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ABSTRACT

The effects of clinical states of infection on the pharmacokinetics and pharmacodynamics
(PK/PD) in ruminant food animal species are not well described. The majority of PK studies
utilize healthy animals, and this creates challenges for veterinary professionals treating clinical
patients. Knowledge gaps explored are 1) effect of clinical disease on the PK/PD of fentanyl in
cattle, 2) effect of pneumonia on the PK/PD of tulathromycin in goats, and 3) the effect of co-
administration of ertapenem and an immunomodulator on PK/PD in sheep.

The pharmacokinetics for calves were determined after intravenous dosing of 5 png/kg
fentanyl citrate. The initial PK revealed an increased elimination half-life and mean residence
time when compared to other ruminant values. The analytical performance of the assay was
extremely sensitive, and as methods become more performant, PK parameters may face the need
for adjustment over time.

The PK/PD of fentanyl transdermal patches was determined in healthy and clinical
calves. Adverse effects of tachycardia, tachypnea, and hyperthermia were noted in all healthy
calves at two variable dosages. Adverse effects were related to the absorption of fentanyl over
the initial 4-6 hours, and the absence of acute clinical disease. Clinicians should note that
severity of clinical disease may impact PD of fentanyl in calves.

The PK and tissue residue concentration of tulathromycin in goats was determined for
healthy (control) and goats with respiratory disease. Volume of distribution was significantly
altered by respiratory disease, as well as plasma concentrations. A significantly lower tissue
residue concentration was noted in renal tissue from the experimental group. Respiratory disease

may alter pharmacokinetics and residues of tulathromycin in meat goats.
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Finally the effect P. aeruginosa cystitis and an immunomodulator on the PK/PD of
ertapenem was determined for sheep. No significant differences in PK or ertapenem
concentration were noted. Significant differences in bactiuria were noted between the control and
ertapenem with immunomodulator group. Non-antimicrobial adjunctive therapies such as
immunomodulators may present promise as a treatment option for severe infections.

The collective results of this work provide clinicians with evidence regarding the effect
of clinical states on the PK/PD in ruminant food animal species. These results can be further

elucidated for application of precision therapy in the hospitalized ruminant.



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

Alterations of Pharmacokinetics and Pharmacodynamics Due to Clinical States

Multiple physiologic states in medicine impact pharmacokinetics and pharmacodynamics
(PK/PD) in patients and these have been identified to provide guidance to clinicians when
treating these patients. Examples of these physiologic states include lactation, pregnancy, age, as
well as renal and hepatic impairment. Modric and Martinez identified 6 bovine studies of
lactation and 5 bovine studies of lactation altering PK/PD.(1) Pregnancy can alter PK/PD by
changing body composition, increasing cardiac output, delaying gastric emptying, decreasing
protein binding, and altering the activity of hepatic enzymes.(2) In human medicine these
changes require adjusting of doses for drugs such as the aminoglycosides. Lactation can also
alter PK/PD through the distribution of milk fat and protein, depending on the state of lactation.
Age also has the ability to influence PK/PD, primarily through alterations of volume of
distribution, cardiac output, renal clearance, and hepatic clearance.(3) The majority of studies
examining the effects of clinical states on PK/PD in veterinary medicine have investigated the
effects in small animals. In a review of veterinary studies examining the effects of renal or
hepatic impairment on PK/PD Modric et al identified 5 canine studies of hepatic impairment and
21 canine and 2 feline studies for renal impairment, however no bovine studies were
identified.(1) While the influence of physiologic states such as pregnancy, lactation, and age are
known to influence PK/PD in animals, the effect of clinical states, or presentations unique to
patients presented for medical care, especially among ruminant food animals, is less known.

The effect of clinical states of infection on PK/PD in veterinary patients is less

understood. While some models exist for examination of individual aspects of clinical



presentation few investigate multimodal factors for disease. For example: a goat with pneumonia
can present with significant stress, inflammation and infectious consequences, and require
administration of multiple therapeutic agents, however there are few studies that account for all
aspects of clinical disease when researched, as most PK studies are performed in healthy animals
of fairly homogenous populations with little variation.

Studies involving pain, stress, inflammation and infectious disease.

