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Animal infection models in the pharmacokinetic/pharmacodynamic (PK/PD) evaluation of antimicrobial
therapy serve an important role in preclinical assessments of new antibiotics, dosing optimization for
those that are clinically approved, and setting or confirming susceptibility breakpoints. The goal of animal
model studies is to mimic the infectious diseases seen in humans to allow for robust PK/PD studies to find
the optimal drug exposures that lead to therapeutic success. The PK/PD index and target drug exposures
obtained in validated animal infection models are critical components in optimizing dosing regimen
design in order to maximize efficacy while minimize the cost and duration of clinical trials. This review
outlines the key components in animal infection models which have been used extensively in antibiotic
discovery and development including PK/PD analyses.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The pharmacology of antimicrobial therapy can be divided into
two distinct components. The first of these components is pharma-
cokinetics (PK), which examine how the body handle drugs, includ-
ing absorption, distribution, metabolism and elimination, the other
component is pharmacodynamics (PD), which examine the rela-
tionship between drug PK, a measure of in vitro potency (usually
the minimum inhibitory concentration [MIC]), and the treatment
outcome (usually efficacy or sometimes drug toxicity). The time
course of antimicrobial activity is a reflection of the interrelation-
ship between PK and PD. PK/PD relationships are vital in facilitat-
ing the translation of microbiological activity into clinical
situations and ensuring that antibiotics achieve a successful out-
come. A large number of studies have indicated that antibiotics
can be divided into two major groups (Fig. 1): those that exhibit
concentration-dependent killing and prolonged persistent effects
(e.g. aminoglycosides, fluoroquinolones), for which the area under
the concentration-time curve (AUC) and peak concentration in
relation to the MIC of the organism causing the infections
(AUC/MIC and Cmax/MIC, respectively) are the major PK/PD
indices correlating with efficacy; the other group is those antibi-
otics that exhibit time-dependent killing and minimal-to-moder-
ate persistent effects (e.g. Beta-lactam and macrolide classes), the
time (expressed as a percentage of the dosing interval) that drug
concentration exceed the MIC (%T > MIC) is the major parameter
determining efficacy. To identify the PK/PD indices most closely
associated with efficacy, dose-fractionation studies are used. In
such studies, the same total drug exposure is administered using
different dosing intervals, for instance, a dose might be delivered
as 100 mg once daily or in 4 equally divided doses throughout
the day, regardless of dosing interval, each regimen would have
identical AUC0–24/MIC values, but different %T>MIC and Cmax/MIC
values. However in clinical trials, usually only 1 dose and 1 doing
interval are studied, making discrimination of the PK/PD linked
measured difficult, therefore, we usually rely on animal infection
models to determine the PK/PD index (also called PK/PD parame-
ter) and target (i.e. the magnitudes of exposure required to gain
certain PD endpoints, e.g. stasis or 1 log killing of pathogens in ani-
mals, or 90% chance of clinical effectiveness) that is linked to effi-
cacy. Importantly, available PK/PD data derived from infected
patients have shown remarkable concordance between the PK/PD
in patients and from animal data.1 This means that, in many
circumstances, we can translate the PK/PD profile from animal
models to effective treatment regimens in humans.

Infections caused by antibiotic-resistant bacteria have
increased rapidly and new antimicrobial agents are urgently
needed. However, the paucity of new antibiotics in the drug



Fig. 1. Principal PK/PD characteristics of antimicrobial drugs.
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discovery pipeline is presenting a significant unmet global need.2

In antibiotic discovery and development, PK/PD evaluation in ani-
mal infection models play an essential role in designing the opti-
mal dosing regimen and planning clinical trials, both of which
are extremely costly. Identification of PK/PD relationships using
animal models in an early discovery stage can lower the attrition
rate and provide a tool to enable rational go or no-go decision mak-
ing. Additionally, for drugs developed to ameliorate or prevent
serious or life-threatening infections, when human efficacy studies
are not ethical and clinical trials are not feasible, animal models are
especially important, FDA may grant marketing approval based on
adequate and well-controlled animal efficacy studies.3

For these animal models, there are several variables that are
taken into consideration. These can include host-specific variables
such as the animal species, route of infection, infection site,
immune status, end organ/tissue sampling and optimal endpoint
measure. Pathogen-specific variables include the genus/species,
inoculum size, virulence, and drug-susceptibility. Finally, thera-
peutic variables include route of drug administration, timing of
therapy, dose level, frequency of administration, penetration to
the site of infection, metabolism and/or elimination, and duration
of therapy. This list of variables may seem challenging; however,
carefully controlled animal model studies are the cornerstone of
PK/PD therapeutic evaluations that lead to dosing regimen opti-
mization, limiting drug-related toxicity, guiding therapeutic drug
monitoring, and setting of drug susceptibility breakpoints. The
aim of this paper is to outline these key factors in animal PK/PD
models.
2. Pharmacokinetic considerations

Pharmacokinetic (PK) measurements are necessary to ensure an
anti-infective agent will be present at sufficient concentrations and
microbiologically active at a given site of infection in a mammalian
host. The PK characteristics, such as area under the drug concentra-
tion curve (AUC) or elimination half-life, of some antibiotics can
vary significantly according to the route of administration, formu-
lation, animal species, age, body condition, gender, and physiolog-
ical status, all of which contribute to differences in drug efficacy.4

Because of this, the PK properties of antimicrobial agents need to
be determined in each animal species used in pre-clinical studies.

