcnzvlpenicillin
4

10

2
1

3 2

Aerohuclcraerogencs

17

Ampicillin Benzylpeniciliin
5 8

3 2

2

E.coli(intermediate)and paracolon

IS

Ampicillin Benzylpenicillin
8

10

2

Proteusmirabilis

10

Ampicillin Benzylpenicillin
8 8

P. morganii

7

Ampicillin Benzylpcnieillin
0

P. rcUgeri

8

Ampicillin Benzyl]>cnieillin
2 8

P.vulgaris

11

Ampicillin Bcnzylpcnicillin
4 7

4
1

Pscudomanaspyocyanea

13

Ampieillin Benzylpenicillin
13 13

Salmonellasp.

5

Ampicillin Benzylpenicillin

Shigellasp.

o

Ampicillin Benzylpenicillin
■

Total

148

Ampicillin Benzylpenicillin
-14

70

12

5

9 4

Minimalinhibitoryconcentrations(/tg./ml.)andnumber ofstrainsinhibited
S

10

50

25

12-5

5-0

2-5

4

3

2

M

15

22

9

2

o

3

2

1

1

,

5

10 27
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11

8

20

4

10

0
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Table3.EffectofculturalconditionsonpenicillinacylaseactivityofGram-negativebacteria
Theminimalinhibitoryconcentrationsofampicillinandbcnzylpcnicillinweredeterminedafterincubationovernightat37°.Penicillindes¬ tructionwasmeasuredbymicrobiologicalassayofresidualpenicillincontentandpenicillinacylaseactivitywasdeterminedbymeasurementof 0-APA.Intheshakenculturetestforproductionofpenicillinacylaseactivityunderfavourable,conditionsthecultureswereshakenovernight at2*1°inYeatexmediumcontaining0-1%phcnylaceticacid.Penicillin(1mg./ml.)wasaddedandthecultureswereshakenat30°for4hrafter whichthe0-APAcontentwasmeasured.

GcnzylpenicilhnAmpicillin
Shakenculture testfor

Serial-dilutiontest

Shakenculture testfor

Serial-dilutiontest

penicillin-ac;
rlasc

Minimal

Penicillin

penicillin
acylase

Minimal

Penicillin

x

inhibitory

acylase

inhibitory

acytusc

Residual

concen¬

Penicillin
activity

Residual

concen¬

Penicillin
activity

0-APApenicillin
tration

destruc¬

0-APA

0-APA

penicillin

tration

destruc¬

0-APA

Strain

(/ig./ml.)(/tg./ml.)
(/(g./ml.)

tion

(/rg./ml.)
(yg.fml)
(yg./ml.)
(/rg./ml.)

tion

(/rg./mi.)

15.coliI187

105

0

50

+

Trace*

>

200

>

200

5

±

0

li.colic975

90

0

50

+

0

>

200

>

200

5

—

0

colit132

>200

0

12-5

—

0

>

200

190

i -2r>

—

0

It,coli.i199

>200>
200

•)-

+

0

ISO

>

20U

5

±

t)

P.re/lgcria

>200

CM

>

500

+

0

32

;>

200

50

±

0

I'.rcllgcrio

>200>
200

>

500

+

0

24

>

200

>500

±

0

P.rellgerin

>200

0

>

500

+

0

32

>

200

250

±

0

P.rcltgcrif

Trace>
200

>

500

+

0

3

>

200

12-5

±

0

P. rcttgerig

>200

08

>

500

+

0

37

>

200

500

±

0

P.rellgcrii

>200

0

>

500

+

0

100

>

200

>500

±

0

li.coliNCin8742f

>200

0

50

+

0

>

200

170

5

±

0

li.colixcrn874-lt

SO>
200

25

±

0

25

>

200

5

—

0

li.colibllllOOUf

>200

1

12-5

+

0

>

200

42

5

—

0

IS.colin'cin87-11f

>200

0

50

+

0

>

200

70

5

±

0

A.faccalisuni.1238f

>200>
200

12-5

±

Trace

100

>

200

325

±

0

A.faccalisnun1237f

>200

130

25

+

1

200

>

200

25

—

0

A.faccalisN'CTC415f

28

200

50

+

2

32

>

200

25

±

0

A.faccalisncib815Gf

3

0

125

+

2

5

0

250

±

Trace

Ada.arsenoxydansxcm8087f
12

190

12-5

-

0

0

150

12-5

-

0

Ps.pyocyancanun1058f
Trace>
200

>

500

+

0

3

>

200

>500

+

Trace

I?

o

03 Ob Os
Co

TV.Co
a s o
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Formation of penicillin acylase by clinical strains of Gram-negative
bacteria in shaken flask cultures

Of the 14S clinical strains of Gram-negative bacteria tested in the shaken flask
test with Yeatex medium containing phenylacetic acid, ten strains were found to
show penicillin acylase activity (see Table 3). Most of these strains formed large
amounts of 6-APA from benzylpenicillin and ampicillin but the ratio of penicillin
acylase activities against the two substrates varied from culture to culture. One
of the reasons for this is the simultaneous production of penicillin acylase and f>-
laetamase in some cultures. For example, with benzylpenicillin as substrate, far
less than the theoretical maximum yield of 6-APA (viz. 608 //g./ml.) was obtained
from cultures of Escherichia coli 1187" and c 975, although the amount of residual
benzylpenicillin in the reaction mixture had fallen to zero, suggesting that some
other penicillin-destroying factor, such as /^-lactamase, was operating. However,
when ampicillin was used as substrate for these two cultures, the yields of 6-APA
were greater and residual ampicillin was present presumably because it was not
destroyed by /^-lactamase. These results are consistent with the greater stability of
ampicillin to penicillinase (/^-lactamase) activities of certain Gram-negative bacteria
(Ayliffe, 1963; Percival, Brumfitt & de Louvois, 1963; Smith, 1963; Sutherland,
1964). Where the penicillin acylase activity of cultures was not complicated by the
presence of /^-lactamase, as evidenced by the presence of substantial quantities of
residual benzylpenicillin, viz. Escherichia coli 1199 and Proteus rettgeri c, benzyl-
penicillin was a better substrate for penicillin acylase than ampicillin. Cultures of
E. coli t 432 and P. rettgeri a, d, g and i, incubated with benzylpenicillin contained
more than 200 /tg./ml. 6-APA, and low levels of residual penicillin, suggesting that
penicillin acylase was the predominant enzyme, although the presence of some
/?-lactamase activity cannot be ruled out. Of these cultures, E. coli t 432 would
appear to be the most active penicillin acylase producer judging by the high yield
of 6-APA obtained from ampicillin.
The results in Table 3 also include data obtained with these cultures in the serial-

dilution sensitivity tests. Although all ten strains produced penicillin acylase in
the shaken culture test, this enzyme was absent in serial-dilution tests except in the
case ofEscherichia coli I 1S7 for which a trace cf 6-APA was detected. These cultures
were also examined in the serial-dilution tests for the presence of penicilloic acids.
In all cultures where there was significant destruction of the penicillin, the cognate
penicilloic acid was detected signifying ^-lactamase activity. In no case was the
penicilloic acid of 6-APA observed.

Cornvarative tests with known penicillin acylase-producing bacteria
The yields of 6-APA produced by ten strains of saprophytic bacteria in penicillin

acylase-producing shaken culture tests are shown in Table 3. Comparison of the yields
of 6-APA with the amount of residual benzyl penicillin or ampicillin showed that
two strains of Alcaligenes faecalis (brl 1237 and brl "1238) produced high penicillin
acylase activity and in view of the high residual penicillin values, little or no /?-
lactamase activity. Three strains of Escherichia coli (xcib 8742, ncib 8741 and
brl 1009) also produced high amounts of penicillin acylase but as the residual benzyl-
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penicillin values were of a low order it is possible that //-lactamase was also present.
The remaining bacteria demonstrated lower penicillin acylase activity and with
A. faecalis ncib 8156, which produced only 6-APA 3-5 /tg./ml., substantial /?-
lactamase activity was present.
In serial-dilution tests with these cultures, penicillin acylase activity was not

observed with any of the strains of Escherichia coli. Small amounts of 6-APA were
detected with Alcaligenes faecalis in the tests with benzylpenicillin and only one of
these strains produced 6-APA in the test with ampicillin. A trace of 6-APA was
found in the culture of Pseudomonas pyocyanea brl 1058 incubated with ampicillin.
In no instance did the 6-APA measured account for all of the penicillin destruction
observed in the sensitivity tests indicating that /^-lactamase activity was also
present.

Destruction ofpenicillins by Escherichia coli ncib 94C4,
ncib 9465 and ncib 9466

Cultures of Escherichia coli ncib 9464 ncib 9465 and ncib 9466, reported by
Holt & Stewart (1964a, b) to produce 6-APA from penicillins, were obtained from
the National Collection of Industrial Bacteria. All three cultures were resistant to

Table 4. Destruction ofpenicillins by Escherichia coli ncib 9464,
ncib 946-5 and ncib 9466 in sensitivity tests

Minimal inhibitory concentrations of benzylpeniciHin and 6-APA required to inhibit the
growth of E. coli ncib 9464, ncib 9465, and ncib 9466 for 18 hr at 37° were determined by
serial dilution in nutrient broth. After overnight incubation, residual antibiotic activity
was measured by microbiological assay, and 6-APA and penicilloic acid production in the
benzylpenicillin sensitivity tests was determined by chromatography

Growth and penicillin concentration
(/tg./ml.) after incubation at 37°

for 18 hr.

Strain Penicillin 500* "50 125 50 25 12-5 5-0

Escherichia coli Benzylpenicillin + + -t + + + +
ncib 9464 Of 0 0 .

6-APA — — +
30

+
16

+
10 4c.

E. coli ncib 9465 Benzylpenicillin +
Of

+
0

-4-
0

+ + + -r

6-APA — — +
33

+
18

+
7-6 8-8

E. coli ncib 946G Benzylpenicillin
360

+
0t

+
0

+ + + -r

6-APA — — — -b
38

+
19

+
61 3-S

+ = growth; — = no growth.
* The concentrations represent the initial concentrations (/tg./ml.) of penicillins prior to

incubation with tile cultures.
f Chromatographic examination of these cultures showed large zones of benzylpenieilloic acid

and no trace of 6-APA.

benzylpenicillin in serial-dilution tests and brought about complete destruction of
the penicillin in these tests (Table 4). Chromatographic examination of these
cultures failed to show the presence of 6-APA but, did show benzylpenicilloic acid.
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Destruction of benzylpenicillin in these serial-dilution tests was due therefore to
penicillinase (/?-lactamase) activity. In contrast, 6-APA was highly stable to these
cultures of E. coli, there being little or no destruction of the compound in the serial-
dilution tests (Table 4). Moreover, when these strains of E. coli were grown under
conditions favourable for penicillin acylase production as described in the Methods,
no trace of penicillin acylasc activity was detected in reactions with benzylpenicillin.
However, chromatographic examination of the reaction mixtures showed the
presence of benzylpenicilloic acid, indicating /^-lactamase activity.
As the three strains of Escherichia coli failed to show penicillin acylase activity

in the tests described above, E. coli xcib 9465 was cultured and tested under the
conditions reported by Holt & Stewart (19046). Thus, the organism was grown for
48 hr at 37° in nutrient broth containing benzylpenicillin 100 /tg./ml., but after
incubation of the 48-hr old culture with benzylpenicillin at 40°, pH 5-5, no trace
of 6-APA was detected. Instead, chromatographic examination of the reaction mix¬
tures at pH 5-5 showed the presence of large amounts of benzylpenicilloic acid
and a small amount of benzylpenilloic acid, the the decarboxylation product of
benzylpenicilloic acid (PL 1). Similarly, a dialysed, freeze-dried specimen of enzyme
prepared from E. coli ncib 9465 as described by Holt & Stewart (19646) failed to
show penicillin acylase activity, but destroyed benzylpenicillin as a result of /?-
lactamase activity.

DISCUSSION

In the experiments described here many of the strains of Gram-negative bacteria
used were resistant to ampicillin and bcnzylpenicillin and were capable of des¬
troying these penicillins in the serial-dilution sensitivity tests, but in only one
case, a strain of Escherichia coli 1187, was there any evidence of penicillin acylase
activity, namely the production of 6-APA from benzylpenicillin. In this scries of
tests, therefore, penicillin acylase activitywas not a significant factor in the penicillin
resistance shown by these cultures. Even with E. coli 1187, in which penicillin
acylase was present, penicillin destruction was due primarily to /J-lactamase
activity.
It has been our previous experience in this laboratory that production of penicillin

acylase by non-clinical strains of Escherichia coli is favoured by low temperature,
vigorous aeration and the addition of phcnylacetic acid to the medium. The results
reported here indicate that these cultural conditions are also favourable for the
production of penicillin acylase by bacteria of clinical origin. Even so, out of 148
cultures of clinical bacteria tested, only ten cultures, four strains of E. coli and six
strains of Proteus rettgeri, converted ampicillin and benzylpenicillin to 6-APA under
these conditions. It is evident, therefore, that only a relatively small number of
Gram-negative bacteria of clinical origin are capable of producing penicillin acylase.
Moreover, these results confirm that the conditions prevailing in sensitivity tests
where the bacteria are cultured at alkaline pH at 37° in stationary culture, although
favourable for the functioning of the enzyme (Rolinson et al. 1960), are most un¬
favourable for penicillin acylase formation. Hence, most strains of penicillin
acylase-producingbacteria are unable to produce the enzyme in serial-dilution tests,
but may instead bring about destruction of penicillins by ^-lactamase activity.

The resistance of bacteria to penicillins as a result of penicillin acylase activity
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has been described by English et al. (19G0) but few details of experimental conditions
or extent of occurrence were given. More recently, Holt & Stewart (1964a, b) have
reported penicillin acylase activity to play a significant role in bacterial resistance
to penicillins and have described the occurrence of penicillin acylase activity in 40%
of clinical strains of coliform bacteria grown in normal nutrient media at 37°.
However, we have been unable to demonstrate penicillin acylase activity with
cultures of Escherichia coli ncib 9464, ncib 9465 and ncib 9466 reported by Holt
& Stewart (1964 a, b) to be active penicillin acylase-producing cultures. On the
contrary, we have found that the inactivation of penicillin by these strains was due
solely to /^-lactamase activity with the formation of the cognate penicilloic acid.
The reason for the striking discrepancy between the results reported here with

Escherichia coli ncib 9464, ncib 9465 and ncib 9466 and those reported by Holt &
Stewart (1964 a, b) would appear to be due to the fact that Holt & Stewart classified
as penicillin acylase-producing bacteria, cultures which inactivated benzylpenicillin
but not 6-APA. However, it is known that 6-APA is usually more stable to the
penicillinases (/?-lactamases) of bacteria than is benzylpenicillin (Percival, Brumfitt &
de Louvois, 1963; Smith & Hamilton-Miller, 1963). Hence, /^-lactamase producing
strains ofE. colimight well destroy benzylpenicillin muchmore rapidly than 6-APA
and this is the case with E. coli ncib 9464, ncib 9465 and ncib 9466. The most
satisfactory way of detecting the presence of penicillin acylase is by demonstrating
the product of the reaction, 6-APA. This is most conveniently done by detecting
the 6-APA on chromatograms of reaction mixtures by making use of the unique
property of conversion of 6-APA to a biologically-active substance after treatment
with phenylacetyl chloride. The incidence of penicillin acylase among clinical strains
of E, coli reported by Holt & Stewart (1964 a, b)must be regarded as being erroneously
high.
There seems little doubt that in typical antibiotic sensitivity tests with clinical

strains of Gram-negative bacteria, penicillin acylase activity is seldom seen, not
only because of the limited number of cultures capable of producing 6-APA from
ampicillin or benzylpenicillin, but also because of the unfavourable cultural con¬
ditions in serial-dilution tests for the production of penicillin acylase by bacteria.
Penicillin acylase activity is thus not a factor normally responsible for resistance
of Gram-negative bacteria to ampicillin and benzylpenicillin.

We are grateful to Mrs M. V. Hart and Mrs E. Fairclough for skilled technical
assistance and to Dr G. N. Rolinson for helpful advice and criticism.
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EXPLANATION OF PLATE

Chromatogram showing the degradation of benzylpenicillin by Escherichia coli ncib 9465

Chromatography system: «-butar.ol +pyridine +water, 1 + 1 + 1 v/v. Descending. Whatman No. 1.
Run overnight at 5°. Starch+ iodine spray. Samples 1-5 applied at two spots/origin, i.e. 12-16 p\.
Reaction mixtures 1-5 consisted of 1 vol. of sodium henzylpenieillin 3000 /tg./ml. in 0-2 M-aeetate
buffer (pH 5-5) plus 5 vol. of one of the following, adjusted to pH 5-5 and incubated for 5 Iit at
37°.

1. 40-lir culture of ncib 9465 grown statically at 37c in nutrient broth containing benzylpenicillin-
100 /ig./mi.
2. E. coli eentrifuged from 1 vol. of above culture and resuspended in 1 vol. of 0-2 m-acetate buffer
(pH 5-5).
3. Filtrate obtained after eentrifuging and membrane filtering above culture.
4. Freeze-dried material prepared as in 3 and reconstituted at double original concentration.
5. 0-2 M-acetate buffer (pH 5-5).
6. Benzylpeuicilloic acid 500 /ig./ml. prepared by treatment of benzylpenicillin with /?-lactamase
obtained from B. cereus (one spot/origin).
I = benzylpenicillin, ii, = benzylpenilloic acid, iii, = benzylpenicil'.oic acid.
Butanol + ethaiiol +water cbromotograms of reaction mixtures 1-5 did not reveal any 6-APA
after phenylacetylation and contacting with agar seeded with B. subtilis. A 6-APA zone was
detected for a 5 /ig./rnl. 6-APA solution.
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Ampicillin, Carbenicillm, and
Cephaloridine ofKlebsiella,
Euterohacter, and Citrohacter

B. SLOCOMBE and R. SUTHERLAND

Bcecham Research Laboratories, Betchworth, Surrey, England

Seventy-six strains of gram-negative bacilli were identified as Klebsiella,
Enterobacter, or Citrobucter. and their susceptibility to the /3-lactam antibiotics
ampicillin, carbenicillin and cephaloridine was determined. In general, the
majority of strains of Klebsiella were resistant to the penicillins but were
susceptible to cephaloridine, whereas the Enterobacter and Citrobacter bacteria
were resistant to both ampicillin and cephaloridine but were susceptible to
carbenicillin. Most strains of Klebsiella inactivated ampicillin as a result of
^-lactamase activity, but carbenicillin and cephaloridine were relatively stable to
enzymatic destruction by Klebsiella. In contrast, Enterobacter and Citrobaclcr
rapidly inactivated cephaloridine, but generally caused little destruction of
ampicillin or carbenicillin. All bacterial strains tested displayed /3-lactamase
activity, but destruction of the /3-lactam antibiotics was not the sole mechanism
of resistance.

