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IN'f'RODUCTION

A.

STATEMENT· OF PROBLEM
Methicillin-resistant strains of Staphylococcus aureus

(MRSA) have been reported with increasing frequency over the
past decade.
serious

The introduction of MRSA into

since

eradicate.

these

organisms

are

a:

often

hospital is

difficult

to

Their control may involve curtailment of clinical

services, increased patient morbidity and possibly mortality.
These organisms can pose a serious problem in patients with
phagocytic defects which allow the cells to survive after
ingestion.

Persistence of these organisms may result in

chronic or relapsing infection in these patients.
Optimal antibiotic regimens for the treatment of these
type

infections

have

not

been

ascertained.

An

ideal

antibiotic for therapy must enter phagocytes containing viable
bacteria and· influence intracellular bactericidal activity
either directly (inactivation of organism) or by augmenting
some intraphagocytic antimicrobial system.
We hope to show that the fluoroquinolones have the
ability

to

penetrate

phac;rocytes

organisms and thus are
infections

caused

by

and

candidates

organisms

phagocytic cells.
l

for

able

kill

intracellular

the treatment of
to

survive

within

..
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REVIEW OF. LITERATURE

B.

THE QUINOLONES
The first quinolone antimicrobial was synthesized in 1962
and introduced into clinical use in 1964

(55, 63) •

This

substance, nalidixic aci!f, was used ~to treat urinary tract
"'

'

'

infections, but its spectrum was limited and there was often
a

rapid emergence of

resistance

(1,63).

Despite

these

disappointments with nalidixic acid, many other drugs with
similar chemical structures have been synthesized.

The most

promising manipulations of the parent nalidixic acid compound
involved the addition of a fluorine atom in the 6 position and
various side chains at positions 1 and 7 (55).

The resulting

derivatives are now referred to as fluoroquinolones and as a
group they have a broader antibacterial spectrum,

higher

activity, better pharmacokinetic properties such as longer
elimination half-lives, and excellent bioavailability after
oral administration

(2, 55, 61, 63, 82) •

likely

resistance

to

induce

in

They are also less
susceptible

organisms

(55,61,63,82).
All of the quinolones are bactericidal against sensitive
organisms, whether growing or in the stationary phase (63).
The

metabolic

target

of

the

quinolones

is

DNA

gyrase

(7,61,63,82), an enzyme responsible for introducing negative
superhelical twists into the cell •s DNA molecule (7, 33, 63, 68).
Proper functioning of this enzyme is required to allow the
DNA, which is some 600-times longer than the cell, to be
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effectively packaged within the cytoplasm (7, 72, 82) and it
also allows for DNA replication, transcription, recombination,
and certain aspects of

DN~,r~pair

(35,68).

DNA gyrase was first isolated by ·Gellert, et al. (21).
The enzyme was purified from Escherichia coli. by

col~

chromatography following fractionation with ammonium sulfate
(21,71).

Enzyme assays revealed a supercoiiing of relaxed

DNA which was dependent on ATP.
enzyme

nicked

double-stranded

Gellert reported that the
DNA, · introduced

negative

supercoils and then sealed the nicked end of the DNA molecules
(23) •
Although Sugino, et al.

(79) and Gellert, et al.

(22)

suggested in 1977 that DNA gyrase might contain subunits,
Higgins, et al. (33) in 1978 confirmed that

the~

coli gyrase

did indeed consist of subunits which they designated A and
B (33).
kD)

The intact enzyme was composed of two A monomers (105

and two B monomers

(95 kD)

responsible for nicking the

(50).

The A subunit is

double stranded DNA at

crossover of the positive supercoil (72).

the

The B subunit then

passes the other strand through the break after which the A
subunit reseals the break (23,72).

Gellert, et al.

(22)

determined through the use of nalidixic acid resistant mutants
that oxolinic acid, a compound related to nalidixic acid,
inhibited the supercoiling activity of the enzyme.

Killing,

however, does not seem to be attributable to an effect on DNA
gyrase

reactions

alone.

Chloramphenicol

and

rifampin

4

antagonize killin-g· by the fluoroquinolone norfloxacin, so RNA
-·

synthesis ·may be 'required. for bactericidal
. . .·
observation that. the quinoiones_exhibit a paradoxiccil-effect.
and

protein

At high drug concentrations, the· quinolones kill bacteria less
effectively

than

at

At

lower . levels.

these

high

concentrations quinolones have- been spawn to have secondary
effects on RNA and protein synthesis (39).
·An

unusual

factor

which

has

been

shown

quinolone activity is the inoculum size.

to

affect

At an inoculum

greater than 106 , there is a increase in both the minimum
inhibitory concentration (MIC) and the minimum bactericidal
This phenomenon was demonstrated by

concentration (MBC).

Diver and Wise ( 17) using cip'rofloxacin and

~

coli.

The

explanation for the observation was that binding of the drug
to dead or dying cells reduced the effective concentration of
drug available for growing cells (.17).

This observation was

confirmed in 1987 by Davey and Barza (16) who found that an
increase in the inoculum size .had an equal effect on the MIC
and the MBC.

There is usually a greater effect on the MBC

than on the MIC with other drugs.
Another

factor

which

has

been

shown

to

have

a

considerable influence on the activity of quinolones is the
pH of the medium (63).

Acidic pH levels reduce activity.

Smith and Ratcliffe (73) postulated that this may be related
to the positive charge on the ?-piperazine moiety at low pH
which could result in an inhibition or interference with
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uptake of the drug.
The only clinically available fluoroquinolones at present
are norfloxacin and ciprofloxacin.
is the more potent (1,2).

Of these, ciprofloxacin

The activity of ciprofloxacin is

attributable to the attachment of a cyclopropyl _side chain to
the quinolone ring· (8).

ciprofloxacin-exhibits-bactericidal

activity against· _a wide range of gram positive arid gram
negative organisms (41,55,61,63,82).

Most organisms causing

enteritis (23) are susceptible to the drug and nearly all
strains of Staphylococcus (72), -including those which produce
penicillinase and those which are ."methicillin· resistant".
Other attributes of ciprofloxacin include its activity against
~

epidermidis and Pseudomonas aeruginosa (1,2,55,60,61,63)

and the fact that it can be taken orally.
Difloxacin is a new aryl-fluoroquinolone which has been
shown to be very potent against a variety of gram negative
and gram positive organisms, is completely absorbed after oral
\

administration,

and has a longer half-life in serum than

ciprofloxacin (29,74).
Temafloxacin hydrochloride is a new 1-difluorophenyl-6fluoroquinolone discovered while searching for a quinolone
with improved activity against gram-negative organisms.

It

has a greater water solubility than ciprofloxacin and its
half-life in serum is intermediate between ciprofloxacin and
difloxacin (29).

Because a recent paper had been published

comparing these three new antimicrobials in vitro, it was

6

decided that they would also be compared in this study of
their intracellular activity in vitro (29).
METHICILLIN RESISTANCE. IN STAPHYLOCOCCUS AUREUS
Resistance to beta-lactam antibiotics has· been attributed
··,

to three major-physiological mechanisms: 1) drug inact1vation,
2) intrinsic resistance, and 3) tolerance (70). Only the first
two will be discussed here.