2.1. Protein binding

Most drugs bind to proteins such as albumin, a-globulin,
b-globulin, and c-globulin, or other biological materials such as
a1-acid glycoprotein, lipoproteins, and erythrocytes.5 Thus, free,
unbound drug concentration in plasma decreases as the degree
of binding to these compounds increases. There are numerous
studies that have demonstrated that only the free (unbound) frac-
tion of drug is available for pharmacological activity.6,7 The pres-
ence of infection in animals could potentially impact the free
fraction. A representative example is a study which azithromycin
tissue concentrations were compared in uninfected and infected
tissue in a rat thigh infection model. Greater free drug exposures
were observed in the infected animal tissues in comparison to
the uninfected animal tissues.8 Also, the mean azithromycin AUC
in the inflammatory blisters was more than 2 times higher than
that in the noninflammatory blisters, while the respective AUCs
in serum were not significantly different.9 This may be due to
chemotactic drug delivery in infected tissues, as phagocytes
migrate to the infection site and increase local drug concentrations
by releasing azithromycin from their lysosomes.10 It has also been
shown that the local pH values in the interstitial space fluid can be
reduced, due to the metabolic activities of infiltrating neutrophils
(anaerobic glycolysis) and infecting pathogens (e.g., production of
short-chain fatty acids11), which result in a further increase in local
interstitial fluid concentrations. The degree of protein binding can
vary highly between different species as well, and therefore it is
recommended that protein binding be determined in each species
of animal used in pre-clinical trials and consideration of whether
the infected status might impact this level. The impact of changes
in protein binding is especially significant for highly protein bound
and high clearance antibiotics, like ertapenem (85–95% protein
binding). If the protein binding changes from 90% to 95%, then
the free concentration would be assumed to decrease twofold.
Conversely, it is possible that severe hypoalbuminemia could
result in an increased unbound concentration that is then more
rapidly eliminated by supranormal renal clearance. These changes
would eventually result in significant lower concentration of erta-
penem (0.1 mg/L) than the target concentration (1 mg/L).12,13

Therefore, protein binding and the changes in binding conditions
should be taken into consideration when designing dosing regi-
mens and interpreting PK/PD study results.
2.2. Tissue site

An important consideration in PK studies is which compart-
ment or tissue site is relevant for drug concentration and PK
parameter determination. Traditionally, blood stream (i.e. whole
blood, serum or plasma) measurements of drug concentration
have been utilized; however, there are situations in which
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tissue-specific drug concentration measurement is necessary and
potentially more informative. This is especially true for sites of
infection that are considered sequestered (e.g. brain, CSF, urine,
eye, placenta) or for pathogens that are primarily intracellular in
nature. Currently, where this occurs most commonly is for drugs
being considered for the treatment of pulmonary infections (i.e.
pneumonia) which can include measurement of drug concentra-
tions in the epithelial lining fluid (ELF). However, the penetration
of drugs into ELF sometimes can sometimes be different in animals
and humans. For example, the importance of early examination of
tissue penetration in humans and in relevant animal species is
shown by the penetration of ceftobiprole into ELF in murine pneu-
monia. By comparing the AUCELF:AUCserum of ceftobiprole (0.69)
and ceftazidime (0.201), a dose of 1.5 g/day of ceftobiprole was
chosen for a phase 3 clinical trial to compare efficacy with cef-
tazidime (6 g/day) in patients, however the AUCELF:AUCserum of
ceftobiprole in humans was later found to be only 0.153. With
comparable ELF penetration and in vitro potency of ceftobiprole
and ceftazidime, one can easily predict that the dosage of cefto-
biprole would be insufficient.14 Additionally, penetration to sites
of infection can be preferentially different leading to better efficacy
based on the specific site of infection. An example of this important
finding is the revelation of PD targets that are approximately one
half in lung versus thigh infection models for an investigational
oxazolidinone based on preferential penetration into ELF.15,16

A concern in tissue-specific PK is in the processing of samples
for PK measurement. The most common and convenient method
of processing tissue samples for drug concentration measurement
is tissue homogenization.7,17 However, tissues have two distinct
fluid components consisting of the interstitial and intracellular
compartments. When homogenized, these two compartments are
irrevocably mixed. Since the intracellular compartment is usually
of larger volume, drugs that concentrate more in the interstitial
compartment will appear to be much lower in total concentration
than drugs that accumulate in the intracellular compartment, this
approach underestimates concentrations of drugs that equilibrate
predominantly in the interstitial fluid (e.g., beta-lactams and
aminoglycosides) and overestimates the concentrations of those
that accumulate mostly within cells (e.g., fluoroquinolones and
macrolides).18 The importance of this varies depending upon the
pathogen. Most bacterial and fungal pathogens produce disease
predominantly in the extracellular space. However, some patho-
gens, such as Legionella spp, reside exclusively or primarily in the
intracellular compartment where intracellular drug concentrations
should be a more accurate predictor of efficacy.