Early studies with ampicillin showed that the
majority of strains belonging to the Klcbsiella-
Enterobacter (Aerobacter) group of bacteria
were resistant to the action of this broad-spec¬
trum penicillin (12, 17), and that the resistance
to ampicillin appeared to be associated with the
^-lactamase activities of these organisms (I, 16).
In contrast, Klebsiella species have been found
to be generally susceptible to cephalosporin
antibiotics (2, 3), although the closely related
Enterobacter group has been shown to have
virtually uniform resistance to cephalosporins
(3, 9, 18). Fleming and co-workers (5, 6)
demonstrated that Enierobacter species inacti¬
vated cephalosporins by //-lactamase activity,
and suggested that the resistance of Entero¬
bacter to cephalosporins was associated with
enzymatic destruction. These workers also
observed that Klebsiella strains consistently
failed to inactivate cephalosporins (5), but
Medeiros and O'Brien (10) reported that a

significant number of Klebsiella isolates pro¬
duced a cephalosporinase, and that these strains
were usually resistant to cephalothin. Carbenicil¬
lin, the most recent of fhe semisynthetic penicil¬
lins to be introduced into clinical practice, was

found to be inactive against Klebsiella species (8,
13) but, unlike ampicillin, the resistance of this
group of bacteria to carbenicillin was not
associated with /3-lactamase activity.
This study was designed to compare the

degrees of susceptibility of Klebsiella, Entero¬
bacter, and Citrobacter bacteria to ampicillin,
carbenicillin, and cephaloridine, and to attempt
to determine the role of (3-lactamase production
in the resistance of these organisms to the
/3-lactam antibiotics.

MATERIALS AND METHODS

Cultures. The bacteria used were isolated from clinical

specimens (urine, sputum, wounds, and exudates)
obtained from a number of hospitals in the United
Kingdom. A small number of strains of type species were
obtained from the National Collection ofType Cultures,
London, England, and were used as taxononric control
strains.
Classification of bacteria. The cultures were identified

by standard fermentation and biochemical reactions, and
by motility tests, and were classified according to the
scheme proposed by Cowan and Steel (4. Fig. 1).
Minimal inhibitory concentrations. The susceptibility

of the organisms to ampicillin, carbenicillin, and cepha¬
loridine was determined by twofold serial dilution of the
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antibiotics in 5-ml volumes of nutrient broth or 18-nrl
volumes of nutrient agar. For tests in liquid medium, the
inoculum was 1 drop (0.03 ml) of an undiluted over¬
night broth culture, and for tests with solid medium, 1
drop (0.003 ml) of an overnight broth culture delivered
with a multiple inoculating device. Minimal inhibitory
concentrations were determined after IS hr of incuba¬
tion at 37 C.

Viable-count experiments. The test bacteria were
incubated at 37 C in nutrient broth containing known
concentrations of the antibiotics. Samples were taken at
intervals, and 0.02-ml volumes of suitable dilutions of
the cultures were pipetted onto nutrient agar plates.
Colonies were counted after 18 hr incubation at 37 C,
and the number of surviving bacteria was estimated.
Antibiotic assay. Ampicillin, carbenicillin, or cepha-

loridine concentrations in cultures from serial dilution
tests or viable-count experiments were measured by
microbiological assay. Samples were suitably diluted and
plated in large rectangular plates seeded with Bacillus
subtilis ATCC 6633 for assay of ampicillin and cepha-
loridine (16) or with Pscudomonas aeruginosa NCTC
10490 for assay of carbenicillin (8).
Transfer of antibiotic resistance. Antibiotic-resistant

strains were grown for 6 hr at 37 C in Ponassay broth
(Oxoid CM287), and 0.2-ml volumes of these donor
strains were added to 0.4-ml volumes of a 6-hr culture of
the recipient strain of Escherichia coli K-12 711 Nx, a

lactose-negative, antibiotic-susceptible, nalidixic acid-
resistant strain. The mating mixture of donor and
recipient bacteria was inoculated into 9-ml volumes of
Penassay broth, and, after overnight incubation at 37 C,
0.003 ml was plated on MacConkey agar (Oxoid CM3)
containing the appropriate antibiotic (20 or 40pg/rr,l)
and nalidixic acid (20gg/ml). Control plates containing
antibiotic alone (20 or 40 pg/ml), or nalidixic acid alone
(20 pg/ml), were also set up, and a control culture of the
antibiotic-susceptible, nalidixic acid-resistant recipient
strain was always included in the test. The selective
media plates were incubated overnight at 37 C, and any

lactose-negative colonies growing on the antibiotic-
containing plates were subcultured into Penassay broth
and incubated overnight at 37 C. These cultures were
checked for purity and retested for antibiotic resistance
on MacConkey agar containing the appropriate anti¬
biotic and nalidixic acid. A number of tests were also
carried out with other suitable recipient strains, namely.
Salmonella typhi and S. typhimurium.

RESULTS

Cultures. A total of 76 strains of bacteria
were classified as Klebsiella, Enierobacter, or

Citrobactcr (Table 1). and the distribution of
positive reactions in the basic biochemical tests
is shown in Table 2. The motility tests and
ornithine decarboxylase reactions showed good
correlation for differentiation between Klcb-

Table I. Distribution ofKlcbsiella-Fnte, obacter-
Citrobactcr bacteria tested

Species No. of strains

K. aerogenes 29
K. oxyloca 12
K. pneumoniae 2
K. ozacnae 2
A', rhinosclcromatis I

K. edwardsii 2

E. cloacae 8
E. aerogenes 4
E. liquefaciens 1
E. species 2

Citrobactcr freundii 13

Total 76

siella and Enterobacter groups, and the Voges-
Proskattcr test and malonate utilization served in
most eases to distinguish the Entcrobcictcr and
Citrobacter groups. Twelve strains of indolc-
positive bacteria, identical in most other respects
to K. aerogenes, were classified as K. oxytoca.
Antibiotic susceptibility. The results of serial

dilution tests to determine the minimal inhi¬

bitory concentrations of ampicillin, carbe¬
nicillin, and cephaloridine against the 76 strains
of bacteria tested are summarized in Fig. 2,
which shows the cumulative percentage inhibi¬
tion of the strains by each antibiotic. It can be
seen that Klebsiella species were distinctly more
susceptible to cephaloridine than to ampiciilin
or carbenicillin. Thus, 67% of the 48 strains
tested were inhibited by 12.5pg or less of
ccphaloridine per ml, whereas only 12.5 and 6%
of these strains were inhibited by similar concen¬
trations of ampicillin and carbenicillin, respec¬
tively. in contrast, Enterobacter species were
almost uniformly resistant to cephaloridine, as
well as ampicillin, and were generally susceptible
to carbenicillin. Thus, 11 of 15 strains (74%)
were inhibited by 12.5 pg or less of carbenicillin
per ml, in contrast to 7% inhibition by ampicil-
lin and cephaloridine. Similarly, Citrubacter
bacteria were typically susceptible to carbe¬
nicillin (II of 13 strains inhibited by
12.5 pg/m!) and resistant co ampicillin and
cephaloridine.
Antibiotic susceptibility and ^-lactamase

activity. The relationship between the suscep¬

tibility of this group of bacteria and their ability
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to destroy tire /3-Iactam antibiotics as a result of
^-lactamase activity was investigated by measure¬
ment of residual antibiotic activity of cultures
incubated overnight in serial dilution tests.
Typical results are shown in Table 3. In general,
Klebsiella species were resistant to ampiciilin,
and there was complete destruction of ampiciilin
in the tubes showing visible growth after over¬

night incubation. These organisms were also
resistant to carbenicillin, out there was usually
only slight or partial destruction of the penicil¬
lin, and it was obvious that Klebsiella bacteria
were capable of growing in the presence of
relatively high concentrations of carbenicillin.

Cephaloridinc was active against Klebsiella, and
there was evidence of destruction only at rela¬
tively low concentrations of the antibiotic. In
minimal inhibitory concentration tests with
cephaloridine against Enterobactcr and Citro-
bacter species, growth was invariably accom¬
panied by total destruction of the antibiotic,
wheieas there was relatively little destruction of
either ampiciilin or carbenicillin, even when the
organism was resistant to the penicillin under
test.

Examination by thin-layer chromatography of
broth cultures of Klebsiella, Entcrobacter, or

Citrobacter bacteria for which minimal inhibi-

Tab'.e 2. Biochemical reactions of 76 strains ofgram-negative, oxidase-negative bacilli

Positive reactions

Test Klebsiella Enterobactcr Citrobacter
(48 strains) (15 strains) (13 strains)

No. Per cent No. Per cent No. Per cent

Lactose fermentation (1S hr at 37 C) 44 91.7 15 100 13 100

Motility 0 0 15 100 12 92.3
Indole production 11 22.9 0 0 2 15.4

Methyl red 7 14.6 0 0 13 100

Voges-Proskauer reaction 44 91.7 15 100 0 0
Citrate utilization 47 97.7 15 100 13 100

Lysine decarboxylase 45 93.7 6 40.0 0 0
Ornithine decarboxylase 0 0 15 100 8 61.5

H2S production 0 0 0 0 9 69.2
Gluconate oxidation 44 91.7 15 100 0 0
Malonate utilization 46 95.8 14 93.3 0 0

SO 25 125 SOO 12-5 50 2SO »SOO 50 25 125 SOO

Antibiotic cone entration ^/ig/ml.)
Fig. 2. Antibiot': susceptibility of 76 strains of Klebsiclla-Enterobacter-Citrobacter bacteria. Symbols: o,

ampiciilin; o, carbenicillin; <\ ccphaloridine.

Klebsiella (-48 strains)
IOO

Enterot scter (|5 strains) Citrobocter (l3 strains)
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tory concentration tests indicated a marked loss
of ampicillin or carbenicillin activity, as judged
by microbiological assay, showed the presence
of the penicilioic acids of ampicillin or carbe-
nicillin, confirming that inactivation was due to
the j3-!actamase activities of the bacteria.
Although the results of these experiments

indicated the relative stabilities of the three

/5-lactam antibiotics to the (3-lactamascs pro¬
duced by the Klebsiella, Enterobacter, and
Citrobacter organisms, this type of test gave no
indication as to whether growth occured as a
result of destruction of the antibiotic, or
whether destruction occured as a result of

growth of the organism. Accordingly, viable-
count experiments were carried out to measure
growth of the test organism in the presence of
/?-Iactam antibiotic, and the antibiotic contents
of the cultures were assayed over the same

period to attempt to elucidate the relationship
between growth and destruction. The results of
typical viable-count experiments with a strain of
K. aerogenes and one of E. aerogenes are
illustrated in Fig. 3 and 4. In Fig. 3, it can be
seen that cephaloridine at a concentration of

5 pg/ml reduced the viable count to zero within
3 hr. Both ampicillin and carbenicillin showed
significant bactericidal activity at concentrations
of 50 and 100 pg/ml during the first 6 hr of the
experiment, but failed to prevent growth from
increasing to visible levels after 24 hr. With
ampicillin, growth appeared to take place after
there was marked destruction of the antibiotic,
but with carbenicillin growth occurred when
there was still a substantial amount of antibiotic
remaining.

With the test strain of E. aerogenes (Fig. 4),
cephaloridine produced a fall In the viable count
in the initial 3-hr period while there was still
antibiotic present, but growth followed destruc¬
tion of the antibiotic. Both ampicillin and
carbcnicillin also showed bactericidal activity
during the first 6 hr of the experiment, flow-
ever, growth occurred after this period, even

though 70% of the original ampicillin activity
remained after 24 hr in the culture which had

originally contained 500 pg of ampicillin per ml.
There was no detectable loss of carbenicillin

activity.
Table 3. Relationship between resistance ofKlebsiclla-Enterobacter-Citrobacter bacteria to arnpiciliin,

carbenicillin, and cephaloridine and the plactamase activities of these organisms

Genus Antibiotic
Growlh0 and aniibiotic concn (ng/ml)

5006 250 125 50 25 12.5 5.0

K. aerogenes NCTC 8172 Ampicilhn + + + + + + +

oc 0 0 0 0 0 0

Carbenicillin + + + + + + +

>125 125 32 12.6 5.4 1.5 0

Cephaloridine - - - - + ± +

500 250 90 40 8.5 2.5 0

E. cloacae NCTC 10005 Anipicillin + + + + + + +

500 250 125 23 2.6 0 0
Carbenicillin - + + + + + +

500 200 94 40 18 8 4

Ccphaloridine + + + + + + +

0 0 0 0 0 0 0

C.freundii NCTC 9750 Ampicillin NT N'r + + + + +

43 21 12 0.8 0.3

Carbenicillin NT NT — _ — + +

6.6 2.7

Cephaloridinc NT NT + + + + +

0 0 0 0 0

° The antibiotics were serially diluted in nutrient broth, and the tubes were inoculjted with one drop of an overnight broth culture
of the test organism. Growth was determined by visual inspection after 24 hr of incubation at 37 C, and the residual antibiotic
activities were measured by microbiological assay. Symbols: + - visible growth, trace growth, - = no visible growth; NT - not
tested.
* Initial antibiotic concentration.
c Residual antibiotic concentration at the conclusion of the minimal inhibitory concentration test.



4 95

^-LACTAMASE AND ANTIBIOTIC SUSCEPTIBILITY 83

Transfer of antibiotic resistance. A total of 62
strains of Klebsiella, Enterobacter, and Citro-
bacter were tested for their ability to transfer
ampieiltin resistance to E. coli K-12 711 Nx.
Only one culture, a strain of K. aerogenes was
found to transfer ampicillin resistance to this
organism (Table 4). These strains also failed to
transfer ampicillin resistance to recipient strains
of S. typhi and 5. typhimurium. Difficulty was
experienced in selecting transcipients (ampicit-
lin-resistant E. coli) when an undiluted culture
was plated on the antibiotic-containing selective
medium. Lactose-negative colonies were re¬
covered at a high frequency, but when these
were cultured and retcsted for ampicillin resis¬
tance they were found to be susceptible to the
antibiotic. These "transcipients" were in fact
colonies of the ampicillin-susceptible recipient
strain of E. coli which had been able to grow as
a result of destruction of ampicillin in the

AMPICILLIN CAR

selective medium by the ^-lactamase activity of
the donor strain. This problem was overcome by
use of an inoculum diluted 1:5 with sterile
saline, or by increasing the ampicillin concentra¬
tion from 20 to 40 pg/ml.
Thirty-one of these strains, resistant to ampi¬

cillin and one or more antibiotics, namely,
cephaloridine, chloramphenicol, kanamycin,
streptomycin, and tetracycline, were tested for
frequency of R factor transfer. Eighteen strains
transferred antibiotic resistance at a relatively
high rate (Table 4), but none of the strains
transferred resistance to cephaloridine, and only
one strain (described above) transferred an

ampicillin R factor.
In a separate series of experiments, the

majority of test strains were examined for
ability to transfer carbenicillin R factors, but
transfer of carbenicillin resistance was not
demonstrated.

nicillin cephaloridine

TIME Ch0urO Time otoyr») TIME Qiour»)

5 M

No 4«»truct)on

3 6 74

time ChourO TIME (hour*) TIME 0ioura)

Fig. 4. Bactericidal activities of ampicillin, carbenicillin, and cephaloridine against Entcrob^cter aerogencs.
Symbols: antibiotic-free control; •, 20 pg/rnl; & 100 pg/ml; a. 500 pg/ml. figures in brackets show residual
antibiotic concentrations (pg/nil).

Fig. 3. Bactericidal activities of ampicillin, carbenicillin, and cephaloridine against Klebsiella aerogenes. Symbols:
o, antibiotic-free control; ts, 50 pg/ml; o, 100 pg/ml. Figures in brackets show residual antibiotic concentration
(pg/ml).

AMPICILLIN CARBENICILLIN CEPHALORIDINE
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Table 4. Incidence of transferable drug resistance in Klebsiella, i'.nterobaclcr, and Citrobactcr bacteria

Resistance No. of strains tested No. of strains transferring resistance Resistance
of donor nnltrsmyi11 icrii
strain" Klebsiella Entcrobacter Citrobacter Klebsiella Entcrobacter Citrobaetcr transferred"

A 29 0 0 1 0 0 A
A Cp 0 5 4 0 0 0 —

Cp 0 0 2 0 0 0 _

A S Cp 0 1 0 0 1 0 s
AT 1 0 0 0 0 0 —

A T Cp 1 0 0 1 0 0 T
ATS 1 1 0 1 1 0 T S
A T C 4 0 0 3 0 0 T C (2)

C (I)
A C Cp 0 1 0 0 1 0 C
ATCS 7 0 0 6 0 0 TCS
ATCSK 5 0 0 4 0 0 TCSK
Total 48 8 6 16 3 0

a A ~ ampicillin; C - chloramphenicol; Cp = cephaloridine; K = kanamycin; S = streptomycin; T = tetracycline.

DISCUSSION this was not determined at the time. The

~,u ,, r , . . , . , , .. . susceptibility of the Entcrobacter and Citro-Ihe results of this study with a relatively , * , J .

..... , c , ■ c a u ■ n r~ bacter bacteria to carbenici 111 has obviouslimited number of strains of Klebsiella, Entero- .... . , ,

, , , . - ... clinical implications, particularly in view of thebacter, and Citrooacter are in agreement with . * , . ' 1 , "
,, , , , • ., f ... resistance of this group to the cephalosporin andpublished reports showing the resistance of this , '

■ .to , other antibiotics,
group to ampicillin (12, 17). Our results also
confirm the strikingly different susceptibility of The similarity of the Enterobacter and Citro-
Klebsiella species to cephaloridine compared bacter organisms with regard to susceptibility to
with the high degree of resistance of Entero- *he /3-lactam antibiotics, as well as on the basis
bacter and Citrobacter bacteria to this antibiotic biochemical characteristics, would point to a
(3, 5,-9). However, in this study a relatively high close relationship between these genera and a
proportion of strains of Klebsiella were rela- distinct diffeience between these organisms and
tively resistant to cephaloridine. Thus, it would t'1e Klebsiella genus.
not seem realistic to attempt to use susceptibil- The relationship between the resistance of the
ity to cephaloridine as a means of distinguishing Klebsiella, Enterobacter, and Citrobac'.er groups
Klebsiella species from Enterobacter, or con- bacteria to /3-lactam antibiotics and the
versely to assume that nonmotile strains of this ^-lactamase activities of these organisms is not
taxonomic group will of necessity be susceptible clear, as, for example, is the case with penicillin-
to cephalosporins. However, P. C. Fleming resistant strains of staphylococci. All strains of
(personal communication) has observed that bacteria tested in this study demonstrated j>lac-
cephalosporin C may be used with confidence to tamase activity, Klebsiella strains destroyed
differentiate Klebsiella from Enterobacter. ampicillin and, on occasion, carbenicillin and
The finding that the majority of strains of cephaloridine; Entcrobacter and Citrobacter

Entcrobacter and Citrobacter were relatively bacteria inactivated cephaloridine invariably,
susceptible to carbenicillin, as opposed to strains ampicillin occasionally, and carbenicillin rarely,
of Klebsiella which were almost invariably resis- The results reported here indicate that cepha-
tant to carbenicillin, was unexpected. Early loridine is usually stable to the ^-lactamases
studies with carbenicillin had indicated that the produced by Klebsiella but is susceptible to the
majority of strains of lactose-fermenting, enzymes produced by Entcrobacter and Citro-
citrate-utilizing bacteria were resistant to carbe- bacter bacteria, in agreement with published
nicillin as well as to ampicillin (8, 13), but it reports (2, 5, 10). This suggests that the resis-
now seems probable that most of the strains tance of the latter group to cephaloridine may
tested betonged to the genus Klebsiella, although be attributable to enzymatic destruction. !n



497

^-LACTAMASE AND ANTIBIOTIC SUSCEPTIBILITY

contrast, ampicillin is inactivated by Klebsiella
species, but is relatively stable to destruction by
Enterobactcr and Citrobacter organisms. The
resistance of the latter organisms to ampicillin is,
therefore, not generally associated with j3-!acta-
mase activity, whereas the data presented here
appear to support suggestions that Klebsiella
strains are resistant largely as a result of produc¬
tion of ^-lactamase (1, 16). However, Seligman
(14) has produced evidence suggesting a mech¬
anism of intrinsic resistance for Klebsiella in
addition to ^-lactamase activity.
With carbenicillin, the resistance of Klebsiella

species was in most cases not associated with
inactivation of the antibiotic, unlike ampicillin,
and was obviously due to some other mech¬
anism. The susceptibility of E>.tcrobactcr and
Citrobacter organisms to carbenicillin and their
relative insusceptibility to ampicillin was
apparently not due to differences in stability to
the ^-lactamase activities of this group, as
neither antibiotic appeared to be inactivated to
any great extent. It must be assumed that the
greater activity of carbenicillin against these
bacteria is due to some other mechanism, as is
the case with P. aeruginosa, which is relatively
susceptible to carbeniciliin but resistant to ampi¬
cillin.