The ·best known and most prevalent

(70) mechanism·of. resistance involves the hydrolysis of the

penicillin

molecule

(12,41,70).

Soon

by

enzymes

after the

known

as

introduction

beta-lactamases
of penicillin,

Abraham and Chain, in 1940, discovered an enzyme in
that inactivated the drug

(67, 70).

~

This enzyme,

coli

called

penicillinase, hydrolyzed the amide bond in the beta-lactam
ring of penicillin producing a penicilloic acid which is
inactive
genes

(67,78).

Subsequent studies have shown that the

for penicillinase production can be chromosomal or

plasmid borne and they can be
(12,70).

inducible or constitutive

In the case of §_._ aureus, penicillinase is most

often inducible and plasmid-mediated (11,12,67,70) •

.

Beta-lactamases are produced by gram positive and gram
negative organisms (11,12,41) and can be divided into three
broad categories based on the specificity of each.
broad

spectrum

penicillinases,

carbenicillinases (41,44).

These are

oxacillinases.,

As a group, therefore,

and
a wide

variety of beta-lactams --including bicyclic penicillins,
cephalosporins, and monocyclic beta-lactams are susceptible
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to enzyme inactivation (12).
Due

to

penicillins,

the

rapid

development

emergence
of

a

of

resistance

series

of

to

the

semisynthetic

penicillins was undertaken starting in the 1950's (6,78).

It

was found that the addition of certain R-substituents to the
penicillin nucleus rendered the product much less susceptible
to staphylococcal peniqilliriases (78).

The first product of

this research, methicillin, was introduced in 1959,

Sho~ly

after its introduction, staphylococcal strains resistant t6
methicillin began to emerge (39,66).

These strains, first

reported in 1961 (39), have since emerged as important endemic
and epidemic nosocomial pathogens on a ~b~ld-'wide scale.
The term "methicillin resistance" is used to describe
staphylococcal resistance to not only methicillin but also to
all

other

nafcillin,

penicillinase-resistant-penicillins
oxacillin,

cloxacillin,

cephalosporins (47,66).

dicloxacillin,

such

as

and the

Even though, methicillin-resistant

staphylococcus aureus (MRSA) usually produce penicillinase,
their resistance

is

said to be

"intrinsic"

rather than

attributable to enzyme inactivation of the drugs (47,66).
Methicillin resistance is thought to be due to mutations
in chromosomal genes that allow for the production of low
affinity penicillin-binding proteins (PBP) in the cytoplasmic
membrane (10,31).

PBP' s are cytoplasmic membrane proteins

which bind penicillins and other beta•lactam antibiotics, but
the normal_function of the proteins is to catalyze the cross-

8
linking reactions during the final stages of peptidoglycan
synthesis

(10,24,31,41,59).

These

reactions,

called

transpeptidations, involve the formation of peptide bridges
between adjacent polysaccharide

stran~s

of a terminal D-alanine (41).

The PBP's :of

and the elimination
~

aureus are

detected by growing the cells _in a medium .conta_ining ~
labelled benzylpenicillin of high· specific activity,· isolating
the

membranes,

and

then

using

-polyacrylamide

electrophoresis to separate the proteins •
permits

localization

penicillin.

of

the

.

gel

Radioautography

'

proteins

with

attached

These bands are said to be penicillin binding

proteins and are designated 1,2,3, or 4 in decreasing apparent
molecular weight (24).

The general conclusion is that these

interactions between antibiotics and PBPs are responsible for
the lethal effects of beta-lactam antibiotics (31).
studies by Georgopapadakou, et al. (24,25) indicated that
PBP 2 is the major transpeptidase in
primarily involved in septation.
evidence thl!t

~

aureus and PBP 3 is

wyke, et al. (88) presented

PBP 4 acts as a secondary transpeptidase

responsible for the interpeptide cross-linking of the glycan
chains.

Intrinsic resistance to methicillin and other beta-

lactams has recently been attributed to the production of a
low affinity PBP which migrates in polyacrylamide gels between
PBP 2 and PBP 3 and has been variously called PBP 2 1 and PBP
2a

(31) •

Hartman and Tomasz

(31)

conducted competition

experiments using a MRSA and a MSSA (methicillin-sensitive

~

9

aureus) to show that the major difference between the strains
was the presence of the extra PBP migrating between PBP 2 and
PBP 3.

There were only minor differences in the affinities

of PBPs 1, 3 and 4 for the antibiotics.

However, PBP 2a had

a low affinity for methicillin, and it was postulated that
this PBP could allow cell wall synthesis in the presence of
various antibiotics at concentrations which would otherwise
lead to inactivation or reduced

a~tivities

.

.

of PBPs

(31).

In

1987, Murakami, et al.· (58) suggested that there is some other
factor

(in conjunction with PBP 2a)

'
methicillin resistance.

that is involved in

This notion, shared with Hartman and

Tomasz (30), is based largely on the observation that PBP 2a
expression is variable in different culture conditions (30).
MRSA can be divided into· two.·classes depending on this
expression

of

resistance

by

the

cell

population

(32).

Homogeneous MRSA are recognized by the fact that virtually all
cells in a population exhibit resistance to the beta-lactams.Strains

which

populations

of

are

heterogeneous,

cells.

The

however,

majority

of

contain

the

cells

two
are

susceptible to beta-lactams, but 1 in 104 or 107 are resistant
(32).

In a heterogeneous population, the proportion of cells

expressing

resistance

can

be

incubation temperature from 37°

increased

by

reducing

the

c to 30° c or by adding NaCl

to the medium (13,32).
POLYMORPHONUCLEAR LEUKOCYTES
The principal phagocytic cells are the polymorphonuclear

10
neutrophils

(also

called

PMNs

mononuclear phagocyte system

or

granulocytes)

( 4 3, 65, 8 3) •

The

and

the

latter is

composed of monocytes and tissue macrophages (15,36,83).

The

neutrophil is the most abundant phagocytic cell type in
circulation (49).
70 % of the

In humans, it comprises approximately 30-

whi~e

functioning of . phagocytes
against pathogenic
.

Proper

blood cell population (45,85).

microb~s·
..·

is' -critical' fo:r: · host defenses
(15,.:42,43,65).
.

·-

The numl:ier of circulating ne~trophils depends·o~-their
production

by a

tightly :·regulated hematopoietic

process

consisting of their maturation, storage, release, and orderly
destruction (43).
normal

humans

The only 'site of neutrophil production in
is

the

bone

marrow

(15,53,87)

where

approximately 3-7 million neutrophils per ml of blood are
produced daily (43).

During bacterial infections, this cell

concentration may rise to 20-30 million per ml (43).

These

cells have a half-life of about 6-7 hours in blood and 2-4
days in tissue (15,43,65).

Most evidence suggests that the

neutrophil evolves from a single pluripotent stem cell which
also

gives

rise

to

other

phagocytic

cells

(65).

As

neutrophils mature, they lose mitochondria, become capable of
phagocytosis, acquire oxidative metabolic activity, and become
mobile (65).

The mature neutrophil is further characterized

by a relatively constant diameter of 12-15 microns and a
uniform shape (51).