Several approaches have been used to determine the tissue-
specific distribution, for example imaging techniques including
single photon emission computed tomography (SPECT), positron
emission tomography (PET) and magnetic resonance spectroscopy
(MRS), however these techniques fail to differentiate protein
bound from unbound drug and fail to identify the exact compart-
ment of the compound within the extracellular fluid or the cells.19

Microdialysis (MD) is a technique suitable to determine a drug’s
free concentration in almost any tissue (brain tissue,20 lung tis-
sue,21 soft tissue,22 bile,23 eye24 etc.) and has been frequently used
in both experimental and clinical PK studies.19,25 Although MD is
currently not required in drug development, it has been recom-
mended by the FDA for the assessment of bioavailability and bioe-
quivalence of topically applied generic drugs.26

2.3. Effect of animal species on antibiotic pharmacokinetics

The host animal species can have dramatic effects on the PK of a
drug. Smaller mammals such as mice, rats and rabbits often exhibit
more rapid metabolism and elimination, and therefore half-lives in
these models can be considerably shorter than in larger mammals
such as humans.18,27,28 The impact of route of administration on
drug PK can also vary according to animal species and different
drugs, for example the t1/2 of rifampicin in rats following intra-
venous administration was 4.7 h, which is shorter than the t1/2
(9.3 h) following oral administration, but the same increase in
half-life was not evident in mice.29 However, some drugs are not
affected by the route of administration and animal species, for
instance, the PK parameters of ceftaroline administered through
the intramuscular route in diverse animal species were similar to
those observed when the drug was administered intravenously.30

Finally, even the strain of animal can affect the PK. For example,
BALB/c mice and DBA/2 mice display markedly different serum
drug concentrations of itraconazole over time.31

2.4. Effect of infection on antibiotic pharmacokinetics

The infection process can have a marked effect on the PK of a
drug. This could be related to the infection causing changes in
the penetration of antibiotics in the physiologic characteristics of
the tissue due to the inflammatory process initiated by the host
or a change in drug clearance. Infections in lung, bone and central
nervous system have been found to alter tissue site penetration,
while infections of the bloodstream have been shown to expand
the Vd (volume of distribution) and enhance drug clearance.32 For
example, a fourfold increase in cerebrospinal fluid vancomycin
levels was reported in animals with meningitis versus healthy con-
trols.33 Additionally, lung infection was found to produce large dis-
cordance between the blood and pulmonary profiles of tedizolid
and linezolid.34 The translatability of pre-clinical animal model
PK to patients therefore usually includes both uninfected and
infected animal PK to determine if the disease state significantly
alters drug PK.

2.5. Effect of animal age

Age can have also exhibit profound effects on drug PK in many
mammalian species. However, the clinical applicability of using
age-related PK in an animal model and correlating it to age-related
PK in a human is limited. For example, plasma PK of five beta-lac-
tam antibiotics are markedly different in neonatal versus adult
rats.35 For example some studies have demonstrated that neonatal
rats absorb beta-lactams better than adults following oral admin-
istration, and the clearance of these drugs is reduced.36 However,
there is no corollary study in humans (i.e. neonates) to determine
if these differences are clinically relevant. When differences do
occur in the animal model, for example ertapenem pharmacokinet-
ics change in relation to age,37 it can provide the stimulus to study
the PK in different age groups in humans. However, when age-
related differences do not occur in the animal model, it doesn’t
necessarily indicate that there are not significant clinical differ-
ences in drug PK in different aged humans. With this caveat aside,
there are examples of age-related changes in antimicrobial PK in
animal models.38–41 In general, drug concentrations are higher in
aged animals compared to young animals for a given dose. For
example, aged rats (22–24 months) had higher concentrations
(Cmax and AUC) and prolonged elimination rates (T1/2) for gentam-
icin compared to younger rats (2–3 months).38 Differential rates of
metabolism and elimination most likely account for these differ-
ences, which are often clinically relevant in humans as well.

