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ABSTRACT

The effect of arnpicillin combined with penicillin or cepha-

losporin against ten staphylococcal strains and eighteen coliform bact-

eria was investigated. Eight penicillins and four cephalosporins were

employed in the above experiment. It was found that, when these anti-

biotics were combined with ampicillin against penicillin-sensitive organ-

isrns, at Least an additive effect and, often synergism, was observed.

trtrhen the antibiotic combinations were tested against penicillin-resistant

staphylococci, there was no interference observed in most cases. Antag-

onism was demonstrated between arnpicillin and penicillinase-resistant

penicillins in three cases. Synergism was also observed in three in-

stances with the above combinåtions against resistant staphylococci.

It was also found that cephalosporins showed synergism with ampicillin

against three resistant staphylococcal strains and the coliform bacteria.

In vivo mouse protection tests vrere carried out with antibiotics

that showed synergism with ampicillin in vitro against S. aureus 209P,

20137, E:,, coli 4007 and Klebsiella-Aerobacter sp. 434I. The antibiotics

did not interfere with the action of ampici11in..

The action of four penicillinases (produced by S. aureus 20137,

Pseudornonas sp. 3895, Bacillus subtilis, and a commercial penicil.linase -

Bacto-Penase, Difco.) on the ampicillin and B-lactam antibiotic combin-

nation was tested, using S. aureus 209P as the indicator olganism. It

was found that the antibiotics did not protect ampicillin fron enzymic

hydrolysis "
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CHAPTER I

INTRODUCTION

Bacterial antagonism or antibiosis was first observed by

Pasteur and Joubert in 1877 and later by Fleming in 1929, however, the

significance of these observations v/as not made popular until Chain

et al (1940) and Abrahams et al (1941) investigated the use of penicillin

as a therapeutic agent. Since the introduction of pencillin, many new

antibiotics have been reported in the last fifteen years. However,

penicillin still remains the drug of choice in many instances because

of its relative non-toxic properties, its high activity against many

sensitive bacteria and its readily attainable high serun levels. The

indiscriminate use of this agent has resulted in a gradual evolvement

of penicillin-resistant bacterial strains. This problern stinulated an

extensive search for new semi-synthetic penicillins" Other investigators

searched for antibiotic combinations that would elicit a synergistic

effect on the resistant organisms.

Since the isolation of 6-amino-penicillanic acid by Batchelor

et al (1959) many semi-synthetic penicillins have been produced. The

new penicillins are the clerívatives of 6-amino-penicillanic acid (6-APA).

It is possible to synthesize penicillins with a variety of acid side

chains, and as a result different physico-chemical and biological pro-

perties may be found arnong them.

Stedman et a1 (1964) described the effect of major side chain

modifications on the biological properties of 2-biphenylyl-penicillin

and have elucidated the structutal features responsible for its high

activity against both susceptible and resistant staphylococci. Price
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et al (1966) described the relationship between the structure of the

side chain and the biological activity of penicillin. He showed that

the side chain at the 6-position of a penicillin molecule affected

biological as well as other properties of penicillin.

There ar.e numerous reports in the literature of combined anti-

biotic therapy. In nost cases, penicillin was combined with other anti-

biotics, ê.8., streptomycin, sulfonaninde, etc. (Hunter, 1946; Eagle and

Fleischman, 1948; Gunnison et al, 1951; Gronroos , 1964; Strans and

Fl.eming , 1964; and ltlallace et al, 1965). Few reports, however, are

found where two penicillin analogues were nombined (Gourevitch et al,

1963; Acred and Sutherland,1966; Bach et al, 1966; Kasik et al, 1966;

Sabath et al, 1966). In the study reported here, the in vítro activity

of ampicillin (6- (D(-)-OGaminophenyl-acetamido) Penicillanic acid or

lX-aminobenzyl penicillin) in combination with other penicillins and ceph-

alosporins was investigated against various bacterial strains. Mouse

protection tests were caïried out with ampicillin and penicillins or

cephalosporins that showed synergism in their in vitro combinations.

The effect of penicillins and cephalosporins on the hydrolysis of ampi-

cillin by four penicillinases was also studied.



CHAPTER II

REVIEI'I OF TI'IE LITERATURE

Klein and Kimmelnan in 1947 reported the synergistic comb-

ination of penicillin and streptomycin against S. aureus. This was

followed by the successful treatrnent of syphilis in a rabbit with the

combination of penicillin and bacitracin by Eagle and Fleischman in

1948. Hunter (1946) discovered that streptomycin acted synergistically

with penùci11in in treating patients suffering from enterococcic endo-

carditis. Jawetz and Gunnison in 1952, published a paper formulating

a rough guide for the use of antibiotic combinations. Jawetz was of

the opinion that fixed synergistic or antagonistic oairs of drugs do not

exist. In fact, a combination of two antibiotics may be synergistic

against one strain, indifferent to another and antagonistic against the

third. Therefore, there is no sure way of predicting hor^r an antibiotic

pair would act on a particular bacterial strain unless an actual test

is performed. Howevel, the Jawetz scheme did provide a genetalized

guide line for the action of antibiotic combinations. He divided the

cornmonly used antibiotics into tt'¡o groups:

Group I: Bactericidal group: penicillin, streptomycin,

Group 2:

bacitracin and neomycin.

Bacteriostatic group: aureomycin, chlorarnphenicol

and terramvcin.

He put forward following forrnulae for

1. Drugs from grouP 1 were

-3-

in vitro conditions:

often synergistic to each other,
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occasionally indifferent and never antagonistic.

Group 2 drugs were not synergistic with, or antagonistic

to each other, but were often additive.

Drugs from group 2 were capable of antagonizing those

from group 1 when acting against bacteria sensitive to

group 1.

Group 2 drugs night be synergistic with group I drugs

when acting on group 1-resistant organisms.

In the above series of studies, according to Jawetz, synergisn

in vitro between two antibiotics was defined as a marked increase in the

rate of bactericidal action within the twenty-four hours of exposure as

compared to the rate with either drug alone. Antagonism between two anti-

biotics was defined as a decrease in the bactericidal rate as compared

to the rnore active drug. Addition was referred to as an arithmetic summ-

ation of drug effects. lr{anten ancl tVisse (1961) confirmed the conclusions

of Jawetz and Gunnison. In their experiments, bactericidal action was

used as a criterion of antibacterial potency. The criterion was applied

by means of replica tests. They experirnented on dozens of strains of

Staphylococci, Enterococci, Salmonellae and coliform bacteria, and as a

result, proposed a rnore up-to-date scheme, showing the presence and

absence of drug antagonism in pairs of antibacterial substances. They

divided the antibiotics into four groups: -

1. Antibiotics that were bactericidal to resting bacteria.

2. Antibiotics that were bactericidal only to growing bacteria.

3. Agents that achieved their bacteriostatic effect rapúdly.

)

3.
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4. Agents that requi::ed a long lag period before they caused

bacteriostasis.

lVith the above as a basis of division, the following general-

izations wete dratun:

1. Antibiotics of the same group could be combined with one

another without any danger of antagonism.

2. lthen a group 1 agent was combined with one of either group

2, 3 ot 4 agent, the activity of the bactericidal agent

generally preclominated. Synergism was sometimes observed,

€.g., streptomycin and penicillin.

3. ltthen agents fron group 2 and group 3 rvere conbined, the

weaker bacteriostatic clrug dominated and showed antagonism

towards the other.

4. ltthen agents from group 2 and group 4 were combined, no ant-

agonism was observed. The bactericidal drug dominated and,

at times, synergism vfas observed, ê.9., penicillin and some

sulfonamides.

PeniciLlin, belonging to group 2 could only act on bacteria in

a growing stage while group 3 antibiotics could achieve bacteriostatic

effect rapidlv. Hence, a group 3 antibiotic would render a group 2

antibiotic (e.g., penicillin) ineffective by stopping the grorr'th of

bacteria.

Group 4 clrugs, however, required a comparatively long lapse

of tine before they could cause any bacteriostatic effect. So, the quick
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acting penicillin (group 2) in combination could kil1 the organism in

growing stage. I'lence, no antagonism would result.

Bactericidal activity of group 1 antibiotics were independent

of the growth of bacteria. Thus, bacteriostasis caused by group 3 or 4

agents hacl no adverse effect on group 1 antibiotics '

I. ACTION OF PENICILLTN IN COI\4BINATTON IVITH BACTERIOSTATIC AGENTS:

Penicillin and ChloramPhenicol :

Tawetz et al (1951) demonstrated the interference of chlora-

mphenicot with the bactericidal action of penicillin. Antagonism could

only be shown when penicillin was rnixed in an effective concentration

with a sublethal arnount of chloramphenicol. Interference could not be

demonstrated in vitro when the concentration of chloramphenicol was either

too high or too low to be bacteriostatic. Sinrilar1y, antagonism was

greatly diminished or could not be denonstrated when penicillin was pre-

sent, either in a large excess or in an amount too small to have a sign-

ificant bactericiclal effect. Ba5ldasarian (1960) introduced a subinhib-

itory quantity of either chloramphenicol or streptonycin into a culture

of B. cereus that rvas capable of high penicillinase production and which

was also resistant to both of these antibiotícs. He noted that, though

the antibiotics did not interfere with the growth and nultiplication of

bacteria in the subinhibitory concentration, they reduced penicillinase

production in the medium to one-seventh of the capacity. This finding

nay justify further experimentation on the activity of penicillin in

association rvith either of the antibiotics against penicillinase-producing
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staphylococci. Brock (196f) reported that chloramphenicol antagonized

the action of those antibiotics ruhich acted on growing cells (e'g',

penicillin and streptomycin) but, its activity was additive rvith those

that inhibited protein synthesis, such as the tetracyclines. This, is

in accorclance with the Jawetz's postulate. Strans and Flerning (f964)

studiecl in vitro effect of ampicitlin alone and in combination l'rith

chloramphenicol or streptomycin against Proteus mirabilis. He found that

the combination of ampicillin and streptornycin greatly enhanced the anti*

rnicrobial activity of ampicillin. Holever, the concentration of strep-

tomycin below one-third of the minimal inhibitory concentration (M.I.C.)

had no effect on ampicillin. Chloramphenicol I'as found to be antagonistic

rvith ampicillin only in suitable concentrations. A concentration of

chlorarnphenicol less than one-sixth of M.I.c. usually had no effect on

anpicillin. Streptomycin enhanced the bactericidal activity of ampicil'lin

in serum, but chloramphenicol did not interfere with ampicillin in vivo'

Wallace et al (1965) clemonstrated antagonisrn between chloranphenicol and

penicillin in experinental pneumococcal meningitis in dogs. He found that

with penicillin alone or when penicillin therapy preceded chloramphenicol'

there was a prompt killing of bacteria evident from the decreased counts

of viable bacteria in the cerebrospinal fluid samples. l,\Iith chloramphen-

icol alone or when chloramphenicol was given prior to penicillin, a

markedly lowered bactericidal effect was observed. Simultaneous admini-

stration of the tl,to agents resulted in an intermediary degree of killing'

He concluded that this type of antagonism might be of clinical inportance'
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Penicillin and Tetracyclines :

Seligman and Hewitt (1963) demonstrated antagonism between

ampicillin and oxytetracycline while working on E. coli. As can be

preclicted, the magnitude of the interference on the bactericidal activity

of penicillin by the tetTacyclines would depend largely on the extent to

which the tetracycline could inhibit intracellular growth before a pen-

icillin-induced defect in cell wall growth v/as acconplished. In their

experiments, they found that in prolonging the period of prior tetra-

cycline contact, the degree of subsequent penicillin bactericidal effect

was lessened. They rtrere not able to dernonstrate antagonism in vivo if

penicillin was given prior to oxytetracycline, holvever, when the drugs

were adrninistered in a reverse order, varying results were observed.