The mature neutrophil is surrounded by

a trilaminar plasma meml:irane on which receptors for the Fe
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portion of IgG antibodies and for the C3b, iC3bi, and C3d
components

of

characteristic

complement

have

been

feature

the

mature

of

found

(43,49),

neutrophil

is

A
the

presence of numerous granules in the cell's cytoplasm which
have specialized antibacterial killing functions (43,51,65).
These granules are composed of two different subtypes (51,87).
The first is called the primary azurophilic granule and the
other is called the specific or secondary granule (51,87).
Azurophilic refers to the blue appearance of these granules
when stained with Wright's stain (.87), and primary indicates
that these are the first granules to appear during.neutrophil
maturation.

Not only do azurophilic granules differ -froi)l
"

'

specific granules in appearance and phylogenetic order, .they
also

differ

in

their

Azurophilic granules contain

intraprganelle

contents

myeloperoxi~ase,

acid hydrolases,

(51) •

elastase, neutral' proteases; and other basic proteins with
antimicrobial activity (51,65).

The specific or secondary

granule is found only in neutrophils and it appears after the
development of primary granules.

These granules contain such

antibacterial factors as lysozyme and lactoferrin which are
essential for killing certain microbes (46,51,65).
The most basic defense against microbes is provided by
factors which block their attachment, surface colonization,
or their penetration into host tissues.

Once the physical

barriers that provide this protection are breached,

the

phagocytic cell system becomes crucial in controlling and
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preventing bacterial infections (54).
Phagocytosis is one of several nonspecific elements of
resistance of the body to microbial invasion (54).

The term

phagocytosis refers to the engulfment of a foreign object,
most frequently a microbe, by a phagocytic cell (54,83).

The

phagocytic process involves a series of complex steps which
include motility,

recognition

and

attachment,

ingestion,

degranulation, intracellular killing, and finally degradation
of the killed organisms· (36,45,54,83). , The.
initial
step in
.
•'
the phagocytic process

requi~es

the circulating

neu~rophil

to

.

-

adhere to capillary endothelial cells and migrate out of the
vessel, into tissues, and·into the infected site (43,65,83).
Neutrophils norma,lly

pr~dominate

early in inflammation because

they respond to a wide variety of signals and becaus~ they are
the most numerous cell in the phagocytic population.

This

adherence process is a critical step in mobilizing phagocytes
into the infected area (43).

Cell adherence is facilitated

by the presence of specific surface receptors for various
plasma proteins on the phagocytes (36,43,77,83).

Once in the

tissues, neutrophils are attracted to the area of microbial
invasion in a unidirectional fashion by chemotactic factors
(65,83).

The factors involved include the C3a, C5a, and C567

components of complement and various factors released from
disrupted leukocytes, tissue cells., and the microorganisms
themselves (43,65,83).
Following invasion by a microorganism, the immune system
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responds by producing opsonins which react with invading cells
and make them more susceptible to ingestion by phagocytes
(49).

Two major opsonins are antibodies and the C3b fragment

of complement. Receptors for C3b are found on the PMN surface
(15,43,65,83). While opsonins are important for the rapid and
efficient engulfment of microbes, certain strains of bacteria
can be phagocytized in the absence of opsonins (83).
During engulfment, the phagocytic membrane surrounds the
microorganism circumferentially by engaging the recognized
opsonins on the microbial surface (43).

The movement of the

membrane is highly dependent on ATP supplied by glycolysis
(65,83).
activity,

It also

·depend~

on actin-myosin microfilament

actin-binding prote!ins ·and other proteins that
-

stimulate Mg2+-dependent ATPase _activity (43, 65) •. When the
opposing

neutrophil

membranes. 'fuse,:

the

portion

which

surrounds the engulfed microbe·· bud's off and becomes a new
organelle in the PMN cytoplasm.

This membrane-bound vesicle

is referred to as a phagosome (15,65,83);
The phagosome fuses with both primary and secondary
granules

in the

cytoplasm to

phagolysosome (83).

form what

is

known

as

a

Numerous investigations have .shown the

ingestion process to be

assoc~ated

with a marked increase in

the utilization of oxygen by the phagocytizing cell (3,4,43).
This oxygen consumption has been called the respiratory burst
because it occurs suddenly and is seldom maintained for longer
than about 30 minutes (4,43,49).

The respiratory burst leads
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to the production of superoxide anion radicals and hydrogen
peroxide with -an accompanying stimulation of the hexose
monophosphate shunt (3-5,15,52,65,83).

Phagocytes contain a

membrane bound oxidase system that produces the superoxide
radical upon
produced,
occur.

reduction of 02

Once superoxide is

(43).

additional enzymatic and nonenzymatic reactions

These reactions lead to highly reactive intermediates

that not only kill bacteria,

but also attack tumors and

parasites (5,83).
The

bulk

of

oxygen-~-

consumed

by

'

the

neutrophil

is

'

ultimately reduc~d to' water (83) ·with superoxide, hydrogen

--

peroxide, \Singlet oxygen, _and
in the process (3, 43,46, 65) .•

-~he

hydroxyl radical 'produced

These oxygen derivatives are

toxic to microorganisms, with the hydroxyl radical being one
of the most highly reactive compounds known- (-43,83).

It is

thought to be resportsible for 'damaging membranes, crosslinking
proteins,

and

causing

Myeloperoxidase,

an

nucleic

important

acid
enzyme

lesions
found

(4,5,45).
in

primary

granules, uses hydrogen peroxide and chloride ions to produce
hypochlorite, a potent microbicidal agent (4,43,65,83).
The

systems

found

within

the

neutrophil

that

are

responsible for antimicrobial action may be divided into
oxygen-dependent

and

oxygen-independent

(3,15,46,52).

Neutrophil granules contain proteins that are highly cationic
at neutral pH and bind to the surface of negatively charged
bacteria

(46,65).

Other agents such as lysozyme,

serine
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esterases, acid phosphatases, phospholipase and lactoferrin
together with the low pH in the vacuole are oxygen-independent
factors in killing microbes (15,43,46,65).
Dissolution or decomposition of the invading organism
after its phagocytosis and death is essential (43).
walls

of

bacteria

and

other

pathogens

are

The cell

composed

of

glycolipid and complex carbohydrates that must be eliminated
(43) •

Otherwise,

accumulations of dead organisms in the

tissues would result following infections (43).

For this

reason, the lysosomes of neutrophils contain enzymes which
degrade carbohydrates, proteins, and lipids (43).
UPTAKE OF ANTIBIOTICS
A number of infectious agents are ·able to survive and
even multiply within phagocytic cel-ls (26,27,40,.64, 76,86).
Persistence of

intraphagocytic org:anisms is a source of
. -..
chronic or·relapsing infection (40,64,'75,76,86). Infections
caused by these intracellular pathogens pose special problems
in antibacterial therapy (27,76,81,89). Optimal treatment for

the eradication of intracellular organisms, would include
.
.
antibiotics which are not only active against the invading
organism, but they must also enter the phagocyte and kill the
engulfed organisms (26-28,40,64,75).

several investigations

have revealed that protection of intracellular organisms from
antimicrobial activity probably reflects the failure of these
antibiotics to enter the phagocytic cells (40,56,75).
Although entry of antimicrobial drugs into the phagocyte

l.6

is

essential

factors

must

for

activity

be

against many

considered

as

organisms,

other

Intraphagocytic

well.

antibiotic function depends on 1) intracellular location and
concentration of the drug,
properties

of

the

2)

the intrinsic antibacterial

antibiotic.,

3)

the

effects

of

the

intracellular milieu on biological activity of the antibiotic
and susceptibility of the organism and 4) the influence of the
drug on phagocyte functions (28).
Numerous experill\ents have been undertaken to determine
which antibiotics are able to penetrate phagocytes and kill
intracellular organisms.