2.6. Strategies to mimic human PK in animal models

The two most common strategies to attempt to mimic human
PK in an animal model where there is rapid metabolism or clear-
ance of the drug is to either directly alter the clearance/metabolism
or provide a means of very rapid drug replenishment by frequent
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or continuous dosing systems. Impairment in renal clearance of a
drug can result in slower elimination, which is relevant if this is
the major clearance organ (e.g. cephalexin42). In mice, this has
been accomplished by a single subcutaneous injection of uranyl
nitrate (10 mg/kg) 3 days prior to animal infection.43 Uranyl nitrate
produces acute tubular necrosis and subsequent stable but
decreased renal glomerulofiltration for a maximal duration of
7 days.44,45 For example, Craig and colleagues administered uranyl
nitrate to mice receiving amikacin and demonstrated an increased
half-life, peak concentration, and AUC for each dose when com-
pared to non-renally impaired mice.45 The resultant PK parameters
and concentration-time curves more appropriately simulated
human amikacin PK. Antimicrobial agents actively secreted by
renal tubular cells can be competitively blocked by other com-
pounds that utilize the same excretion process. An example of this
is probenicid, a weak organic acid which blocks the secretion of
penicillin and other cephalosporins.46 A variety of renal impair-
ment mechanisms have also been reported for rats.42 This includes
proximal tubular necrosis induced by cisplatin (one dose at 5 mg/
kg IP), papillary necrosis induced by 2-bromoethylamine hydro-
bromide (one dose at 75 mg/kg IV), glomerulonephritis induced
by sodium aurothiomalate (six weekly injections of 0.05 mg/kg
IV), and anti-rabbit antibodies to rat glomerular basement mem-
brane (single IV injection).

Continuous dosing of antimicrobials has been utilized to coun-
teract the effect of rapid antimicrobial clearance in small rodents.
There are a number of systems that have been utilized including
tissue cage infusion,47 infusion pumps,48–52 and more recently
sophisticated computer programmable pumps.53 These systems
work best from an efficacy standpoint for time-dependent drugs
in which the time above MIC is the driving pharmacodynamic
index.
3. Immune suppression in the animal model

Animal models of anti-infective therapy often utilize immune
suppression. There are several reasons for this model design. First,
an un-confounded evaluation of antimicrobial effect can be per-
formed if the immune system is removed or significantly inhibited
from affecting the outcome. Therefore, one will get a more robust
drug-effect evaluation by removing confounders that will artifi-
cially enhance antimicrobial efficacy. Secondly, many animals are
inherently resistant to microbes that are pathogens in humans
and immune suppression is required to mimic disease in patients.
The effects of immune suppression have been explored in a num-
ber of studies. As might be expected, in general there is a reduction
in the amount of drug necessary to achieve similar microbiological
outcome (i.e. net stasis or 1-log kill) in non-neutropenic compared
to neutropenic anti-bacterial models.54 This reduction can be as
much as 2- to 4-fold lower but appears to vary dependent upon
the drug class and microorganism. A common approach to induce
neutropenia is to administer cyclophosphamide (150 mg/kg)
4 days before bacterial inoculation followed by a second dose
(100 mg/kg) 1 day before the inoculation. This regimen has been
proved to produce profound neutropenia, which could persist for
4 days, with complete resolution by 7 days.55 Different cyclophos-
phamide dosing regimens have also been used to study the impact
of various degrees of immunosuppression or temporary neutrope-
nia on the PK/PD target.56
4. Common animal infection models for antimicrobial PK/PD
study

Various different animal models have been used for experimen-
tal antibacterial PK/PD study. A description of the most commonly
used models is provided in this review. In general, mice and rats
are the preferred experimental animals because of their low cost
and ease of handling. Virulent bacterial strains are used to develop
infections. A high inoculum, immunocompromised animals,57 and/
or adjuvants58,59 (like mucin or formalin60) may be required to pro-
duce progressive infection. The time to initiation of antibacterial
therapy is dependent on many factors, for example the virulence
of the pathogen, the inoculum size, the inherent generation time
for the microbial species, and the status of the host immune
state,61 and can vary from 2 to 24 h after initial inoculation.

4.1. Thigh infection model

The rodent thigh lesion model was originally described by Sel-
bie and Simon in 195262 and continues to be the work horse for
animal model PK/PD antimicrobial efficacy studies. This model is
commonly employed in the development of new antimicrobial
agents and has been shown to be helpful for predicting efficacy
for a number of human applications (e.g. pneumonia, skin and soft
tissue infection, intra-abdominal infections and septicemia).1,63

The model is also attractive as use of two thighs per animal (two
biological replicates) limits the total needed for each experiment.
Briefly, the model involves intra-muscular injection of an inoculum
(105–108 CFU in a volume of 0.1 mL of broth) into the dorsal thighs
of anesthetized mice. Mice are then treated with an antimicrobial
agent at 1–2 h after the thigh inoculation for a defined period,
euthanized at study endpoint, and CFU enumerated from each
thigh. In order to make the data most meaningful, zero-hour con-
trol mice are optimal to determine the viable burden at the start
of therapy. This allows one to determine whether infectious bur-
den increased, decreased, or remained stable over time. Untreated
controls are also necessary to assess fitness of each bacterial strain
in the animal model. Most studies utilize a neutropenic mouse
model, but immunocompetent animals can also be used to study
the impact of leukocytes.54,64 An experimental thigh infection
model has also been described for rats.65 While CFU determination
of pathogen abundance is most commonly performed, novel tech-
niques such as resonance imaging,66 luminescent bacteria,65,67

radiolabeled bacteriophages,68 quantitative PCR, and antigen/anti-
body testing have been developed for certain pathogens as a means
to monitor infectious burden in animals.