L. Penicillin and Erythromycin :

Waterworth (19ó3) showed that a marked increase in activity

against resistant staphylococci was achieved r^¡ith the combination of

erythromycin and penicillin. Gronroos (1964) and Oswald et aI (1964)

demonstrated that the combination of erythromycin and penicillin G,

penicillin V or phenethicillin exerted at least an additive action on

staphylococci. It was also shown that in vivo, the two antibiotics did

not interfere with each otherrs activity. Robert et al (1962) explained

that the synergistic effect was probably due to the decreased rate of

penicillin inactivation, resulting from the inhibitøry effect of a sma11

aïnount of erythromycin on bacterial penicillinase production. As a re-

sult, all the four peniciLlins- (penicillin G, penicillin V, phenethicillin
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and ampicillin) instead of being rapidly inactivated by penicillinase,

were benefited by the protective effect of erythromycin. 0n the other

hand, the penicillinase-resistant penicillins did not seem to be bene-

fited by combining with erythromycin. The innoculum size was important

in determining rvhether erythrornycin would enhance the effect of peni*

cillins in cornbination, as one of the actions of erythronycin l"as to

exert an inhibitory effect on penicillinase production.

n Penicillin and Sulfonamides :

Early reports on the combined effect of sulfonamides and pen-

icillin on bacteria are conflicting, (Ungar, 1943; Bigger, 1946: T'ung,

1944; Stewart, 1947; Price et al, 1949; Hobby and Dawson, 1946, Klein and

Kalter, 1946). The discrepancy among these reports was mainly due to the

differences in technique and definitions of synergism and antagonísm em-

ployed by different authors. Gunnison et al (1951) claimed that, sulf-

onamide-induced bacteriostasis only occurred after four to five hours,

with a maximal effect after eight hours of incubation. They stated that,

during the period of bacteriostasis, sulfonanides were capable of inter-

fering with the bactericidal effect of penicillin. The death rate of

bacteria was slower in the presence of sulfadiazine and penicillin than

with penicillin alone from the sixth to tenth hour of incubation. This

delay in antagonisn by sulfadiazine appeared to be different frorn that

observed with other bacteriostatic antibiotics such as temamycin. The

latter showed antagonism with penicillin almost inmediately. If the con-

centration of penicillin was such that it rvas rapldly bactericidal, the
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presence of sulfadiazine rvould have no significant effect on the

penicillin action. 0n the other hand, when a 1ot^i dose of penicillin

lças used, the resistant bacteria that survivecl the penicillin action

might grorv into a nerv population if sulfadiazine was not present.

Tlrus, it could be said that sulfadiazine exhibiterJ an adclitive ancl

perhaps, even synergistic effect if ultimate sterilization rvas used

as the criterion of synergism, even though it might be antagonistic

penicillin in the early stage of exposure. Gunnison also reported

rr'hen K. pneunoniae was exposecl for four hours to sulfa<liazine before

to

that

adding penicillin, interference rÁras dernonstrated without delay. In V].VO

experiments on mice with S. pyogenes showed that:

1. When sulfadiazine was administered simultaneously or trvo

hours before penicillin treatment, neither an antagonistic

nor a synergistic effect was demonstratecl.

2. Marked antagonism occurred when sulfadiazine was adninistered,

five to seven hours prior to penicillin. 0n the whole, anta-

gonism was only demonstrateC when an effective concentration

of penicillin either in vitro or in vivo were combined with

a relatively non-effective amount of interfering sulfonamide"

Ir{anten and Terr (1964) found that antagonism between peni*

cillin and the other bacteriostatic substances (chloramph-

enicol, tetracyclines or erythronycin) rvas not appreciably

influenced by the absolute concentration of the drugs nor

by their concentration ratio.
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II. ACTION OF PENflCILLIN IN COMBINATION I\]ITH OTHER BACTERICIDAL AGENTS:

The antinricrobial activity of penicillin combined with one of

the bactericidal agents can very well be predicted from Jawetzrs schema'

Perhaps the synergistic effect of the penicillin and streptomycin comb-

ination in the treatment of bacterial endocarditis is one of the best

knor,rn exanples. In general, penicillin-bacitracin, bacitracin-strepto-

nycin, penicillin-kanamycin and other similar conbinations are all re-

ported to have synergistic effect on various organisns "

A. P""i.illin, Stt"p t

Richardson and llolt (1962) found that streptomycin acted

synergistically with penicí11in and tetracycline to inhibit the growth

of Brucella abortus within bovine cel1 cultures. l'llithin certain limits,

the synergistic effect of streptomycin and tetracycline did not appear

to be a function of concentration. To achieve synergism of streptomycin

with tetracycline on intracellular brucellae in bovine tissue culture,

it required five to ten times the effective concentration of streptonycin

against the same organisms outside the bovine ce11s" Penicillin and

tetracycline on the other hand, would act effectively at the same concen-

tration both on extracellular and intracellular brucellae.

D. Penicillin, Streptomycin and Kanamycin:

The report of Hewitt et aI (1966) on the kinetics of the syneÌ-

gism of penicillin-streptornycin (Pn/St) and penicillin-kanamycin (Pn/Kn)

for enterococci night be of some interest. Both streptomycin and kana-
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rnycin were reported to enhance the bactericidal effect of penicillin,

wherein the Pn/Kn pair was superior to the Pn/St pair. The enhancement

of the bactericidal effect of penicillin occurred immediately with kana-

mycin, but a lag period of about one hour was required by streptomycin

to exercise its action on penicillin. The nechanism by which the two

systems worked rvas obviously different. Both kanamycin and streptonycin

were thought to act on bacteria whose cell wall had been danaged by pen-

icillin. Kanamycin acted synergistically on the bacteria which were pre-

exposed to penicillin. It was found that, when penicillinase rvas added

to the penicillin pre-exposed bacteria and kanamycin, the synergistic

activity persisted. The bactericidal effect of streptomycin in the pre-

sence of penicillin varied rvith different enterococcal strains while no

such variation rvith kanamycin and penicillin was observed.

I Penicillin and Isoniazid:

Vaichulis (1961) using the antlibiotic disc method, found that

isoniazid (Isonicotinic Acid hydrazide) acted synergistically with peni-

cillin against Mycobacterium smegrnatis. When the concentration of ison-

iazíd remained constant, the zone of inhibition increased as the concen-

tration of penicillin increased. Penicillin was thought to have poten-

tiated the action of isoniazid. Vaichulis et al (1962) further reported

that the activity of penicillin isoniazicl combination was at least additive

and possibly synergistic against isoniazid-suseptible as well as resistant

strains of lvlycobacterium tuberculo!is. The activity of penicillin against

either isoniazid susceptible or re-sistant Mycobacterium tuberculosis was



constant which would indicate

action from that of isoniazid

13 -

that penicillin has a different node of

against li{ycobacterium tuberculosis .

n Amnicillin and Other Broad Spectrum Antibiotics:

BuLger and Kirby (1963) found that gentanicin/ampicillin comb-

ination r¡as very effective against Proteus nirabilis. Combinations such

as penicillin G/gentamicin, ampicillin/kanamycin and kananycin/gentamicin

also gave a synergistic effect in most instances. The ampicillin and

gentamicin combination was more effective against indole positive proteus.

Colistin/gentarnicin was found to be the most effective combination against

K1 ebsiel 1a-Aerobacter group as well as Pseudomonas aerogenosa.

ITI. PENICTLLINS AND CEPHALOSPORINS:

A. Mode of Action of Penicillin:

It had long been suspected that penicillin is a highly specific

inhibitor of bacterial ce11 wall synthesis. Rogers and Jeljaszewicz

(196I), Rogers and Mandeistan (1962) confirmed this hypothesis by clirect

isotopic measurements of cell wa11 synthesis carriéd out t'rith several

penicillins in both grarn negative and gram positive bacteria. Meadow

et al (1964) and Anderson et al (1965) showed that the reactions which

1ed to the synthesis of the linear cell wall glycopeptide from uridine-

diphosphoacetylmuramyl L-ala.D-glu . L-lys.D-a1a.D-ala (UDP-MurNAc-

Pentapeptide), uridine diphosohoacetyl glucosamine (IJDP-GlcNAc) and

other required substrates were insensitive to penicillin. However, the

natural glycopeptide is cross-linked by peptide bridges, and Martin (1964)

suggested that penicillin blocked the formation of these peptide cross-
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1inks. Tipper and Strominger (1965) suggested that, in ce11 rval1 syn-

thesis, the terminal reaction rnight be a transpepticl.ation in which linear

glycopeptides lvere cross-linked to form a three dimensional network

(Figure 1). Based on these nolecular models, it is now generally accep-

ted that penicillin is a structural analogue of acyl-D-alanyI-D-alanine

in the linear glycopeptide. It inhibits tTanspeptidation by reacting

preferentially with the enzyne binding site of a transpeptidase for

this substrate. A facile acylation of the transfer site occurs with the

opening of the B-lactam ring forming a penicilloyl-enzyme complex. The

highly reactive amide bond of the B-lactam ring in the penicillin mole-

cule is considered equivalent to the peptide bond of D-alanyl-D-alanine.

The integrity of the B-lactam ring is essential for penicillin activity

(Price et al, 1966). Erlanger and Goode (1967) approached the problem

of penicillin activity from the enzymological point of view. Penicillin

$Ias assumed to be a potent competitive inhibitor of an enz).ryne that part-

icipated in some phase of cell rvall synthesis. They suggested that the

high activity of penicillin was due to its rigidly constrained structure.

The penicillin nolecule can, then, be divided into two parts - the part

that resembles the substrate and that part that holds the molecule in

the proper conformation" (Figure 2). In the case of penicillin G, the

substrate analogue is phenacetylglycyl-D-valine. The acylated glycyl-

D-valine or the related derivatives were found to be biologically in-

active because they are not structurally constrained.
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The Peniciltin Molecule:

The penicillins are acyl derivatives of 6-aminopenicillanic

acid (6-APA). Ivith the variation of the side chain R (Figure 2), hund-

reds of different semi-synthetic penicillins, rvith different biological,

pharmacological and physiochemical properties can be synthesized.

Price et al (1966) in his discussion on the structure activity

relationships of semi-synthetic penicillins, pointed out that the anti-

microbial activity of penicilLin depended on the integrity of the

B-lactam ring in the penicillin nucleus. The side chain R, however,

contributed a great deal to the antimicrobial potency and other important

properties of individual penicillin. It was also founcl that the elimin-

ation of the S-atom fron the thiazolidine ring resulted in the complete

loss of antimicrobial activity of penicillin. The side chain structure

was not onI1' responsible for the high or low antimicrobial activity, the

acid stability and the antimicrobial spectrum of the penicillin, but also

contributed to its stability in the presence of B-lactamase.

The Cephalosporin N{olecule :

The cephalosporin nucleus has a B-lactam-dihydrothiazine ring

instead of a B-lactarn thiazolidine ring in the penicillin nucleus (Figure

3). The various possible side chain structures for R, and R, also confer

different properties to the 7-aninocephalosporanic acid nucleus (7-ASA)

as in the case of the 6-APA. The structure-activity relationships among

7 -acylamido-cephalosporanic acids r{ere carefully studied by Chauvette

et al (1962) and the biological and chenical properties of the cephal-
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osporins were described by Flynn (1966). It was found that the activity

of the cephalosporins again depended on the inte$rity of the B-lactam

ring. The acylation of the carboxyl group, however, also resulted in

the loss of activity.

C. B-lactamase and Bacterial Resistance to Penicillins:

Seligman (f966) reported two types of bacterial resistance to

penicillin:

Methicillin resistance (or hetero-resistance with respect

to B-lactam antibiotic according to SeLigman).

Drug destruction subsequent to penicillinase production.

Methicillin Resistance :

1.

2.

Methicillin is much

of the B-lactamase because (1)

Less susceptible to the hydrolytic activity

of its 1or,r affinity for B-lactamase and

its bulky groups attached to the carbon

in the side chain.

(2)

However, methicillin-resistant strains of Staphylococcus aureus were also

encountered (Jevons, 1961). The amount of penicillinase produced by

methicillin-resistant organisms uias not more than that produced by meth-

icillin sensitive bacteria (Ayliffe and Barber, 1963; Richmond and John,

1964). This data suggests sone intrinsic factors are responsible for the

methicillin resistance. Dyke et al (1966) selected penicillinase-negative

variants from the methicillin-resistant staphylococcal cultures and found

that they were resistant to both methicillin and benzylpenicillin. He

concluded that this was a type of resistance which was dif,ferent from
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that resulting from penicillinase production. Seligman (1966) pointed

out that, colonies which grew in high concentrations of methicillin were

mutants that possessed a high intrinsic resistance to rnethicillin. The

parent culture, horvever, showed marked heterogeneity in its resistance to

methicillin. He called those strains heteroresistant staphylococci.