The very low transfer frequency of ampicillin
■ esistance (2%) and failure to transfer carbenicil¬
lin or cephaloridir.e resistance indicate that the
insusceptibility of the Klebsiella, Enterobacter,
and Citrobacter bacteria to the /3-lactam anti¬
biotics is not extrachromosomally mediated, in
keeping with the findings of Medeiros and
O'Brien (10, 11). However, the results of this
study are at variance with those reported by
Hinshaw and co-workers (7), who found that
ampicillin resistance was transferred frequently
as a unit in combinationwith resistance to other

antibiotics, for example, streptomycin, chloram-
penicol, and tetracycline. A possible explanation
for the discrepancy between these two reports is
that conditions in this study were not favorable
for transfer of ampieillin, carbenicillin, or cepha-
loridinc resistance. This does not seem likely, as
under these conditions resistance to other anti¬
biotics was transferred readily from these bac¬
teria. Also, in other studies in which the same

conditions were used, ainpieillin and ccphalori-
dine resistance has been transferred readily
between other bacteiiul species (15). The role of
transferable resistance and the resistance of the
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Klebsiella, Enterobacter. and Citrobacter
bacteria to (3-Iactam antibiotics requires further
investigation.
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Enteropathogenic strains of Escherichia coli which had been isolated in the
United Kingdom during three periods between 1948 and 1968, namely 1948 to
1951, 1957 to 1960, and 1967 to 1968, were tested for susceptibility to ampicillm.
streptomycin, tetracycline, chloramphenicol, and sulphonamides. Antibiotic-
resistant strains were tested for their ability to transfer antibiotic resistance to an

antibiotic-susceptible strain of E. coli K-12. A relatively high proportion of
strains isolated between 1948 and 1951 was resistant to ampicillin, streptomycin,
or sulphonamides. None of these strains transferred ampicill.in or streptomycin
resistance, but sulpbonamide resistance was R-factor-mediated in three out of 14
sulphonamide-resistant strains. Resistance to tetracycline and chloramphenicol
was rare before 1951 but had become common among enteropathogenic E. coli by
1957. Much of the antibiotic resistance of bacteria isolated between 1957 and
1960 was R-factor-mediated, and transferable resistance was about as prevalent
among E. coli isolated between 1957 and 1960 as among strains isolated in 1967
and 1968. Nevertheless, there was no appreciable increase in the overall
incidence of antibiotic resistance among these enteropathogenic strains of E. coli
between 1957 and 1968. although transferable antibiotic resistance was common
during this period. These results do not suggest that the emergence of
transferable antibiotic resistance will inevitably lead to the rapid development of
antibiotic resistance among this group of bacteria.

The discovery in 1959 of transferable antibi¬
otic resistance among enteric bacteria (1, 17)
resulted in an increased interest in the inci¬
dence of antibiotic resistance among these orga¬
nisms and in speculation regarding the possibil¬
ity of the rapid development of widespread
antibiotic resistance among gram-negative ba¬
cilli. It is evident that there has been an

increase in the resistance to antibiotics among
certain groups of infective enteric bacteria in
the past years, e.g., shigellae (6. 12, 17) and
Salmonella typhimurium (2, 8), and that many
of these bacteria possess transferable resistance
factors. On the other hand, the evidence regard¬
ing other Entcmhacteriaceae is much less clear,
and although it has been established that bacte¬
ria capable of transferring antibiotic resistance
are at present common among the intestinal
flora of healthy subjects (4, 5, It) as well as of
hospital patients (4, 9, 10, 15). little is known
about the emergence of bacteria possessing
transferable R-factors and the development of
resistance. Accordingly, we approached various

sources in the United Kingdom with a view to
obtaining gram-negative bacilli isolated before
1960 which could he tested for ability to transfer
antibiotic resistance to other bacteria. We were

fortunate in learning that Joan Taylor (former
Director of the Salmonella Reference Labora¬

tory, Central Public Health Laboratory, Colin-
dale, London) had established a collection of
cultures of enteropathogenic strains of Esche¬
richia coli isolated from 1948 onwards. Dr.
Taylor very kindly made cultures available to
us, and the results reported here describe the
antibiotic susceptibility patterns of enteropath¬
ogenic E. coli isolated at three different periods
between 1948 and 1968, together with the inci¬
dence of transferable antibiotic resistance

among these organisms.

MATERIALS AND METHODS

Cultures. A total of 512 strains of E. coli was

obtained from the Salmonella Reference Laboratory,
Colindale, London, and these bacteria were tested for
susceptibility to ampicillin, tetracycline, strep-

459
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tomycin. chloramphenicol, and sulphamethoxnzole.
The cultures had been isolated from clinical sources
throughout the United Kingdom at three different
perl ds ol time between ID-id and 1963: (i) 1948 1951.
112 strains; (ii) 1957-1960. 200 strains; and (iii)
1967 -1968. 200 strains. These strains had been stored
on Dorset egg agar slopes in the dark at room
temperature. Between 1948 and 1951, benzylpenicil-
lin, streptomycin, and sulphonamides were the most
widely used antibiotics; the broad-spectrum antibiot¬
ics. chloramphenicol and the tetracyclines, became
available shortly afterwards, and ampicillin was in¬
troduced in 1961. Most of the strains (DOT) from the
two latter periods had been isolated from babies with
diarrhea or gastroenteritis and comprised a wide
range of serotypes. The remainder (10'ic) were from
other sources (urine, blood, cerebrospinal fluid). Rec¬
ords were not available for the strains isolated be¬
tween 1948 and 1951, but it is known that they wereof
human origin and it is believed that they were mainly
from infantile gastroenteritis, as was the case for most
of the other strains.
Minimal inhibitory concentrations. Twofold se¬

rial dilutions of the test antibiotics were prepared in
18-ml volumes of molten nutrient agar (Blood Agar
Base. Oxoid) and poured in petri dishes. When set,
the plates were dried at 37 C and inoculated with a
drop (0.003 ml) of an undiluted overnight broth culture
of mc lest organism by means of a replicating device
delivering 20 cultures to each plate. Tests in liquid
medium were done in 5-ml volumes of nutrient hroth
(Nutrient Broth no. 2, Oxoid) which were inoculated
with a drop (0.03 ml) of an overnight broth culture of
the test organism. The susceptibility of E. coli to
sulphonamides was measured by serial dilution of
sulphamethoxazole in antagonist-free agar (D.S.T.
agar. Oxoid) containing 107; lysed horse blood, using
as inoculum a drop of a 1:1,000 dilution of an
overnight broth culture. Minimal inhibitory concen¬
trations (MICs) were determined after overnight incu¬
bation at 37 C. The /^-lactamase activity of ampicil-
lin-resistant strains of E. coli was determined by
measurement of the destruction of arnpicillin during
the course of serial dilution tests by using Bacillus
subtilis ATCC 6633 to assay residual antibiotic activ¬
ity.
Transfer of resistance. Antibiotic-resistant iso

lates of E. coli were grown overnight in Penassay
broth (Antibiotic Medium no. 3, Oxoid), and 0.2-ml
volumes of these donor strains were added to 0.4-ml
volumes of an overnight culture of the recipient
strain. E. coli K-12/711Nx, a non-lnctose-fermenting,
nalidixic acid-resistant mutant. The mixed cultures
of donor and recipient bacteria were cultured in 9 ml
of fresh, prewarirwd Penassay broth, and after over¬
night incubation at 37 C they were plated on Mac-
Conkey agar, incorporating 20 pg of the appropriate
test antibiotic per ml and 20 pg of nalidixic acid per
nil; control plates containing either 20 pg of antibiotic
or 20 pg of nalidixic acid per ml were also inoculated
with the mating mixtures. A number of donor strains
were resistant to nalidixic acid, and in these cases

selection was made on agar containing 1,000 pg of
streptomycin per ml by using a streptomycin-resist-
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ant strain of E. coli K-12/711 as recipient. Inoculation
of the plates was carried out with a multipoint
inoculating device delivering approximately 0.003 ml
of culture. Alter overnight incubation at 37 C, the
plates were examined for iion-lactose-fcrmentir.g colo¬
nies growing in the presence of 20 pg of the antibiotic
and 20 pg of nalidixic acid per ml. Lactose-negative
colonies were subcultured into Penassay broth and
retested for antibiotic resistance. The transter of
sulphonamide resistance was determined by using
D.S.T. agar [Oxoid) containing 1077 lysed horse blood,
incorporating sulphamethoxnzoie (200 pg/ml) and
nalidixic acid (20 pg/ml). Neither the donor nor
recipient bacteria grew on the selective medium.
Colonies which developed from the mixed cultures .

were purified and identified as E. coli K-12/71lNx
and retested for sulphonamide and antibiotic resist¬
ance.

In cases where the donor strain inhibited the
growth of E. coli K-12/711N:x as a result of bactericcin
activity, appropriate colicin-tolerant mutants were
selected and used as recipient strains. A number of
antibiotic-resistant cultures were filtered through
membrane filters (0.22 pm pore size; Millipore Corp.),
and the sterile filtrates were incubated with E. coli
K-12/71 lNx as described above. None of the cell-free
filtrates conferred resistance on the recipient strain.
Elimination of extrachromosomal antibiotic re¬

sistance. Antibiotic-resistant strains of E. coli were
cultured on nutrient agar containing ethidium bro¬
mide (50 to 500 pg/ml), and colonies growing on the
plates containing the highest concentrations of
ethidium bromide which supported normal growth
were subcultured in drug-free medium and tested for
antibiotic susceptibility (3).

RESULTS

Results in Table 1 show the distribution of
the MICs of ampicillin, tetracycline, strep¬
tomycin. and chloramphenicol against E. coli
isolated between 1948 and 1951, 1957 and 1960,
and 1967 and 1968. Data expressed in Fig. 1
show the percentage inhibition of strains inhib¬
ited by serial concentrations of the antibiotics.
Results in Table 2 show the incidence of trans¬
ferable resistance among the antibiotic-resist¬
ant strains of E. coli, and the antibiotic resist¬
ance patterns transferred ore described in Table
3.
Resistance to ampicillin. Ampicillin inhib¬

ited 66ar of the 112 strains of E. coli isolated
between 19 IS and 1951 at a concentration of
12.5 pg/ml or less; the remainder (34';) required
inhibitory concentrations of from 25 to SOOpgof
ampicillin per ml. Of the 200 strains isolated in
the period 1957 to 1960, 93"7 were susceptible to
12.5 pg of ampicillin per ml, and the remaining
5rl of thp strains were susceptible to concentra¬
tions of 25 to 250 pg of antpicillin per ml. Most
(S5'7 ) of the 200 strains isolated in 1967 and
1968 were susceptible to 12.5 pg of utnpiciilin
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Tabi.e 1. Antibiotic susceptibility of 512 strains of Escherichia coli isolated bctiveen 19-18 and 1968

Period Antibiotic
No. of
strains

No. ofstrains with MIC" (ng/ml) of

>5(10 500 250 125 50 25 12.5 5.0 2.5 1.25

1918-1951 Ampicillin 112 1 23 10 1 3 15 38 20 1

Chloramphenicol 112 1 36 74 1

Streptomycin 112 28 1 22 45 16

Tetracycline 112 1 75 36

1957-1960 Ampicihin 200 2 3 4 1 21 92 75 2

Chloramphenicol 200 1 13 1 12 85 85 3

Streptomycin 200 6 3 2 7 5 5 8 24 35 105

Tetracycline 200 17 14 1 3 30 112 23

1967-1968 Ampicillin 200 20 1 1 4 3 1 3 74 90 4

Chloramphenicol 200 4 2 3 1 113 75 2

Streptomycin 200 3 2 3 13 14 9 1 4 21 130

Tetracycline 200 17 21 3 3 32 116 8

° Serial dilution in agar.

70

50

301
o

fc: 10
m

x

AMPiCiLLIN STREPTOMYCIN

TETRACYCLINE CHLORAMPHENICOL

,0a gi at JL
125 500 >500 1-25 50 25 125

MINIMUM INHIBITORY CONCENTRATION ug/ml.
500 >500

11948-1951, 112 Strains J1957-1960, 200 Strains [1967-1968, 200 Strains
FiG. 1. Susceptibility of 512 enteropathogenic strains of Escherichia coli isolated between 1948 and 1968 to

four antibiotics.

per ml, but two-thirds of the resistant strains
were insusceptible to 500 /ig of ampicillin per
ml. The incidence of ampicillin resistance was

highest in the group of bacteria isolated be¬
tween 194S and 1951. hut the resistant strains
isolated in 1967 and 196S were generally more

insusceptible to ampicillin. Thus, the ampicil-
lin-resistant strains isolated between 1948 and
1951 and between 1957 and 1960 were inhibited
by concentrations of 500 pg or less of ampicillin
per ml. whereas most of the resistant strains
isolated in 1967 and 1968 were not susceptible to
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Tame 2. Transferable antibiotic resistance among Escherichia coli isolated between 19-18-1968

Antibiotic
Time of
isolat ion

No. of
strains

Resistant strains" Transferable resistance

No.
*7 of
total

No. of
strains

f~i of
resistant
strains

*4 of
total
strains

Arnpicillin 1948-1951 112 38 34 0 0 0
1957-19G0 200 10 5.0 0 0 0
1967-1968 200 30 . 15 21 70 10.5

Chloramphenicol 1948-1951 112 1 1.0 0 0 0
1957-1960 200 15 7.5 13 87 6.5
1967-1968 200 10 5.0 10 100 5.0

Streptomycin 1948-1951 112 28 25 0 0 0
1957-1960 200 28 14 19 68 9.5
1967-196S 200 44 22 29 66 14.5

Tet racycline 1948-1951 112 0 0 0 0 0
1957-1960 200 35 17.5 21 60 10.5
1967-1968 200 44 22 30 68 15

Sulphanietboxazole 1948-1951 112 14" 12.5 3 21 2.7
1957-1960 200 43" 21.5 17 40 8.5
1967-1968 200 42" 21 17 40 8.5

" Not inhibited by 12.5 Mg °f test antibiotic per nil.
' Resistant to 200 /rg of sulphamethoxazoie per ml.

500 pg of ampicillin per ml. Examination of a
number of the ampicillin-resistant strains from
the three periods showed that these strains were
able to destroy ampicillin during the course of
the antibacterial test.,, indicating that the re¬
sistance to ampicillin was associated with ^-lac¬
tamase activity.
None of the ampiciliin-resistant strains iso¬

lated in the periods 1948 to 1951 or 1957 to 1960
transferred ampicillin resistance to the selected
recipient strain, E. coli K-12/71lNx (Table 2).
Similarly, those ampicillin-resistant strains iso¬
lated in 1967 and 1968, which like earlier strains
had ampicillin MIC values in the range 25 to
250 pg/ml, also failed to transfer ampicillin
resistance. On the other hand, all strains iso¬
lated .between 1967 and 1968 which were resist¬
ant to 500 pg of ampicillin per ml transferred
ampicillin resistance associated with /3-lacta-
mase activity. Treatment with ethidium bro¬
mide had no effect on the susceptibility to
ampicillin of ampicillin-resistant strains of E.
coli isolated before I960, but resulted in the
elimination or reduction of the resistance of
strains with transferable ampicillin resistance
isolated in 1967 and 1968.
Resistance to streptomycin. In general,

there was little difference in the streptomvein
susceptibility patterns of the three groups of E.
coh (75b susceptible to 12.5pg/ml in 1918 1951,

86b susceptible in 1957-1960, and 78b suscepti¬
ble in 1967-1968). However, all resistant orga¬
nisms isolated between 1948 and 1951 were

insusceptible to 500 Mil of streptomycin per ml,
whereas most of the resistant strains isolated in
the two more recent periods were less resistant
and had MIC values in the range of 25 tooOO/rg
of streptomycin per ml. None of the strains
isolated between 1948 and 1951 transferred
streptomycin resistance, but 68ft of the trep-
tomycin-resistdnt strains isolated between 1957
and 1960 and 66ft of the most recently isolated
strains were able to transfer streptomycin re¬
sistance to E. coli K-12/71lN'x. R-factor-
mediated streptomycin resistance was elimi¬
nated by treatment with ethidium bromide, but
the streptomycin resistance of strains isolated
before 1951 was unaffected by this treatment.
Resistance to. tetracycline. All strains of E.

coli isolated between 1948 and 1951 were sus¬

ceptible to tetracycline (MIC = 5 /tg/m! or less),
hut resistance to tetracycline was common
among bacteria iso'ated from 1957 onwards.
Thus. 17.5'1 ol the strains isolated bet ween 1957
and 1960, and 22b ol those isolated between
1967 and 1968, were not inhibited by 12.5 pgof
tetracycline per ml. The distribution of suscep¬
tibility to tetracycline of these two groups of E.
coli was very similar (Fig. 1). Transfer of
tetracycline resistance was readily demon-
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Taiii.k 3. Antibiotic resistance patterns in Escherichia coli between 1918 and 1968

No. of strains

Resistance pattern'
1918 -1951 (112) 1957-1960(200) 1967-1965(2001

Resistant
Transferrin"
resistance

Resistant Transferring
resistance

Resistant Transferring
resistance

Su 2 0 16 2 10 3
S 4 • 0 3 0 6 4
SSu 3 2 6 2(S-1)
T 9 6 10 8
TSu 6 4(T-2) 1 0
TS 1 1 7 7(S-5)
TSSu 4 3(TSu-l) 7 C(TS-l)
TCS 1 0
CSSu 3 3(CS-1) 1 1

TSKSu
' r(TC-l)

1 l(Su-l)

TCSSu 10 10<(TCS-2)
\(CSSu-4)

A, 7 0 5 0 9 4

AC 1 0 1 1
AK 1 1
AS 19 0 1 l(S-l)
AT 1 0 2 2(A-1)
ASu 6 3(Su-3)
ACSu 1 0
ASK 1 0

ATS 2 l(T-l) 1 l(A-l)
ASSu 5 0 1 l(AS-l)
ATCSu 1 l(ATC-l)

ATSSu 2 91(T-1)
""

t(ATS-l)
ATCSSu 5 4(ACTS-3)
ATSKSu 3 3(ATKSu-l)
ATCKSSu 1 1

ATCKSuNx 1 l(ATCKSu-l)

" Abbreviations: A, ampicillin; C, chloramphenicol; K, kanamvein; Nx, nalidixic acid; S, streptomycin; Su,
sulphamethoxazole; T, tetracycline.

stratcc! with organisms isolated between 1957
and 1968, and 60% of the tetracycline-resistant
strains isolated between 1957 and I960 trans¬

ferred tetracycline resistance, compared with
68% of the tetracycline-resistant strains isolated
between 1967 and 1968 (Table 2).
Resistance to chloramphenicol. Only one of

the strains of E, coli isolated between 19IS and
1951 was resistant to chloramphenicol, and this
strain failed to transfer its chloramphenicol
resistance. A small proportion of strains isolated
in the two later periods were resistant to chlor¬
amphenicol (7.5% in 1957-1960 and 5% in
1967-1968). and virtually all of these strains
transferred their chloramphenicol resistance to
E. coli K-l2/71lNx (Table 2).
Resistance to sulphonamides. Most (98 of

112) of the strains of E. coli isolated between
1948 and 1951 were susceptible to 20 /ig of
sulphamethoxazole per ml, but 14 strains were

not inhibited by 200 pg of sulphamethoxazole
per ml. Three of these 14 resistant strains
transferred sulphonamide resistance to E. coli
K-12/711Nx. These three R-factor strains,
which had been isolated in 1951, were resistant
also to ampicillin, but ampicillin resistance was
not transmissible. The incidence of sulphona-
mide-resistant strains was higher in the two
later periods, and 40% of the sulphonamide-
resistant strains transferred sulphonamide re¬
sistance, usually in association with strep¬
tomycin or other resistance (Table 2).