Inflammation and infectious disease can alter PK/PD through alterations in drug transport
as well as metabolizing enzyme activity. Multiple mechanisms have been elucidated for these
phenomena. These clinical states alter drug transport via modulation of the solute carriers(4) and
the ATP-cassette binding drug transporters, an example being P-glycoprotein.(5)
Proinflammatory cytokines such as interleukin 1, interleukin 16, and tumor necrosis factor are
involved in this transporter protein inhibition.(1) Processes of infection and inflammation can
also increase plasma concentration and the potential for toxicity of drugs, an example being
phenylbutazone in febrile greyhounds.(6) Martinez and Modric identified 12 bovine studies of
inflammation and 14 bovine studies of infection altering PK/PD.(1) In humans inflammation and
pain in patients with rheumatoid arthritis will lead to over expression of central opioid receptors,
leading to potentially altered PD in these patients.(7)

Less understood is the effect of pain from clinical states on PK/PD in ruminant food
animals. There are two primary forms of pain described: nociceptive pain and neuropathic pain.
Nociceptive pain occurs from stimuli reaching harmful thresholds on the sensory nerve fibers.
These can be from thermal, mechanical, or chemical stimuli. Mechanical and thermal pain is
commonly described for processing procedures for ruminant food animals, such as tail docking

or dehorning. There are instances of nociceptive pain causing altered PK in ruminants. For



example, Kleinhenz et al has demonstrated that pain from hot iron dehorning increased the
plasma half-life of transdermally administered flunixin in calves.(8)

Multiple mechanisms are understood regarding the specifics of inflammation and
infection influencing PK/PD in ruminants. Sepsis has been demonstrated to alter the
pharmacodynamics of fentanyl in septic sheep, as septic subjects had significant hemodynamic
changes with renal perfusion reduced 60% when compared to controls.(9) While no studies
identify altering of PK/PD of tulathromycin in cattle, however in pigs infected with
Actinobacillus pleuropneumoniae, tulathromycin demonstrated both a slower elimination half-
life as well as a longer drug persistence when compared to healthy pigs (10). This could be due
to the accumulation of tulathromycin in inflammatory cells which would accumulate in infected
tissues(11, 12), the presence of three functional groups which allow for ionization at multiple pH
ranges due to a dissociation constant (PK,) between 8-9.6(11), or the potential increased volume
of distribution of infected pigs.(13) This increased volume of distribution in pneumonic animals
has been noted in ruminants, as goats undergoing an experimentally induced Pasteurellosis were
noted to have an increased volume of distribution for doxycycline compared to uninfected
controls.(14)

Studied involving co-administration of multiple therapeutic agents.

One concern that is not well documented in food animal medicine is the effect of
concurrent drug administration or co-administration on the effect of PK/PD in ruminant food
animal species. There are several examples in the literature of co-administration altering, not
altering or partially altering PK/PD in ruminant food animals.

There are cases where the co-administration of multiple drugs appears to have no effect

on PK in ruminant food animals. Gorden et al demonstrated that co-administration of flunixin



meglumine and ceftiofur hydrochloride did appear to cause a drug interaction that alters
pharmacokinetics in healthy dairy cows.(15) Similarly, another study identified no differences in
pharmacodynamics and no biologically significant differences in pharmacokinetics when calves
were simultaneously administered carprofen and oxytetracycline.(16) In goats similar findings
have been reported as administration of marbofloxacin with tolfenamic acid did not alter the PK
profile of marbofloxacin(17), and this finding has been repeated in calves.(18, 19) These studies
do have a common thread in that other than the administration of multiple drugs at the same
time, no other clinical state such as disease or pain was investigated.

However, this observance of co-administration not affecting PK is not always the case in
ruminant food animals as co-administration of piperonyl butoxide and albendazole in goats
altered the pharmacokinetics of albendazole due to the modulation of cytochrome P450 by
piperonyl butoxide, resulting in increased albendazole concentrations.(20) This mechanism could
be potentially exploited clinically as the persistence of albendazole led to an increased fecal egg
count reduction in the co-administered goats. In sheep co administration of verapamil with
ivermectin has led to significant changes in the pharmacokinetic parameters of ivermectin, and
this is most likely due to the effect of verapamil on P-glycoproteins.(21) Also noted in sheep is
the co-administration of ketoconazole increasing plasma concentrations of ivermectin, and this
mechanism is also thought to be due to P-glycoprotein inhibition by ketoconazole.(22) In
alpacas, it has been hypothesized and proven in vitro that co administration of doxycycline with
ivermectin or doramectin may lead to increased cerebrospinal concentrations of the avermectins
due to inhibition of P-glycoproteins at the blood-brain-barrier.(23) These mechanisms need to be
studied more closely to allow for potential therapeutic strategies to be developed due to altered

pharmacokinetics from co-administration.