2 Penicillinase and Rêsistance to Penicillin:

Pollock (1964) stated that there were three kinds of enzymes

produced by organisns which reduced the antibacterial property of peni-

cillins and cephalosporins.

a. the acylesterase which significantly reduces the activity

of cephalosporins.

b. the amidases which hydrolyses the amide bond of the side

chain of penicillin or cephalosporin forning the inactive

derivatives 6-APA or 7-ACA respectively.

c. the B-lactamases which hydrolyses the anide bond in the

B-lactam ring to give penicilloic acid or ceçrhalosporoic

acid. The antimicrobial activity is completely destroyed

with the breakdown of the B-lactam rins.

B-lactamase or penicillinase production is, by far, the most

significant type of penicillin resistance. B-lactanase probably has a

wide distribution among bacteria. 0nly Gram positive species liberate

this enzyme into the environment to a significant extent and it appears

to be markedly inducible. B-lactamases produced by the Gran neþative

bacteria appear to be different from those produced by the Gram positive
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bacteria (Smith and Harnilton-Mi11er, 1963 a,b). They are noninducible

and cell bound. Sabath et al (1965) reported that the hydrolysis of pen-

icillins and cephalosporins by an induced enzyne preparation from 3:Sgg.-

omonas pyocyanea rvas due to a single B-lactamase. Pollock (1964) be-

lieved that only one tyoe of enzyme existed in his system that was cap-

able of hydrolysing the penicillins as well as the cephalosporins though,

the ratio of activity of the enzyme on the two varied greatly. Chang

and Weinstein (1963) studied the B-lactamase activity of the culture

supernatant of a Herellea strain and concluded that a single enz).¡me was

responsible for the much higher activity of the supernatant against ceph-

alothin in conparison to benzyl-penicillin G. Richmond (1963) confirmed

that, one type of B-lactanase could hydrolyse different penicillin and

cephalosporin derivatives. The fact that B-lactamase has a wide spectrum

of activity does not preclude the existence of nore than one B-lactamase

in a pure bacterial culture. Pollock (1965) demonstrated the coexistence

of trvo imnunologically distant B-Iactamases in the culture of Bacillus

cereus, one being extracellular and the other, bound to the cells. A

similar situation was observed by Ishimoto (1963) in cultures of B.

subtilis T98 where the cel1 bound enzyme differed from the exoenztfiie.

The exo-penicillinase of B.cereus was observed to precipitate with B.

subtilis ¡enicillinase antiserum.

Side Chain Structure and Susceptibility to Penicillinase:

Penicillins differ fron each other only in the structure of

side chain, hence, a comparative study of penicillins as substrates

a B-lactamase may be regarded as a study of the side chain on the

n

the

for
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rate of hydrolysis by an enzyme preparation. I-lenry and Flousewright

(1947) first noticed that B. cereus B-lactamase hydrolysed benzyl-

penicillin and P-hydroxybenzylpenicillin at about the same rate but,
)

d-pentenylpenicill in and n-heptylpenicit 1in were hydrolysed slowly.

Behrens and Kingkade, in the following year, also observed a different

rate of hydrolysis by a B-lactamase on ei.ghteen penicillins rvith diff-

erent sirle chains. Gourevitch et aI (1962) studied the effect of staph-

ylococcal penicillinase on the side chains of penicillins. They found

that penicillinase-sensitive penicí11ins had low Kn (Michaelis constant)

and high Vrnax (maximun velocity). The resistant penicillins had either

moderately large Km and lol Vmax or very large Km. Depue et aI (1964)

pointed out that, very little variation in Vmax and Km was found rvith

phenyl, benzyl and aliphatic penicillin series. A positively charged

nitrogen adjacent to the amide linkage in the side chain, howevel,

caused a marked increase in Km. Km and Vmax of Staphylococcal penicill-

inase nith phenyl penicillins varied with the ionization"constants of

their parent side chain acids. Km increased with increasing acid strength

while Vmax increased with decreasing acid strength of the parent side

chain acids. The kinetic constants of penicillinase exhibited relatively

large changes with penicillins having large stericly hindered side chains

(Doyle et al, 1961). Depue et a1 (1964) also pointed out that the high

degree of resistance of methicillin to hydrolysis was a result of a very

weak binding of the cornpound to the enzyne (increased Km). The bulky

phenyl ring projecting upr^rard fron the plane of the penicillanic acid

ring system, could have distorted the conformation of the enzyme and
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thus, the enzyme r{as not reactive.

The effect of side chain structure has also been studied in

cephalosporins. Although the information here is much rnore limited, the

general picture is similar to that obtained with the penicillins.

E. Competitive Inhibition of Penicillinase by Penicillinase-Resistant

Penicillins or Cenhalosnorins:

Abraham and Newton (1956) sholed that, in the presence of

penicillinase, the penicillinase-resistant cephalosporin C, (which is

closely related structurally to penicillin) competed with the Penicillin

for the active sites on the enz)4ne. The hydrolysis of penicillin rvas

reduced in the presence of cephalosporin C. Gourevitch et al (1962 a)

found that, when penicillin G was mixed with I'lethicillin in the presence of

B-lactamase, no competitive inhibition of penicillin G hydrolysis was evi-

dent. The benzyl-penicillin component was decomposed at the same rate

as if it was the only penicillin present and its decomposition did not

destroy the enzyme. hhen all benzylpenicillin had been degraded, the

methicillin started to inactivate the enzyme and the reaction rate de-

creased. A similar result was obtained when oxacillin was used in place

of methicillin. Since the lr4ichaelis constant (Km) of oxacillin and meth-

icillin is 200 to 1000 times greater than that of the sensitive penici-

1lins (Gourevitch et al, 1962 a, 1963), enzyme inactivation does not take

place in the presence of sensitive penicillins to which the enzyme binds

preferentially. Gourevitch also showed that methicillin and oxacillin

alone inactivated penicillinase. Thus, their resistance to penicill-
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inase was due, not only to their resistance to hydrolysis by the enzlzrne

but, also by virtue of their ability to inactivate it (Gourevitch et aI,

1962 a; Citri et al, 1962 a.b.). Gourevitch et al (1963) emphasized

that the rnininal inhibitory concentration of a nixture of penicillinase-

sensitive and penicillinase-resistant penicillins against penicillinase

proclucing Staphylococcus aureus strains depended upon the order of add-

ition of the penicillins. The penicillin-resistant penicillins acted as

enz).ryne inactivators only if they r{ere introduced prior to the penicill-

inase-sensitive peníci11in. The difference in the affinity of the various

substrates for the enzyme was responsible for the above activity. In

in vivo experiments, similar results lvere obtained. I{hen oxacillin was

administered to mice thirty to sixty minutes prior to a challenge dose

and penicillin G given subsequently (120 ininutes post-challenge), the

survival rate rvas slightly increasecl.

Selzer and l'Vright (1964), when comparing the effectiveness of

the different penicillinase-résistant penicillins to the action of peni-

cillinase produced by B. cereus, found that nafcillin was superior to

methicillin, oxacillin and diphenicillin in protecting penicillin G.

In contrast to their ability to inhibit the action of B. cereus peni-

cillinase, the serni-synthetic penicillins did not interfere with the

action of staphylococcal penicillinase on penicillin G. This may be due

to the fundanental structural difference between the two enzymes, or to

the fact that the B. cereus penicillinase is a free extracellular enzyme

whereas, staphylococcal peniciJ.linase is intracellular. This presumably,

may have some bearing on the accessibility of the penicillin G nolecules
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to the enz).'rne. In the case of the intracellular penicillinase, it is

possible that the penicillin G molecules pass through the cell wall more

readily than the seni-synthetic penicillins. The intracellular enz1'rne

nay thus, be comparatively shielded from the inhibitory effect of the

semi-synthetic penicillins. Hamilton-Miller (1963), Hamilton-Mi11er and

Smith (1964), Flanilton-Miller et al (1964) and Sutherland and Batchelor

(1964), reported that methicillin and cloxacillin were inhibitors of

penicillinase produced, not only by Ps. pyocyanea but also, by a number

of other gran negative bacteria. These inhibitors acted synergistically

with benzylpenicillin G or ampicillin against several gram negative

bacteria.

Acred and Sutherland (1966) found that cloxacillin improvecl the

broad spectrum activity of ampicillin against penicillinase-producing

staphylococci and nost strains of grarn negative bacteria. No antagonism

was observecl and synergism was demonstrated both in vitro and in vivo

against certain penicillinase-producing gram negative bacteria. The

synergism was shown to be due to an inhibition of the action of penicill-

inases produced by these bacteria by cloxacillin and a subsequent reduc-

tion of the inactivation of ampicillin" Bach et al (1966) also demon-

strated the in vitro and in vivo synergism of ampicillin and B-lactamase-

resistant penicillins against gram negative organisms. Dicloxacillin was

the most effective compound found to produce a synergistic effect with

ampicillin. Cloxacillin and oxacillin were alnost as effective, tuhereas,

nafcillin and methicillin were less 1ikely to act as synergists than the

three isoxazole penicillins. Cephalothin and propicillin were essent-
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ial1y nonsynergistic. All organisms undergoing such synergistic effects,

produced a B-Lactamase which could be ínhibited by dicloxacillin in the

presence of arnpicillin. Farrar et a1 (1966) pointed out that, the pen-

icillinase-resistant penicillins were ineffective against gram negative

bacteria but, they might act as penicillinase inhibitors and render these

organisn more susceptible to penicillin G and related antibiotics. Pen-

icillin G, ampicillin and cephalothin were tested in combination with

penicillinase inhibitors (methicillin, oxacillin or nafcillin) against

fifty-seven strains of gram negative bacteria that were highly resistant

to penicillins or cephalosporins or both. The penicillin and inhibitor

combinations showed synergisn in 79eo of the strains. They thought that

combined therapy night be a valuable approach to the treatment of urinary

tract infections. Sabath et a1 (1966) used the penicillins-inhibitor

combination in human urinary tract infection caused by Pseudo4gnql

aeruginosa, Proteus sp., Fscherichia coli or members of the Klebsiella-

Aerobactor group. An effective synergistic level in the urine was attained

by the drugs but, never in serum. Recurrence was founcl to be comnon after

ceasation of therapy. Klebsiella-Aerobacter organisms r,¡ere not affected

rnuch by this combined therapy. Sabath and Abraham (1964) demonstrated

synergistic antimicrobial action against Pseudomonas pyocyanea (NCTC8203)

by a B-lactamase inhibitor (methicillin or cloxacillin) rvith any one of

several derivatives of 6-APA or 7-ACA which urere susceptible to enzymatic

hydrolysis. A similar finding was reported by Shirley and l"loore (1965)

on the synergistic combination of nethicillin and benzylpenicillin in

treating a urinary tract infec-tion caused by Pseudornonas aeroginosa
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They also evaluatecl the factors involved in competitive inhibition of

penicillinase. They u/ere convinced that a strong affinity for an access-

ible penicillinase conpared to that for an antibacterial substrate

(enzylne for cell wall synthesis) rvas one of the properties required of

a competitive inhibitor to protect B-lactanase susceptible antibiotics.

A second requirement was an affinity for the enzyrne (penicillinase) which

should be high in relation to the antibacterial activity of the inhibitor.

Cromptom et aI (1962) had illustrated that N-phenylacetyl-7ACA (Cephal-

oram) had a strong affiníty for staphylococcal penicillinase and would

be expected to show a significant synergistic effect with benzylpeni-

cillin by inhibiting enzymatic destruction of the latter. However, rvith

the concentration of such an inhibitor which was lower than that at ruhich

the inhibitor alone r¡ras bactericidal against S. aureus Rl (about O"5f/nI),

the inhibitor was not able to reduce the rate of inactivation of a peni-

cillinase sensitive substance to less than about I0% of the original value.