4.2. Acute bacterial pneumonia models

Murine models of acute pneumonia are increasingly incorpo-
rated into drug development and PK/PD studies for drugs intended
for this infection site. The reliance upon these lung infection mod-
els has stemmed from the recognition of differential penetration of
antimicrobials to the site of bronchopneumonia, the epithelial lin-
ing fluid, ELF. Many contemporary lung infection models have been
described, including a recent thorough review of murine models to
mimic human pneumonia.69 Important considerations in the mod-
els include host immune dysfunction, organism pathogenicity in
mice, route of infection, inoculum size, experimental duration,
and endpoint (e.g. mortality, organism burden, etc.). Similar to
the thigh model, mice are commonly rendered neutropenic.

The route of infection for production of pneumonia includes
aerosolization of the inoculum with subsequent inhalation, intra-
nasal instillation with ensuing aspiration, injection into the trachea
via percutaneous puncture with a fine needle, or direct instillation
into the lungs by tracheal intubation.69 In general, the animals are
anesthetized and inoculated with approximately 10–50 lL (mice
and rats) or 0.5 mL (rabbits) of a bacterial suspension (105–108

CFU). Experiment duration can vary depending on pathogenicity
of the infecting organism, but usually doesn’t need to be prolonged
more than 24–48 h for bacterial pathogens to produce death in
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untreated control mice. Finally, determination of organism burden
is most commonly performed by quantitative culture techniques
(CFU determination). The aforementioned pneumonia model tech-
niques are now increasingly utilized for hospital-/health care-
acquired pneumonia pathogens. Representative examples include
Acinetobacter,70–79 MRSA,16,59,80–86 Pseudomonas aeruginosa,87–95

and Klebsiella pneumoniae.96–103

4.3. Chronic bacterial pneumonia models

Chronic pneumonia usually occurs in the setting of pre-existing
lung conditions such as chronic obstructive pulmonary disease
(COPD) and cystic fibrosis (CF). These lung diseases produce inter-
mittent obstruction and variable loss of immune function with
subsequent risk for chronic or recurrent infection. These pre-exist-
ing conditions do not exist in outbred rodents and bacteria com-
monly involved in these infections are rapidly cleared from the
airways in rodents.104–106 Therefore, strategies to mimic periodic
obstruction and prevent bacterial clearance have been developed.
To date the most common method used to achieve airway obstruc-
tion is the preparation the bacterial inoculum in agarose or algi-
nate beads.105,107 This method has been employed successfully to
yield a persistent P. aeruginosa infection in rats for up to 35 days.105

Genetically modified mouse models have been developed to study
disease pathogenesis but to our knowledge have not been utilized
for antimicrobial PK/PD investigations.

The pathogen of choice for most chronic pneumonia studies is P.
aeruginosa. This is clinically applicable as it is not only the most
common isolate found in colonization and infection in COPD and
CF patients, but is also particularly difficult to treat and has resis-
tance selection is common.108 Murine models have also been
adapted to investigate the impact of antimicrobial therapy in
chronic P. aeruginosa pneumonia.109–113 Notably, no single drug
treatment has been found to eradicate the infecting organism in
this chronic model. For example, Macia and colleagues examined
ciprofloxacin and tobramycin monotherapy and combination ther-
apy in a murine model of chronic pneumonia.110 After exposure to
ciprofloxacin, infection with a hypermutable isolate of P. aerugi-
nosa resulted in a rapid increase in drug resistant subpopulations.
This effect was not observed with tobramycin monotherapy.
Finally, the combination of the two drugs appeared synergistic
against the hypermutable isolate. Thus this study design appears
useful for investigation of PK/PD dosing strategies to prevent the
emergence of resistance. Inhalational drug administration is an
additional area of investigation garnering more interest for chronic
pneumonia.109,114–118 The advantage of this route of administra-
tion method is directly targeting antimicrobial therapy to the site
of infection as well as limiting systemic toxicity that can be prob-
lematic for certain antimicrobial agents.

4.4. Skin and soft tissue infection models

Animal models have become standard tools for studying exter-
nal traumatic wound infections and testing new antimicrobial
strategies despite of advances in the infections care and manage-
ment. Numerous skin and soft tissue infection models have been
described, including models for wounds, skin abrasion, burns,
and abscesses, and a variety of foreign body materials and skin
traumas have been used to promote the infection.119

To produce a deep infection, the bacteria are commonly injected
subcutaneously, using microbeads as abscess promoters.120 For
studying superficial infections the tape-stripping method can be
applied.121 The fur and most of the epidermal layer are removed
using elastic adhesive bandage, and the bacteria are added directly
on the damaged skin area. It is common that hairless or shaved
mice are used in these models. The main factors which determine
the severity of the traumatic wound infection model include bacte-
rial inoculum, size of the wound and immune-competence of the
animals. The end-point for these models usually includes
histopathological examination of sections of lesions and counting
of viable bacteria recovered from the inoculation sites to determine
the inoculation producing 50% probability of infection (ID50).122

Methods that utilize in vivo imaging to noninvasively and longitu-
dinally monitor the bacterial burden123 and real-time monitoring
of bacterial infections in vivo using bioluminescent bacteria have
also been described.124 Each of these models should allow PK/PD
analysis but thus far have not been commonly used for this
purpose.