There is also the possibility for co-administration of drugs to partially alter the
pharmacokinetics. In the case of enrofloxacin administered to goats with probenecid, some of the
pharmacokinetic parameters of the parent drug were not altered, whereas the metabolite,
ciprofloxacin did display altered elimination half-life, area under the curve, and mean residence
times.(24) This is most likely due to the properties of probenecid in reducing active tubular
secretion of the kidney decreasing the excretion of the metabolite.(25) Similar activity has been
noted in the case of probenecid’s action on cefuroxime’s PK in calves.(26) In sheep co-
administration of diclofenac and enrofloxacin did not change volume of distribution or mean
residence time, however it did increase area under the curve, elimination half-life, and
bioavailability.(27) These changes are presumed to be due to the inhibition of cytochrome P450
enzymes by enrofloxacin. These circumstances perhaps dictate the most need for further
investigation as this type of interaction could pose a therapeutic benefit or failure.

One exciting new approach to pharmacotherapy involves immunomodulators or agents
that stimulate the immune system. One of the promises of this drug class is that by improving the
immune response to infection other therapy could be applied in a more precise manner, or not at
all. Several examples have recently been utilized in veterinary medicine including
mycobacterium cell wall fraction stimulants for calf (28) and equine (29, 30) use, as well as the
DNA-based immunostimulant currently approved for use in bovine respiratory disease.(31) The
DNA-based immunostimulant is a cationic lipid/bacterial plasmid DNA liposome, which
activates the stimulator of interferon genes (STING) pathway to then activate interferon
response factor 3 (IRF3).(32) This modulation of the immune system will decrease both lung
lesions as well as death loss in cattle undergoing a respiratory disease challenge.(31) As a non-

antibiotic adjunctive therapy for respiratory disease, this immunomodulator may serve as a



useful therapy for concurrent of infections that rapidly develop antimicrobial resistance.
However, there is currently no information in the literature describing what effect, if any, that
these immune system stimulators may have on the pharmacokinetics of antibiotics. These effects
need to be explored, as a potential drug interaction may alter antimicrobial pharmacokinetics in a
manner that may alter drug efficacy when these immunomodulators are used in ruminant food
animals.

Importance of Comparative Pharmacokinetics in US Ruminant Food Animal Referral Practice

The majority of labelled drugs for ruminant food animal species in the United States are
labelled for cattle and most of these label indications are for respiratory disease, hoof rot,
pyrexia, parasitism and inflammation. While at the current time there are over four hundred
individual dugs labelled for cattle in the US(33), there are only 26 specific drugs labelled for use
in sheep(34), and only 15 separate labelled drugs for goats.(35) This limitation of therapeutic
tools in the toolbox of practitioners will often lead to extra-label drug use. Extra-label use will
normally follow under one or more of multiple circumstances such as: (1) administration of the
drug to a different species than on the label, (2) administration of a different dose or volume than
on the label, (3) administration via a different route or interval than labelled as well as (5) for
different durations or indications than labelled.(36) Food animal practitioners will routinely use
drugs extralabelly in the treatment of clinical animals, provided they can meet the clarifications
of the Animal Medical Drug Use Clarification Act (AMDUCA). Under AMDUCA in the US a
practitioner may pursue ELDU treatment if the five conditions are met: the veterinarian is
licensed, an animal or human FDA approved drug is used, data exists to establish an adequate
withdrawal time, the drugs are not used in an ELDU manner in feed, and the use of the drug is

only for therapeutic purposes where suffering or death may result from failure to treat. This issue



is further compounded in referral facilities, such as the Food Animal and Camelid Hospital
(FACH) at Iowa State University. To provide context for these clinical scenarios for food animal
veterinarians one could consider a recent case of the treatment of dairy goats for rattlesnake
envenomation.(37) All of the goats in the case series were treated with the non-steroidal anti-
inflammatory drug flunixin meglumine for inflammation. Flunixin meglumine did not at the
time, nor does it at the current time, have a label for caprine use. However, it is labelled for
bovine use and there are multiple studies that suggest that intravenous flunixin meglumine has
comparable pharmacokinetics in the goat as the bovine(38-40), as well as pharmacodynamic
research to indicate that it inhibits thromboxane B2 in caprine blood.(41) For this example since
the veterinarians were licensed, an approved food animal drug was administered, it was not
administered via feed, and was used to alleviate inflammation from the rattlesnake
envenomation, this ELDU would be appropriate. There are multiple other legal indications for
extra label use of flunixin in food animals, such as inflammation from parasite migration(42),
pre-operative pain management(43-45), as well as the treatment of the inflammatory processes
from aspiration pneumonia(46, 47). These examples demonstrate the importance of extra-label

drug use in food animal practice for clinicians.