A third property was the ability of the inhibitor to reach the enzyme,

especially when it was located intracellularly. Hamilton-lt'li11er et al

(1965) reported that cephatoridine could enter freely into the gram nega-

tive bacterial cel1 rvall ancl that it wa.s five times rnore readily clestroyed

by B-lactanase than was ampicillin. However, the cephaloridine hydro-

lysis was more susceptible to inhibition than was penicillin G hydro-

1.ysis by penicillinase in the presence of methicillin, cloxacillin or

quinacillin. Ivlany gran negative bacteria produce B-lactamase that would

inactivate cephalosporins more readily than penicillins. In the presence

of penicillinase-resistant p-enicillins, such as cloxacil1in, cephalo-
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spoïins can be protected from being hydrolysed by the enzynes. OrCalIaghan

et al (1966) found that some of the cephalosporin analogues were resistant

to B-lactamase. These analogues could be used as enz).rrne inhibitors sinilar

to cloxaci1lin. They found that the B-lactamase-resistant cephalosporins

could protect the enzyme-sensitive analogues from being hydrolysed. The

combination of a B-lactamase-sensitive with a resistant cephalosporin showecl

a lowering of M.I.C. against Proteus morgani even though the individual

antibiotic alone was not effective. Mice also, could be protected against

experimental infections with such antibiotic combinations.

Kasik (1964) reported that B-lactanase type of enz).¡rne produced

by R,R-_ strain of Mycobacterium tuberculosis was inhibited by several. IV

B-lactanase-resistant penicillins including oxacillin, methicillin, clox-

acillin and dicloxacillin. The combinations of penicillin G and oxacillin

or penicillin G with dicloxacillin were synergistic against this strain

of mycobacteriurn in vitro. Kasik et al (1966) demonstrated in vivo

synergisn by dicloxacillin and penicillin G against murine tuberculosis.

Methicillin was not effective with penicillin G against M. tuberculosis

in vivo Though methicillin inhibited mycobacterial penicillinase, it

was less active against this enzyme than dicloxacillin. It rvas also

shown that the in vitro activity of methicillin alone against the RrRu

organisms was much less than that of dicloxacillin.

The competitive inhibition of the action of B-lactamase by

resistant penicillins or cephalosporins is usually reversible. However,

irreversible destruction of the enzyme by methicillin and other B-lact-

amase-resistant antibiotics are also reported (Citri and Garber, I962a,b;
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Gourevitch et a1 , I962a). In the search for therapeutic agents against

penicillin-resistant bacteria, it iè worthwhí1e to look for a competent

inhibitor that can act synergistically in combination rvith an active

but B-lactamase-sensitive antibiotic.

IV. METHODS OF TESTING COTíBTNED ANTIBIOTTC ACTIVITY:

Generally, there are two conventional nethorls in testing

conbined antibiotic activity:

A. In a liquid rnedium rvith subculturing.

B" By agar plate transfer methods.

Test in Liquid Medium ltlith Subculturing:

Martin et al (1952) adapted the conventional tube method of

testing the combined effect of antibiotics. l-le simplified it by using

a fixed antibiotic concentration. Antibiotics were addecl singly and

in conbination to tubes with constant volume of broth and were incubated
ôat 37"C. overnight with the test organism. The cultures rtrere plated out

for viable counts after a suitable periocl of incubation. Similarly, the

test system could be subcultured at hourly intervals or at sorne appro-

priate time during incubation at 37oC. to cletermine the rate of ki1ling.

The turbidimetric method rather than that of viable counting, was used

by Thomas and Hayes (1947) and Burnell and Kirby (1951) to estinate the

growth frorn surviving bacteria. This enables a rapid testing of 'êom-

bined antibiotic effect on a large sca1e.
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B. Transfer Methocls:

1. Lederbergrs replica plate methocl: - The replica plate

method was designed by Lederberg and Lederberg (1952). The method was

later modified and described by Elek, Hilson and Jewell (1953), Elek and

Hilson (1954) and Manten (1954, 1956). In this method, antibiotic im-

pregnated discs were placed on a uniformly inoculated plate. After

incubating the plates, zones of intribition were produced around the

discs containing antibiotics. A replica plate, inoculated by a velvet

pacl transfer from the original plate, indicated rvhether the zones of

inhibition contained any survivors. The combined action of antibiotics

was determined either b1' placing the discs of different antibiotics near

each other or by including both antibiotics in one disc. Although the

replica method is simple and gives significant results, one disadvantage

of it is that, the velvet pad only transfers about |eo of the bacteria

frorn the prinary plate.

2, Cellophane transfer method: - This method was originally

devised by Chabbert (1957). Chabbert and Patte (1960) and Garrod an<l

Irtaterworth (L962) used it for testing the bactericidal action of anti-

biotic conbinations. The method, as clescribed by Chabbert, consists of

applying strips of blotting paper impregnated rvith different antibiotics

on an agar p1ate. The paper strips were arranged at right angles to

each other to form a rectangle. The paper strips rvere then allowed to

stand for a short time on the agar surface to enable the antibiotics to

diffuse into the agar, They were then removed and a cellophane I'tambour"
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r{as applied (the inner surface of which was heavily inoculated with

the test organism). Both nutrients and antibiotics diffused through

the tanbour. After a preliminary incubation of six to eighteen hours

on the original plate, the tambour was transferred to an agar plate.

The surviving bacteria in the antibiotic impregnated areas would then

form colonies. In this method" the disadvantage described in the re-

plica plate technique is eliminated as all procedures are carried out

on the same surface. There is an additional advantage in that, the

action of the individual antibiotic alone and, in combination, can be

observed and compared at the same tine. In the critical area lvhere the

tu,o separate antibiotics meet at different points of their diffusion

gradients, Various degrees of antagonism or synergism between the anti-

biotics can be observed. I-lowever, the antibiotics carried over by the

cellophane tarnbour might cause inhibition of bacterial growth. Chabbert

and t{aterworth (1965) studied the "carry-over" of antibiotics by using

the cellophane transfer technique. They found that it r^tas important to

have a sufficient depth of agar in order that any carry-over of antibiotic

may be diluted out. It was also found that polymyxin B and colistin were

heavily adsorbed by cellophane. Thus, the cellophane transfer method is

not recommencled for use with polypeptide antibiotics '

In the tube tests, it is difficult to differentiate between

bactericidal or bacteriostatic action, unless the test samples are either

diluted to allow the survivors to grol{t or are plated out on nutrient agar

plates. The replica plate and cellophane transfer techniques are suitable

for testing the bactericidal effect of antibiotics '
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CHAPTER TII

MATERIALS AND METHOI]S

A. MATERIALS:

Antibiotics -

a. Penicillins - A total of nine penicillins were used:

Penicillin G Sodium Glaxo (Crystapen) obtained from Glaxo-Allenbury

(Canada) Ltd., Potassium Phenoxymethyl Penicillin tablets (V-Ci11in K)

obtained frorn Eli-Li1ly Ë Co. Ltd., Toronto, Canada; Potassium Phene-

thicillin, Sodium Methicillin, Ampicillin Trihydrate, and Sodium Oxa-

ci11in obtained from Bristol Laboratories, Syracuse, N.Y.; Octacillin

obtained from Hindustan Antibiotics Ltd., India; Cloxacillin Sodium and

Ampicitlin Sodium (Penbritin - 100 injectable used for mouse protection

tests) obtained from Ayerst Laboratories, Canada; Sodium Nafcillin

[Unipen) obtained from John l\'yeth and Brother (Canada) Ltd. , Ontario,

Canacla.

b. Cephalosporins - Four cephalosporins u.'ere used:

Cephalothin Sodium, Cephaloridine, Sodium Cephalosporin C and Cephalo-

glycin obtained fron E1i-Lilly and Company, Indianapolis, U.S.A.

Strains of Bacteria Employed

a. Staphylococci - A total of ten strains of staphyl-

ococci were used in the investigation. All are clinical isolates ob-

tained from the Bacteriology Department of the Winnipeg General Hospital,

with the exception of Staphyloco_ccus aureus Oxford 209P.
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b. Coliform bacteria - Four strains each of Escherichia

coli and Proteus sTt. and five strains each of Klebsiella-Aerobacter sp.

and Pseudomonas sp. were used. All of them were cliniôal isolates ob-

tained fron the Department of Bacteriologv, l{innipeq General Hospital.

On receipt, all staphylococcal strains were plated out imrned-

iately on blood agar nlates (B.A.P.) t'lcConky agar plates (I'l.A.P.) were

used for coliform bacteria. All plates were incubated at 37oC overnight.

Colonies were pickecl from the overnight B.A.P. or M.A.P. cultures and

inoculated in 20 m1s. of Brain Heart infusíon broth (B.fi.I.), incubated

at 37oC for eighteen hours on a rotary shaker at I2O revolutions per min-

ute, then streaked on nutrient agar slants. The purity of the cultures

was checked by a Gramrs stain. The slant cultures were then incubated

overnight and stored at 4oC as stock cultures.

3. Liquid Media for 'rin vitro" tests -

Brain heart infusion broth (B.H.I.) (Difco Laboratories, Detroit,

lr4ichigan, U.S . A. ) was used for cuLturing the bacteria.

Trypticase soy broth (T.S.B.) (Baltimore Biological Labora-

tories, Baltinore, Maryland, U.S.A.) was used as the nedium for all

in vitro tests. In our study on combined antibiotic activity, a liquid

medium was preferred to a solid medium for two reasons: I " various con-

centrations of two antibiotics could readily be accomplished with litt1e

variation in the final concentrations. This was desirable when experi-

nents were to be reneated several times.

2. the experi-

mental results could be read within trventy-four hours. Reproducible re-

sults were obtained I'rith the liquid medium by keeping the inoculum,
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incubation time and tenperature constant rvhile using the same concen-

trations of antibiotics.

The media were rehydrated according to the instruction of the

manufacturer, the pFI of the media was checked to be at 7.4.

4. N{ice -

C.F.hr. Swiss Albino female mice were supplied by Canadian

Breeding Laboratories, st. constant, La prairie co., Quebec. The mice

were kept on a regular diet of Victor Fox cubes and unlimited wat.er.

l{hen used for the experiments, they were five and one-half weeks old

(+ one-half week) and weíghed between 17 to 22 grams. The environmental

temperatuïe was kept at 72 to 74oF.

5. Mucin Additive for Mouse Protection Test -

l{ilsonrs granular mucin type 1701 l,l S% w/v was prepared by

homogenizing five grams of the mucin in 100 m1s. of distilled water in

a waring blendor for half an hour. It was freshly prepared for each

experiment, autoclaved and the pH adjusted to 7.2 to 7.4.

6. Mediurn for Penicillinase Production -

Peptone water was prepared by <lissolving ten grams of peptone

and five grams of sodium chloride in one litre of 0.2 Ir{ phosphate buffer

at pH 7.4 ttith gentle warrning. The medium rvas distributed in volumes of

200 m1s. per flask and autoclaved at fifteen pounds for fifteen ninutes.

The final pH was adjusted to 7 .4.

7. Penicillinases -

Penicillinases $rere prepared from Staphylococcus aureus 20137,
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Bacto-Penase, Difco, was
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Bacillus subtilis.

also employed

B. METHOI]S:

l. Standard Broth Culture

One loopful of bacteria from the nutrient slant stock culture

was inoculated in 20 mls" of brain-heart infusion broth. After inocul-

ation, the same loop was streaked on a blood agar plate (B.A.P.) to check

the purity of the culture. The broth was incubated at 37oC on a rotary

shaker for eighteen hours at L20 revolutions per minute.

2. Viable Counts -

Ten-fold serial dilutions were nade from an eighteen hour

standard broth culture in sterile 0.85% saline. Four drops were deli-

vered fron each dilution onto four quadrants of a B.A.P. by a standard

Teflon dropper pipette. The volume of each drop was 0.025 ml. The plates

were dried and incubated for eighteen hours at 37oC. The colonies from

each drop were counted and the sum of the four drops represented the

number of bacteria in 0.1 ml. of that dilution. The result multiplied

by the reciprocal of the dilution was taken as the number of bacteria

in 0.1 nl. of the orisinal broth culture. The mean average of three

experiments r^ras taken a.s the result and is recorcled in the Tables.