4.5. Septicemia models

Sepsis is a serious clinical problem involving complex mecha-
nisms and animal models of sepsis have played a major role for
in vivo efficacy of numerous antibiotics.125,126 There have been var-
ious animal models of sepsis utilizing different paradigms. Endo-
toxin, bacterial infusion, cecal ligation and puncture, and colon
ascendens stent peritonitis models are the commonly practiced
methods at present. However for the assessment of efficacy of
novel antibiotics, the most commonly used model is the mouse
septicemia model due to the simplicity of the endpoint analysis.
The model involves rendering the animal neutropenic and then
the animal is infected by an intraperitoneal injection of 0.1–
0.5 mL of a log-phase bacterial suspension, sometimes 5% mucin
is injected along with the bacteria to produce septicemia.125 End-
points following antimicrobial therapy can include mortality (%
survival) and bacterial load (CFU) in the blood. This mouse sepsis
model is less time consuming and labor intensive due to no
requirement of tissue homogenization compared to the thigh
infection model.122

4.6. Meningitis models

Rabbits are typically used to study experimental meningitis and
the model was described originally by Dacey and Sande in 1974127

and was used for the assessment of efficacy of numerous antibi-
otics.128–138 In this experimental infection model, animals are
placed in the stereotactic frame and anesthetized intramuscularly
with 35 mg/kg of ketamine and 5 mg/kg of xylazine. Meningitis
is induced using an intracisternal injection of 0.25 mL of an endo-
toxin-free saline suspension containing 104–106 CFU/mL of inocu-
lum. Antibiotic treatment is commonly started 14–18 h after
inoculation. An indwelling spinal needle in the cisterna magna
and an arterial catheter enable serial CSF and serum sampling to
determine bacterial counts. The use of rabbits instead of smaller
rodents is to the larger size of these animals which allows for
device maintenance and repeated CSF sampling. However, rat
meningitis models were have been developed, and may also be
useful for assessment of antibiotic therapy.139

4.7. Urinary tract infections models

Models of urinary tract infections (UTI) are commonly used to
assess antimicrobial efficacy given it is one of the most common
infectious diseases of human. Rodents (i.e. mice and rats) are the
most common animal model utilized and there are few important
factors one needs to consider. First, not all bacteria are inherently
pathogenic in the rodent urinary system and therefore in some
studies manipulation (i.e. obstruction or direct instillation into
renal parenchyma) is necessary. Secondly, vesicoureteral reflux is
a naturally occurring phenomenon in rodents due to the lack of
ureterovesical valves.140 In its simplest form, UTI can be induced
in rodents by instillation of normally pathogenic microorganisms,
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such as 50 lL of E. coli (usually 107–109 CFU), into the bladder by
urethral catheterization and clamping the catheter or urethra for
a short period of time to prevent immediate inoculation expulsion
and promote infection.141–144 As long as the bacterial strain has
necessary virulence factors (i.e. type 1 or type P fimbriae), a UTI
with high bacterial counts in the bladder and kidney will ensue
over a period of 1–8 days. The endpoints are usually bacterial cul-
tures of bladder and kidney homogenates. Additional parameters
monitored may include morbidity and blood cultures, while homo-
genates of liver and spleen can also be taken to monitor dissemina-
tion of the infection outside the urinary tract. This model has been
successfully employed to study the antimicrobial efficacy and
PK/PD relationships of antimicrobial therapy.142,145–147

Urinary obstruction models provide a framework to study
pyelonephritis and UTI with organisms that are not intrinsically
pathogenic to the rodent urinary systems.148,149 This model is more
technically demanding as it usually requires animal surgery to
directly inoculate the bladder with the pathogen and then ligate
one ureter to cause an obstructed infection. Antimicrobial efficacy
has also been examined using this model although given the com-
plexity there is less robust pharmacodynamic analyses than the
unobstructed model.150–152 Direct instillation of organism into
the parenchyma (i.e. poles) of one or both kidneys has also been
demonstrated as a means to study antimicrobial efficacy in the uri-
nary system but is also technically demanding.153–155 A final mech-
anism that has been utilized is hematogenous seeding of the
urinary system to produce UTI.156,157 Normally, no manipulations
of the animals are required, but strain screening for ability to
reproducibly colonization kidneys is important. Recent examples
of this model have include study with Enterococcus, Staphylococcus,
and Klebsiella.158–161