The differences between the relative

abilities of antibiotics· to .enter rieutrophils has been studied
extensively .. , . The

beta-lactam

antibiotics

. and

some

aminoglycosides have been- shown to be taken ·up'' poorly by
phagocytic

cells

(26-28,40,64,75f.

On

the

other

hand,

antibiotics such as tetracycline, chloramphenicol, rifampin
and

erythromyc;:in·

28,34,37,40,64,75).

are· concentrated· in
Some

.phagocytes

investigators

report

(26-

that

antibiotics with good lipid solubility are better able to
penetrate biologic membranes and accumulate (26,40,56).

The

uptake of other antibiotics may occur actively (27) or through
metabolic processes occurring in the phagocyte (40).
are many methods used to measure uptake of antibiotics.

There
Some

of these methods include radiometry and velocity'-gradient
centrifugation, bioassay techniques (19), high pressure liquid
chromatography (48), and fluorometric assays.

Radiometric
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assays combined with centrifugation involve the incubation of
a radioactive drug with PMN suspensions.

Aliquots of the

suspension are removed and antibiotic uptake determined from
radioactivity

measurements.

velocity

A

gradient

centrifugation step is used to separate intracellular and
extracellular drug. Usually a gradient of formic acid covered
with a layer of silicone oil is used.

The bottom layer, after

centrifugation, contains cells with intracellular drug and
the top layer contains extracellular drug.

The formic acid

in the bottom layer solubilizes the PMNs and facilitates
radioactivity measurements (26,40,64,75).
A variation

of this

measurement,

widely

used

when

radioactive forms of the drug are not available, depends on
fluorometric determinations of the amount of drug in the
formic acid layer after velocity gradient centrifugation.
The method is comparable t'o the radioactive assay''• in that it
can be
C.

adapt~d

for use in kinetic studies (14,62).

OBJECTIVES OF THIS STUDY

This study was undertaken· to address the ability of the
fluoroquinolones
intracellular

to

penetrate

staphylococcus

neutrophils

and

kill

aureus : ·strains · which

resistant to beta-lactam antibiotics.

Objectives were as

follows:
1.

To compare the antimicrobial activities of three
fluoroquinolones against seven methicillinresistant strains-of

~

are

aureus 'in vitro.
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2.

To compare these three fluoroquinolones with
respect to their ability to kil+ intracellular
organisms.

3.

To compare the rate and extent of uptake of the
three fluoroquinolones by freshly isolated human
neutrophils.

These uptake studies will be

performed in the presence and absence of bacterial
cells.

•

MATERIALS AND METHODS
A.

Bacterial strains
The methicillin

resistant

strains

of

Staphylococcus

aureus used in this study were isolates obtained from the
Medical College of Georgia Hospital and Clinics. Wood 46, a
control strain sensitive to methicillin, was used as a control
in many of the experiments.

All strains were maintained on

brain heart infusion (BHI) agar slants at 4° c.
B.

Antimicrobial Agents
Ciprofloxacin was provided by Miles Pharmaceuticals.

Temafloxacin

and

difloxacin

were

provided

by

Abbott

Laboratories.

Stock solutions were prepared by dissolving 1

mg of each antibiotic in 1 ml of sterile distilled water.
The solutions were kept at 4° c and made up fresh weekly.
Fluoroquinolones are stable in aqueous solution up to two
weeks or longer according to the manufacturers.

The structure

of each drug is given in Fig. 1.
c.

Minimum Inhibitory Concentration (MICl /Minimum,·' ·
Bactericidal Concentration CMBCl Determination
The MICs (the lowest concentration of antimicrobial which

completely inhibits. growth of the organism) for. the. antibiotic
were determined by ·a broth method using cation supplemented
Mueller-Hinton (MH) broth (calcium chloride, 50 mg/liter and
magnesium

sulfate,

25

mgjliter)
19

(1,2).

Two-fold

serial
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dilutions were made within a range of .125 ugjml to 16 ugjml.
One half milliliter of broth was then added to o. 5 ml of
bacterial
(PBS)).

cells

(suspended

in phosphate

This culture suspension

(5

x

buffered

105

saline

cellsjml)

was

incubated at 37° C for 24 hours.
After 24 hours, 10 ul was removed from each tube in which
there was no visible growth and streaked on BHI agar plates.
The plates were incubated at 37° c for 24 hours after which
the MBC (the lowest concentration of antimicrobial which kills
99.9 %of the initial inoculum) was determined by counting the

number of viable colonies on each of the plates.

The MIC was

previously estimated from visual estimations of the turbidity
endpoint in the original dilution series.

o.

Phenotypic Expression of Methicillin Resistance in
Staphylococcus aureus
Hartman and . Tomasz

.(3.2)

suggested . that_ methicillin-

resistant·§_,_·aureus (MRSA) could-be divided into thr~e-groups
based on their plating efficiencie's at 30 or 37° c on agar
plates containing a penicillinase-resistant penicillin.

The

three types of response are called
homogeneous,
'
. heterogeneous,
.
and thermosensit:i..ve het·erogeneous. -A ·homogeneously resistant
~.·

§.....

aureus strain is one which yields nearly 100 % of the

expected colonies when a culture is plated on agar containing
a

penicillinase-resistant

form

of

a

beta-lactam.

Heterogeneously resistant strains yield only a few colonies,
relative to the total number of cells present,

whe~

planted

21

on the surface of agar containing the antibiotic.

Only 1 of

103 or 10 5 cells is actually resistant to the drug in such
cultures.

Thermosensitive heterogeneous strains are similar

to the heterogeneous ones in that only a few cells in the
total

population

resistance

at

30°

are
c

resistant,
and

not

but
at

they

37°

c.

express

this

Therefore,

thermosensitive strains appear sensitive at 37° c and express
their resistance only at the lower temperature during in vitro
assays.
Each clinical isolate was grown at 37° c overnight,
diluted into fresh tryptic soy broth (TSB) and grown to the
middle of the exponential growth phase (2 x 108 to 5 x 108
CFU/ml)

in a gyratory shaker.

Each cell suspension was

serially diluted in PBS and o .l. ml of each suspension was
spread on the surface of TSA plates containing oxacillin at
various concentrations (2- 256 ug/ml). Four plates for each
dilution and each oxacillin concentration were spread.

Two

of the plates were incubated at 30° c and two were incubated
at 37° c.

After 48. ~hours, the colonies on. each plate were

counted and the duplicates averaged. ·The resulting .plating
' '

efficiencies indicated the extent of methicillin resistance
(i.e., the MBC) and the form of this resistance (Table I).
E.