Currently pharmacokinetic studies are conducted with small populations of animals,
typically 4-6, and these animals are often fairly homogenous as far as age, breed, production
status and weight.(48) This can create challenges for the clinician as clinical states such as pain,
disease or concurrent drug administration have the ability to alter PK/PD. Further compounding
this issue is that there is currently a lack of studies reporting the differences in pharmacokinetics
based on analytical sensitivity. For example, when trying to make decisions regarding

extrapolations of PK for a patient, it is challenging to determine if a study with a lower limit of



quantification of 10 ng/mL will provide the same results as a similar study conducted at with a
lower limit of 1 ng/mL. There is an urgent need for more information of the effect of the clinical
states on PK/PD for ruminant food animals to guide drug usage by veterinarians as well as the

effect of analytical sensitivity on PK parameters themselves.

Review of the Clinical Pharmacology of Fentanyl, Tulathromycin, and Ertapenem in Ruminant

Food Animal Species

The goal of this work was to further explore the effect of clinical states on PK/PD in
ruminant food animals. To investigate this goal three studies were conducted in three separate
ruminant species. 1) Currently no guidelines exist for the pharmacodynamics of fentanyl with
respect to clinical disease in the bovine; therefore, the effect of pain and clinical disease on
PK/PD of fentanyl transdermal patches in calves was investigated. This study also contributed
the PK of fentanyl to bovine practice as this has not been previously reported. A secondary goal
of this study was to examine the effect of analytical sensitivity on pharmacokinetic parameter
generation to aid ruminant practitioners when comparing pharmacokinetic studies performed
with different analytical methodologies. 2) Recently the swine literature demonstrated altered
pharmacokinetics of tulathromycin in pigs with Actinobacillus pleuropneumoniae respiratory
disease.(10) Tulathromycin has multiple properties that would make it ideal for use in caprine
respiratory disease; however, no studies have explored this. Therefore, the effect of Pasteurella
multocida respiratory disease on the pharmacokinetics and tissue residue concentration of
tulathromycin in meat goats was researched. 3) Currently there are no descriptions to guide food
and fiber animal practitioners on any alterations in PK/PD from co-administration of

immunomodulators with beta lactam antimicrobials. There are also no ovine models of catheter-



associated urinary tract infections or studies describing the use of ertapenem in sheep. Therefore,
the effect of co-administration of ertapenem and a STING activator immunomodulator was
explored in an ovine model of urinary catheter associated cystitis due to Pseudomonas

aeruginosa.

Pharmacology of Fentanyl

Fentanyl is a synthetic p receptor opioid agonist that is commonly used to provide
analgesia in veterinary species. Similar to opioid analgesics such as morphine and butorphanol,
fentanyl acts on p-opioid receptors located primarily in the central and peripheral nervous
system, as well as the intestines. However, opioid receptor activity can vary from drug to drug in
the commonly utilized opioids. For example: morphine is a primary p opioid agonist and
butorphanol is a partial opioid agonist with activity as an agonist for the kappa receptor and weak
| receptor antagonist activity. Morphine is commonly used in comparisons of potency amongst
opioids, with butorphanol being recognized as 4-7 times as potent as morphine, and fentanyl

approximately 100 times more potent than morphine.

Pharmacokinetics of fentanyl.

The properties of fentanyl allow for fast activity after administration. Fentanyl is highly
lipid soluble and as such will rapidly transit the blood-brain barrier. After an initial intravenous
administration, plasma concentration decreases quickly due to redistribution of fentanyl to
tissues such as muscle and fat.(49) Fentanyl is primarily metabolized by hepatic cytochrome
P450 3A enzymes to norfentanyl (50). There are several additional minor pathways in the

metabolism of fentanyl, primarily amide hydrolysis to despropionyl fentanyl as well as alkyl
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hydroxylation to hydroxyfentanyl. Pharmacokinetics of fentanyl metabolites, while readily
available in human medical studies, are limited in veterinary medicine. Currently limited to
studies reporting norfentanyl concentrations in chickens (51), and primates (52), as well as not
detecting measurable quantities of norfentanyl in dogs (53). Fentanyl undergoes hepatic
metabolism and is excreted in a renally, and in the case of infusions or other sustained-delivery
systems these clearance methods can become saturated. The resulting accumulation results in
prolonged drug effects (49) This rapid distribution and short elimination half-life requires
fentanyl to be used via a continuous rate infusion or other sustained-delivery system for effective
analgesia in most clinical settings.