3. Tube Dilution Test -

The inciividual antibiotic was weighed out in smal

a solution of desired concentration by dissolving

amount of sterile distilled water. Small- amounts

A comnercial penicillinase,

1 anounts and

in an app-

(3 m1s.) were

made into

ropriate



dispensed into Bijou

sets of experinents.
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bottles an<I tvere kept frozen as stock solution for

The rough estimation of the M.I.C. of an antibiotic against

any strain of bacteria was determined by the serial dilution method ' Ten-

fold serial dilutions of an antibiotic solution lvere made in tTypticase

soy brorh (T.s.B.). one drop (0.025 ml.) of an eighteen hour standard

broth culture was added to each dilution. The contents were mixed with

a Vortex nixer (mode] K 500 J, Scientific Industries, Inc., Queens Vi1lage,

Nerv York) and incubatecl at 37oC for eighteen hours.

b . Final ninimal inhibitoly concentration (final I\l . I . c . )

The final M.I.c. was deterrnined fron the rough M.I.C. tit-

ration by taking the highest dilution of antibiotic that inhibited grot{tth

and making a series of two fold dilutions to the dilution that showed no

inhibition.

Checkerboard Method of Antibiotic Combination:

The l,t.I,C.s of the thirteen antibiotics against all the bact-

erial strains employed were determined. In order to measure conbinecl

activity of two antibiotics, half I't.I.C. and concentrations below half

M.I.C. of each antibiotic l{ere set up against half lt'l.I.C. and concen-

trations below half Ir4.I.C. of ampicillin in a "checkerboard" manner as

shown in Figure 4. X{.I.C. control of each antibiotic; broth control for

its sterility and a positive culture control were included' To each tube

in the test, with the exception of the broth sterility control, one drop

of the eighteen hour standard broth culture was added ' The content of

a. h \'linimal Inhibitory Concentration (rough M. I . C . )
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the tubes was mixed rvith a Vortex mixer, and incubated at 37oC for

eighteen hours. The tubes were checked for visible growth after in-

cubat ion .

5. l'{ouse Protection Test:

The penicillins or cephalosporins that showed synergism

with ampicillin against Staphylococcus aureus 209 P in vitro were tested

for their combined protective effect in mice against experimental in-

fection.

a. Ranclomi zation - I{ice were randornized by numbers.

Each cage was assigned a number and there was a fixed number of cards

corresponding to the cage. lVhen a card was draln, a mouse was picked at

random and put into the cage corresponding to the number of the card

picked.

b. Standardization of the Culture - A blood agar plate

was seeded with S. aureus 209 P to give a confluent growth. After eight-

een hours of incubation, the culture was harvested with 2 mls. of 0.85%

saline. An even suspension was made with a pasteur pipette. The sus-

pension was standardized luith a Klett-'sumrnerson photometer, using a No. 42

filter, to give an absorbance of 300 Klett units. A saline blank was

used for the zero adjustment.

c . Dose Response curve - Groups of ten miCe each, \^Iere

given various challenge doses of standardized bacterial suspension intra-

peritoneally. The animals were kept for seven clays for observation. The

lowest closage that gave a I00e" mortality was taken as "the Challenge

doset' for subsequent experiments, The experiment was repeated three times.
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d. Pilot Tests - Various concentrations of anpicillin

and a penicillin rvere prepared by dissolving calculated amounts of each

antibiotic in appropriate volumes of sterile distilled water. Five nice

each, were used for each antibiotic concentration. The drugs were given

intramuscularly in the thigh. Inmediately after the drug treatnent, the

animals were challenged intraperitoneally with the standardized "challenge

dose". Controls included a group of mice challenged with bacteria only

and, groups of mice given each of the antibioticsalone. The mice were

kept under observation for seven days and the number of deathswas recorded

daily. The dosage of antibiotic that gave protection to tt{o or three nice

out of five r,vas tested again, using ten nice in a group. The pilot test

was repeated at least twice, in order to establish a guide line for

clioosing the correct drug concentrations in the exÞeriments on combined

drug therapy.

e. The Final Mouse Protection Test with S. Atlreus 209 P

As Challenge Organism - It'lice were randonizecl and kept in groups of ten.

Penicillin and ampicitlin were administered intramuscularly at appropriate

dosages both singly and in combination in 0.5 ml. amounts. Immediately

after the administration of the clrugs, a challenge dose of S. aureus

209 P was given intraperitoneally. A control group of mice r'¡ith a chall-

enge dose alone, was included. The whole proceclure was completed within

one hour. The mice were kept under observation for seven days.

f . S. aureus 20137 with l'4ucin Additive as Challenge

Organism - S. Aureus 20137 was less virulent to the strain of mice used

than the S. auïeus 209 P culture. In order to keep the standatdizeð
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STA N DARDIZED SUSPENSION OF S. AUREUS 2O9 P

(dosoge in /^1. )

Fig.5 DosE RESPoNSE cURVE
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'rchallenge dose" within the limits of accuracy r,rith the Klett Summerson

photometer, mucin was used to enhance the virulence of this strain of

staphylococci. An overnight B.A. culture was harvested and standard-

ized in the same way as S. aureus 209 P culture. A No.42 filter was

used and the culture was adjusted to 350 Klett units. Five per cent

(w/v) nucin vias prepared and diluted 1:2 with equal volume of 0.85%

saline. An equal volume of diluted mucin and bacterial suspension (350

Klett units) was rnixed and was reacly for use. In this experiment, an

additional rnucin control rvas included where the mucin was diluted l:4

in saline and lvas given alone intraperitoneally to a gÏoup of ten mice.

g. Other Bacterial Strains as Challenge Organisms -

E. coli 4007 and Klebsiella-Aerobacter sp. 4341 were also used for the

nouse protection test. The challenge dose of E. coli 4007 lvas standard-

ized to 280 and that of Klebsiella-Aerobacter sp . 434I to 180 uníts in

the Klett machine. Both of these strains were used without a mucin add-

itive.

Exneriments lllith Penicillinases :

a. Production of Penicillinases:

Bacillus cereus spores were obtained from the Cadham Public

Health Laboratories, Ialinnipeg. The spores were allorved to germinate in

brain heart infusion broth (B.H.I.). The broth culture was plated out

on a blood agar plate. Colonies were picked and inoculated into 20 mls.

of B.H.I. broth. One loopful each of the slant stock cultures of

Pseudornonas sp. 3895 and Steplylococcus aureus 20137 was also inoculated

6.
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in 20 mls. of B.H.I. broth in separate flasks. The cultures were incub-

ated at 37oC for eighteen hours with constant agitation. Four m1s' of

each of the above three broth cultures were inoculated into three flasks

containing 200 mls. of buffered peptone water. The flasks were shaken

for eighteen hours at roon temperature. Benzylpenicillin G was added

to each flask to give a concentration of one unit per ml. and the flasks

were shaken for another twenty-four hours at room temperature' Peni-

citlin was then aclclecl to give a concentration of five units per ml '

After a further twenty-four hours incubation final additions of peni-

cillin were made in follor^ring steps. An increase of five units per mI '

of penicillin rvas rna<le a hourly intervals until the final concentration

of twenty-five units per ml. vras reached. Then, a single addition of

penicillin tuas nade to bring the final concentration of penicillin to

fifty units per m1. The cultures were then allowed to grol for another

twenty-four hours, after rvhich, they were centrifugated at 35,000 r'p'n'

in a Spinco model L preparative Ultracentrifuge for fifteen rninutes ' The

supernatanrs were passed through a Mitlipore filter with pore size of

o.4SP. The filtrates rvere kept at 4oC and labellecl as "crucle prepar-

ation of penicillinases". one ml. of the crude penicillinase rvas added

to nine m1s. of T.S.B. ancl incubatecl at 37oC overnight, in order to

check the sterility of the preparations'

b. penicillinase Titration - one ml. of the crude pen-

icillinase preparation was added to tubes containing various amounts of

benzylpenicillin. The contents of the tubes t"¡ere mixed and incubated

at 37oC for half an hour. One drop of the eighteen hour broth cttlture
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of S. aureus 209 P (M.I.C. <I unit/ml. of penicillin G) was then addecl

to each tube. 'fhe potency of the penicillinases hras calculated from the

corresponding amount of penicillin G destroyed. The tubes that shorved

a visible growth after an eighteen hour incubation period at 37oC would

indicate that the penicillinase had destroyed penicillin to an ineffective

level. The above experiment was carried out rvith the three penicillinase

preparations and the comrnercial penicillinase, Bacto-Penase, Difco.

7. Testing the Effect of Penicillinases on Ampicillin in

Combination with Penicillins or Cephalospsr:in::

Penicillinases rr¡ere diluted in sterile distilled lvater to give

a concentration of approximately two units per ml. (penicillinase in the

test system was always in a slight excess). Arnpicillin was tested alone

and in combination rvith a B*lactam antibiotic for penicillinase suscep-

tibility using S. aureus 209 P as the indicator strain. Controls in-

cluded wer:e penicillin G alone, penicillin G plus penicillinase, peni-

cillinase alone, broth alone, heated penicillinase plus pènici1lin G and

heated penicillinase plus ampicillin (Penicillin G and ampicillin were

in M.I.C.) The penicillinases were heatecl by autoclaving at 250oF for

twenty minutes. The final volune in the tubes nas ten m1s. The test

organism (one drop of eighteen hour broth culture of S. aureus 209 P),

was adcled to the test systern (except the penicillinase and broth sterility

controls) after the penicillinase lvas allowed to react with the peni-

cillins at 37oC for half an hour. The test was read for visible grorvth

after an eighteen hour incubation Feriod at 37oC. The above experirnent

was carried out with penicillin G and other penicillins and cephalosporins
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CHAPTER IV

EXPERIN{ENTAL RESULTS

I. IN VITRO TESTS

A. The Minimal Inhibitory Concentrations (M.I .Cs. ) :

1. Aeainst Staphylococcus aureus - Thirteen B-lactam anti-

biotics h'ere tested aSainst ten strains of S. aureus. Only three strains

were found to be sensitive to less than one microgram Þer ml. of the

penicillinase-sensitive penicillins userl. The minimal inhibitory con-

centrations of the penicillins against these three strains (209 P, 35667,

and 37650) are shown in Table I (page 44). A1l other strains of S. aureus

(19993, 20137, 20165, 2I3I2, 2I3I3, 11965 and 28628) showed resistance to

more than one hundred nicrograms per ml. of all the penicillinase-sensitive

penicillins used. The M.I.Cs. of the penicillinase-resistant penicillins

(oxacil1in, cloxaci1lin, methicillin and nafcillin) against al1 the

staphylococcal strains tested are shown in Table II (page 4-5). ft was

found that, the penicillinase-resistant penicillins were, in general, less

potent against the sensitive strains of staphylococci than the penicill-

inase-sensitive penicillins. Of the four cephalosporin antibiotics

tested, only cephalothin and cephaloridine were active against the sta-

phfrzlococci. The M.I.Cs. of the four cephalosporins against the ten strains

of S. aureus are shown in Table III, (page 47).

2. Against Gram NegatiV,e Bacilli - Thirteen B-lactam anti-

biotics were tested against five strains each of Klebsiella-Aerobacter sp.
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TABLE II

T,IINIMAL INIIIBITORY CONCENTRATTONS OF PENICILLINASE-RESISTANT

PENICILLINS AGAINST STAPTIYLOCOCCUS AUREUS STRAiNS

(Concentration in fJ lnl.)

OXACILLIN CLOXACTLL]N METHICILLIN NAFCI LLINSTRAIN

209 P

35667

57650

I 9993

20137

201 65

213I2

2t3I3

2r965

28628

^/l

ñ)

0.6

1.0

0.8

1.0

0.8

100

7^

2.0

0.4

0.4

0.6

NR

0.4

0.8

0.8

100

0.8

1.0

1Ã

AQ

4.0

3.0

1.0

4.0

/l^

100

4.0

^^

AA

0"2

0.4

0.4

0.4

0.4

0.4

3.0

0.4

0.6
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TABLE III

MINTT{AL TNHIBITORY CONCENTRATTONS OF CEPTIALOSPORINS AGAINST STAPHY.

STRAIN

209 P

35667

37650

I 9993

20r37

20165

2T3L2

2L3T3

2r965

28628

Ceph. C.

Ceph.