Growth measurements with the.multichannel biophotometer
Each of the bacterial·strains was

broth at 37° c with shaking.

g~own ov~rnight

in BHI

one ml aliquots were removed,
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TABLE I

PHENOTYPIC EXPRESSION OF~- AUREUS STRAINS IN THIS STUDY
HOMOGENEOUS RESISTANCE TO OXACILLIN
~-

AUREUS NEWSOME

~-

AUREUS WATSON

HETEROGENEOUS RESISTANCE TO OXACILLIN
~-AU REUS
~-

BOWEN

AUREUS WALTON

~-AU REUS

BLACKWELDER

THERMOSENSITIVE HETEROGENEOUS RESISTANCE TO OXACILLIN
~-AU REUS
~-

MRS 1031

AUREUS WAGNER
'

.

OXACILLIN SENSITIVE

·.-S. AURElJS WOOD 46
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centrifuged, and suspended in PBS to a concentration of
2 x 10 8 cells per ml.

Serial 10-fold dilutions of the initial

inoculum were made and 0.2 ml from each dilution was placed
in a

chamber of a growth cartridge. To each chamber, 1.8 ml

of BHI broth was added and the cartridge placed into a
biophotometer

multichannel
Laboratories).

(Avantage

MS-2,

Abbott

Optical density (OD) measurements were made

at 5 minute intervals for 14 hours by the biophotometer.
Standard curves were generated by plotting the time required
for the cells in a given chamber to reach an OD

= 0.10

against

plate counts made from the suspensions used to inoculate the
chambers of the growth cartridge.
F.

Isolation of Polvmorphonuclear Leukocytes CPMNl
Fresh blood (10 ml) collected in heparinized tubes from

healthy donors was mixed with 3 ml of Hank's balanced salt
solution (HBSS) containing 6% dextran and allowed to settle
for 1 hour at room temperature
supernatant was removed and

(9).

The leukocyte-rich

layered on

Ficoll-Paque and

centrifuged at 400 x g for 30 minutes using an IEC clinical
centrifuge.

The resulting pellet was washed once with 10 ml

of heparinized HBSS after which the suspension wa_s centrifuged
at 250 x g for 10· minutes.

The resulting sediment was
'

suspended in.2 mi 'of cold distilled water for 20 seconds tolyse the red blood cells and then 2 ml of 2x saline was added
to restore normal osmolarity.

The suspension was centrifuged

at 250 x g for 10 minutes· and the cell pellet was resuspended
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in equal volumes of PBS-glucose containing 10% hliman serum and
MH.

In some cases, the cell pellet was only resuspended in

PBS-glucose with serum.

The total suspension was brought to

a final volume of 5 ml.

A 40 ul sample was removed and

counted in a Coulter Counter to determine the total number of
PMNs.
G.

Phagocytic Assays
Bacterial and PMN suspensions were prepared by bringing

2 x 10 7 PMNs and 2 x 10 8 bacterial cells to a final volume of
8 ml using equal amounts of PBS [supplemented with glucos·e (1
g/1) and 10 % human serum] and MH supplemented with cations.
This suspension, containing 2. 5 x 10 6 PMN/ml and 2. 5 x 107
bacterial cellsjml, was placed on a rocker-type shaker and
agitated gently for 60 minutes at 37° c.
After incubation, the suspension
x

g

for

10

intracellular
phagocytized

minutes

to

bacteria)

bact~ria.

separate
from

the

w~s

the

centrifuged at 250
PMNs

(with

extracellular,

any
non-

The pellet was suspended in 20 ml (10

ml of MH and 10 ml of PBS-glucose with serum) from which 4.5
ml sample!>

w~re·removed.

of antibiotic

To the.suspension was added ·0.5 ml

(at lOx or .20x the MBC).

Thus the •final

antibiotic concentration in each tube was the same as or twice
the MBC for that organism.

These mixtures were incubated at

37° c in a shaking water bath.

One 'half milliliter samples

were removed from the mixtures at 0, 1, 2, 3, and 20 hours and
centrifuged (10,000 x g, 10 min).

The pellets were washed
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twice with PBS to remove extracellular antibiotic.

Each

pellet was then suspended in 2.5 ml of distilled water and
vortexed

vigorously

to

intracellular bacteria.

lyse

the

PMNs

and

release

the

After 15 minutes, 2. 5 ml of 1. 8% NaCl

was added to restore isotonicity.

Samples of o. 2 ml were

pipetted into the cartridges and 1.8 ml of BHI broth was added
to the cells in .a given chamber.

control chambers received

extracts from suspensions of PMNs and bacterial cells which
were not mixed with antibiotic.
were made.

Triplicates of each sample

Optical density measurements of .each chamber in

each cartridge was made automatically at 5 minute intervals
for 14 hours and the values recorded on a disk in an attached
computer.

The number of viable bacteria in each sample was

determined from printouts of the growth data.

The length of

time required for the cells in each chamber to reach OD= 0.10
was noted and the triplicate values were averaged.

The number

of viable cells in the sample was determined from the standard
curve for the particular organism being studied.
These assays were used to determine 1) whether or not
the bacterial cells were in fact intracellular and 2) the
effect of the fluoroquinolones on intracellular organisms.
H. · ouinolone Fluorescence
Each of the antibioti9s was made ~P to a concentration
of .2 ugjml in. 3.0 ml: of 0.1 M glycine hydrochloride at pH
.

3. o.

• !•

,1'

Fluo-rescence was measured. with . a Perkin-Elmer LS-3B

fluorescence spectrophotometer.

The excitation spectrum was
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re~orded

with emission at 442 nm the emission spectrum was

recorded with excitation at 282 nm.
I.

Uptake of Antibiotics by PMNs
To 107 PMNs suspended in PBS-glucose with 10% human

serum, the test drug was added to give a final concentration
To this suspension, 5 ul of ~20 (NEN Research
Products, Boston, MA speci"fic activity = 1. o mCijgr) was

of 5 ugjml.

added.

The final volume was 1.0 ml.

From this mixture, 20 ul was removed, mixed by hand with
80 ul of PBS-glucose (1:5 dilution)

and the suspension was

centrifuged at 12,000 x g for 3 minutes to pellet the cells.
From. the supernatant solution, 50 ul was removed and its
radioactivity determined by liquid
(Beckman LS 5801) •
total,

equilibrated

counting

s~intillation

This value was taken to represent the
amount

of

tritiated

water

in

the

suspension.
After a 30 minute incubation period, four 200 ul samples
were removed from the remaining suspension, carefully layered
on a gradient of silicon oil and 88% formic acid (150 ul and
20 ul, respectively).

The tubes were. centrifuged at 12,000

x g for 3 minutes ·.to pellet "the PMNs.
cells through
-

a water
•

This passage of the

impermeable barrier (silicon oil) into
p

•

••

the formic acid served two purposes.

'

First,

:

it retained

extracellular antibiotic and"!Hio in the upper aqueous layer.
Secondly, the formic acid in the lower layer lysed the PMNs,
releasing the. intracellular l drug which coul'd be measured by
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fluorescence

spectrophotometry.

addition,

In

the

radioactivity in the lower aqueous layer represented the total
cellular volume of the PMNs in the pellet.
parameters,

the

intracellular

drug

From these two

concentration

was

calculated and assumed to represent the degree to which each
drug was concentrated during the 30 minute incubation period.
Because

the

fluorescence

spectrophotometer

required a total volume of about 3. o ml,

cuvettes

three gradient

centrifuge tubes were combined to obtain a reading for the
drug levels.