DISCUSSION

An inherent weakness of a retrospective study
of this kind is the possibility that the character¬
istics of the test organisms may have altered
during the course of storage in the laboratory. It
is possible that some of the strains examined
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which now appear to be r.nsceptible to antibiot¬
ics may have possessed R-determinants at the
time of isolation, or that antibiotic-resistant
strains which now fail to transfer resistance may
once have possessed transfer factors. In prac¬
tice, the data obtained suggest that the entero-
pathogenic strains of E. coli described here may
not have altered greatly on storage, and it seems
possible that the antibiotic resistance patterns
reported may well be a true reflection of those
prevailing at the time of isolation of the cul¬
tures.

This supposition is based upon the following
facts, (i) The .strains of E. coli isolated in 1967
and 1968 were examined relatively soon after
isolation when it was unlikely that there would
have been any significant change in the antibi¬
otic resistance patterns of this group, (ii) The
overail incidence of resistance and the fre¬

quency of bacteria possessing transmissible R-
factors were similar for strains isolated between
1957 and 1960 and for strains isolated in 1967
and 19G8, with the exception of resistance to
ampicillin. It seems unlikely, therefore, that
there was any great loss of resistance from the
former group of bacteria as a result of storage,
with the possible exception of arnpicillin. (iii)
There was a relatively high incidence of resist¬
ance to ampicillin. streptomycin, and sulphona-
mides among E. coli isolated between 1948 and
1951, and so it is less likely that there was any
significant loss of resistance on storage. These
bacteria were isolated before chloramphenicol
and the tetracyclines became freely available in
the United Kingdom, and so the lack of resist¬
ant organisms is not unexpected, (iv) The data
suggest that the antibiotic resistance of E. coli
isolated between 1948 and 1951 is not extra-

chromosomally mediated, and therefore i,
seems reasonable to assume that failure to

demonstrate transferable antibiotic resistance
among bacteria from this period is due to the
fata that these bacteria never possessed transfer
factors, rather than to loss during storage.
Another potential failing of this type of study

is that the strains examined may not represent a
true sample of the bacterial populations pre¬
dominant at the time of isolation. This could
apply particularly to the enteropathogenic bac¬
teria isolated before 1951, for which precise
records are unavailable, but less so to the
strains isolated between 1957 and 1968, since
they were isolated from various areas of the
United Kingdom and were of n'umerous differ¬
ent serotypes. Nevertheless, despite these reser¬
vations. the results presented here appear to be
meaningful in tracing the development oftrans-
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ferable antibiotic resistance among enteropath¬
ogenic E. coli isolated in the United Kingdom
between 1948 and 1968.
The relatively high incidence of ampicillin-

resistant strains of E. coli isolated before 1951
may be associated with the general use of
benzylpenicillin during this period, which could
have resulted in the selection of ampicillin-
resistant mutants. The resistance of ampicillin-
resistant strains isolated between 1948 and
1951 was associated with /Maclamase activity,
but the /3-lactainase produced by these strains
differed from that produced by the majority of
strains isolated 20 years later, in 1967 and 1968.
The former is probably chromosomally medi¬
ated, since it is not possible to demonstrate
transfer of the ^-lactamase, ja no(; eliminated
by treatment with ethidium bromide, and the
substrate and inhibition profiles of the cell-free
enzyme are different from those of the extra-
chromosomally mediated /7-lactamase pos¬
sessed by the majority of the ampicillin-resis-
tant strains isolated in 1967 and 1968 (S. Elson,
personal communication). These facts suggest
that R-factor-ruediated ampicillin resistance
was not common among enteropathogenic E.
coli between 1948 and 1960. However, it is pos¬
sible that some of the strains which are now

susceptible to ampicillin may have possessed
ampicillin R-factors which were subsequently
lost during storage. For example, R-factor-me-
diated ampicillin resistance has been described
among E. coli isolated in Mexico in 1956 (7) and
among E. coli isolated in London in 1961 (13). In
the latter study, three out of seven ampicillin-
resistant strains isolated in 1961 had lost their
resistance to ampicillin when retested in 1968;
the remaining four strains possessed transfer¬
able ampicillin resistance. Moreover, since
transferable streptomycin and sulphonamide
resistance became relatively common among
enteropathogenic E. coli between 1951 and 1960,
it would not be unexpected to find transferable
penicillin resistance appearing during this pe¬
riod. One third of the ampicillin-resistant
strains of E. coli isolated in 1967 and 1968 had a

nontransferable /3-lactamase determinant simi¬
lar to that produced by strains isolated in the
earlier periods, whereas the remainder of the
ampicillin-resistant strains possessed a trans¬
ferable extrachromosomally mediated /S-lacta-
mase.

The pattern of streptomycin resistance of the
E. coli examined is in some ways analogous to
that of the ampicillin resistance of these strains.
Thus, there was a relatively high incidence of
streptomycin-resistant strains of E. coli isolated
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before 1951, which is not entirely unexpected
since streptomycin was freely available at this
time. It seems probable too that the resistance
of these particular strains is chromosomally
mediated since, apart from the fact it is non¬
transferable and is not "cured" by ethidium
bromide, the level of resistance of strains iso¬
lated before 1951 is very high. a characteristic of
streptomycin-resistant mutants, in contrast to
the lower levels of resistance found in the
R-factor-modi a ted streptomycin -resistant
strains isolated from 1957 onwards. In addition,
most of the streptomycin-resistant strains iso¬
lated before 1951 weie susceptible tosulphona-
mides, whereas most of the streptomycin-resist¬
ant strains isolated from 1957 onwards which
transferred streptomycin resistance were also
resistant to sulphonamidi s. It is unlikely, there¬
fore, that the streptomycin-resistant strains
isolated before 1951 are R-factor bacteria lack¬
ing transfer factors. These facts suggest that
transferable streptomycin resistance was not a
feature of the streptomycin resistance of E. coli
isolated before 1951 but became common rela¬
tively soon afterwards, so that by 1957 the
proportion of strains carrying streptomycin R-
factors was as high as that observed in strains
isolated in 1968.
It is perhaps not unexpected that three of the

14 sulphonamide-resistant strains isolated be¬
tween 19-18 and 1951 were able to transfer

sulphonaniide resistance, since this class of
compounds had been widelv used for more than
10 years before this, although, in fact, the
incidence of sulphonamide resistance of the
strains isolated before 1951 was relatively low. It
is probable that the three strains isolated in

yqg" \ J-957"capable of transferring sulphonamide re¬
sistance came from the same source, and it is of
interest that the srlphonamide resistance of
these strains was not linked with transferable
streptomycin resistance as was generally the
case for strains isolated in later periods. By

) H S 7 ;t05"r, sulphonamide resistance had become
more common and was often R-factor mediated,
associated with streptomycin or multiple resist¬
ance. It seems likely, therefore, that there was a
marked increase in transferable sulphonamide
resistance between 1951 and 1957.
The data relating to chloramphenicol and

tetracycline resistance show that resistance to
these two antibiotics, largely R-factor medi¬
ated, appeared sometime after 1951, coincident
with the increasing usage of these antibiotics.
By 1957 most of the chloramphenicol- and
tetracycline-resistant strains were capable of
transferring antibiotic resistance, and as with

streptomycin, the incidence of transferable
chloramphenicol and tetracycline resistance ap¬
parently remained unchanged between 1957
and 1968.

Although it is known that R-factors were

present in bacteria prior to 1959 (7, 1-1, 16),
when the phenomenon of transferable antibiotic
resistance was first reported, data on the fre¬
quency of such strains are lacking. Our results
with a relatively large number of homogenous
bacteria isolated between 1948 and 1968 show
that R-factor-mediated sulphonamide resist¬
ance was present in E. coli as long ago as 1951,
and that transferable antibiotic resistance be¬
came established among enteropathogenic
strains ofE. coli in the United Kingdom at some
time between 1951 and 1957. It was unexpected,
however, that the incidence of R-factor-
mediated resistance was about as high among
antibiotic-resistant strains isolated between
1957 and 1960 as in strains collected in 1967 and
196S. Moreover, although strains capable of
transferring antibiotic resistance to susceptible
bacteria were widespread between 1957 and
1968, there was apparently no marked increase
in the overall incidence of resistance of these
strains of E. coli to the four antibiotics tested, or
to sulphonamides, during this period. These
results show that the phenomenon of transfera¬
ble antibiotic resistance has been common

among E. coli for a longer period of time than
has hitherto been supposed and do not support
the view that the emergence of transferable
antibiotic resistance among enteric bacteria will
inevitably lead to a rapid or general increase in
the antibiotic resistance of this group of bacte¬
ria.
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ANTIBIOTIC RESISTANCE AND p-I.ACTAMASES
OF ESCHERICHIA COLI BETWEEN 1948 AND 1968

B. SLOCOMBE, R. A. EDMONDSON and R. SUTHERLAND
Beecham Research Laboratories, Chemotherapeutic Research Centre, Betchworth,

Surrey, England

It was first reported from Japan in 1959 (Ochiai et al., 1959; Akiba et al., 1960), that
multiple antibiotic resistance could be transferred readilly between strains of E. coli and
Shigella and it was shown that R-factor bacteria constituted a high proportion of the
antibiotic-resistant isolates of enteric bacteria in Japan at that time. The original report
was followed within a fairly short time by other similar reports from Europe, Israel,
Taiwan and the U.S.A., (Nakaya, 1960; Datta, 1962; Lebek, 1963; Kabins and Cohen,
1966), and it was evident that transferable antibiotic resistance was common and world¬
wide in the early 1960's. Little is known however, of the origin or spread of R-factors
among bacteria prior to the original report from Japan in 1959 and this study is concerned'
with the development, in the United Kingdom, of transferable antibiotic resistance
among enteropathogenic strains of E. coli between 1948 and 1968. (Slocombe and
Sutherland, 1973).
A total of 512 strains ofE. coli was obtained from the Salmonella Reference Laboratory,

Colindale, through the courtesy of its former Director, Dr. Joan Taylor. The cultures
examined had been isolated from clinical sources throughout the United Kingdom at three
different periods of time between 1948 and 1968, namely 1948 to 1951, (112 strains)
1957 to 1960, (200 strains) and 1967 to 196S (200 strains). Bacteria from these three
periods were selected for study as different groups of antibiotics were available during
each period. Thus, benzylpenicillin, streptomycin and sulphonamides were widely used
between 1943 and 1951, chloramphenicol and the tetracyclines became available in the
United Kingdom soon afterwards, and ampicillin was introduced in 1961. Other anti¬
biotics used in 1967 and 1968 for the treatment of infections due to Gram-negative
bacteria included cephaloridine and kanamycin, and carbenicillin and gentamicin first
became available during this period.
Most of the strains of E. coli isolated during the two later periods had been isolated

from cases of infantile diarrhoea throughout the country and represented a wide range
of serotypes. The origin of the strains isolated between 1948 and 1951 is less certain, but
they are known to be of human origin and are thought to be cnteropafhogenic strains
of E. coli responsible for infantile gastroenteritis.
Prior to the tests described here, the cultures had been stored in the dark at room

temperature on antibiotic-free Dorset egg-agar slopes. The 512 strains were tested for
sensitivity to ampicillin, chloramphenicol, streptomycin, tetracyclines and sulphonamides
and Minimum Inhibitory Concentrations were determined by serial-dilution tests in agar.
Strains of E. coli found to be resistant to one or more of the antibacterial agents were tested
for ability to transfer resistance to E. coli K12/711Nx (Slocon.be and Sutherland, 1973).
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ANTIBIOTIC RESISTANCE

Results in Fig. 1 compare the sensitivities of the strains of E. coli to each of the four
antibiotics for the three different time periods.

Ampicillin resistance
Ampicillin inhibited 66",, of the 112 strains of E. coli isolated between 194S and 1951

at a concentration of 12.5 ug'ml or less; the remainder (34%) required inhibitory con¬
centrations of from 25 to 250 ug 'ml of ampicillin. Of the 200 strains isolated between
1957 and I960, 94% of the strains were sensitive to ampicillin and the remainder were
sensitive to concentrations of 25 to 250 pg/ml of ampicillin. Alost (85%) of the strains
isolated in 1967 and 1968 were sensitive to ampicillin, but only one-third of the resistant
strains were inhibited by 250 ug/ml of ampicillin. The remainder of the resistant strains
(10% of the total tested) were insensitive to 1000 pg/ml ampicillin.
Ampiciliin-resistant strains destroyed ampicillin during the course of serial-dilution

tests showing that resistance was associated with p-lactamasc activity.

Streptomycin resistance
In general, the incidence of resistance to streptomycin was similar for the three periods ,

(74% sensitive to 12.5 pg 'ml in 1948-1951, 85% sensitive in 1957-1960, and 78% sensi-
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Figure 1. Antibiotic sensitivity of Escherichia coli isolated between 194S-1951;
1957-1960; 1967-1968.

68



5 09

tive in 1967-1963). However, whereas all of the resistant strains isolated between 1948
and 1951 were insensitive to 500 ug.ml to streptomycin only a small proportion of the
resistant strains isolated in the two later periods were resistant to this concentration
of streptomycin.

Chloramphenicol resistance
Only one of the strains of E. coli isolated between 1948 and 1951 was resistant to chlor¬

amphenicol, and only a small proportion of strains isolated in the two later periods were
insensitive to 12.5 pg/rnl of '"hloramphenicol (7.5% in 1957 to 1960 and 5% in 1967
to 1968).

Tetracycline resistance.
None of the strains of E. coli isolated between 1948 and 1951 was resistant to a con¬

centration of 5 ug/ml of tetracycline but resistance was common among bacteria isolated
between 1957 and 1968. Thus, 17.5% of the strains isolated in 1957-1960 and 22% of
those isolated in 1967-1968 were resistant to 12.5 pg'mlof tetracycline. The distribution
of resistance to tetracycline among these two groups of E. coli was very similar.

SulphotHUuiJe resistance
Most (87.5%) of the strains of E. coli isolated between 1948 and 1951 were sensitive

to 20 ug/ml of sulphamethoxazole. The incidence of sulphonamide-resistant strains was
higher in the two later periods when 21% of strains tested were found to be insensitive
to 20 y.g ml of sulphaniethoxazole.
These results show that resistance to penicillin (or ampicillin) streptomycin and

sulphonamides was relatively common between 1948 and 1951, and is presumably a
reflection of the selective pressures of the usage of these antibiotics. Resistance to chlor¬
amphenicol and tetracycline was rare before 1951, but after their introduction into clinical
use resistance to these two antibiotics became more common. It is striking that with the
exception of arnpiciilin resistance, the antibiotic resistance-patterns for the period
1957-1960 were very similar to those of the later period, 1967-1968.

TRANSFERABLE RESISTANCE

Strains shown to be resistant to any of the four antibiotics, or to the sulphonantide,
wer tested for their ability to transfer antibiotic resistance to E. coli K12/71 lNx and the
results of these tests are shown in Table 1.
None of the ampicillin-resistant strains isolated between 1948 to 1960 (with ampicillin

A11C values of 25-250 pg/ml) was able to transfer ampicillin resistance to the recipient
strain, as was the case for strains isolated in 1967-1968 with ampicillin MIC values in
the same range. In contrast, all of the ampicillin-resistant strains isolated in 1967-1968
with ampicillin MIC values of greater than 1000 pg/ml transferred ampicillin resistance
associated with ^-lactamase. Treatment with ethidium bromide had no effect on the
resistance to ampicillin of strains that failed to transfer ampicillin resistance but resulted
in the elimination of the ampicillin-resistance of the R-factor strains isolated in 1967-1968.
None of the streptomycin-resistant strains of E. coli isolated between 1948 and 1951

transferred streptomycin-resistance, but two-thirds of the streptomycin-resistant strains
isolated between 1957 and 1968 were capable of transferring streptomycin-resistance to
the recipient strain. R-factcr mediated streptomycin resistance was eliminated by
treatment with ethidium bromide but the streptomycin resistance of strains isolated
before 1951 was unaffected by this treatment.
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TABLE 1

Transferable antibiotic resistance among Escherichia coli isolated between 19-IS-1963

Resistant strains* Transferable resistance

Antibiotic Time of
isolation

No. of
strains number "o of

total
No. of
strains

°o of
resistant
strains

of
total
strains

Ampicillin
1948-1951

1957-1960

1967-196S

112

200

200

38

10

30

34.