CEPH. C

100

100

80

100

100

100

100

100

100

100

CEPH.

n?

0.2

0.4

)^

0.8

?n

0.8

100

?o

2.0

-glycine

-idine

Cephalosporin

Cephalothin

LOCOCCUS AUREUS STRAINS

-GLYCIN

100

2.0

6.0

100

100

100

100

100

100

100

- I DINE

0.06

0.02

n'l

20

100

100

100

100

100

20

Cephaloglycin

Cephaloridine
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(434I,4293,8268,8956 and sp. II) and Pseudomonas sp. (4133,3895,

8059, 8151 and 7682); and four strains each of Proteus sp. (8422,

8479.8544 and 8237) and Escherichia coli (4007, 4009, 3893 and 4166)'

Al1 the pseudomonas and Klebsiella-Aerobacter strains (except 4341 and

4293) lvere resistant to more than five hundred micrograns of all the

thirteen antibiotics used. Among the penicillins, benzylpenicillin G

and ampicillin were nore active against gram negative bacteria. Pheno-

xymethyl penicillin (penicillin V), phenethicillin, octacitlin and the

penicillinase-resistant penicillins were not active against any strain

of the gram negative bacteria tested even at a concentration as high as

five hundred micrograms per nl. All the four Prroteus strains were re-

sistant to the penicillins. Cephalosporin antibiotics were more active
\

than penicillins against gram negative bacteria, especially against the

Proteus sp. and the E. coli strains. The M.I.Cs. of penicillin G, an-

picillin and the cephalosporûns against the sensitive strains of Kleb-

siella-Aerobacter sÞ., E. coli and Proteus sp. are shown in Table IV'

K Definitions:

synergisn is defined as the condition in which no visible

grorvth is observecl when less than one-half M.I 'C' of one

antibiotic is combinecl rvith one-half or less than one-ha1f

I,l.I.C. of ampicillin.

Antagonisrn is defined as the con<lition in which visible

grohrth is observed when one-half or more than one-half of

the Ir4.I.C. of the trvo antibiotics are combinerl"

Additive action is defined as the condition where no visible

growth is observed when one-half N'l.I.c. of an antibiotic is
3.
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combined with one-half lr'Í. I . C . of ampicil l in.

4. "Not interfering" is defined aS the condition t,¡here re-

duced bacterial gror,vth occurs when a fixed concent1ation

$Of ln) of an antibiotic (the M.I.C. of rvhich is more

than 100/and was not determinecl) is adcled to one-half or

less than one-half lv1.T.C. of another antibiotic.

C.

i. Against Penicil]in-sensitivg Sl4Évþ!g!gl:

The results of the antibiotics in combination with ampi-

ci1lin against the sensitive strains of Staphylococcus aureus 209 P,

35667, and 37650 are presented in Tables V, VI and VII respectively.

In seventy-five percent of the cases, synergism was observed.

2, Against Penicillin-resistant Staphylocoqci:

The results of the antibiotics in conbination rvith antpi-

cillin against the resistant strains of S. aureus 19993,20137,20165,

21312, 2I3I3 and 21965 and 28628 are presented in Tables VIII, IX, X,

XI, XII, XIII ancl XIV respectively. In most cases, the penicillins and

cephalosporins did not interfere with the activity of ampicillin in the

system. Oxacillin ruas observed'to have combined synergistically with

anrpicillin against S. aureus 21312, 21965 anð 28628 while it actecl

antagonistically against S. aureus 20137. Antagonism was also observed

in the case of methicillin and ampicillin combination against S. aureus

19993 and 20165. (Tables XV, SVI and XVII) Cephalothin was observed to

act synergistically with anpicillin against S. aureus 21312 and 28628'
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TABLE V

ANTIBIOTICS IN CON4BINATION WITH AI.,IPICILLTN AGAINST S. AUREUS 209 P

(Concentration in lJ /n .)

ANTIBIOTICS

A

Penicillin G

Penicillin V

n

Phenethicil iin

l\
Octacillin

A
Oxaci I I in

A
Cloxacillin

l\
tdethicillin

A
Nafci I 1 in

n
Cephalothin

A
Cephaloridine

N,f.I.C.

0 .06

0.04

0 .08

0. 08

0.4

0.4

I.4

0.4

ñ)

0.06

CONCENTRATIONS
USED IN COMBINATIONS

0.005 to 0.03

0.0025 ro 0.02

0.01 to 0.04

0.01 to 0.05

0.1 to 0.4

0.15 to 0.3

0. 1 to 2.0

0.1 to 0.4

0.025 to 0.1

0.01 to 0.04

COMBINATIONS TTIAT

GIVE NO VISIBLE GROII¡TH

0.06
0 .03

on?
nn?

0 .03
0 .04

0.02
0.04

0.02
0.2

0.04
0.2

0.03
1.0

0.03
ñ?

0 .03
0.1

0.06
0.02

0 .05
0 .01

0 .04
0.03

0 .05
0.03

0.05
0.5

0.05
0.075

A= Anrricillin (M.I.C. - 0.L2 Concentrations used

0.02 ro 0.06 ).

in combinations were



TABLE VI

ANTIBIOTICS IN COT4BINATION WITH A\,IPTCILLIN AGAINST S. AUREUS 35667

(Concentration in fl /m1.)

ANTI BIOTI CS

¡\
Penicillin G

Penicillin V

Phenethicil I in

Octacillin

n
Oxaci 1 1 in

A
Cloxacillin

n
Methicillin

Nafcillin

A
Cephal othin

A
Cephaloridine

Cephaloglycin

lvl. I.C.

0. 04

0 .04

0 .06

0 .08

n7

0.4

0.8

0.2

i?

0.02

)(\

CONCENTRATIONS USED

TN COMBINATIONS

0.005 to 0.02

0.005 to 0.02

0 .005 to 0. 03

0.01 to 0.04

0.025 to 0.1

0.05 to 0.2

0.1 to 0.4

0.025 to 0. I

0.025 to 0.1

0.0025 to 0.01

0.25 to 1 .0

COI{BINATIONS TIJAT GIVE
NO VISIBLE GROIVTH

0 .02
0.02

0. 02
0.02

0 .03
0 .03

0 .03
0 .04

0.02
0.i

o)
0.2

0 .04
0.4

0.02
ô1

0 .0i
0.1

0. 04
0.01

0.01
1.0

0 .04
0 .0I

0.04
0.01

0 .04
0.02

0 .04
0.02

0 .04
0 .05

0.1
0.1

ñ?
(\)

0 .04
0 .0s

0.03
nnq

0 .03
0.5

A = Ampicillin (M.I.C. - O.Oøpfnl"Concentrations used in combinations were

0.01 ro 0.04)
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TABLE VII

ANTIBIOTICS IN CON,IBINATION h'ITH AMPICILLTN AGAINST S. AUREUS 37650

(Concentration in | /nt.)

ANTI BIOTICS M. I .C. CONCENTRATIONS USED

IN COIvIBINATIONS
COMBINATIONS THAT GIVE
NO VISIBLE GROI\TTH

l\

Penicillin G

Penicillin V

Phonethicillin
l\

Octacillin

Oxaci 1 1 in
.É\

Cloxacillin
,¿l.

It'lethici 1l in

Nafcillin

Cephalothin

Cephaloridine

Cephaloglycin

Cephalosporin C

A = Ampicillin

0.05 to 0.2

0.05 to 0.2

0.02 to 0.05

0.02 ro 0.05

0.05 to 0.3

0.05 to 0.3

0.5 to 2. 0

0.05 to 0.2

0.05 to 0.2

0.02 to 0.05

0.5 to 3.0

0.1

0.2

0.1

0.2

0.1

0.5

0.1

0.1

0.1

0.1

0 .075

0 .03

nl

0.5

0.1

20 .0

combinations

0.4

0.4

o1

0"1

0.6

0.6

â.o

0.4

0.4

0.1

6.0

80.0

(M.r.c.

0 .0s

{\)
0.05
n?
0. 07s

0 .05

n1

0.04

0.075
n?
0.075

0.3

0.025
)^
0 .05

n2
0 .025

n)
0 .05

0 .05

0"0s

3.0

0 .05

40.0

used in

0.1

0.i
n1

0.1
nt

0 .03

10.0

- 0.2 y/n11'

to 40.0

Concentrations
0.025 ro 0i1 )
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Cloxacillin and cephaloridine also acted synergistically with ampi-

ci1lin against the 28628 strain.

3. Against Col_iform Bacteria -

The results of the antibiotics in combinati.on rvith ampi-

cillin against E. coLi strains are shown in Tables XVIII and XIX,

against Klebsiella-Aerobacter sp. are shown in Table XX, and against

Proteus sp. strains are shot+n in Tables XXT, XXII, XXIII and XXIV.

In all but one itistances (cephaloridine plus ampicillin against Proteus

sp. 8479 in Table XXIV) the cephalosporins were found to act syner-

gistically with ampicillin against the gram negative bacteria tested-

Ii

A. ViabIe Counts:

MOUSE PROTECTION TEST

Viable counts of the eishteen hour broth cultures of S. aureus

209 P, 19993, 20165 and 20137; E. coli 4007; Klebsiella-Aerobacter sp.

4143, and Pseudomonas sp. 3895 were carried out. Viable counts were

also carried out with the "standardized challenge doses" of S. aureus

209 P and 20137; E. coli 4007 and Klebsiella-Aerobacter sÌ1. 434I to

calculate the nunber of cells required for the challenge dose in the

in vivo nouse protection test. The results are shown in Table XXV.

R Conbined Therapy:

The results of combined therapy on S. aureus 209 P experimental

infection in rnice are presented in Figure 5 to 9. In vitro conbination

of ampicillin and oxacillin showed antagonism against S. aureus 20137-

The sane antibiotic pair was tested in mice against S. aureus 20137
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TABLE VIIi

ANTIBIOTICS IN COI',IBINATTON IVITFI AMPICILLIN AGAINST S. AUREUS 19993

ANTIBIOTICS M.I.C. CONCENTRATIONS USED COMBINATION TI.IAT GIVE
IN CO}",IBINATIONS NO VISIBLE GROIVTH

100 50

Oxacillin 1.0 0.2 to 0.5

100 50

Cloxacillin 0.8 0.1 to 0.4

A 100 50

Methicillin 3.0 0.5 to 2.0

Antagonism

100 50

Nafcillin 0.4 0.05 to 0.2

100 50

Cenhalothin 2.0 0. 25 to I . 0

A = Ampicillin

G = Visible Growth was observed

(Concentration inp/mf .)
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TABLE IX

ANTIBIOTICS IN. COMBINATION WITH AIiIPICILLIN AGAINST S.. AUREUS 20.37

(Concentration in H/m1. )
I

ANTIBIOTICS I\,I. I . C. CONCENTRATIONS USED COMBINATION THAT GIVES
IN COMBINATIONS NO VISIBLE GROWTH

100 50 Antagoni sn

Oxacillin 0.8 0.05 to 0.4

A 100 50

Cloxacillin 0.4 0.05 to 0.2

A 100 50

Methicitlin 1.0 0.2 to 0.5

A 100 50

Nafcillin 0.4 0.05 to 0.2

100 50

Cenhalothin 0.8 0.1 to 0.4

A = Ampicillin

G = Visible growth was observecl.
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TABLE X

ANTIBIOTICS IN CON,IBTNATION II'ITH AMPICiLLIN AGATNST S. AUREUS 20165

(Concentration in lJ /nt.)
I

ANTIBIOTICS M.I.C. COIùCENTRATIONS USED COMBINATIONS THAT GIVE
TN COMBINATIONS NO VISIBLE GRO¡ITH

100 s0

Oxacillin 1 .0 0.2 to 0.5

A 100 50

Cloxacillin 0.8 0.1 to 0.4

100 50 Antagonism

Methicillin 4.0 0.5 to 2.0

A 100 50

Nafcillin 0.4 0.05 to 0.2

A 100 50

Cephalothin 2.0 0.25 to 1 .0

A = Ampicillin

G = Visible Grorvth was observed.
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TABLE XI

ANTIBIOTICS IN COIUBiNATION I,{ITH AN{PICILLIN AGAI}IST S. AUREUS 2I3I2

lf'nn¡anfrqf ' ' ì¡' ' t
\vv¡¡vv¡,-^*-1On rn y /mr. )

ANTIBIOTICS M. I . C. CONCEI'ITIìÂ.TIONS USED COMBINATIONS TFIAT GIVE
IN COÌ\,IBINATIONS NO VISIBLE GROI\TI-{

100 50 50

0.3

U

Oxacillin 0.8 0.1 to 0.4

100 50

Cloxacillin 0.8 0.1 to 0.4

A 100 50

l'{ethicillin 4.0 0.5 to 2.0

A 100 s0

Nafcillin 0.4 0.05 to 0.2

A 100 s0 50

Cephalothin 0.8 0.1 to 0.4 0.4

A = Ampicillin

G = Visible growth was observed.
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TABLE XI I

ANTIBIOTICS IN COMBINATION I{TTH AMPICILLIN AGAINST S. AUREUS 2I3I3

(Comcentration íny' lnl.)