This was done by freezing the tubes in a dry

ice bath and then slicing the tubes with a razor blade to
remove the pellet.

Three tips from the microfuge tubes were

placed in 3.0 ml of O.lM glycine hydrochloride (pH 3.0) and
vortexed thoroughly.

The tubes were left in the cold room

overnight to completely extract and solubilize the drug.
amount

of

drug

present was

determined

from

The

fluorescent

spectroscopy readings and 50 ul of the mixture was counted
for radioactivity.

These values were used to determine the

uptake of each fluoroquinolone.
J.

Statistical Analysis
The data were statistically analyzed by the paired t-

test.

Differences in the intracellular activity and uptake

of the fluoroquinolones were considered significant if the p
values were

~

.05.

RESULTS

A.

Determination of the susceptibility of each MRSA to the
three fluoroguinolones in vitro
Before initiating the intracellular killing experiments,

each of the MRSA strains and Wood 46 were assessed for their
susceptibility in vitro to the three fluoroquinolones shown
in

Fig.

1.

These

determinations

were

made

using

a

macrodilution method which produces an approximation of the
MIC which is within one two-fold dilution.

The MBC is

estimated from streak plates which determine the concentration
of drug which produces a 99.9 % reduction in viability. As can
be

seen

from

the

data

in

Table

II,

each

of

the

fluoroquinolones had a similar effect on the various MRSA.
This susceptibility to the fluoroquinolones was similar in the
seven strains and in Wood 46, so the form of resistance did
not affect the MIC or the MBC to the quinolones.
B. Construction of standard curves for each organism using
the multichannel biophotometer
Standard growth curves for each organism used in the
study were

constructed

Laboratories).

U:sing ' the

Avantage

MS-2

(Abbott

This pro.cedure was adapted from. one developed

by Vosbeck, et al.

(81).

In brief, standard curves were

generated by establishing a relationship between the number
28

Figure 1. Structure of the fluoroquinolones used in the study.
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TABLE II
RELATIVE SUSCEPnBILITY OF THE STAPHYLOCOCCUS AUREUS STRAINS
TO THE FLUOROQUINOLONES

Staphylococcal
Strain

MIC/MBC (llg/ml)a
Temafloxacin

Difloxacin

Ciprofloxacin

Blackwelder

.125/.125

.25/.25

.25/.25

Bowen

. 125/.125

.25/.5

.25/.5

MRS. 1031

.125/.25

.25/1.0

.5/.5

Newsome

.125/.125

.125/.25

.125/.5

Wagner

.25/.25

.5/.5

.25/.25

Walton

.25/.25

.25/.5

.5/.5

Watson

.125/.125

.25/.25

.125/.25

Wood46b

.125/.125

.25/.5

.25/.25

a MIC values were determined by the tube dilution method using BHI
broth (5 x 104 CFU inoculum) at 37•c and read after 24 hours. The
values shown are representative of those obtained from at least
three, separate dilution series.
MBC values were determined .by inoculating BHI agar plates with
0.1 ml of each dilution used to determine the MIC. Plates were
incubated. at 37•c and read after 24 hours.
·
b Methicillin-sensitive, control strain.
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of viable bacteria (determined from standard plate counts}
and growth responses exhibited by those cells when incubated
under

standardized

The

conditions.

growth

response

determinant used was the time required for a given number of
cells of a particular strain to reach an optical density of
0.10.

This

task

was

made

multichannel biophotometer
large

number

principle

of

behind

growth
this

feasible

by

the

use

of

a

which allows one to conduct a
experiments

procedure

simultaneously.

is

given

in

Fig.2.

The
As

indicated in this theoretical treatment of growth data, cells
of a given strain will reach an arbitrary cell density in a
time which varies with, and is proportional to, the number of
cells in the initial population (81}.

This fact permits one

to measure the growth responses of a
population

sizes

and

absorbance

of

regression

analysis,

o. 10

to

plot

against
using

their

these

StaPak

range of different
times

known

to

reach

inocula..

(Walonick

an

Linear

Association,

Minneapolis,. MN}, of these relationships gives standard curves
such as shown in Fig. 3A and Fig. 3B.

As car1 be seen from a

comparison of the two standard curves, it was necessary to
construct a standard growth curve for each organism since
there are slight differences in the growth responses of the
various

strains.

In the

two

examples

shown,

§.....

aureus

Newsome, a MRSA, grew more rapidly than the control strain,
Wood 46.

...·,

Figure 2. This is a representation from Vosbeck eta/. (81) illustrating growth
responses of~. au reus Wood 46 obtained with seria/10-fo/d
dilutions of an inoculum containing 5 X 1(JB organisms/mi. The times
required by various dilutions to reach an O.D. =0.10 were
determined graphically(").
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Figures 3A and 38. Standard Curves for~- au reus Wood 46 (control strain)
and~- au reus Newsome (methicillin-resistant strain).
Standard curves for each of the MRSA strains and Wood 46 were
constructed as described in Figure 2. These two examples are
representative of the curves for the other strains. Linear regression
analysis was performed on the scattergram to generate the best
fitted line.

33

FIGURE 38
STANDARD CURVE FOR S. AUREUS NEWSOME
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FIGURE 3A
STANDARD CURVE FOR ~.AUREUS WOOD 46
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c.

Confirmation of the intracellular location of S. aureus

w~th PMNs.
measuri~g the effects

cells incubated
Prior to

engulfed 2..:.. au reus, { t
organisms were in
to PMNs.

I

fac~

of fluoroquinolones on

was necessary to confirm that the,
intracellular and not simply adherent

'
This was done
by exposing the cells obtained from

2..:.. aureus-PMN

mixture~

to gentamicin.

It has previously been

shown that gentamicin penetrates PMNs very poorly and has very
limited intracellulariactivity (26,40).

As shown in Fig. 4,

2..:.. aureus Wood 46 is highly susceptible to rapid killing by
gentamicin when extracellular, but engulfed organisms are
protected from this a·ntibiotic.

This observation was taken

'

as .evidence that the vast majority of the bacterial cells were
intracellular when repovered from PMN mixtures and washed by
centrifugation.
D.

Bactericidal activity of fluoroauinolones on MRSA.
Numerous,

separate killing curves using engulfed 2..:..

aureus exposed to one of the three fluoroquinolones were
created.

An example is prpvided.i~ Fig. 5.

In

an

experiment

of this type, PMNs from a given donor were incubated with a
.

'

10-fold excess of bacterial cells (10 CFU/PMN), washed to
remove extracellular j orgapisms ,· and exposed,· to 0. 5 ugjml of
. .
. .
.
the drug.
At various times,· samples of the· mixture were
!

removed, washed to
were released by

re~ove

l~sing

I

extracellular drug, and the bacteria
the PMNs •. The number of viable

bacterial cells present were determined from the resulting
i

Figure 4. Activity of Gentamicin on Intracellular and Extracellular~- au reus
Wood46.
Bacterial cells both free and phagocytosed were exposed to
gentamicin. Closed circles (•--...) represent the killing activity of
gentamicin on extracellular bacteria over a 3 hour period. Open
circles (o---o) represent intracellular bacterial acitivity of gentamicin
over 3 hours.
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FIGURE 4
ACTIVITY OF GENTAMICIN ON INTRACELLULAR AND
EXTRACELLULAR S. AU REUS WOOD 46
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Figure 5. Intracellular Killing of~- au reus Newsome by Three
Fluoroquinolones.
PMNs containing engulfed bacteria were exposed to the
fluoroquinolones (0.5 )lglml) as indicated. Samples were removed at
the times indicated and placed in a multichannel biophotometer to
determine the number of viable organisms. The control sample did
not receive an antimicrobial.
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FIGURE 5
I

RELATIVE INTRACELLULAR KILLING OF S. AUREUS
NEWSOME BY THREE FLUOROQUINOLONES (0.5 pg/ml)

106

·~./·
105

'''

.