There are multiple routes of administration for fentanyl. The intravenous formulation is
administered via bolus or constant rate infusion. Sustained-release fentanyl transdermal are
successfully used for analgesia in cats(54), dogs(55), sheep(56), and goats.(57) A transdermal
fentanyl solution was developed for use in dogs,(58) but the safety of this formulation is
questionable for ruminants as a study evaluating three different dosages in sheep noted adverse
effects at all doses tested.(59) Other formulations of fentanyl exist in human medicine, examples
being intranasal fentanyl,(60) effervescent tablets, and fentanyl in a lollipop form,(61) but the

utility of these formulations for ruminant practice is unknown at this time.

Fentanyl in veterinary medicine.

In large animals, the pharmacokinetics of IV fentanyl has been described in sheep(62),
goats(63), alpacas(64), llamas(65) and horses.(66) In small animals, the IV pharmacokinetics of
fentanyl has also been described. Common use in small animals include sustained release

approaches in both the dog(55, 67) and the cat.(68, 69) Adverse reactions to fentanyl in non-
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ruminant species include an increase in locomotor activity in horses,(70) and respiratory
depression with elevated plasma concentrations (>30 ng/mL) in dogs.(71)

Fentanyl usage in ruminant food animal species

Fentanyl usage in the sheep.

In ruminant species, fentanyl use is best described for the sheep, with the initial reports
describing fentanyl’s use in combination with droperidol in 1964.(72) Studies utilizing sheep as
models for human maternal and fetal physiology have identified fentanyl as having parallel
pharmacokinetic parameters in both ewes and fetal lambs(73) after intravenous injection. In
addition, epidural injections of 50 and 100 pg into the epidural space of the ewe had no adverse
effects on the fetus or the ewe.(74) For ovine surgery models, fentanyl patch placement 24-36
hours prior to orthopedic procedures at a dose rate of 2 pg/kg/h has demonstrated analgesic

properties.(56)

Effects of fentanyl in the sheep extend beyond analgesia. It has been suggested that
fentanyl stimulates the presynaptic dopamine receptors in the corpus striatum, this decreases the
synthesis and release of dopamine, and with the resulting inhibition of locomotor activity will
lead to immobilization.(75) This has been further explored by Kyles et al. who noted
antinociceptive effects when neuroleptics were administered with fentanyl, but not with
neuroleptics alone, suggesting that interactions exist between the opioid and dopaminergic
systems.(76) In the neonatal lamb, fentanyl administration alone leads to respiratory depression,
but when mechanical ventilation is provided to lambs administered fentanyl, cardiac outflow,
heart rate, arterial pressure, and organ perfusion is not affected.(77) In lambs, there are several

age-related changes in the pharmacokinetics of fentanyl, primarily an increase of volume of
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distribution at steady state, most likely due to changes in body composition and clearance.(78)
Similarly the extraction ratio for lambs appears to be much less than for adult sheep(79), most
likely due to poor hepatic extraction by the neonatal liver. Surgery also appears to have influence
on fentanyl clearance, as clearances are slower during than before or after surgery in sheep.(80)
Fentanyl use in the sheep blocks cyclic contractions of the reticulum, potentially causing ileus in

treated animals.

Fentanyl usage in the goat.

Fentanyl use in the goat is a relatively unexplored therapeutic modality compared to the
sheep. Initial studies reported pharmacokinetics of fentanyl via intravenous, intrathecal, and
epidural routes, with fentanyl having higher elimination rates from the CSF as well as decreased
availability in the CSF.(81) These studies suggests that fentanyl may be less absorbed into the
CSF than morphine in the goat than other species. With the use of a transdermal delivery system,
maximum plasma concentrations were variable (1.12-16.69 ng/mL; mean: 6.99 ng/mL, SD +/-
6.03 ng/mL) compared to intravenous administration.(63) This suggests that in the goat a
transdermal delivery system may not guarantee a stable plasma concentration of fentanyl is
achievable. This same study identified a short elimination half-life (1.20 +/- 0.78 hours) for
intravenous administration compared to administration via the transdermal route (5.34 &+ 5.34
hours). This finding conflicts with a later study that demonstrated consistent fentanyl absorption
in goats that underwent orthopedic surgery, with a maximum plasma concentration of 1.84

ng/mL (range: 0.81-3.35 ng/mL), with concentrations maintaining above 0.5 for 40 hours.(57)