4.8. Animal models of infectious endocarditis

Animal models of endocarditis have been utilized for decades to
examine optimal antimicrobial therapy for this common life-
threatening infection. Additionally, they are perhaps the area of
animal model evaluation that has garnered the most translatable
clinical applicability.162–168 The most common animal species uti-
lized are rabbits, although rodent models have also been devel-
oped. The infection model itself usually consists of canalization
of the right carotid artery with a polyethylene intravenous catheter
and advancing it across the aortic valve. This results in the devel-
opment of sterile vegetations on the aortic valve which can then
be colonized/infected with a bacterial inoculum through the cathe-
ter. Antibiotic treatment starts 1–2 days after the inoculation.61

Endpoints in this model include CFU/vegetation and morbidity;
blood samples are also collected to test for sepsis and relapse of
infection following treatment. This model remains a very impor-
tant tool in optimizing antimicrobial therapies for endocarditis,
especially combination therapy with aminoglycosides and novel
combinations for aminoglycoside-resistant Enterococcal endo-
carditis and methicillin-resistant Staphylococcus aureus endocardi-
tis.169–178

4.9. Animal models of intraperitoneal infection

Peritoneal infections can be produced by one of two mecha-
nisms: direct inoculation of organism into the peritoneal cavity
or by cecal perforation as the result of ligation and puncture
(CLP). The former mechanism was initially performed by
surgically placing a gelatin incased inoculum into the peritoneal
cavity.179–181 However, more recently this has been simplified by
direct inoculation of the inoculum by syringe into the peritoneal
cavity to produce an infectious peritonitis.180–189 To enhance
pathogenicity talcum (magnesium hydropolysilicate) or mucin
are often utilized in inoculum preparation and serves as a foreign
body irritant to promote infection while having no effect on
antimicrobial therapy. In this model, a 0.25–1.0 mL saline suspen-
sion of organisms (104–108 CFU) is injected; drug treatment is ini-
tiated 1–6 h after inoculation depending on the time for bacteria to
reach a suitable start bacterial count; blood and peritoneal fluid are
collected and used for CFU determination.58,190 The CLP model is
another surgical technique to mimic secondary bacterial peritoni-
tis.191,192 In this model, the animal is anesthetized and the abdom-
inal cavity is aseptically entered whereby the cecum is identified,
ligated, and perforated with a needle before closing the abdomen.
5. Antimicrobial PK/PD modeling

In antibiotic development, PK/PD indices are intended to nor-
malize the drug exposure relative to the in vitro susceptibilityof
the respective pathogen.193 Once the optimal PK/PD index and tar-
get is identified and validated for a new compound, it can be used
to optimize the dosing regimen and determination of preliminary
susceptibility breakpoints.

Practically, there are a number of key experimental elements in
antimicrobial PK/PD studies. First, one must determine the dose
range to study for both pharmacokinetic and pharmacodynamic
studies in the animal model. This is often based on pilot studies
in animals and on the in vitro exposures that have been identified
that yield bacterial stasis or killing (i.e. in vitro MIC testing). The
dose range selected often includes 4–6 total doses that vary by
2- to 4-fold from dose to dose. Thus the complete dose range can
attempt to cover a low dose with little or no effect to a high dose
which produces maximal effect. The next step is measuring phar-
macokinetics in the animals. An important consideration is to
select multiple doses and time points to measure PK and optimally
the doses selected should encompass the dose range studied to
account for possible nonlinear PK that can be observed with higher
dose levels. Pharmacokinetic measurement requires the collection
of serum or plasma from three or more animals per time point after
administration of a pre-determined dose of drug. Drug levels can
then be determined by bio-assay or chemical analysis such as liq-
uid chromatography-mass spectrometry (LC–MS), the latter being
much more frequently used in modern PK/PD studies. Site specific
PK can be measured as well for a number of infection models. For
example, bronchial alveolar lavage (BAL) fluid can be obtained
from groups of animals at multiple time points after drug adminis-
tration identical to the time points above for serum or plasma and
the BAL fluid can be similarly analyzed for drug concentration.
These PK studies form the basis of calculating key pharmacokinetic
measures for PK/PD studies including maximum drug concentra-
tion (Cmax), area under the drug concentration curve over 24 h
(AUC0–24), and elimination half-life (T1/2), which is instrumental
in calculating time above MIC.

Another key component in PK/PD study design is to identify a
group of study organisms that can grow readily in the animal
model and have variable susceptibility (i.e. MIC) to the investiga-
tional drug. To this end, it is crucial that the study utilizes standard
strains of bacteria (i.e. ATCC isolates), clinical isolates that are quite
susceptible to the investigational drug, and isolates with varying
drug resistance to the investigational drug. PK/PD studies that lack
robust clinical applicability are often the result of the use of a sin-
gle isolate, lack of clinical isolates, and/or lack of MIC variation. In
our experience, the use of a minimum of three isolates is often nec-
essary; however, the PK/PD data fit and estimates generated are
often much more robust and clinically applicable with more iso-
lates examined. Additionally, one must confirm that the group of
organisms selected can grow properly and cause disease in the ani-
mal model (i.e. fitness studies). This is relatively straight forward to
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perform by infecting animals with the organism and measuring
burden over time in untreated animals. Organisms that do not
grow over time in the animal model are likely not useful for PK/
PD studies. As mentioned in the above paragraphs, numerous
strategies exist to optimize the fitness of organisms in the animal
models.