5.0

15

0

0

21

0

0

70

0

0

10.5

Chloramphenico!
1948-1951

1957-1960

1967-196S

112
200

200

1

15

10

1.0

7.5

5.0

0

13

10

0

87

100

0

6.5

5.0

Strcptomycin
1948-1951

1957-1960

1967-1968

112

200

200

28

28

44

25

14

22

0

19

29

0

65

66

0

9.5

14.5

Tetracycline
1948-1951

1957-1960

1967-1968

112

200

200

0

35

44

0

17.5

22

0

21

30

0

60

6S

0

10.5
15

Sulphamethoxazole
1948-1951

1957-1960

1967-1968

112

200

200

14**

43**

42**

12.5

21.5

21

3

17

17

21

40

40

2.7

8.5

8.5

* Not inhibited by 12.5 pg/ml of test antibiotic
** Resistant to 200 jig/ml of sulphamethoxazole

Only one strain of E. coli isolated in 1948-1951 was resistant to chloramphenicol and
this strain failed to transfer its resistance. In contrast, virtually all of the chloramphenicol-
resistant strains isolated between 1957 and 1968 transferred chloramphenicol resistance
to E. coli Kl2/711Nx. Similarly, tetracycline resistance was readily transferred from
resistant strains isolated in this period (60% in 1957-1960 and 68% in 1967-1968).
Three of the fourteen suiphonamide-resistant strains of E. coli that were isolated

between 1948 and 1951 were found to be capable of transferring sulphonamide resistance
of E. coli K12/711Nx. These three R-factor strains were isolated in 1951 and probably
had a common source. The strains were resistant also to ampicillin, but the ampicillin
resistance was not transferred. In the two later periods, 40% of the suiphonamide-
resistant strains transferred sulphonamide resistance, usually in association with strepto¬
mycin or other resistance.
These results show that R-factor-mcdiated resistance became prevalent among entero-

pathogenic strains of E. coli in the United Kingdom at some time between 1951 and 1957
although transferable sulphonamide resistance was demonstrated in a small number of
strains isolated in 1951. It is of interest, too, that the incidence of R factor-mediated
resistance was about as high among antibiotic-resistant strains isolated between 1957-1960
as in strains collected in 1967 and 1968.
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/J-LACTAMASES OF AMPICILLIN-RESISTANT E. COLI

Phcnotypc resistance to (i-lactam antibiotics

All ampicillin-resistant strains tested were found to destroy ampicillin in serial-dilution
tests to measure Minimum Inhibitory Concentrations of ampicillin, showing that resist¬
ance was associated with ^-lactamase activity. It was apparent, too, that the ampicillin-
resistant bacteria could be separated into two groups on the basis of their resistance to
(i-lactam antibiotics.
Thus, ampicillin-resistant strains isolated between 1948 and 1968 that had ampicillin

MIC values in the range 25-250 tag/ml were sensitive to carbenicillin and to combinations
of ampicillin and cloxacillin but were resistant to cephalosporin antibiotics (Table 2).
These strains failed to transfer ampicillin resistance, their ampicillin resistance was

TABLE 2

Phenotypic resistance to p-lactam antibiotics

Ampicillin
M.I.C.
(ug/ml)

25—250
>1000

Sensitivity to Resistance

Carbenicillin Ampicillin/
Cloxacillin

S
R

S
R

Cephalosporins transferable
effect of
curing
agents

R
variable +

S = Sensitive R = Resistant

unaffected by treatment with cthidium bromide or sodium dodecyl sulphate, and efforts
to mobilise or displace the ampicillin resistance by the introduction of plasmids of
different compatibilities (RTEM, RA3, S-a, R64, N3, "wild type") were unsuccessful.
In contrast, strains isolated in 1967-1968 that were resistant to 1000 gg/ml of ampicillin,
were resistant also to carbenicillin and ampicillin/cloxacillin, but were generally more
sensitive to the cephalosporins (Table 2). These strains were capable of transferring their
ampicillin-resistance and treatment with curing agents resulted in the loss of ampicillin
resistance.
It seemed likely, therefore, on the basis of these properties that the strains of E. coli

that did not transfer ampicillin resistance possessed a chromosomally-mcdiated [3-lacta-
masc that differed from the extrachromosomally-mediated [3-lactamase of the R factor
strains.

Properties of ft-lactamases
Crude, cell-free, ^-lactamase preparations were prepared by ultrasonication of selected

cultures (Cole, Elson, and Fullbrook, 1972) and these enzyme preparations were tested
for electrophcretic mobility and substrate and inhibition profiles. The R-factor strains
investigated were transferred to a common host, li. coli K12 711/Nx, and the recombinants,
enriched by selection in the presence of carbenicillin, were used as the sources of extra-
chromosomal [i-lactamases. For comparison, (i-lactamase preparations were also made
from the following reference strains:
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a) Chromosomally-mediated, E. coli D31 (Lindstrom, Boman and Steele, 1970).
b) extrachromosomally-mediated 1. E. coli R-TEM {116K)

(Datta and Kontomichalou, 1965;
Datta and Richmond, 1966.)

2. E. coli R-GN238
(Egawa, Sawai and Mitsuhashi, 1967.)

3. E. coli R-1818 (R46)
(Dale and Smith, 1971).

R- JT JT JT JT D31 R-R'-GN
1818 98 9 219 410 TEM 238

Figure 2. Electrophoretic mobilities of fl-lactamascs of E. ce>'i.
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Elccirophoretic inobility
The electrophoretic mobilities of the (3-lactamascs were determined on starch-agar gel

(360v, pH 8.5) by a modification of the method described by Jack and Richmond (1970)
and results of a typical experiment are illustrated in Fig. 2. The enzyme from the R factor
strain of E. coli (JT9) moved towards the anode at the same rate as the R-TEM prepara¬
tion (—2.5 cm/hr) whereas the enzymes from the strains of E. coli with non-transferable
ampicillin resistance (JT 219, JT 415) migrated towards the cathode (+2.1 cm/hr),
slightly faster than the chromosomally-mediated ^-lactamase from E. coli D31
(+1.8 envhr). The reference oxacillin-hydrolr.ing [i-lactamascs, R-GN238, R-1818,
migrated with low positive mobilities (+0.3 cm/hr, -{-1.1 cm/hr respectively). One strain
JT 9S, possessed two electrophorctically distinct enzymes, one with positive mobility
(4-2.0 cm hr) the other with negative mobility (—2.5 cm/hr).

Substrate and inhibition profiles
Substrate and inhibition profiles of the "-lactamase preparations are shown in Table 3,

where the hydroxylamine method described by Dale and Smith (1971) was used for assay
of [i-lactamase activity. The non-transferable enzymes, JT163 and JT415, resembled the

TABLE 3

Substrate and Inhibition profiles of ji-lactatnases from ainpicillin-rcsistant E. coli

Inhibition

Relative rates of hydrolysis: p.
Enzyme Penicillin G Ampicillin Carbenieillin Ccphaloridine Cephalexin Cloxacillin °c]-1

(%>

JT 163 100 0 18 600 32 0 >60 0

JT 415 100 0 0 321 38 0 >60 0
IT 219 100 0 0 335 67 0 >60 0
D-31 100 0 5 350 37 0 >60 0

JT 9 100 87 11 76 0 3 >60 0

JT 20 100 74 13 65 0 5 >60 0
R-TEM 100 86 18 72 0 3 >60 0
R-GN238 100 453 86 24 0 90 k 60
R-1S18 100 150 48 26 0 *86 * 80

* Cloxacillin was a substrate.

chromosomally-mediated (3-lactamase, D31, and were more active against the cephalo¬
sporins than against ampicillin and carbcnicillin. The [^-lactamase from the R factor
strain JT9, was very similar to that of R-TEM and inactivated the penicillins more
readily than the cephalosporins. The oxacillin-hydrolising enzymes, R-GN238 and
R-1818 represented a third group of [3-lactamases.
One strain, JT98, isolated in 1968, was found to possess both a chromosomally-

mediated 3-lactamase and an extrachromosomal-mcdiatcd 3-lactamase, both enzymes
having characteristics similar to those described above. This strain was insensitive to
both penicillins and cephalosporins. It is perhaps surprising that more strains with both
^-lactamases were not found in this series of tests as strains possessing a chromosomal
,3-lactamase were good recipients of R-factor mediated "-lactamases in transfer experi¬
ments.
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These results show that the [^-lactamases of ampicillin-resistant strains of E. coli
isolated between 1948 and 1968 fell into two groups according to their biochemical
characteristics. Thus, strains that did not transfer ampicillin resistance possessed a
[i-lactamasc similar to the chromosoinally-mediatcd Type lb enzyme (Richmond and
Sykes, 1973) of E. coli D31, while the extrachromosomal ^-lactamases of R factor strains
of E. coli were similar to R TEM, a Type Ilia enzyme (Richmond and Sykes, 1973).
These facts suggest that the extrachromosomally-mediated [3-lactamases of R-factor
bacteria were not derived from the chromosomally-mediated [3-lactamase found in ampi-
cillin-resistant strains of E. coli between 1948 and 1968.

CONCLUSION

This study of a homogenous group of enteropathogenic strains of E. coli isolated in the
United Kingdom between 1948 and 1968 has shown that transferable antibiotic resistance
became prevalent among these bacteria between 1951 and 1957, although a small number
of strains with R factor sulphonamide-mediated resistance were isolated before this
(in 1951). The incidence of R factor-mediated antibiotic resistance among this group of
bacteria was similar in 1957-1960 as it was in 1967-1968 showing that transferable
antibiotic resistance was well-established in the United Kingdom at this earlier period
of time.
The ampicillin-resistant strains ofE. co/iisolated between 1948 and 1960 did not transfer

ampicillin-resistancc and appeared to possess a chromosomally-mediated 8-lactamase
which was quite distinct from the cxtrachromosomally-mediated (i-lactamase of R factor
strains of E. coli isolated in 1967-1968. R factor mediated [^-lactamase woud not appear
therefore to have its origin in [3-lactamase producing strains of E. coli.
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Activity of ampicillin in vitro compared with
other antibiotics

R. SUTHERLAND AND G. N. ROLINSON

From the Beechnut Research Laboratories Limited,
Research Division, Betchworth, Surrey

synopsis Comparative tests in vitro for antibacterial activity were carried out with ampicillin,
tetracycline, and chloramphenicol using 673 clinical isolates of Gram-negative bacilli and Strepto¬
coccus fnecalis. Further comparative tests were also carried out with ampicillin, chloramphenicol,
colistin sulphate, colistin methane sulphonate, cycloserine, kanamycin, nitrofurantoin, polymyxin,
streptomycin, and tetracycline, using groups of 20 strains of each of the main species selected at
random from the total number of isolates. Of the total number of isolates a higher percentage was
inhibited by ampicillin than by tetracycline or chloramphenicol. Ampicillin showed particularly
high activity against certain species of bacteria and displayed an antibacterial spectrum not shown
by any of the other antibiotics tested.

Ampicillin(6[D(-)u- aminophenylacctamiciojpenicill-
anic acid) is a penicillin with broad spectrum
activity (Rolinson and Stevens, 1961). The compound
is acid stable and gives satisfactory serum con¬
centrations after oral administration (Knudscn,
Rolinson, and Stevens, 1961). Ampicillin shows a
very low order of toxicity (Acred, Brown, Turner,
and Wilson, 1962) and the early clinical experience
with ampicillin was reported by Stewart, Coles,
Nixon, and Holt (1961); Bunn (1961); Rutenberg,
Greenbcrg, Schweinburg, and Perreault (1961);
Bruiufilt, Percival, and Carter (1962); and Trafford,
Maclaren, Lillicrap, Barnes, Houston, and Knox
(1962).
The antibacterial spectrum of ampicillin includes

the pyogenic cocci, enterococci, Neisseria species
including the gonococcus, Haemophilus influenzae.
Salmonella species, and strains of Escherichia coli,
Shigella and Proteus. Not all strains of these
organisms are uniformly sensitive to ampicillin,
however, and conflicting statements regarding the
activity of this penicillin have appeared in the
literature, particularly against coliforms and Proteus
species.

methods

A total of 67.1 strains of bacteria was obtained from the
Middlesex Hospital, the West Middlesex Hospital, and

Received for publication January 10 1964.

St. Thomas's Hospital, London. Nearly all the cultures
had been associated with urinary tract infections and
were received as isolated routinely without selection of
any kind.

classification The cultures were supplied on agar
slopes and were cultured on MacConkey's agar, from
which mixed cultures were separated into pure cultures.
The E. coli group was defined as lactose-fermenting,

non-citrate utilizing bacteria; this group included
indolc-positive (type 1) and indole-ncgative (intermediate
coliforms) organisms. Lactose-fermenting, citrate-util¬
izing, indole-negative bacteria were classified as Aero-
bacler aerogenes.
Proteus species were identified with some considerable

care in view of the wide variation in sensitivity of these
organisms to ampicillin, and classification was based on
the biochemical tests as reported b> Mackie and
McCartney (1962). The majority of Proteus strains
encountered in this study belonged to the species Proteus
mirabilis: other Proteus species were rare.
The remainder of the non-lactose fermenting, non-urea-

hydrolysing organisms were tested for phenv lpyruvic
acid production by the method of Stewart (1961) in order
to isolate providencia (Proteus inconstans) organisms;
these strains were also tested for f?-(D)-calactosidase
production (Lowe, 1962) to isolate late-lactose fermenting
cultures which would be classified as paracolon bacteria.
Pseudomonas was distinguished by the characteristic
odour and production of green pigment on MacConkey's
medium, although in some instances weak reactions were
confirmed by culture in Hugh and Lcifson's medium,
and by tests to demonstrate utilization of arginine
(Thornlcy, 1960).
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Streptococcus faectilis was identified by colonial
appearance on MaoConkcy's agar and Gram-stain
reaction.

antibiotic sennit ivmts Minimum inhibitory con¬
centrations were determined by serial dilution in agar.
A loop of an overnight broth culture was used as
inoculum and the plates were incubated at 37 C. over¬
night.

RESULTS

comparative activities of amp1cu.l1n, chloram¬
phenicol, and tetracycline Of the 673 isolates
tested for sensitivity to ampicillin, chloramphenicol,
and tetracycline, the predominant organism was
E. co!i. This accounted for 40% of the total number.
Proteus mirahdis was the next most common patho¬
gen (24%); other species of Proteus, namely P.
vulgaris and P. morganii, comprised only 2% of the
total. The remainder was accounted for by Aero-
bactcr aerogcttes (12%), Streptococcus faecalis (10%),
Pseudomonas pyocyanea (7 %), and miscellaneous
organisms, comprising mainly paracolon and some
achromobacter bacteria, (6%). The antibiotic
sensitivities of the bacteria are shown in Table I.
Of the total of 269 strains of E. coli, 78% were
inhibited by 5 /eg./ml. or less of ampicillin. The
corresponding figures for chloramphenicol and
tetracycline were 52% and 64%, respectively. At

this concentration, therefore, ampicillin was more
effective than cither chloramphenicol or tetracycline.
At the lower concentration of 2-5 /tg./nil,, however,
only 19% were inhibited by ampicillin whereas with
tetracycline the corresponding figure was 45% and
for chloramphenicol only 8%.
Resistance of E. coli to ampicillin was not

associated with resistance to tetracycline or chloram¬
phenicol. The strains resistant to tetracycline or
chloramphenicol were as sensitive to ampicillin as
was the total number of isolates tested.
The strains of P. mirabilis were generally highly

sensitive to ampicillin, 83% being inhibited by a
concentration of 5 0 /tg./ml. and 74% by 2-5 /xg./ml.
Both chloramphenicol and tetracycline were con¬
siderably less active at these concentrations. In
contrast with P. mirabilis, all the strains of P.
morganii and P. vulgaris were relatively resistant to
ampicillin.
Ampicillin was highly active against the isolates

of Streptococcus faecalis, 95% being inhibited by
2-5 /Tg./ml. whereas chloramphenicol and tetra¬
cycline were relatively ineffective. Against strains of
Aerobacter acrogenes, ampicillin generally showed a
low ordci of activity. Of a total of 80 strains,
however, 20% were inhibited by 5 0 /ig./ml. or less
of ampicilim. Similarly, not all paracolon organisms
were resistant to ampicillin, about half of the strains
tested being inhibited by 5-0 /Tg./ml. ampicillin.

TABLE I

ACTIVITY Oc AMPICILLIN, CHLORAMPHENICOL. AND TETRACYCLINE AGAINST 673 STRAINS OF GRAM-NEGATIVE
BACTERIA AND ENTKROCOCCl

Organism Antibiotic Number Percentage Minimum Inhibitory Concentrations (|x#./«//.) ami No. of Strains
of of Total - ■ ■ ■

Strains >250 250 125 50 25 12 5 5 0 2 5 1 25 0 5 0-25

Ampicillin 269 8 2 4 3 I 39 161 46 5
E, coli Chloramphenicol 270 400 15 3 2 4 6 101 116 12 9 2

Tetracycline 259 11 20 13 11 23 13 50 59 54 3 2

Proteus Ampicillin 156 11 3 2 5 5 14 80 36
mirabilis Chloramphenicol 156 23-2 1 3 6 3 6 89 41 4 1

Tetracycline i 56 16 3 17 93 14 1 1 4 2

Streptococcus Ampicillin 67 1 1 1 21 37 3 3
faccatis Chloramphenicol 66 100 3 8 2 34 12 6 1

Tetracycline 67 1 10 17 3 4 3 5 7 13 4

Aerobacter Ampicillin 80 25 7 5 13 5 9 11 2 3
aerogenes Chloram phen icol 80 119 10 3 3 4 2 18 26 5 8 I

Tetracycline 80 5 8 6 6 15 5 6 9 17 2 1

Pseudomonas Ampicillin 47 40 4 2 1
pyocyanea Chloramphenicol 47 70 4 4 25 10 I 2 1

Tetracycline 47 15 9 6 9 7 1

Ampicttlin 40 5 3 3 1 4 5 12 6 1
Miscellaneous1 Chloramphenicol 40 60 I 1 2 1 3 15

1
12 5

Tetracycline 40 2 6 1 3 2 12 8 5
Proteus Ampicillin 13 5 2 2 2 1 1
species* Chloramphenicol 13 19 2 1 3 6 i

Tetracycline 13 3 2 1 1 4
i

I 1
'Mainly paracolon organisms but including achromobactcr sp. and Proteus inconstans.
'Proteus morganii, 10 strains; Proteus vulgaris, three strains.
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TABLE If

463

COMPARISON or AMPICILLIN WITH NINE ANTIBIOTICS AGAINST GRAM-NEGATIVE BACTERIA AND ENTF.ROCOCCI

Organism Number Antibiotic Minimum Inhibitory Com cutta/ions (5xg.fml.) and No. of Strains
til

>500 500 250 125 50 25 12-5 SO 2 5 1 25 0 5

Ampicillin 2 1 2 9 6
Chloramphenicol 2 I 4 13
Colistin sulphate 1 1 3 15
Colistin methane
sulphonnte 1 I 17 1

Cycloserine 4 12 4

Kanamycin 1 3 16
Nitrofurantoin 3 3 2 10 2
Polymyxin 1 2 10 7
Streptomycin 2 1 1 6 9 t
Tetracycline 1 1 2 14 2

Ampicillin I 2 15 . 2
Chloramphenicol 2 16 0

Colistin sulphate 19 1
Colistin methane
sulphonate 18 1 1

Cycloserine 1 19
Kamtmycin 6 14
Nitrofurantoin 8 12
Polymyxin 19 1
Streptomycin 1 11 8
Tetracycline 2 18

Ampicillin 20
Chloramphenicol 5 1 3 11
Colistin. sulphate 20
Colistin methane
sulphonate 20

Cycloserine 2 18
Kanatnycin 5 15
Nitrofurantoin 1 19
Polymyxin 5 15

Streptomycin 10 8 2

Tetracycline 11 1 1 * 6

Ampicillin 2 2 1 3 1 1
Chloramphenicol 1 2 3 2 t

Colistin sulphate 4 4 t

Colistin methane
sulphonate 2 8

Cycloserine 2 6 2
Kannmycin 1 ] 2 6
Nitrofurantoin 5 2 2 1
Polymyxin 6 4

Streptomycin 1 1 1 7
Tetracycline 2 1 3 1 3

Ampicillin 19 1
Chloramphenicol I 18 1
Colistin sulphate 19 1
Colistin methane
sulphonate 18 1 1

Cycloserine 1 11 8
Kanamycin 10 6 4
Nitrofurantoin 18 2
Polymyxin 19 1
Streptomycin 7 2 2 8 1
Tetracycline 15 4 1

Ampteillin 1 1 1 2 2 •»

Chloramphenicol I 1 4 3
Colistin sulphate 6 1 2
Colistin methane
sulphonate 5 1 2 1

Cycloserine 1 8

Kanamycin 2 3 4
Nitrofurantoin 6 2 1

Polymyxin 7 1 !
Streptomycin 3 3 1 2
Tetracycline 1 1 3 1 1 •>

E. co.'i

Proteus mirab'dis

Streptococcus faecalis

Aerobacter acrogenes

Pseitdomonus pyocvanen

Mixed protcus1

20

20

10

'Three of P. ntorgonii, one of P. inconstant, four of P. vulgaris, and one of P. rettgeri.
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With the strains of Pseudomonas pyocyanea,
ampicillin, and also chloramphenicol and tetra¬
cycline, showed a very low order of activity.