~.

\

§....

.

''

.,

X

''

u

0
\

- - - - • - CONTROL

v

''

' 'x ......

··,

....

........
'x ....

'··v ....

.... ....

....

DIFLOXACIN

....

0 ~,..;. CPROFLOXACN

0

102

1

2
TIME (HOURS)

3

TEMAFLOXACIN

4

I

r

growth

li

responses

biophotometer.

.~-

when
!

aliquots

'

38

placed

were

in

the

I

Each value shown in Fig. 5 is the average of

triplicate samples.
As indicated in Fig. 5, there was a difference in the
extent of killing attained by the three drugs when added to

-s.

aureus Newsome-PMN mixtures.
'

Both the rate and extent of

killing by difloxacin was less than that of ciprofloxacin and
1

temafloxacin.

The

extent

of

killing

(in

3

hours)

by

temafloxacin is greater than that for the other two drugs.
Similar results were found with each of the strains exposed
to these three drugs.

Each experiment of this type included

control chambers inoculated with the cells from PMN mixtures
which were not exposed to a drug.

These are the control cells

indicated in Fig. 5. , As shown in these data, the numbers of
organism in PMNs not exposed to drug remained fairly constant
over the three hour incubation period.
of

phagocytic

killing

during

this

The relative absence
incubation

period

is

probably attributable to the fact that the PMNs were "loaded"
with organisms during a 60 minute pre-incubation and this is
when the bactericidal activity of the granulocyte is most
active (54,77).
Table III summarizes the results obtained using each of
the MRSA strains.
on

the

same

Each strain was tested with the three drugs

day

and

the

comparisons

presented

representative of at least 3 different experiments.

are
The

values shown are the relative reduction in CFU after a 3 hour
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TABLE III
RELATIVE INTRACELLULAR BACTERICIDAL ACTIVITY OF
FLUOROQUINOLONES

Log (CFUt1sofCFUtol
Strain

Type of
Resistance

Log CFUto

Blackwelder

Heterogeneous

Bowen
MRS. 1031

TFLX

CFLX

DFLX

5.60

-2.52

-1.35

-1.52

Heterogeneous

5.85

-1.66

-1.19

-1.58

Thermosensitive

5.30

-3.30

-2.30

-2.82

Heterogeneous
Newsome

Homogeneous

5.40

-2.35

-2.05

-1.77

Wagner

Thermosensitive

5.48

-1.40

-1.44

-1.05

Heterogeneous
Walton

Heterogeneous

5.30

-1.92

-1.15

-1.33

Watson

Homogeneous

5.70

-3.70

-3.70

-2.60

TFLX- Temafloxacin
CFLX- Ciprofloxacin
DFLX- Difloxacin
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incubation of the- PMNs with an amount of dru_g which is about
twice the MBC.

Tne· paired t.:.test indicated that temafloxacin

had superior intracellular activity against these methicillinresistant strains of s. aureus.

There was no significant

difference in the activity of ciprofloxacin and difloxacin.
E.

Fluorescent Spectroscopy Assays of the Three
Fluoroquinolones
The finding that temafloxacin had superior intracellular

killing compared to difloxacin and ciprofloxacin prompted an
exploration into the possibility that the enhanced activity
by temafloxacin could be accounted for by an increased uptake
of temafloxacin by PMNs.

This inquiry required an assay for

drug levels which could be used in the presence of cellular
constituents. several methods have been proposed to allow such
measurements.

These have involved such parameters as uv

absorbance, HPLC, radiometry, and bioassay techniques. For
the

present

studies,

the

procedure

Georgopapadakou (14) was selected.

of

Chapman

and

This is a sensitive and

convenient method for measuring uptake of the fluoroquinolones
which is based on the
The

excitation

fluorescence of the quinolone nucleus.
and

emission

spectra

for

each

fluoroquinolone was similar. The measurements were made in
o. 1 M glycine-hydrochloride, pH 3. o.

An

example of the spectra

obtained for these drugs is shown in Fig. 6.

As can be seen

in this graph, the excitation maximum for temafloxacin was 280
nm and the emission peak occurred at 444 nm.

The other drugs
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had

similar excitation

standard

curves

and

for.' each

emission
of

the

maxima

(Table

IV).

fluoroquinolones

were

constructed to determine unknown concentrations in the uptake
studies.

An example of the curves obtained is given in

Fig.7.
F.

Uptake of antibiotics by PMNs.
A fluorometric assay for quinolones has been used in bo.th

bacterial (14) and eukaryotic systems (62).

The assay used

in this study was adopted from procedures described byJchapman
and Georgopapadakou ( 14) and Pascual, et al. . ( 62) •
modified procedure,

In the

samples (1 x 10 7 PMNs suspended in PBS-

glucose serum and 5 ugjml) were allowed to incubate for 30
minutes.

This time period was selected since it was seen by

Pascual, et al (62) and by our preliminary experiments to be
sufficient time for maximum uptake of the drugs.

As shown in

the three separate experiments depicted in Fig.S, very little
uptake of ciprofloxacin occurred after the first 30 minutes
of incubation with 5.ugjml of the antimicrobial.
Table

V

shows

the

ratios

of

the

intracellular

concentration (determined from standard curves and
radiometric assays) to the extracellular concentration (I/E
ratio)

of antibiotics

incubated with human

PMNs

for

30

minutes.

Difloxacin had a greate_r intracellular level (I/E

= 10.95)

than the other fluoroquinolones. This indicates that

difloxacin is. taken up'by'PMNs more readily than the others •
..

Figure 6. The Excitation and Emission Spectra of Temafloxacin.
The excitation and emission spectra oftemafloxacin were
determined at a concentration of 0.21J.glml in 0.1 M glycine
hydrochloride (pH 3.0). The excitation spectrum (a) was recorded
with emission at 442 nm and the emission spectrum (b) was recorded
with excitation at 282 nm.
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TABLE IV

, .

FLUORESCENCE EXCITATION AND EMISSION MAXIMA
OF FLUOR09UINOLONES •.

'·

Fluoroquinolone

A Excitation (nm)

A Emission (nm)

Temafloxacin

280

444

Ciprofloxacin

278

446

Difloxacin

278

456

•

Determined in 0.1 M glycine hydrochloride (pH 3.0) at a concentration of

0.2 IIQ/ml.

Figure 7. Standard Curve for Temafloxacin Determined by Fluorospec:tometry.
The standard curve fortemafloxacin as well as the other compounds
were produced by reading known concentrations of each drug in a
fluorescence spectrophotometer. The concentrations were then
plotted against the fluorescence reading (fluorescence units).
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TABLE V

liE RATIOS IN HUMAN POLYMORPHONUCLEAR LEUKOCYTES
FOR THREE FLUOROQUINOLONES

Antibiotic •

Mean 1/E ratio (n) b

Temafloxacin

3.73 ± 0.73

(4)

Ciprofloxacin

5.60 ± 0.49

(3)

10.95 ± 1.40

(4)

Difloxacin

•

Incubation periods were for 30 minutes.

b

Values represent mean ±standard errors of the 1/E ratios; n is the number
of experiments.