In the goat, fentanyl is not limited to use as a stand-alone analgesic agent, as it also

possesses the ability to potentiate anesthetics. When combined with isoflurane for inhalational
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anesthesia a decreased minimum alveolar concentration was noted with fentanyl protocols than
with isoflurane alone (82), with cardiovascular function not being adversely affected. Similarly,
when co-administered with alfalaxone, a fentanyl infusion reduces in a dose-dependent manner,
the infusion rate of alfalaxone required to prevent motion in response to noxious stimuli.(83)
Fentanyl is a component of a Total Intravenous Anesthesia (TIVA) protocol along with propofol.
For this purpose, a decreased median dose of propofol was necessary with the fentanyl
combination compared to fentanyl and midazolam.(84) Goats treated with the fentanyl-propofol
combination also recovered faster from anesthesia. The ability for fentanyl administration to
decrease the effective doses of other drugs for anesthesia is a benefit that could minimize adverse
anesthetic-related effects for complicated procedures, such as a craniectomy in a goat

anesthetized with propofol, lidocaine, midazolam and fentanyl.(85)

Fentanyl use in cattle.

The use of fentanyl in cattle is not well described. An anecdotal recommendation for
transdermal patches dosed at 0.05-0.5 pg/kg is described(86), but no PK/PD studies verify this
dosing recommendation. An adverse reaction in a post-operative calf administered a fentanyl
transdermal has been described.(87) An experimental model to induce respiratory depression via
administration of xylazine, fentanyl, and diazepam is also described for calves.(88) Unlike sheep

and goats no studies demonstrating the PK/PD for fentanyl exist for cattle.

Adverse effects of fentanyl in ruminant species.

Adverse effects have been reported following the administration of fentanyl to goats.
Carroll et al reported a transient increase in rectal temperature after intravenous administration.

(63) Behavioral changes have been noted as well in goats administered fentanyl. The changes
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range from a variation from recovery following TIVA (84), excessive tail wagging,(82) as well
as severe excitatory behavior during recovery from anesthesia.(83) These same adverse effects
seem to be more apparent in goats than sheep, as multiple studies mention uneventful recoveries
in sheep when fentanyl is used for analgesia or anesthesia,(89, 90) although adverse effects of
pacing, head pressing, decreased ruminations, urinary retention and severe sedation have been
reported in sheep.(59) These differences in adverse effects could be due to formulation, as the
aforementioned studies with no adverse effects explored transdermal patches and intravenous
infusions, and the study that noted adverse effects investigated a transdermal solution.
Additionally, adverse effects of excessive locomotor activity and vocalization have been
associated with the use of a transdermal fentanyl solution in sheep.(59) Similar adverse effects
were noted when this transdermal solution was used in camelids (Lakritz, personal
communication). An adverse reaction in a post-operative calf administered a fentanyl
transdermal patch with morphine is described as agitation, altered mentation, mydriasis,
nystagmus, increased locomotor activity, vocalization, myoclonus of the tail, hyperesponsiveness
and hyperthermia along with tachycardia and tachypnea has also been described.(87) Additional
studies are necessary to determine safe, effective and therapeutic manners to apply the analgesic

potential of fentanyl to bovine patients.

Pharmacology of Tulathromycin

Tulathromycin is a member of the macrolide class of antibiotics, which originated with
erythromycin. A semisynthetic macrolide, it presents as an equilibrated mixture of an azalide
with a 13 member ring in and a 15 member ring.(91) The structure contains three amine groups

and these three functional groups classify tulathromycin as the first of a sub-class of macrolides
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known as triamilides.(92) While the macrolide antimicrobials can vary structurally, they all
maintain similar action, primarily by inhibiting protein synthesis via the reversible binding to
23S ribosomal subunit of bacteria.(93) This mechanism will then serve to inhibit the protein
elongation phase by stopping the catalyzation of peptide bonds.(94) Tulathromycin acts as a
bacteriostatic antimicrobial when tested against E. coli and Staphylococcus aureus(93), however
this mechanism can be bactericidal when M. haemolytica, A. pleuropneumoniae and P.
multocida are challenged at 4 to 8 times the MIC.(91, 95) In the United States tulathromycin is
labelled for use in cattle for the treatment and or control of bovine respiratory disease due to
Mannheimia haemolytica, Pasteurella multocida, Haemophilus somnus (Histophilus somni) and
Mycoplasma bovis; the treatment of interdigital necrobacillosis due to Fusobacterium
necrophorum; and treatment of infectious bovine keratoconjunctivitis from Moraxella bovis.
While the use of tulathromycin is unique to veterinary medicine, the importance of the macrolide
antimicrobials is not. In human medicine the World Health Organization has classified macrolide
antibiotics on the list of the highest priority, critically important antimicrobials for the

preservation of human health.(96)