ACTIVITY OF AMPICILLIN AND NINE OTHER ANTIBIOTICS

Groups of 20 strains of each of the main species were
selected at random from the total number of
isolates and tested for antibiotic sensitivity to
ampicillin, chloramphenicol, colistin sulphate,
colistin methanesulphonatc, cycloserine, kanamycin,
nitrofurantoin, polymyxin, streptomycin and
tetracycline. The minimum inhibitory concentration
values are shown in Table II. Against the group of
E. coli, colistin sulphate, kanamycin, polymyxin,
streptomycin and tetracycline were all more active
than ampicillin. Colistin methane sulphonate,
however, was less active and cycloserine and nitro¬
furantoin were relatively ineffective.
Against P. mirabilis, ampicillin was markedly

more active than any of the other antibiotics tested.
Proteus mirabilis was tested as a separate group
because this was the species ofproteus most frequent¬
ly encountered clinically. Results for a mixed group
of nine pro'.eus cultures comprising P. morganii,
P. inconstans, P. vulgaris, and P. rettgeri are also
shown in Table II. The minimum inhibitory con¬
centration values were generally very variable for
most of the antibiotics tested. At a level of 5 0 /xg./ml.
only two strains were inhibited by tetracycline and
three by chloramphenicol. Four strains were
inhibited by ampicillin at this level. Kanamycin and
Streptomycin were the most effective of the anti¬
biotics tested against this group of organisms.
Ampicillin was outstandingly active against

Streptococcus faecalis in comparison with the other
antibiotics. Ampicillin, however, showed little
activity against 10 strains of Aerobacter acrogettes,
and chloramphenicol, colistin sulphate, kanamycin,
polymyxin, and streptomycin all showed greater
activity although resistant strains were observed
with most of these antibiotics. Against Pseudomonas
pyocyanca only polymyxin and colistin sulphate were
active at concentrations of 5 /xg./ml. Colistin
methane sulphonate showed a considerably lower
order of activity against this organism and none of
the other antibiotics demonstrated significant
activity.

DISCUSSION

The results obtained in this report with a fairly
large number of clinical isolates from three different
hospitals give some indication of the general
sensitivity of Gram-negative bacilli and entcrococci

to ampicillin. Some comparisons can also be drawn
between the activity of ampicillin and that of other
antibiotics in current use.

Taking the group of 673 isolates tested as a whole,
44S (67%) were inhibited by ampicillin at a con¬
centration of 5 /ig./ml. The corresponding figures
for chloramphenicol and tetracycline were 42% and
38%, respectively. Among the coliforms, strains of
E. coli were fairly sensitive to ampicillin whereas
strains of aerobacter were mostly resistant. Similarly,
with Proteus species, strains of Proteus mirabilis
were mostly sensitive to ampicillin whereas strains
of other Proteus species, such as P. morganii,
P. vulgaris and P. rettgeri were generally resistant.
Ampicillin was notably active against Strep,
faecalis. Strains of E. coli, Proteus mirabilis, and
Strep, faecalis appear as the organisms most
sensitive to ampicillin and these account for 75%
of the total number of isolates tested in this work.

They are also reported by Brumfitf et at. (1962) and
Garrod, Shooter, and Curwen (1954) to be the
organisms most frequently encountered in urinary
tract infections.
Resistance to ampicillin was encountered, particu¬

larly among strains of Aerobacter and Proteus
species other than P. mirubilis. Unlike the resistance
of staphylococci to penicillin G, the resistance of
Grant-negative bacilli to ampicillin can be due in
certain cases to penicillinase production, and in
other cases to intrinsic resistance, and some bacteria
exhibit both of these characteristics. Penicillinase
production, however, does not always result in a
high degree of resistance to ampicillin. This is
because ampicillin is significantly more stable than
penicillin G to the penicillinase produced by certain
bacteria, and in particular certain strains of E. coli
(Auhagen, Gloxhuber. Hecht, Knott, Otten, Rauen-
busch, Risse, Schntid, Seholtan, and Walter, 1962;
Ayliffe, 1963; Percival, Brumfitt, and de Louvois,
1963; Smith and Hamilton-Miller, 1963; Sutherland,
1964). On the other hand ampicillin is generally less
stable than penicillin G to the penicillinase produced
by aerobactcr strains (Smith and Hamilton-Miller,
1963) and the resistance which these strains generally
show to ampicillin is usually associated with
inactivation of the drug (Ayliffe, 1963; Sutherland,
1964). In contrast, the resistance of Pseudomonas
pyocyanea to ampicillin is due entirely to intrinsic
insensitivity, ampicillin being extremely stable to the
penicillinase produced by these organisms (Suther¬
land, 1964).

The authors are indebted to Dr. A. Knudscn, of the West
Middlesex Hospital, lsleworth, Dr. M. Ridley, of St.
Thomas's I lospital, London, and Dr. R. 13. M. Thompson,
Bland Sutton Institute of Pathology, Middlesex Hospital
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Medical School, London, for the cultures used in this
work.
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Sensitivity of Gram-negative bacilli to ampicillin
after six years' clinical use
B. SLOCOMBE AND R. SUTHERLAND

From Beccltam Research Laboratories, Brockham Park, Betchworfh, Surrey

synopsis A total of 1,102 clinical isolates ofGram-negative bacilli was obtained from four hospitals
during 1967 and these cultures were tested for sensitivity to ampicillin. Approximately 80% of the
strains of Escherichia coli and 90% of the strains of Proteus mirabilis, the two organisms most
frequently isolated, were sensitive to ampicillin. Klebsiella-Knterobacter species and Pseudomonas
aeruginosa were generally insensitive. Comparison of these results with data obtained in an earlier
study with Gram-negative organisms isolated in 1961 showed that there had been no significant
increase in the incidence of resistance of Grant-negative bacilli to ampicillin during the period
1961-67.
The majority of ampicillin-resistant strains of E. coli isolated in 1967 transferred antpicillin

resistance to a sensitive strain of E. coli K12. Only four ampicillin-resislanl strains of E. coli isolated
in 1961 were available for transferable resistance tests but all four strains transferred ampicillin
resistance. Infective or transferable resistance was therefore a feature of ampicillin resistance of
certain Gram-negative bacteria before ampiciliin became generally available for clinical use.

methods

cui.tor.es Tlic Gram-negative bacilli used in this study
were fresli clinical cultures isolated routinely in the
laboratories of the four hospitals concerned in this study
and were sent to this laboratory without selection of any
kind. The majority of cultures were isolated front urine
specimens but a substantial number of organisms front
sputum, wound and pus swabs, and faecal specimens were
also tested.

classification The methods used to identify and
classify the bacteria were essentially the same as those
described in the previous study (Sutherland and Rolinson,
1964) and were based on criteria described by Cowan
and Steel (1961).

sensitivity testing Minimum inhibitory concentrations
were determined by serial dilution of ampicillin in
nutrient agar. Plates were inoculated by means of an
inoculating device with a drop (approximately 0 003 ml)
of an overnight broth culture of the test organism and
inhibition of growth was determined after overnight
incubation at 373C.

measurement of infective resistance (transferable
resistance) Ampicillin-rcsistant isolates of E. culi were
grown overnight in Penassay broth (Oxoid, antibiotic
medium no. 3), and 0 2 ml volumes of these donor strains
were added to 0-4 ml volumes of an overnight culture of

644

The relatively recent demonstration of transferable
antibiotic resistance among bacteria (Watanabe,
1963) has led to renewed interest in the incidence of
antibiotic resistance among Gram-negative bacilli,
particularly as these organisms appear to be res¬
ponsible for an increasing proportion of serious
infections within hospitals (Watt and Okubadejo,
1967; Barrett, Casey, and Finland, 1968).
Shortly after the introduction of ampicillin into

clinical use in mid-196! several hundred freshly
isolated cultures of Gram-negative bacilli were
obtained from three London hospitals, and these
organisms were tested for sensitivity to ampicillin,
chloramphenicol, and tetracycline (Sutherland and
Rolinsori, 1964). During 1967 approximately similar
numbers of isolates were obtained from the same

three London hospitals as in 1961 and these were
tested for sensitivity to ampicillhi. In addition, a
fourth hospital situated just outside the London area
supplied approximately 300 cultures which were
tested for sensitivity to ampicillin.
The data presented here show the incidence of

resistance to ampicillin among Gram-negative
bacilli isolated in 1967, and this is compared w ith the
incidence of resistance among organisms isolated in
1961.

Received for publication 13 February 1969.
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the recipient strain E. coli K12/711 NX, a lactose-negative
variant resistant to nalidixic acid. The mixed cultures of
don,'r and recipient bacteria were cultured in 9 ml of
I'enassay broth, and, after overnight incubation at 37'C,
were plated on MacConkey agar containing 25 p.g.'ml
atnpiciliin and 20 /tg'ml nalidixic acid; control plates
containing cither 25 pg/ml ampicillin or 20 pg/ml nalidixic
acid were also inoculated with the mating mixtures.
Inoculation of the plates was carried out with a multi¬
point inoculating device delivering approximately 0 003
ml of culture. Alter overnight incubation at 373C the
plates were examined for lactose-negative colonies
growing in the presence of 25 /ig/ml ampicillin and
20 pg'ml nalidixic acid. Lactose-negative colonies were
subcultures! into Penassay broth and retested for resis¬
tance to ampicillin.

RESULTS

SENSITIVITY TO AMPiCILLIN OF ORGANISMS ISOLATED

in 1967 In all, a total of 1,102 strains of Gram-
negative bacilli was tested, 233 from hospital 1, 240
from hospital 2, 342 from hospital 3, and 287 from
hospital 4. The predominant organisms were E. coli
(45-1 %), P. mirabilis (22-1 %) and Klcbsiella-Entero-
bactcr species (18-3%). The remainder comprised
Ps. aeruginosa (9-7%), Proteus species (2-3%), and
miscellaneous organisms (2-5%) such as paracolon
bacteria, Achromobacter species, and Alkaligenes
species (Table!).
Of the total of 497 strains of E. coli, 80% (397

strains) were sensitive to 5/r.g/ml ampicillin or less.
There was some variation between the four hospitals,
ranging from 90 3% sensitivity at hospital 2 to 66%
sensitivity at hospital 1. At the latter hospital the
majority of resistant organisms were received at this
laboratory in a single batch of cultures, and it is
possible that this group of resistant organisms was
associated with cross-infection occurring at the time
these cultures were isolated.
The second most common pathogen, P. mirabilis

(22% of isolates), was also predominantly sensitive,

90% (217 strain's) being inhibited by 5/<g/ml
ampicillin or less. In fact, 208 out of these 217 strains
were sensitive to 2-5 pg/ml ampicillin and more than
half of the strains isolated were sensitive to 1-25
pg/ml ampicillin.
In contrast, Klcbsiclla-Enterobactcr species, re¬

presenting 18% of the total bacteria, were very much
more resistant to ampieillin (6-4% sensitive to
5 Mg'ml, 11-9% sensitive to 12-5 (»g/ml), and strains
of Ps. aeruginosa were uniformly insensitive.
Proteus species (other than P. mirabilis) tended to be
resistant to ampicillin, and the majority of the
paracolon bacteria tested were also insensitive.
A number of strains of enterococci (Streptococcus

faecalis), one of the more common of the pathogens
associated with urinary tract infections, were also
tested for sensitivity to ampicillin, but these results
are not included in the tables as isolates were sent by
only two of the four hospitals. Out of 39 strains
tested only one strain was resistant to 5 ;«g/nil
ampieillin; the majority (37/39 strains, 95%) were
inhibited by 2-5 /tg/mi ampicillin or less.

COMPARISON OF AMPICILLIN SENSITIVITIES OT C.RAM-

NEC.ATIVE BACILLI ISOLATED IN 1961 AND 1967 The
cumulative percentage inhibition by ampicillin of
the three most common species, namely, E. coli,
P. mirabilis, and Klebsiella-Enterobacter, isolated at
the three London hospitals in 1961 and in 1967, is
illustrated in Figure 1. Delails of the incidence of
ampicillin sensitivity in 1961 and 1967 are presented
in Table II.
The propoition of strains of E. coli isolated in

1967 (42-5%) was very similar to that of 1961
(44-5 "o) ar|d the same was true for P. mirabilis
(25-8% in 1961 and 23-4% in 1967). In general, the
proportions of strains of these genera sensitive to
ampicillin were similar for both studies. For example,
80-9% of E. coli isolated in 1967 were inhibited by
5 >ig.'ml ampicillin or less; the corresponding figure

TABLE I

AMPICILLIN SENSITIVITY OF 1,102 STRAINS OF GRAM-NEGATIVE BACILLI ISOLATED AT FOUR HOSPITALS IN 1967
Organism So.

of
Percen¬
tage of

Somber ofStrains Inhibited by Atrtpiciiiin (nghnl)

Strains Total >250

hscJtcrichiu coli 497 45! 49 (100%)1
Proteus iniral>i!is 244 22 1 17 (100%)
Klebsiella-
Hntcrohactcr 202 IS 3 88 (100%)
Psciulotmwav
ocrug ino ;<t 107 9 7 103 (100%)
Proteus species1 25 2 3 10 (100%)
Miscellaneous5 27 2-5 9(100%)
Tor it 1.102
'P. morganii, P. rettgeri, P. vtiitgarts
'Mainly l'aiaeo!on, Achromobactcr, and Alkaligenes
5( % cumulative inhibition shown in brackets)

250 125 50 25 12-5 50 2 5 1 25 or less

4 (93-0%)

2 <3-7 %>
5 (60-0%)
1 (66 7%)

8 <S'>-S
I (914%)

4 (87-9%)
- (91-0%)

5(37-1%) 31(86-1%) 260 (79 9%) 127 (27-6%)
2(91-0%) 3(90-2%) 9 (88 9%) 65(85-2%)

10 (2 0%)
143 (55 6%)

2 (19%) — — —

3 (40-0%) 5(28-0%) 1 (8 0%) I (4 0%)
— (63 0%) 1 (63 0%) —(59-3%) 4 (59 3%)

S (6 4%) 3 (2 1%) 2 (10%)

10(25 5%) 2 (7-4%) —
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Escherichia coli

II. Slocoinbe and R. Sutherland

Proteus mirabilis Klebsiella/Enterobacter

5-0 25 125 >250 1-25 5-0 25 125 >250 1-25

AmpiciUin concentration (/jg/mt)

125 . >250

fig. 1. Susceptibility to ampicillin ofCram-negative bacilli isolated in 1961 (£)) and 1967 (O).
Escherichia coli 1961, 269 strains; 1967, 346 strains; Proteus mirabilis, 1961, 156 strains; 1967, 191 strains; Klebsiella-
Enterubactcr 1961, SO strains; 1967, 156 strains.

TABLE II

SUSCEPTIBILITY TO 5 /HG/.ML AMPICILLIN
NEGATIVE BACILLI ISOLATED IN 1967 AND

OF GRAM-

IN 196 1 l

1967 1961

Organism No.
Strains
Tested

No. No.
Inh ibited by Strains
5 ngIml Tested
AmpiciUin

No.
Inhibitedby
5 tig!mi
Ampit illin

Escherichia
coli 346 (42-5%) 280(80 9%) 269 (44 5%)
Proteus
mirabilis 191 (23 4 %) 178 (93-2%) 156 (25-8%)
Klebsiclla-
Lntcrobacter 156(19-1%)
Pscudomotuis
aerug if jsa 92 (11-3%)
Proteus
species 19 (2-3%)
Miscellaneous 11 (1-3%)
Total 815

6 (3-8%) 80(13-2%)

0 0 47 (7-8%)

0 0 13 (2 1%)
3 (27 3%) 40 (6-6%)

605

212 (78 8%)

130 (83-3%)

16 (20 0%)

1 (2 1%)

1 (7 7%)
19 (47-5%)

'Organisms isolated at the same three London hospitals

for E. coli isoiatcd in 1961 was 78-8% (Table II). It
is true that 11 % of the strains of E. coli isolated in
1967 were not inhibited by 250/ig/mI ampicillin,
compared with a figure of 3% for 1961, but in part
this may be due to cross-infection at one of the
hospitals in 1967 as described previously. With
P. mirabilis the proportion of ampicillin-scnsitivc
strains isoiatcd in 1967 (93-2%) was similar to that
of 1961 (83-3%). If anything, this genus was more
sensitive in 1967 than in 1961.
Strains of Klebsiella-Entcrobacter were apparently

more common in 1967 than in 1961 (191% com¬
pared with 13-2%); in part this may have been due
to strieter classification in the later study, ie, some
of the organisms classified in 1967 as Klebsiella-
Entcrobactcr species were probably classified as
miscellaneous bacteria in 1961. In both years, this
group of organisms was largely resistant to ampi¬
cillin, possibly more so in 1967 than in 1961. The
numbers of Ps. aeruginosa were slightly higher in
1967 (11-3%) than in 1961 (7-8 %), and in both years
these organisms were uniformly resistant to ampi-
cillin. The incidence of Proteus species (P. morganii,
P. rettgeri, and P. vulgaris) remained the same
(approximately 2%), and fewer cultures were
classified as miscellaneous bacteria in 1967(1 -3%) than
in 1961 (6-6%) for the reason given above.