An.TIBIOTICS IvI.I.C. CONCENTRATIONS USED COMBINATÏONS THAT GIVE
IN COT,ÍBINATIONS NO VISIBLE GROI{TH

100 50

Oxacillin 100 50

100 s0

Cloxacillin I00 50

100 50

Methicil lín 100 50

100 50

Nafcillin 310 0.25 to 1.5

100 50

Cephalothin 100 50

A = Anpicillin

G = Visible growth was observed.
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TABLE XIIÏ

ANTIBIOTICS IN COI''ÍBINATION IVITH AMPICILLIN AGAINST S. AUREUS 21965

(Concentration inf /mt.)

ANTIBIOTICS T .I.C. CONCENTRATTONS USED COMBINATIONS THAT GIVE
TN COMBI¡IATIO}]S NO VISIBLE GROITTH

A 100 50 50

Oxacillin 2.0 0.25 to 1.0 0.75

A10050G

Cloxacillin 0"8 0"1 to 0.8

A 100 s0

Methicillin 4.0 0.5 to 2.0

A 100 50

Nafcillin 0,4 0.05 to 0.2

A 100 50

Cephalothin 2.0 0.25 to 1 .0

A = Ampicillin

G = Visible growth t,¡as observed.

Li
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TABLE XIV

ANTIBIOTTCS IN COMBINATTON I\'TTH A¡4PICILI,IN AGAINST S. AUREUS 28628

(Concentration in ll ¡nt .7

ANTIBIOTICS MTf- CONCENTRATIONS USED

IN CON4BINATÏONS

50

0.25 to 1.0

50

0. 2 to 0.5

50

0. 5 to 2.0

50

0.05 to 0.3

50

0.4 to 1.0

50

4.0 to l0

CON,ÍBINATIONS TI-IAT GIVE
NO VISIBLE GROI{TFI

50

1.0

50

0.5

\l

A

Oxacillin

Cloxacillin

A

Methici 1 1 in

¡t

Nafcillin

A

Cephal othin

A

Cephaloridine

100

)^

100

1.0

100

4.0

100

0.6

100

2"0

100

20

50

L.7s

50

10

S=

Ampici I 1 in

Visible growth was observed.
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TABLE XV

THE COIvIBINATION OF AMPICILLIN WITII OXACTLLIN AGAINST S. AUREUS 20137

(Concentration in p/m1 . )

OXACILLIN (Ox) | O Ox 0.2 0x 0.4 0x 0.5
\y

AMPICILLIN (A)0 r +++
7

n

A

A

50 +++ ++

100 +++ ++

200 +++ ++

++

++

++

++

++

++

+ Visible Growth Broth Sterility Control

++ Turbid Growth

+++ Fleavy Growth

- No visible Grorvth
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TABLE XVI

TTIE COTIBINATION OF AMPICILLIN I'JITH IvTETHICILLIN AGAINST S. AUREUS 19993

(Concentration in 
,{l /mt . )

METHTCTLLIN (M.) I o
v

AMPICILLIN (4.) L+ +++

M 1.5 M 3.0

++

A 50 +++ ++

A 100 +++ ++

A 200 +++ ++

+ Visible Growth Broth Sterility Control -

++ Turbid Growth

+++ l'leavy Growth

- No visible growth

+

+

+
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TABLE XVII

THE CON,IBINATION OF ANIPICILLIN hI]TIJ METHICILLIN AGAINST S. AUREIJS 20165

(Concentration in f /nI.)

Ì\,IETHICILLIN(NT)I O M2.O M4"O
Y

AMPICILLIN (A)q__+ +++ + -

A 50 +++ +

100 +++ +

200 +++ +

+

+

+

+ Visible Growth Broth Sterility Control -

++ Turbid Grolvth

+++ Heavy Gror^lth

- No visible Growth
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TABLE XVIII

ANTIBIOTICS IN COMBINATION I\ITTH AMPICILLIN AGATNST ESCTIERICITIA COLI 4OO7

(Concentration in fl/ml . )

ANTI BIOTICS T'I. I . C. CONCENTRATIONS USED COì\'IBTNATIONS THAT GIVE

IN COI"IBINATIONS N0 VISIBLE GROIVTH

A

Penicillin G 60 5.0 to 30

Cephalothin 30 2.5 to 15

Cephaloridine 10 2.0 to 5'0

qn

30

2.0 4.0

15 10

2.0 5 .0

5.0 2.0

A + Ampicillin (M.i.C, = l}/J/nI. Concentrations used in Combinations were

2.0 |tto 5.of ).
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TABLE XIX

ANTIBIOTICS IN COT4BINATION ITJITH AMPICILLIN AGAINST ESCHERICFIIA COLI 4OO9

(Concentration in f /m1.)

ANTIBIoTICSN,I.I.C.CONCENTRATIoNSUSEDCoN,IBINATIONSTHATGIVE
IN COMBINATIONS NO VISIBLI] GROI^ITH

Penicillin G 80 10 to 40

Cephalothin 30 2'5 to 15

A

Cephaloridine 10 2'0 to 5'0

5.0

40

2.0 5.0

15 10

2.0 5.0

s .0 2.0

A = Ampicillin (\{.I.C. = L\lt/nl. Concentrations used in Combinations l{ere

2.0 to 5.0 ) .
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TABLE XX

ANTIBIOTICS IN COIV'BINATION WITH AN,IPICILLIN AGAINST KLEBSIELLA-AEROBACTER SP.

(Concentration ín 11/nL.)

STRAIN ANTIBIOTICS IvI.I.C. CONCENTRATTONS USED COMBINATION THAT GIVE

IN COIVIBINATIONS NO VISIBLE GROI\ITFI

4293 A 500 50 to 300 100

Cephalothin 20 410 to 10 10

4293 A 500 10 to 300 300

Cephaloridine 20 4.0 to 10 10

40 2.5 to 20 2.5 10434I A

434t A

Cephalothin 60 5.0 to 30

40 2.5 to 20

Cephaloricline 10 1.0 to 5.0

30

2.5

A^

10

sp. II A 150 20 to 80 40 80

Penicillin G 150 20 to 60 60 40

A = Ampicillin
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TABLE XXI

ANTIBIOTICS IN COMBINATION I{ITH AI'IPICILLIN AGAINST PROTEUS SP. 8544

(Concentration in lJ /nl .)

ANTIBIOTICS T{.IC. CONCENTRATIONS TISED CONCENTRATiONS TTIAT GTVE

IN COI''IBINATIONS N0 VISIBLE GROIIJTH

200 10 to 40

Penicillin G 10 to 80

A 100 20 to B0 20

Cephalothin 5.0 to 50 25

A 20to80 20 B0

Cephaloridine 40 2.5 to 20 20 2'5

A = Ampicillin

M.I.C. = Iíoþlnt.

G = Visible grolth lvas observed'
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TABLE XXIÏ

ANTIBIOTICS IN COI''IBINATION Ì{ITH AMPICILI,IN AGAINST PROTEUS SP. 8422

(Concentration in P/ml.)

A = Anpicillin

tvt.I.c. = 80 lJ/^t.I

ANTIBIOTICS M.I.C. CONCENTRATIONS USED CONCENTRATIONS THAT GIVE

IN CONIBINATIOTIS NO VISIBLE GROI{TH

A 100 10 to 40 10 20

Cephalosporin C 5.0 to 50 15 5.0

A L0to40 20 30

Cephalothin 20 1.0 to 10 l0 5.0

A 10to40 20 40

Cephaloridine 20 1.0 to 10 10 5.0
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TABLE XXIII

ANTIBIOTICS IN COI',IBINATION I.VITH AMPICILLIN AGAINST PROTEUS SP. 8237

(Concentration in p/nt . )

ANTIBIOTICS T,I.I .C. CONCENTRATIONS USED CONCENTRATIONS TTIAT GIVE
IN COMI]INATIONS NO VTSIBLE GROÍITH

A 10to40

Cephalosporin C 50 10 to 25

A 10to40

Cephalothin 20 l'0 to 10

A 20to80

Cephaloridine 40 5.0 to 20

10

10

10

10

20 80

1520

A = tunpicillin

M.r.c. = 160 lJt*t.
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TABLE XXIV

ANTIBIOTICS IN COMBINATION I^IITH AMPICILLIN AGAINST PROÎEIJS SP. 8479

(Concentration in ll/nI.)

ANTIBIoTICS l,,f .I.C. CONCENTRATIONS USED CONCENTRATIONS THAT GIVE

IN COI'{BINATIONS NO VISIBLE GROWTH

¡\

Cephalosporin C

50 10 to 25 20

10

80

40Cephaloridine 80 1.0 to 40

A = Ampicillin

M.I.C. = L60f/n7.

Concentrations used in combination: 20//nL to \1fJ/nL
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(r,rith mucin additive) and the result is shown in Figure 10. It can

be seen that antagonisrn r^Ias not apparent in vivo. Ampicillin and

cephaloridine r^rere also used against experimental infections by

E. coli 4007 and Klebsiella-Aerobacter sp, 434I. The results are shotvn

in Figure 11 and 12 respectively. In no case, did penicillin or ceph-

alosporin antagonize the activity of ampicillin. Ln 75'o of the cases,

the combination of a penicillin or cephalosporin rvith ampicillin pro-

tected the nice better than either antibiotic when used alone.

III. EFFECT OF PENICILLI}.I OR CEP}IALOSPORIN ON AMPICILI,IN

I{IIIENI THEY ARE EXPOSED TO PENICILLINASES:

The effect of four penicillina.ses (produced by S. aureus

20137, Pseudomonas sp. 3895, Bacillus subtilis and a commercial pen-

icillinase, Bacto-Penase, Difco) on ampicillin r^rhen combined with pen-

ici llinase-sensitive penici I lins, rr'ith penicil linase-resistant peni-

cillins an<l rvíth cephalosporins was tested, employing 9r_gql""t 209 P

as the test organisn. The results are shown in Tables XXVI, XXVII,

and XXVIII respectively. It r'ras found that hydrolysis of arnpicillin

by the four penicillinases was not inhibited by the penicillins or

cephalosporins.
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TABI,E XXV

VIABLE COUNTS TN STANDARDIZED BROTH CULTURES AND IN STANDARDIZED CHALLENGE DOSES:

CULTURES NO. OF VIABLE UNITS NO. OF VIABLE UNITS

PER NIL. OF BROT}{ PER MI,. OF CHALLENGE DOSE

2.0 x 109S. aureus 20g P 2.84 x 109

S aureus 19993 2.0 x 109

S. aureus 20165 1.6 x 109

S. aureus 20137 2.19 x 109

E. coli 4007 3.5 x 109

1.15 x 109

2.63 x 109

8.4 x 108
Kl eb . -Aerob .

sp.

Pseudomonas
sp.

4143 3.65 x I09

3895 2.3 x t09

(The data presented are the averages of three experiments)
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(Average of 3 Exp.)
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CHAPTER

DISCUSSION

It is well known that penicillins are generally more active

against gran positive bacteria than against the gram negative ones. ït

is also knoln that penicí11in resistance found anong gram positive cocci

is largely due to their ability to procluce B=lactamases. B-lactamases

have a very wide distribution among bacteria. Smith and Hamilton-N4i11er

(1963a) showed that, gram oositive bacteria prociuced B-lactamases with

h.lgher activation energies than those produced by gram negative bacteria.