Tulathromycin is administered via parenteral routes in cattle and swine. No data exist for
oral administration in cattle, but for swine the administration of tulathromycin via oral gavage
yields a bioavailability of 51.1%.(97) Following subcutaneous administration tulathromycin
rapidly achieves systemic absorption and persists in tissues for extended periods of time.(98) It
possesses a pKa of 7.4-8.6, as well as hydrophilic properties, which allow for ease of transit from
plasma to tissues, as well as the ability to become ion trapped in acidic tissues.(93)

Tulathromycin also concentrates in inflammatory cells.(99) Metabolism of tulathromycin is
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primarily via hepatic microsomal enzymes. In pigs tulathromycin is excreted by biliary and renal

excretion routes (93), and in cattle the major route of excretion is thought to be biliary.(11)

Tulathromycin in sheep.

There is no sheep label for tulathromycin in the United States, so all use of this drug in
the US would be considered ELDU. Pharmacokinetics of non-pregnant adult ewes are similar to
cattle such that the same dose (2.5 mg/kg) could be suggested to have efficacy as long as the
targeted bacteria would have similar inhibitory concentrations to those in cattle.(100) Initial
efforts focused on the use of tulathromycin for the treatment of caseous lymphadenitis caused by
Corynebacterium pseudotuberculosis, due to the high degree of lipid solubility and long-lasting
property of the drug.(101) One future potential application of tulathromycin in sheep could be
for the treatment of abortion storms caused by Campylobacter spp, as research has suggested that
an increasing number of ovine isolates are resistant to the traditional treatment with
tetracyclines.(102) This use is further supported by fetal ovine PK data demonstrating consistent
concentrations between 4 and 288 hours in one study.(103) However, this use would require
adherence to AMDUCA, as there is a labelled macrolide antibiotic, tilmicosin, available in the

US for ovine use.

Tulathromycin in goats.

Similar to sheep in the US, tulathromycin can be legally used in goats in an extra-label
manner when treatment has been deemed clinically ineffective by a labelled drug. The PK of
tulathromycin in goats is similar to what has been reported for cattle and swine.(104) When
compared to cattle, the pharmacokinetics and tissue elimination of tulathromycin in goats is

similar.(104-107) Like sheep, tulathromycin has been identified as a potential therapeutic agent
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for infection by C. pseudotuberculosis. This is supported by a tissue chamber model of caprine
abscesses that found similar concentration of tulathromycin in the chambers as plasma.(108)

This therapeutic plan is supported by a randomized clinical trial treating C. pseudotuberculosis in
client-owned goats.(101) Tulathromycin also appears to be a safe drug for caprine therapy, as
administration of ten times the bovine dosage resulted in no gross or microscopic lesions.(109)
Tulathromycin’s broad spectrum of activity and long-acting character make it an ideal
antimicrobial for treatment of respiratory disease in goats. Among caprine respiratory disease
isolates, a 100% efficacy was noted against caprine respiratory isolates of Mannheimia
hemolytica, Pasteurella multocida, and Bibersteinia trehalosi presented to the Veterinary

Diagnostic Laboratory at lowa State University.(110)

Tulathromycin in cattle.

The majority of tulathromycin use in the US is in cattle. After one subcutaneous
administration tulathromycin has high bioavailability, and can persist in lung tissue for extended
periods of time.(111) These parameters indicate rapid absorption, with maximum concentrations
being reached approximately one hour after administration and a long plasma elimination half-
life.(105) When used in cattle, tulathromycin also possesses activity against Fusobacterium
necophorum, Porphyromonas levii, and Moraxella bovis. The drug has a significantly higher
cure rate when compared to tilmicosin for calves with bovine respiratory disease(112), and
higher than either florfenicol or tilmicosin in a separate study.(113) Similar treatment efficacy
and a lesser need for retreatment with tulathromycin is seen in dairy heifers treated for
preweaning respiratory disease when compared to enrofloxacin.(114) When a similar treatment