DISCUSSION

A number of bacteria,
survive within

phagoc~tes

including·~

aureus, are able to
This

after ingestion.

widely considered to be· a common cause of chronic or
infection.

Infections

chemotherapeutic problems

of - this
since

type

has been
recur~e~t

pose

speciiiil

any antibiotic used must

penetrate the phagocytic cell and then be bactericidal in
order to be effective.
This study focused on three specific aspects of the
problem posed by intracellular persistence of bacteria within
phagocytes.

First, a determination

of the activity of the

three fluoroquinolones against various strains of methicillinresistant Staphylococcus aureus was undertaken.

This was of

interest since temafloxacin and difloxacin were new agents
under development and their activity relative to the more
established ciprofloxacin had not been determined using MRSA.
our data indicated that each of the newer drugs had activity
equivalent to that of ciprofloxacin in both MIC and MBC
determinations using the clinical isolates obtained from MCG
Hospitals and Clinics.

The MIC and MBC

for each of the

fluoroquinolones fell in the range of 0.125-0.5 ugfml.

These

values compare to an MIC of 0. 06-0. 25 range reported by Hardy,
et al.

(29)

for

17

~

aureus
47

strains

tested

for

their

48

sensitivity, to ·these same three f1uoroquinolones.

The strains

used by Hardy, et al. ( 2 9)' were---not categorized as_ to whe-ther
or not they were MRSA, but. the sensitivity of their strains
•.

-

was comparable to that found using the clinical isolates which
were resistant· to

me~hicillin

(Table II) .

A second objective of the study was to compare the three
fluoroquinolones with respect to their ability to kill viable
MRSA which have been engulfed by normal human PMNs.

Much of

the previous work on the intracellular activity of various
antibiotics has been published by W.

Lee Hand from the

Veterans Administration Medical Center (Atlanta) in Decatur,
Georgia.

His

work,

however,

has

not

the

inc~uded

fluoroquinolones and it has not focused· on the growing problem
posed

by

infections

with

~

aureus

strains

which

are

methicillin-resistant.
our finding that the intracellular bactericidal activity
of temafloxacin was significantly greater than difloxacin (p

=

0.02) or ciprofloxacin (p < 0.05) could well be

merits

further exploration.

Obviously,

one which

the next step

in

pursuing this observation is to conduct animal experiments
which establish whether temafloxacin produces cure rates which
are superior to other antibiotics and other fluoroquinolones
in infections caused by intracellular parasites • Easmon, et
al. (20), for example found that cip'rofloxacin was effective
in treating CBA mice infected with Salmonella typhimurium (an
intracellular

parasite).

A

comparative

study

using
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temafloxacin and ciprofloxacin in curing and eliminating
organisms from tissues in this model could show whether the
results of the present study have real rather than potential
clinical importance.
In

an

effort

to

determine

whether

the

enhanced

intracellular activity of temafloxa~in was attributable to
j

'

"

~-

its being transported into' ph<;~gocytes more ··readily than the
.

-

'""

.

other drugs,, . s¢me ·preiiminary uptake assays were 'f?Ohducted.
'·

The results of these assays wei'e nc:>t expected.

The. data

revealed that difloxacin, which .h~ci the poorest intracellular
bactericidal activity, attained the highest intracellular
.
'
concentration during a · 30 min· incubation witll PMNs.
The
uptake of difloxacin was significantly different than that of
temafloxacirt (p < .01) and ciprofloxacin (p < .05).

It is

interesting to note in evaluating this observation that the
I/E ratios found in this study were similar to those reported
by Koga

(48)

who measured the

incorporation of

fluoroquinolones using an HPLC tec:hnique.

related

He found that

norfloxacin had a I/E ratio of 2.24, ofloxacin was 8.15, and
ciprofloxacin was 3.49. Easmon, et al. (20) using a bioassay
to quantify intracellular ciprofloxacin found that uptake by
PMNs

was

maximal

at

30

minutes

intracellular:extracellular ratio was 5.5.

and

the

As shown in Table

V, the I/E value for ciprofloxacin was 5.6 which is in good
agreement with the values of the other workers. This agreement
with the reports of others suggests that the fluorescent
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measurements of

~ntracellula.r conc~ntrations

were reliable.

A detailed_ study of :tJ:ie mechanism(s). of fluoroquinolone
transport by.PMNs·was beyond the scope of this prpjec"t, but
one might assume that fluoroquinolone transport occurs via an
active process.

This assumption.is based on work reported by

Pascual, et al. (62) in which ofloxacin, which is structurally
related to the · fluoroquinbiones ~sed. in ~J:i~s study,

was

actively transported by human PMNs via an amino acid transport
system.

On the other hand, Easmon, et

~l.

(20)

reported that

mouse peritoneal macrophages which were not living took up
ciprofloxacin ·to the same extent as did living macrophages
which would argue against an active transport process.
The results in this study suggest that entry of the
antibiotic into phagocytes is necessary, but certainly not
the only factor associated with the intracellular bactericidal
activity of an antibiotic.

Other factors which could be

crucial determinants of intracellular activity of different
fluoroquinolones

include

compartmentalization

of

interactions
various

between

the

the

the
drug

within

different

intracellular constituents

penetration of the drugs

following:
the

PMN;

fluoroquinolones
from the PMN;

a)

b)
and

and c)

into engulfed bacterial cells.

Another obvious factor which should be explored in any future
pursuit of the observations in this study is the effect of pH
on intracellular bactericidal activity.

It is known that a

low pH can reduce the activity of fluoroquinolones (82) and
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that one of the consequences of phagocyte activation is the
production .of

a

low

intracellular

pH

Thus,

(52).

an

explanation of how structu:r:ally different compounds behave
within the phagocyte must take into account the possibility
that pH pould very well affect such things as transport into
bacterial
oxidative

cells

interactions with the

constituents

granules (46).
compounds

and

associated

with

numerous

non-

intraphagocytic

Slight differences in the structure of related

could

·sigrlif
icant,"'
'·
'

-

diff~rences
.

in

the

biological activity of the compounds at a low· pH; ,However,
final resolution of. these questions ·.will require detailed
attention

to

the

many

variables. associated

intracellular fate of engulfed bacteria
drug is involved in the

equation~.

with

the

whether or not a

SUMMARY

'

1.

The fluorpquinolones have excellent bactericidal
._ :
.
.
activity, ~or MRSA.

2.

Temafloxacin has greater intracellular activity, than
either ciprofloxacin

3.

Difloxacin is taken
ciprofloxacin by

4.

o~·difloxacin.
up~ore

PMNs."

readily. than temafloxacin or

·

We conclude that the amount of uptake is not indicative
of intracellular activity therefore the activity of the
antibiotics is probably affected by the intraphagocytic
environment.
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