Thus, B-lactanases from gram negative organisms are nore effective as

catalytic agents than those from gram positive sources. 0n1y the enzymes

of gram positive species have been shown to be liberated physiologically

into the environment to a significa.nt extent and are markedly inducible.

Enzymes from gram negative bacteria are ce11 bound and the <lisrupted cel1

preparations often show B-lactamase activity several times higher than

the whole ce11 preparation. (Smith and Flamilton-Mi11er, 1963b). Pollock

(1961) showed unequivocally that, B-lactamase is responsible exclusively

for penicillin resistance among nany gram positive bacterial species.

In our investigation, among the ten staphylococcal strains tested, seven

were penicillin-resistant strains. There is a great difference in the

l.'l.I,C. between the penicili-in-sensitive and penicillin-resistant strains

of staphylococci (<tl/^lto2loo|) .

V

strains are mainly due to their

the penicillin sensitive strains

The high M.I.Cs. of the resistant

ability to produce B-lactamases. Among

studied. it is evident that there are
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individual differences in their resistance to penicillins and cephal-

osporins. The Ir{.I.Cs. of the penicillinase-resistant penicillins tr'ere

observed to be higher than the M.I.Cs. of the penicillinase-sensitive

penicillins when tested against the penicillin-sensitive staphylococcal

strains. It may be partly due to the difference in their molecular

weights an<l also to the difference in sicle chain structures. The side

chain structure of a penicillinase-resistant penicillin is responsible

for the low affinity of the peniciliin for the B-lactarnases, The same

structure may also confer to the penicillin a Low affinity for the

transpeptidases rvhich are responsible for bacterial cel1 wal1 synthesis.

Among the penicillinase-resistant penicillins, methicillin is the Least

active. Presumably, the ttvo methoxy-groups on the benzene ring that

provide a steric hindrance to the penicillinase also hinders its ability

to combine with the transpeptidase. No correlation between penicillinase

spbcificit), and antibiotic potency is evident fron our results, as the

penicillins showed considerable variation in antibiotic potency against

penicillin-sensitive organisrns. Among the cephalosporins, cephalothin

is resistant to penicillinase and it is interesting to note that its

M.I.Cs. against the staphylococcal strains are similar to those obtained

from the four penicillinase-resistant penicillins. Cephaloridine is as

active as penicillin G against sensitive staphylococcal strains ancl it

is inactive against resistant strains of staphylococci. Both cephalothin

and cephaloridine shorv a higher activity against llran negative organisms

than penicillin G or ampicillin (Table IV). It is evident that factors

other than penicillinase prodtrction are responsible for penicillin re-
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sistance in gram negative organisms. One may speculate that gram

negative species pro<lrrce "species-specific" penicillinases. For

example, E. coli strains hydrolyse only benzylpenicillin and phenoxy-

methylpenicillin to an appreciable extent rvhile A. aerogenes strains

hydrolyse 6-aminopenicillanic acid rapidly and A. cloacae hydrolyses

5-methyl-J-phenyl-4-isoxazolylpenicillin rapictly. (Srnith and Llamilton-

Ivli11er, 1963b).

The results of the combination of penicillins and cephalo-

sporins with ampicillin against penicillin-sensitive staphylococöal

strains show that an arlditive effect is achieved in all cases. The

above results are expected as the organisms are sensitive to both

antibiotics. Synergism was observed in many cases (Tables V to VII) '

It was observecl that a pair of antibiotics (e.g., nethicillin and amp-

icillin) shotvecl synergism agains.t S. aureus 209 P strain (Table V)

while the same antiÌ¡iotic pair demonstrated antagonism against S'

aureus 19993 and 20165 (Tables VIII and X respectively). Tt is apparent

from the above results that, a fixecl synergistic or antagonistic pair

of antibiotics does not exist for all bacterial strains. There was no

significant difference demonstrated aaong the penicillinase-sensitive

penicillins, penicillinase-resistant penicillins and the cephalosporins

that tr,ould enable us to say rvhich would give a better antimicrobial

effect when combined with anpicillin against sensitive staphylococci.

The results of the experiments with penicillinase added to the anti-

biotic pairs demonstrate that the association of a penicillin or cepha-

losÞorin with ampicillin does not improve the resistance of anpicillin
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towards enzymic hydrolysis by the penicillinases. lthen these antibiotic

pairs rvere tested against penicillinase-producing staphylococci, similar

results were obtained (Table VIII to XV) with the exceptions of oxa-

cil1in and cephalothin (Tables XI, XIII and XIV). Neither the peni-

cillinase-resistant penicillins nor the cephalosporins acted syner-

gisticall¡r with ampicillin. The findings are in accordance rvith those

published by Selzer and lVright (1964). Even oxacillin and cephalothin

dicl not shol synergism with ampicillin against all the resistant staph-

ylococcal strains. This could be explained if it was knolvn that there

are fundamental differences in the permeability barrier in cel1 wal1

structure among bacterial strains. If oxacillin or cephalothin gained

access to the bacterial ce11 more readily than ampicillj-n, they could

act as an enz)¡me inhibitor or inactivator, thus freeing the ampicillin

for its bactericidal action. Oxacillin however, antagonized ampicillin

in one case (Table XV) and methicillin antagonized anpicillin in tlo

cases (Tables XVI and XVII) in our experiments. It is knoln that peni-

cillins highly resistant to penicillinase are found to inactivate the

enzyme (Gourevitch et a1, L962a). Holvever, penicillinase-resistant

penicillins have a much smaller affinity for the enzyme than do the

penicillinase-sensitive ones. (Gourevitch et al, 1963)" As a result,

enzyme inactivation does not take place in the presence of sensitive

penicillins because the enzyme preferentially binds them. l'{ethicillin

is not expected to act synergistically with ampicillin when both of then

are present at the same time. On the other hand, Sabath and Finland

(1962) pointed out that, the so-ca11ed penicillinase-resistant penicillins
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(anci11in, methicillin and oxacillin) denatured much more rapiclly in a

nutrient nedium at 37oC rvhen exposed to a moderately high concentration

of the penicillinase-producing staphylococcí (strain 60/I) than when

incubated in the same medium without these organisms. Appreciable

destruction of the antibiotics occurred rvhen the drugs hrere exposed to

a concentration of 108 viable units of Staphylococcus 60/I. However,

the number of bacteria also declined until the level of the penicillinase-

resistant clrug was low enough to permit multiplication of the surviving

organisms. Thus, rtrhen a staphylococcal culture produces extracellular

B-lactamase in a significant anount, in addition to the cell bouncl

enzyrne and when its cell rvall structure permits easy access for arnp-

icillin, lie may expect 'rantagonisn'r to occur. Ampicillin will be de-

stroyed by the cell bounC enzyme when it enters the bacterial cell wall,

Since the penicillinase-resistant penicillins usually have bulky side

chains and are less like1y to gain access through the ce1l wall prior

to ampicillin, th.ey may fail to function as enz)¡me inhibitors. lVhen

rnethicillin is present in the culture rneclium, it is susceptible to

enzynic hydrolysis b;r the free extracellular staphylococcal lJ-lactanase

after the penicillinase-sensitive ampicillin is being destroyed rapi<l1y

both intracellularly and extracelluarly.

Penicillinase-resistant penicillins have found to be ineff-

ective against gram negative bacteria used in our experiments. Farrar

et al (1966) also carne to the same conclusion. The experiments on

combined antibiotic activity shorved that, penicillin G exerted an addi-

tive effect on arnpicillin against .gran negative organisrns that tvere
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sensitive to both antibiotics. Cephalosporins were shown to act syn-

ergistically rvith arnpicillin. The results are in accordance with that

reported by 0'Callaghan et al (1966). They showed that B-lactamase-

resistant cephalosporins could exert a protective effect similar to

penicillinase-resistant penicillins. It tvas also foun<l that the pen*

icillinase-sensitive cephaloridine was also synergistic to ampicillin

in several gram negative species. Cephalothin was al so found to be

synergistic rvith ampicillin against some gïan negative strains and the

finding is contrary to rvhat is reporte<l by Bach et a1 (1966). The dis-

agreement in results might be due to the use of different test organ-

isms. 0'Callaghan et al (1966) clained that, the co¡nbination of some

B-lactarnase-sensitive and resistant cephalosporins protecËed mice from

experimental infection by gram negative bacteria. It is obvious in

the experiments carried out in this laboratory that, the antibiotics

used in the rnouse protection tests dicl not interfere with the action

of arnpicillin in vivo. In general, an additive or slightly better than

additive effect on mouse protection was observed. The experimental

data of in vivo tests are not enough to demonstrate synergisn but,

they give evidence that no antagonism is encountered when ampicillin

and other semi-synthetic penicillins or cephalosporins are given to-

qether at the same time to experimentally infected mice.
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STJII,ß4ARY:

The effect of the conbination of ampicillin with each of

the seven seni-synthetic penicillins (potassium phenoxymethyl peni-

ci11in, potassiun phenethicillin, octacillin, sodium oxacillin, sod-

ium cloxaci11in, sodium methicillin and sodium nafcillin), four ceph-

alosporins (sodiurn cephalosporin C, sodiun cephalothin, cephaloglycin and

cephaloricline) and sodium benzylpenicillin was tested against ten

strains of staphylococci and eighteen strains of coliform bacteria.

The minimal inhibitory concentrations of these antibiotics against the

twenty-eight strains of bacteria were determined. It was found that

the It{.I.Cs. of the penicillinase-sensitive penicillins r{ere generally

lotuer than those of the penicillinase-resistant penicillins agárinst

penicillin-sensitive staphylococci. No significant difference in M.I.Cs.

was observed in the case of penicillinase-resistant penicillins against

either penicillin-sensitive or resistant staphylococcal strains. Among

the cephalosporins, cephalothin was resistant to penicillinase and it

was interesting to note that, its M.T.Cs. against the staohylococcal

strains rvere similar to those of the four penicillinase-resistant peni-

cil1ins. Cephaloridine hras as active as penicillin G agai.nst penicillin-

sensitive strains of staphylococci. Both cephalothin and cephaloridine

shorved higher activity against gram negative organisms in comparison to

penicillin G or: arnpicillin. It rvas found that, the B-lactam antibiotics

did not antagonize the effect of ampicillin against penicillin-sensitive

staphylococci. An additive effect was allays observed when ampicillin
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was combined rvith each of the eleven antibiotics against penicillin

sensitive staphylococci, and in 75% of the cases, synergism r!,as observed.

lVhen penicillin-resistant organisms were used as test organisns, peni-

cillins ancl cephalosporins did not interfere rvith the activity of ampi-

cillin in all but four cases. Oxacillin in combination u'ith ampicillin

acted synergistically against S. aureus 2I3I3, 21965 and 28628 rvhile, it

acted antagonistically against S. aureus 20137. Antagonisn uras also

observed in the combination of methicillin and anrpicillin against S.

aureus 19993 ancl 20165. Cephalothin, cephaloriclíne and cloxacillin

shotued synergism with ampicillin against S. aureus 28628. Cephalothin

also combined synergistically with ampicillin against S. aureus 21312,

0n1y penicillin G, cephalothin, cephalosporin C and cephaloridine were

used in combination rvith ampicillin against grarn negative bacteria. It

was found that penicillin G showed an additive effect while, the ceÞh-

alosporins demonstrated synergism with ampicillin against coliform bacteria

In vivo mouse protection tests were carried out with the anti-

biotics that shor'red definite synergism in vitro against S. aureus 209 P

and 20L37, E. coli 4007 and Klebsiella-Âerobacter sp.434I. It rvas found

that the activity of ampicillin was not interfered rvith by the peni-

cillins or cephalosporins used. In most cases, an additive effect was

observe<l .

The effect of three nenicillinases nroduced bv Bacillus

subtilis, Staphylococcus aureus 20137 and Pseudomonas sD. 3895 and a

comnercial penicillinase

combination of ampicillin

preparation (Bacto-Penase) was tested on the

rvi-th each of the penicillins and cephalo-
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sporins against :1r_ ""tgg: 209 P. It rvas found that, hydrolysis of

ampicillin by the four penicillinases was not inhibited by the peni-

cillins or cephalosporins.
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