Once the dose range, PK studies, and group of organisms are
identified one can move forward with PD studies to determine
the optimal PK/PD index and PK/PD target. There are three PK/PD
indices that are clinically relevant and impact dosing regimen
design and these include: 1) The peak drug level over MIC ratio
(Cmax/MIC), 2) 24-h area under the drug concentration-time curve
over MIC ratio (24-h AUC/MIC), and 3) Percentage of time over 24 h
in which drug concentrations exceed the MIC (T > MIC). Identifica-
tion of the optimal PK/PD index is usually determined using
dose-escalation time-kill studies and dose fractionation studies,
the latter being a key component as described below. Time-kill
studies examine the effect of single, escalating drug doses on the
extent of killing and antimicrobial activity over time. This study
design allows one to determine whether increasing drug exposures
lead to enhanced activity (i.e. concentration-dependence) and
whether there are microbiological effects noted after drug concen-
trations fall below the MIC, known as post-antibiotic effects (PAE).
For some drugs, there are effects that persist following exposure
and sometimes the effects are prolonged after the drug concentra-
tion has fallen below the MIC (e.g. fluoroquinolones, aminoglyco-
sides, and triazoles). It is important to note that this
experimental design can give insights into the relative importance
of concentration-effect and PAEs, which will impact the determina-
tion of the best PK/PD index that predicts efficacy and resultant
dosing regimen design; however, by itself it does not allow for a
true PK/PD index determination. The reason for this is the dosing
interval does not vary (all animals receive single-escalating doses
and effect noted at various time points) and as one escalates the
dose administered all three of the PK/PD indices will increase in
concert. Thus one cannot reliably determine which of the three
indices may be the most predictive of efficacy given the interde-
pendence of the three indices as the doses increase. Dose-fraction-
ation study design addresses this dilemma by reducing the
interdependence of the three PK/PD indices. In dose-fractionation
design, the total drug dose administered over a given time period
(e.g. 24 h) is the same but fractionated into different dosing inter-
vals. For example, one could take a 40 mg/kg dose and administer
the whole dose once (Q24 h) to a group of infected animals, admin-
ister 20 mg/kg twice (Q12 h) to a group of infected animals, admin-
ister 10 mg/kg four times (Q6 h) to a group of infected animals, and
finally 5 mg/kg eight times (Q3 h) to a group of infected animals. In
doing this, the total drug exposure is the same in every group and
thus AUC0-24 will be nearly identical in all groups; however, the
Cmax will be much higher in the Q24 h group and the T > MIC will
be much higher in the Q3 h group. The result is three PK/PD indices
have been clearly separated as one changes dose and dosing inter-
val in the dose-fractionation study. As with the PK studies, it is
usually best to study multiple doses in the fractionation design
that include the dosing range being studied to encompass the full
range of drug effect. One can often predict the PK/PD index predic-
tive of efficacy based on visual examination of the dose-response
curves from these dose-fractionation studies. If the efficacy was
much more pronounced in the infrequently administered dosing
regimens, Cmax/MIC is likely most predictive. If efficacy was much
more pronounced in the shorter dosing intervals, T > MIC is likely
most predictive. Finally, if the outcome was similar with each dos-
ing interval, AUC/MIC is likely most predictive. Mathematically, the
PK/PD index determination is performed using the Emax model or
Hill equation to examine the relationship between each PK/PD
index and effect.194 The fit of the relationship is typically
determined using a statistical assessment of variation such as the
coefficient of variation (R2).

A final component of PK/PD studies is the examination of the
drug exposure to MIC ratio (based on the optimal PK/PD index
identified) target for a particular outcome of interest for multiple
organisms to generate an overall robust PK/PD target. In essence,
the question is what drug exposure magnitude indexed to MIC
results in an outcome of interest. Outcomes can include net stasis;
1-log, or 2-log kill. The outcome measure ideally should be corre-
lated with clinical evidence of which measure predicts optimal
outcome in patients, but this is often lacking and continues to be
an area of active PK/PD research to optimize translatability of
pre-clinical PK/PD studies to clinical use.
6. Conclusion

Developing safe and effective dosing regimens is a significant
challenge in antibiotic development, which can be achieved by
the integration of PK and PD information in preclinical experimen-
tal models. Hence, accurate and predictive animal infection PK/PD
models are an extremely powerful tool which can streamline the
drug development process and optimize therapeutic effect. In this
review, we summarized the factors that can affect animal model
PK/PD studies of antimicrobial agents and the general approach
to design robust PK/PD studies. We believe carefully controlled
animal model studies will continue to make a significant contribu-
tion to the development for new antibiotics and dosing regimen
optimization for current antibiotics.
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