TETRACYCLINE RESISTANCE AT HOSPITAL 3 IN 1961
and 1967 Most of the cultures isolated in 1967 at

hospital 3 were also tested for sensitivity to tetra¬
cycline. Figure 2 shows the percentage cumulative
inhibition by tetracycline of E. coli, P. mirabilis,
and Klebsiella-Enterobactcr isolated in 1961 and
1967. As was the case for ampicillin there was no

great difference in the incidence of resistance to
tetracycline of cultures isolated in 1961 and in 1967.
Thus 71 % of the strains of E. coli isolated in 1967
were inhibited by 5/ig/ml tetracycline: the corres¬
ponding figure for 1961 was '12%. Similarly, 71 % of
the Klebsiella-Entcrobacter isolated in 1967 were

sensitive to tetracycline compared with 50% of 16
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Tetracycline concentration (yug / ml)
Fie;. 2. Susceptibility to tetracycline ofGram-negative bacilli isolated in 1961 (©) and 1967 (O).
Escherichia cvli 1961, S8 strains; 1967, 137 strains; Proteus mirabiiis 1961, 36 strains; 1967, 58 strains; Klebsiella-
Enterobacter J961, 16 strains; 1967, 52 strains.

scherichia coli Proteus rulrabilis Klebsiella/Enterobacter

1-25 50 25 125 >250

strains isolated in 1961. The majority of strains of
P. mirabiiis and Ps. aeruginosa were insensitive to
tetracycline in 1967 as was the case in 1961.

infective resistance among ampicii-lin-resistant

strains of E. coli A total of 33 strains (out of 49
strains) isolated in 1967 resistant to 250 ,ug/ml
ampicillin were tested for ability to transfer ampi-
cillin resistance to the ampicillin-scnsitivc organism
E. coli K12/71J NX. Of these strains, 23 (70%)
transferred ampicillin resistance to the recipient
strain.
Only seven of the strains of E. coli isolated in 1961

and found to be resistant to ampicillin were available
for tests of transferable resistance. Three of these
cultures had lost their resistance and were sensitive
to ampicillin. The remaining four cultures were
insensitive to ampicillin and transterred thci •"
resistance to E. coli K. 12/711.

DISCUSSION

The results presented here show that there has been
no marked increase in the incidence of ampicillin
resistance among Gram-negative bacilli in the hos¬
pitals in question since the introduction of this anti¬
biotic into clinical use in 1961. In this study of
bacteria isolated in 1967, and in the earlier study of
organisms isolated in 1961, the majority of strains
of the two most commonly isolated pathogens,
namely, E. coli and P. mirabiiis, were sensitive to
ampicillin, while Klebsiella-Enterobactcr species and
Ps. aeruginosa were generally insensitive. A recent

study in the United States involving over 4,000
isolates of Gram-negative bacteria recorded a similar
distribution of sensitivity to ampicillin (Turck, 1967).
It is also of interest that the limited study of the

incidence of tetracycline resistance among bacteria
isolated at one hospital in 1961 and in 1967 indicated
that there had been no significant change in resis¬
tance to tetracycline between 1961 and 1967. Recent
studies in the USA (Bulger, Roberts, and Sherris,
1967; Pctcrsdorf and Turck, 1966) have also reported
no appreciable increase in the resistance of Gram-
negative bacilli to a variety of antibiotics between
1959 and 1965. These studies did not include ampi¬
cillin, but the results reported here indicate that
anipicillin appears to be no different trom other
antibiotics '.n this respect.
These findings may appear surprising in the light

of the relatively recent awareness of the ability of
Gram-negative bacteria to transfer antibiotic resis¬
tance to other bacteria, and subsequent speculation
regarding the possibility of a rapid increase in the
incidence of antibiotic resistance among Gram-
negative bacteria. Our results confirm that the
majority of resistant strains of E. coli isolated in
1967 were able to transfer ampicillin resistance in
vitro to a suitable ampicillin-sensitive recipient strain.
However, we were also able to demonstrate transfer
of ampicillin resistance from four strains of E. coli
isolated in 1961 soon after ampicillin became
available for clinical use. It is a possibility therefore
that the ampicillin resistance of certain Gram-
negative bacilli has always been largely associated
with transferable resistance, and that it is not
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necessarily a relatively new phenomenon. Unfor¬
tunately, only a limited number of bacteria isolated
in the early 1960s were available to us, so we can
draw no conclusions as to whether there has been
any change in the incidence of strains of E. culi
carrying R factors.
As R factors have evidently been present in Gram-

negative bacilli over a relatively long period of time,
and as ampicillin resistance can be readily transferred
in vitro, it may be asked why there has not been an
obvious increase in the incidence of ampicillin
resistance among Gram-negative bacteria. There are
various possibilities, including factors in vivo which
affect the efficiency of transfer, incompatability
between bacteria, and spontaneous loss of R factors.
Whatever the reason, it is encouraging that the
results reported here show no evidence of increased
resistance to ampicillin among Grant-negative bacilli
after six years' clinical usage.

We are grateful to Or J. Harding of the West Middlesex
Hospital, Dr J. I'. Mackey of Rcdhill Geneial Hospital,
Dr M. Ridley of Si Thomas' Hospital, and Dr R. E. M.
Thompson, Middlesex Hospital, for kindly providing the
cultures descr'bed here.

Tt is a pleasure to thank Mrs Eleanor Fairclough and
Miss Christine Goatcr for skilled technical assistance,
and Dr G. N. Rolinson for much helpful advice and
criticism.
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SENSITIVITY OF HOSPITAL BACTERIA TO AMPICILLIN

IN 1961, 1967 and 1973

Sloeombe, B., Backer, M. J. and Sutherland, R.

Beecham Pharmaceuticals Research Division,
Brockham Park, Betchworth, Surrey.

It is often assumed that the incidence of antibiotic-

resistant bacteria will of necessity increase significantly as a

result of the selective pressures exerted by antibiotic usage. In

this way not only would antibiotic-resistant strains of sensitive

bacteria become more common but also the more naturally-resistant

Gram-negative bacteria, such as Proteus spp., Klebsiella spp.,

Enterobacter spp., Serratia spp., Provldeneia spp. and Pseudomonas spp.

might be expected to become more prevalent, particularly in hospitals.

Specifically, it has been predicted that the process of selection

of resistant organisms, many with the ability to transmit genetically-

mediated resistance determinants to the sensitive population will

result in the establishment of a predominantly antibiotic-resistant

population within a relatively short period of time.

In recent years there has been a number of studies on the

relative susceptibilities of Gram-negative bacteria to ampicillin

and other antibiotics. Some of these studies appear to show little

change in sensitivity; for example, Goodwin showed a high degree of

sensitivity to ampicillin among urinary E. coli (82Jo) over a three

year period 1971-1974 (2). On the other hand, Gruneberg showed

data which indicated an increase in resistance to ampicillin during
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the sane period among E. coli causing urinary tract infections in

hospitalized patients, from 26%o resistance in 1971 to 39^ resistance

in 1974, although strains derived from general practice were not

significantly changed, 86% to 81% strains "being sensitive to

ampicillin (3). The deficiency of most of the reported studies of

ampicillin resistance has "been that they have either been a single

study, and perhaps within one hospital, or that they have been

conducted over relatively short periods of time. It is the purpose

of this paper to present data accumulated in our laboratories over a

period of 15 years derived from three contemporary surveys of antibiotic

susceptibilities to Gram-negative bacilli, in 19&1, 19&7 i-n "1975-

In all three studies, consecutive clinical isolates of

Gram-negative bacilli were collected from the routine laboratories

of four large hospitals (Table 1). Hospitals A, B and C were

situated in the London Area and were the basis of the first survey

in mid-1961, shortly after the introduction of ampicillin (5). The

same three hospitals participated in the second study in 19&7 a

fourth hospital, Hospital D, outside the London area was included (4).

Unfortunately it was not possible to obtain cultures from Hospital 0

for the latest study in 1975, but Hospital A, B and B once again

cooperated.
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Table 1

Numbers of bacteria

Hospital Location
Number of cultures

1961 1967 1975

A

B

C

D

London

London

London

Surrey

176
212

286

342
240

233

287

222

249

302

674 1102 773

Data in Table 2 show the frequency of the bacteria isolated in

each study. E, coli was the most common organism, in agreement with

the literature, and in each study the majority of strains were isolated

from urinaiy tract infections. There was no evidence to show that

organisms intrinsically resistant to ampicillin, such as klebsiellae,

indole-positive Proteae or Ps. aeruginosa, have increased significantly

in frequency over the period studied, despite the undoubted increase

in ampicillin usage during this time.



5 2 9

- 4 -

Table 2

Frequency of isolates

Organism
1961 (ABC) 1967 (abcd) 1975 (AJ3D)

No. % No. % No. %

E. coli 269 40 497 45 419 54
P. mirabilis 156 23 244 22 102 13

K. aerogene
EnterobacterI
Citrobacter J

80 12 202 19 120 15

Proteus spp. 13 2 25 1 27 3

S. faecalis 67 10 32 4

P. aeruginosa 49 8 107 11 73 9

Others 40 6 27 1 6 1

Total 674 1102 773

The antibiotic sensitivity of the organisms to selected

antibiotics was measured by the serial dilution method. In the

first two studies minimum inhibitory concentrations of the antibiotic

were determined by serial dilution in nutrient agar. The plates

were inoculated by means of an inoculating device, with a drop

(approximately 0.003 ml) of an overnight troth culture of the

organism and the inhibition of growth determined after overnight

incubation at 37°C. An organism was regarded as being sensitive to

ampicillin if inhibited by 5 ^g/ml. In the latest study the minimum

inhibitory concentrations were determined by serial dilution in broth

using an automated microtitre system. The plates were inoculated

with 0.001 ml of an overnight broth diluted ^/10, which gave a final

inoculum equivalent to 10^ cells/ml. The inhibition of growth was

determined, as previously, after overnight incubation at 37°G,.
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The organism was judged to he susceptible if inhibited by 16 pg/ml

ampioillin in this system, which was shown, by prior experimentation,

to be equivalent to the end-point of 5 P-g/ml in the agar tests.

The characterisation of the strains in 1975 was confirmed

by biochemical tests performed in microtitre wells which were inoculated

automatically with an inoculating device at the same time as the anti¬

biotic susceptibility test. The system comprised ten tests and the

organisms were classified according to criteria described by Cowan and

Steele (l). The strains were characterised on a more basic conventional

system in the studies in 1961 and 1967 which did not permit such accurate

classification.

In general, it may be seen that the proportions of strains of

E. coli and P. mirabilis sensitive to ampicillin in all three studies

were similar (Table 3). For example, 79% of E. coli isolated from

all sources in 1961 were inhibited by 5 ^g/ml ampicillin or less,

compared to 80^ of strains in 1967 74in "1975 -

Table 3

Susceptibility to ampicillin

1961 1967 (ABCD) 1975 (ABD)

No. % sens No. °fo sens No. °/o sens

E. coli 269 79 497 80 419 74

P. mirabilis 156 83 244 89 102 97

K. aerogenes* 80 20 202 11 120 8

Proteus spp. 15 8 25 24 27 0

P. aeruginosa 49 0 107 0 73 0

S. faecalis 67 100 - - 32 100

Miscellaneous 40 50 27 25 - -

Total 674 57 1102 58 773 59

* Includes Enterobacter spp. and Citrobacter spp.



With strains of P. mirabilis the incidence of sensitivity to

ampicillin rose from 83% of strains sensitive in 19^1 to almost 100/5

susceptibility in 1975. it is obvious that ampicillin-resistant

strains of P. mirabilis were uncommon in these hospitals at the time

of the survey in 1975-

Strains classified as Klebsiella/Enterobacter species were

apparently more common in latter years, 19^7 and 1975, "but this

probably reflects the stricter taxonomic classifications of these
/

latter studies, as was reflected in Table 3> in smaller numbers of

unclassified bacteria reported. Por instance, in 19^1 there was a

relatively large number of unidentified bacteria which probably included

some Enterobacter/Citrobacter spp. In all studies these organisms were

resistant to ampicillin (80% in 19&1 to 92% in 1975).

Examination of the data on an individual hospital basis shows

that in Hospital A there had, in fact, been some increase in the

resistance to Gram-negative bacilli to ampicillin over the years, from

39% resistant strains isolated in 1961 rising to 55% resistant strains

in 1975 (Table 4). The same trend is seen with Hospital B, 34%

resistant strains in 1961 to 49% resistant in 1975- This trend

towards increased resistance in these two hospitals is offset, however,

by the high incidence of ampicillin-sensitive strains isolated from

Hospital D, especially in the latter study.



Table 4

Susceptibility to ampicillin

Individual hospitals

Hospital
1961 1967 1975

No. °fo sens No. % sens No. °fo sens

A 159 61 542 64 222 45
B 259 66 240 56 249 51

C 256 65 253 52 - -

I) - - 287 60 302 75

Total 674 65 1102 58 773 59

Table 5

Susceptibility to ampicillin

Isolates from Hospital A and Hospital B

Organism
1961 1967 1975

No. °/o sens No. % sens No. % sens

E7 coli 130 83 108 87 214 65
P. mirabilis 107 80 86 93 64 98

K. aerogenes* 25 12 118 2 99 8

S. faecalis 38 100 _ - 16 100

Proteus spp. 6 17 25 1 18 0

* Including Enterobacter spp. and Citrobacter spp.

It has been possible to examine in greater detail the data
from the two hospitals A and B which had contributed clinical isolate:

to the three studies (Table 5). The results show that for E. coli

and P. mirabilis the level of sensitivity to ampicillin was high in

1961 and 1967 (greater than 80^ sensitive). In 1975> "the proportion

of E. coli strains sensitive to ampicillin (in these two hospitals)
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had fallen to 6576. On the other hand, more strains of P. mirabilis

appeared to be sensitive to ampicillin in 1975 than in 1961, 98/

sensitive in the latter period compared to 80/ sensitivity in the

earlier study.

A further collection of E. coli from Hospital A was taken

approximately 9 months after the 1975 study to detect any bias In the

original results, which might have arisen as a result of selection of

an unrepresentative sample of isolates, by cross-infection or repeat

specimens. The results on the second sample show a similar degree

of sensitivity to all antibiotics tested at the two time periods

(Table 6).

Table 6

Sensitivity of S, coli isolated from Hospital A
in 1975 and 1976

Antibiotic
Aug/Sept 1975 May/June 1976

Total / sens Total / sens

Ampicillin 94 65 94 66

Carbenicillin 94 66 94 68

Cefazolin 94 87 94 82

Tetracycline 94 65 94 65

Comparative data were also available for the sensitivity to

tetracycline of Gram-negative bacilli isolated at Hospital A between

1961 and 1975 (Table 7). As with ampicillin there appears to be a

trend to increased resistance among E. coll (71/ sensitive strains in

1967 compared to 6Jf/o sensitive in 1975) but this decrease in sensitivity

is not notable. Moreover, there was an increase in sensitivity of



5 3 4

- 9 -

strains of Klebsiella-Enterobacter over this period and these data

may reflect the limited usage of this antibiotic in this hospital

over the period under study.

Table 7

Susceptibility to tetracycline in Hospital A

Organism
1961 1967 1975

No. °fo sens No. % sens No. % sens

E. coli

P. mirabilis

K. aerogenes

88 72

56 8
16 50

157 71

58 0

52 71

94 65
53 3

46 76
l

In conclusion, although it is undoubtedly true that certain

antibiotic-resistant bacteria may present problems from time to time

in specific hospitals or hospital units - Klebsiella, Pseudomonas

aeruginosa, Serratia. marcescens and Providencia spp. are all examples -

these opportunistic pathogens represent only a small proportion of the

total isolates received in the routine laboratory. The data presented

here show that the distribution of organisms showed little variation

between 1961 and 1975 ancl the frequency of isolation is consistent

with that reported in other studies. In view of the concern felt

about the reduction in the efficacy of antimicrobial agents in the face

of plasmid-mediated resistance it is interesting to note that overall

there appears to have been relatively small changes in susceptibility

to ampicillin. There may be a trend towards increased ampicillin

resistance among E. coli isolated from hospitalized patients, but this

reduction in sensitivity is relatively small, which is of interest as

those bacteria almost all harbour transmissible antibiotic resistance

determinants.
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antibacterial activity of antibiotics in
acrylic bone cement

Barbara Picknf.li., Linda Miz.hn and R. Sutherland, Betchworth, Surrey, England

From the Beecham Pharmaceuticals Research Division, Brockham Park, Betchworth, Surrey

The release of various penicillins and other antibiotics from two brands of polymerised bone cement
has been studied in vitro and in vivo in mice. Bone cement plugs containing antibiotics demonstrated
antibacterial activity as a result of diffusion of antibiotic from the plugs into the surrounding medium.
With all antibiotics tested, from 2-5 to 10 per cent of the antibiotic in the cement was released in vitro in
active form within twenty-four hours. Most of the activ ity appeared within three hours of the start of the
test, but in some cases low levels of activity were detected after four days. Antibiotic cement plugs
implanted in mice and rats produced low concentrations of antibiotic in the blood up to two hours after
implantation, but activity was seldom detected subsequently. In general, penicillins and non-penicillin
antibiotics showed similar diffusion characteristics, and the pattern of release in vitro and in vivo was
consistent with the leaching of antibiotic from, or near, the surface of the bone cement.

Incorporation of antibiotics in acrylic bone cement
has been shown to have reduced the incidence of
infection in patients after total joint replacement
(Buchholz and Engelbrecht 1970; Wahlig and Buch-
holz 1972; Hermann 1973; Voorhoeve and Stohr 1973).
Experimental findings show that antibiotic incorporated
into acrylic bone cement diffuses in vitro and in vivo into
the surrounding environment (Buchholz and Engel¬
brecht 1970; Wahlig and Buchholz 1972; Medcraft and
Gardner 1974; Levin 1975; Chapman and Hadley 1976),
and it is assumed that, in patients, sufficient antibiotic is
released from the artificial joint in situ to prevent wound
infection.

The experiments reported here were designed to
compare the extent of diffusion of various penicillins and
other antibiotics from bone cement in vitro and in vivo,
and to measure the antibacterial effects produced.

polymethyl methacrylate powder, and 20 millilitres of liq
monomer were added with stirring. The mass was stir
thoroughly according to instructions and kneaded by hand I
dough-like consistency. Standard size plugs of cylindri
shape (7 millimetres high x 7 millimetres diameter, m<
weight approximately 275 milligrammes) were prepared
pressing the hardening cement into sterile glass moul
These plugs contained a mean weight of about 4-5 rn
grammes of antibiotic. A limited number of s.maller-si;
bone cement plugs (mean weight 135 milligrammes) w
prepared in a similar manner for certain in vivo studies,
plugs were stored at 4 degrees Celsius until use.

In vitro studies

MATERIALS AND METHODS
Bone cement—Three brands of acrylic bone cement were
tested: Palacos bone cement (Kulzer and Co. GMBH. Bad
Homburg, West Germany); Surgical Simplex plain bone
cement (P) (Howmedica U.K. Ltd., London); and Surgical
Simplex radiopaque bone cement (RO) (Howmedica U.K.
Ltd.).
Antibiotics—Five groups were used. 1) Penicillins: amoxy¬
cillin trihydrate, ampicillin trihydrate, carbenicillin, cloxa-
cillin, flucloxacillin, mcthicillin ai.d ticarcillin (Beecham
Pharmaceuticals); 2) ccphaloridine (Glaxo Laboratories
Ltd.); 3) clindamycin (Upjohn Ltd.); 4) sodium fusidatc (Leo
Laboratories Ltd.); and 5) gentamicin (Roussel Laboratories
Ltd.).

Diffu ion tests—Bone cement plugs containing the test a
biotbs were added to screw-capped bottles containing
millilitres of sterile distilled water (one plug per bottle), ;
the bottles were placed on a roller apparatus installed in
incubator at 37 degrees Celsius. Three plugs were tested v
each antibiotic in each test. Samples of solution were takei
three, six and twenty-four hours and stored at -20 degr
Celsius until assayed for antibiotic content by agar-diffus
microbiological assay. In the study with Palacos bone cent
the plugs were also incubated at 37 degrees Celsius for f
days and samples for assay were taken daily. Samples
solutions from the diffusion tests were assayed by stand
large plate microbiological assay with the following bacteri
assay organisms: Bacillus subtilis ATCC 6633 for the pi
cillins (except carbcnicillin) and for cephaloridine and gei
micin; Pseudomonas aeruginosa NCTC 10701 for carbi
cillin; and Staphylococcus aureus NCTC 6571 for clindanq
and sodium fusidate.

Preparation of bone cement plugs—One gramme of dry
antibiotic powder was mixed thoroughly w ith 40 grammes of

Antibacterial activity—First, one plug was added to each t
tube containing ten millilitres of nutrient broth (N'utr
broth. No. 2 Oxoid). The tube was inoculated with (
millilitres of an overnight culture of test organism,
inoculum of about 2 :< I(I7 organisms. The tubes were ii
bated at 37 degrees Celsius and examined daily for fourt
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each mouse, either one hour or immediately before infection.
A control group of infected mice was dosed stibcutuneously
with amoxycillin immediately after infection. The animals
were observed daily for four days.

RESULTS

In vitro studies

Diffusion studies-The diffusion of antibiotics from
Palacos acrylic bone cement is illustrated in Table I,
which shows the antibiotic activity released from bone
cement plugs shaken in aqueous solution at 37 degrees
Celsius. All the antibiotics tested showed a similar

pattern of diffusion; an initial rapid release of antibiotic
was followed by a more gradual diffusion. From 60 to SO
per cent of the activity measured was recovered during
the first three hours after the start of the test. A very
similar pattern of release of antibiotics was obtained
with both formulations of Simplex cement. The amount
of antibiotic released from the bone cement plugs
ranged from 2-2 per cent for methicillin to 9-2 per cent
for cloxacillin. A greater proportion of the isoxazolyl
penicillins, cloxacillin (9-2 per cent) and flucloxacillin
(7-7 per cent) was released from the cement than of the

TABLE I

Diffusion of Antibiotics from Palacos Cement Plugs Containing Approximately
4-5 Milligrammes of Antibiotic During Incubation in Aqueous Solution at 37° Celsius

Rate {fig/hour)
Hours

Total diffused in
24 hours

Antibiotic 0-3 3-6 6-24 Mg
Percentage
of dose

Amoxycillin 27-7 110 0-3 122 2-8

Carben ici'Iin 55-6 13-3 5-0 298 5-8

Cloxacillin 81-1 24-4 4-7 402 9-2

Flucloxacillin 71 4 19-3 4-3 34-9 7-7

Methicillin 24-9 3-6 0-7 98 2-2

Clindamycin 92-8 20-4 1-5 36-7 7-7

Sodium fusidate 39-7 0 1-1 139 3-1

Gentamicin 100-5 19-1 0 359 7-1

n similar studies in Sprague-Dawley rats (100-150
>rammes) a bone cement plug weighing approximately 275
nilligrarnmes and containing about 4 milligrammes of anti-
>iotic was implanted subcutaneous!}', equivalent to a dose of
ipproximateiy 40 milligrammes per kilogramme. Samples of
ilood were taken from the tail vein at fifteen and thirty
ninutcs and at one, two and four hours after dosing, and
tssayed for antibiotic content. Assay organisms were Coryne-
Kicterium xerosis NCTC 9755 for gentamicin and sodium
usidatc, and Sarcina lutea NCTC 8340 for amoxycillin.
nfection studies-Mice (Olac, 18-22 grammes) were infected
ntraperitoneally with 0-5 millilitre of a mucin suspension of
itaphylococcus aureus (Smith). One bone cement plug
Simplex: weight 135 milligrammes) containing 2-0 milli-
;rammes of amoxycillin was implanted subcutaneous!}' in

days for turbidity. At the end of fourteen days a loopful of
each culture was subcultured on to antibiotic-free agar.
Secondly, in a separate series of experiments cement plugs
were added to ten millilitres of nutrient broth, and each tube
was inoculated with the test organism as above. After
overnight incubation tit 37 degrees Celsius the tubes were
examined for growth, the plugs were removed, washed with
sterile distilled water and transferred to fresh tubes containing
ten millilitres of nutrient broth. The tubes were inoculated
with an overnight culture of the test organism as before, and
incubated at 37 degrees Celsius. This process was repeated
daily for five days.

fii vivo studies

Diffusion studies—-Small bone cement plugs (Surgical Simplex
plain; approximate weight 135 milligrammes) were implanted
subcutaneously under halothane anaesthesia into male albino
mice (Olac strain, 18-22 grammes). One plug was implanted
in each mouse. Each plug contained approximately 2 milli¬
grammes of test antibiotic, amoxycillin or flucloxacillin,
equivalent to a dose to each mouse of approximately 100
milligrammes of antibiotic per kilogramme body weight.
Groups of two mice each were killed at five, ten, thirty and
sixty minutes, and at two and four hours after dosing, and
alood was sampled from the axilla. Blood antibiotic concen-
Irations were measured by large plate microbiological assay
with Sarcina lutea N'CTC 8340 as the assay organism.

other penicillins—carbenicillin (5 8 per cent), amoxy¬
cillin (3-1 per cent) and methicillin (2-2 per cent). The
non-/3-lactam antibiotics clindamycin (7-7 per cent),
gentamicin (7-1 percent) and sodium fusidate (3-1 per
cent) demonstrated a similar pattern of diffusion, with a
rapid initial release of antibiotic from the bone cement
plugs. The amounts appearing in the twenty-four-hour
period were of the same order as those obtained with the
penicillins.

The diffusion of a number of penicillins and non-
penicillin antibiotics from bone cement plugs over a
four-day incubation period is shown in Table II. It can
be seen that the amount diffusing during the first day was

, OL. 59-B. No. 1. AUGUST 1977
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TABLE II

Release of Antibiotics from Palacos Cement During Incubation at 37° Celsius for 4 Days
in Aqueous Solution

Minimum
delectable

level
(figjml)

Diffusion (as percentage of dose) after
Diffusion on

Day 1 as
percentage
of totalCompound Day 1 Day 2 Day 3 Day 4 Total

Amoxycillin 0 06 2-8 0-4 0-16 0-12 3-5 83

Carbenicillin 1-6 5 8 0 7 0* 0 6-5 89

Cloxacillin 30 9-2 10 0 0 10-2 90

Flucloxacillin 30 7-7 1-0 0 0 8-7 89

Methicillin 0-6 2-2 0 0 0 2-2 100

Clindamycin 0 6 7-7 1-7 11 0 9 114 68

Sodium fusidate 0 6 31 0-4 0-7 0-8 5-0 62

Gentamicin 30 71 0 6 0 0 7-7 92

*No antibiotic activity detected.

TABLE III

Diffusion of Antibiotics from Plugs of Two Brands of Bone Cement (1 Gramme of Antibiotic to 60 Grammes of Cement)
after Incubation at 37° Celsius for 24 Hours in Aqueous Solution

Simplex (plain and radiopaque) Palacos

Number of Percentage of diffusion Percentage of diffusion
Compound tests mean (and range) (single test)

Amoxycillin 3 2-9 (2-2- 3 6) 2-8

Ampicillin 2 2-8 (2-8- 2-9) -

Carbenicillin 4 5-1 (2-8- 6-5) 5-8

Cloxacillin 4 11-0 (8-3-13-4) 9-2

Flucloxacillm 2 8-5 (7 9- 9-0) 7-7

Methicillin - - 2-2

Ticareillin 2 2-6 (2-1- 3-0)

Cephaloridine 3 2-6 (1-6- 4 0) -

Clindamycin - - 7-7

Sodium fusidate - - 31

Gentamicin 3 3-7 (2-9- 4-5) 7-1

diffusing over the four-day period varied from 2-2 p
cent of the total for mcthicillin to 11-4 per cert \vi
clindamycin.

A comparison of the diffusion of antibiotics frc
two different brands of acrylic bone cement, Surgii
Simplex and Palacos, is shown in Tab'; III. There w
little difference between the two preparations w:
regard to the amounts of antibiotic released over
twenty-four-hour period, except for gemamicin, 1
which 7-1 per cent diffusion was measured from Palac
cement, compared with 3-7 per cent from the Surgii
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high with the penicillins (from 83 to 100 per cent of the
amount measured over the four-day period), and also
with gentamicin (92 per cent), but was lower with
sodium fusidate (62 per cent) and clindamycin (68 per
cent). No activity was measured with the mcthicillin
plugs on the second clay, or with carbenicillin, cloxa-
cillin, tlucloxacillin and gentamicin on the third day, but
this may have been due to the relatively low sensitivity of
the assays for the latter, compounds. Low levels of
activity were measured with amoxycillin. Clindamycin
and sodium fusidate after four days. The proportion
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TABLE IV

Antibacterial AcnvrrY in Vitro of Simplex Bonf. Cement Plugs Containing Antibiotic (4-5 Milligrammes per Plug)

Antibiotic Organism
MIC

(p-g/ml) 1

Growth on day
7 14

Growth after
subculture
for day 14

Cloxacillin

Fluctoxacillin S. aureus NCTC 6571 01/0-25 - - - -

Clindamycin S. aureus 15554 0-1/0-25 - - - -

Sodium fusidate

Methicillin S. aureus NCTC 6571 1-25 - - - -

S. aureus 1555 2-5 - - + +

Ampicillin S. aureus NCTC 6571 0-1 - - - -

Amoxycillin E. coti NCTC 10418 2-5 - - - -

Carbeniciilin
E. coli NCTC 10418

Ps. aeruginosa NCTC 10662

2-5

50 + + + 4*

Gentamicin
E. coli NCTC 10418

Ps. aeruginosa NCTC 10662

0-5

2-5 —

— —

Ampicillin* E. coli NCTC 10-118 - - - - -

Cloxacillin S. aureus 15^5 - - - - -

Carbenicillin*
+

Cloxacillin

E. coli NCTC 10418 - - - - -

Ps. aeruginosa NCTC 10662 - + + + +

S. aureus 1555 - - - - -

'Mixture of equal parts of each penicillin.
t/3-Iactamase-produclng strain.

Simplex brand. The isoxazolyl penicillins, cloxacillin
and flucloxacillin, showed the highest diffusion from
both brands, and this was notably higher than that of the
other penicillins tested, or of the other antibiotics, save
for clindamycin (7-7 p"r cent).
\ntibacterial activity—Nutrient broth incubated with
antibiotic-free bone cement plugs remained sterile for
fourteen days, but these plugs were not inhibitory when
the nutrient broth was inoculated with the test organ¬
isms. In contrast, antibiotic-impregnated plugs inhi¬
bited the growth of the cultures over a fourteen-day
beriod except in the cases of carbenicillin and methicillin
'Table IV) and no growth was observed in subcultures
laken on the fourteenth day into fresh sterile nutrient
aroth. Carbenicillin inhibited the grow th of a strain of
Escherichia coll NCTC 104 IS during the test period, but
vas not inhibitory for Pseudomonas aeruginosa NCTC
10662. With methicillin, the penicillin-sensitive strain of
Staphylococcus aureus NCTC 6571 was inhibited over
he entire period, but growth of the /3-iactamasc-
broducing strain (1555) became evident on the four-
centh day.

Very different results were observed in the tests in
which the plugs were transferred daily to fresh sterile
broth which was re-inoculated with the test organisms.
All of the compounds inhibited growth of the test
bacteria for twenty-four hours, but after two days the
staphylococcus grew in the presence of the methiciilin
plug and the gram-negative bacilli were not inhibited by
amoxycillin, carbenicillin or gentamicin (Table V).
After three days incubation, the clindamycin plug failed
to inhibit the staphylococcus, and only flucloxacillin and
sodium fusidatc were active after four days. None of the
antibiotics showed activity after five days.
In vivo studies

Only low antibiotic blood concentrations were
measured in mice after implantation of Simplex bone
cement plugs containing amoxycillin or flucloxacillin.
Peak levels of less than TO microgramme per millilitre
were measured at ten minutes; activity was not detected
with flucloxacillin at thirty minutes, but low levels of
amoxycillin (0 03 milligramme per millilitre) were
measured at two hours after implantation (Table VI).
Similarly, low antibiotic levels were detected with
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TABLE V

Antibacterial Activity of Bone Cement Plugs after Daily Transfer in Nutrient Broth

Growth after day
•

Organism Compound 1 2 3 4 5

Cloxacillin - - - + +

Flucloxacillin - - - - +

S. aureus 1555 Mcthicillin - + + + +

Clindamycin - - + + +

Sodium fusidate - - - - +

E. coli NCTC 10418 Amoxycillin - + + + +

Carbenicillin - + . + + +

Ps. aeruginosa NCTC 10662 Gentamicin - + + +

'Visual growth as determined by turbidity.

TABLE VI

Antibiotic Blood Levels after Subcutaneous Implantation of Simplex Bone Cement Plugs tn Mice and Rats

Antibiotic blood concentration (pig!ml)

Species Compound
Dose

(mgl*g) 5 10 15

Minutes

30 60 120 240

Mouse
Amoxycillin 100 NT 0-7 NT NT 0 05 0 03 <0 01

Flucloxacillin 100 0-40 0 55 016 <0-2 <0-2 <0-2 <0-2

Amoxycillin 40 NT NT 006 0-34 0-20 0-19 0 01

Rat Sodium fusidate 40 NT NT <0 1 <0 1 <0-1 <0-1 <0 t

Gentamicin
a*

40
b

NT

NT

NT

NT

0-56

010

0-84

0-08

0-44

0-05

0 16

<0 06

<0 06

<0 06

* Palacos cement. NT = Not tested.

amoxycillin and gentamicin in rats, and no activity was
observed in animals after implantation of plugs incor¬
porating sodium fusidate. When the bone cement plugs
were removed from the rats six hours after implantation
all plugs produced low antibiotic concentrations after
incubation in aqueous solution in vitro; but the amounts
diffusing from the plugs removed from the animals were
only one-thirtieth to one-fortieth of the quantities
released from fresh unused plugs under the same
conditions.

Although only low antibiotic blood levels were
observed in mice in which amoxycillin-impregnated
cement plugs had been implanted, significant thera¬
peutic effects were produced iri animals infected with
Staphylococcus aureus (Smith). Thus, all mice im¬
planted with plugs immediately before infection sur¬
vived throughout the four-day observation period, and
80 per cent of mice infected one hour after Implantation

were protected. All untreated mice died within twent;
four to forty-eight hours and the median curative dos
(CD/50) of subcutaneous amoxycillin against this ii
fcction was 019 milligramme of amoxycillin per kil<
gramme.

DISCUSSION
The results described here confirm reports in th
literature that antibiotics incorporated in acrylic bon
cement retain antibacterial activity and are able, t
diffuse from hardened bone cement, producing ant
bacterial effects in vitro and m vivo (Buchholz an

Engelbrccht 1970; Hermann 1973; Voorhoeve an
Stbhr 1973; Levin 1975). The release of antibiotic occui
rapidly after immersion of bone cement plugs i
solution, and moderately high concentrations of ant
biotic are produced in solution within a few hours; bt
the amounts diffusing from the cement fall quickly t
low levels. In the tests reported here 70 to 90 per cent l
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the antibiotic released appeared in solution within three
hours, but low concentrations of antibiotic were still
diffusing from the bone cement up to four days after the
start of the test. These findings of rapid initial diffusion
and prolonged low levels are in agreement with the
results of published studies with gentamicin and sodium
fusidate. Buchholz and Engelbrecht (1970) reported
low levels of gentamicin being released for up to two
months and Voorhoeve and Stohr (1973) measured
continued release of sodium fusidate for up to five
weeks.

The amount of antibiotic released in vitro from
bone cement was of about the same order for all
antibiotics tested, namely up to 10 per cent of the anti¬
biotic incorporated in the cement. The lowest value was
recorded with methicillin (2-3 per cent) and the highest
with cloxacillin (11-0 per cent); there was very little
difference in the amounts released between the penicil¬
lins and the non-penicillin antibiotics. This is of interest
because of the possibility that the heat evolved during
the polymerisation process, which can cause the harden¬
ing material to reach temperatures of up to 80 degrees
Celsius, might result in significant inactivation of the
heat-labile /3-lactam antibiotics. However, this seems
not to be the case, as there was little difference between
the penicillins and a heat-stable compound such as
gentamicin. The values found for gentamicin in these
studies, ranging from 2-9 to 7-1 per cent of the amount
incorporated, were of the same order as those reported
by others (Buchholz and Engelbrecht 1970; Levin 1975).

The fact that bone cement plugs inhibited growth of
bacteria for up to fourteen days was not unexpected in
view of the relatively high antibiotic concentrations
produced initially in solution, but the results of the anti¬
bacterial tests in which the medium was changed daily
confirmed that the amounts diffusing from the bone
cement plugs fell rapidly. Thus, all the antibiotic plugs
inhibited growth on the first day, but only flucloxacillin
and clindamycin demonstrated activity by the fourth
day, and neither inhibited growth of the test strain of
staphylococcus aureus by the fifth day.

Implantation of bone cement plugs in mice and rats
might have been expected to produce the effects of a
depot preparation, leading to low prolonged antibiotic
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levels in blood, but this was not the case: onlv low anti¬
biotic blood levels were measured and these were

generally not detectable after two hours. It seems likely,
therefore, that small quantities of antibiotic are released
rapidly in vivo, producing low antibiotic blood concen¬
trations initially, and that antibiotic continues to be
released from the bone cement for a period of time,
albeit not in sufficient amounts to produce detectable
blood levels. The pattern of diffusion it: vitro and in vivo
is consistent with the release of antibiotic from or near

the surface of the acrylic cement, with most of the
antibiotic being sequestered within the plug.

The efficacy of implanted amoxyciilin-impregnated
bone cement plugs in animals infected with, staphylo¬
coccus aureus is of interest in view of the relativ ely low
transient blood concentrations measured in the infected
animals. It seems that the small quantities of amoxy¬
cillin released from the plugs were adequate to ensure
protection against an infection.

The significance of the results of these various in
vitro and in vivo tests is uncertain, and depends upon the
relevance of the experimental test to the clinical
situation—namely the diffusion of the antibiotic from
the cement around the artificial joint in the patient.
Studies in patients have shown that onlv low levels of
antibiotic (gentamicin) have been found in blood and
urine after operation, and it has been suggested that the
antibiotics are effective mainly in the boundary layer
between the bone and the endoprosthesis (Voorhoeve
and Stohr 1973). However, this appears to be largely
speculation, and there is as yet no simple test method for
assessing the relative merits of different antibiotics for
incorporation in acrylic bone cement. The results here
suggest that antibiotics generally hav e similar character¬
istics in acrylic cement, and that there is little to choose
between any of them with regard to release of antibiotic
in vitro from polymerised bone cement. Consequently,
the choice of antibiotic for use in joint replacement can
be made on the basis of factors other than diffusion from

acrylic cement—for example, antibacterial spectrum,
mode of action, toxicity and cost. In addition, it would
be essential to know that incorporation of any particular
antibiotic would have no deleterious effects on the

physical properties of the acrylic bone cement.
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