strategy was utilized on calves at high risk of developing BRD, a significant decrease in
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retreatments was also noted for tulathromycin compared to enrofloxacin.(115) This increased
retreatment rate was noted for gamithromycin when compared to tulathromycin for treatment of
undifferentiated BRDC in a feedlot setting.(116) Resistance to tulathromycin also appears to be a
less emergent concern than other antimicrobials, as a lack of significant resistance over multiple-
year studies has been observed for Mannheimia hemolytica (117, 118), however a 10 year study
conducted when tulathromycin entered the US market identified increases in MICog values for
tulathromycin over this time period.(119) Recent work has suggested that tulathromycin is not
ideal to use for both BRD control and treatment on the same operation, as this could lead to the
development of increased resistance in lower respiratory tract pathogens.(120) This finding
presents challenges for clinicians as the treatment of cattle with multiple antimicrobial treatments
can lead to increased resistance in BRD pathogens.(121) The emergence of resistance may not
only be limited to respiratory pathogens as use of tulathromycin for respiratory concerns results
in resistance in enteric populations of Enterobacter spp.(122) Not all enteric pathogens follow
this trend, notably non-type specific Escherichia coli which demonstrates resistance following
administration of tetracyclines, but not tulathromycin, to feedlot cattle.(123) Tulathromycin
demonstrates efficacy for multiple BRD applications, and the emergence of resistance dictates
continued vigilance of this antimicrobial.

Tulathromycin is an effective treatment for other pathogens than just those associated
with BRD. Moraxella bovis, the causative agent of infectious bovine keratoconjunctivitis is also
a label indication for tulathromyin in the US. When prospectively infected with M. bovis,
treatment with tulathromycin will lead to faster resolution of corneal ulcers, and less frequent
isolate recovery when compared to control calves.(124) Tulathromycin is also an effective

therapy for Mycoplasma bovis in many circumstances.(125) When compared across decades,
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tulathromycin is still a prudent choice for the treatment of infections caused by M. bovis in cattle,
as while MICso levels increased to 32 pg/mL in the 1990s and then decreased in the 2000s.
Tulathromycin also possess activity for infectious pododermatitis in cattle, making it an ideal
candidate for individual animal therapy.(126) Contagious bovine pleuropneumonia, caused by
Mycoplasma mycoides subspecies mycoides (small colony type) demonstrates in vitro sensitivity
to tulathromycin, indicating another potential use.(127) Antimicrobial actions may not be the
only mechanism of tulathromyin. The immunomodulating effects of promotion of apoptosis of
bovine neutrophils, inhibition of proinflammatory signaling, and selective promotion of
apoptosis instead of necrosis in bovine macrophages may also confer advantages in respiratory
disease.(128) Additional non-antimicrobial activity of tulathromycin may include prokinetic
effects, as administration of tulathromycin to calves will increase abomasal emptying rate.(129)
This is most likely due to structural similarities to erythromycin, as erythromycin acts on the
motilin receptor in a prokinetic fashion.(130) Multiple applications for tulathromycin in cattle
exist beyond BRD.

Adverse effects reported to tulathromycin in ruminant food animals.

Limited studies describe adverse effects for tulathromycin when administered to ruminant
food animals. Several studies have identified no serious safety concerns or toxicity when
overdoses of tulathromycin are administered to goats.(109, 131) The author has noted
vocalization when goats are administered tulathromycin in both clinical and research (Smith, in
press) settings. When administered to steers by a dart remote delivery system, increased pain,
stress, and muscle damage occurs compared to conventional administration(132), although this

could be due to the dart administration depositing more drug in an intramuscular, rather than
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subcutaneous route. Foals administered tulathromycin tolerated therapy well, with the exception

of diarrhea, injection site swellings, and hyperthermia.(133)

Pharmacology of Carbapenem Antimicrobials

The carbapenem class of antimicrobials were initially developed due to the emergence of
bacterial resistance to the beta-lactam antimicrobials. Initial research efforts focused upon the
inhibition of beta-lactamase enzymes, and a natural compound, olivanic acid was the first beta-
lactamase inhibitor identified.(134) Produced by Streptomyces clavuligerus, this acid had the
early structure of the carbapenems, however due to poor penetration into bacterial cell walls and
instability, the olivanic acids were not viable antimicrobials.(134) Two agents originated from
this first step investigating olivanic acid: clavulanic acid and theinamycin.(135) Clavulanic acid
functions to bind to an active site in the beta-lactamase enzyme and this action deactivates the
enzyme. When compared to other beta-lactam antimicrobials, the carbapenem class is more
efficacious against bacteria possessing beta-lactamase activity, although spectrum can vary, with
meropenem, biapenem, and ertapenem demonstrating some gram-negative organisms, and some
other members of the class, such as imipenem and doripenem being effective for gram-positive
bacteria.(135) The basis of this improved antimicrobial activity over other beta-lactam
antimicrobials is due to two structural moieties: a 1-beta-methyl group that allows for resistance
to hydrolysis by renal DHP-1, and resistance to hydrolysis by carbapenemases and beta-
lactamases via a trans-hydroxyethyl moiety.(135) This structure is critical as the definition of
carbapenem is the 4:5 fused ring lactam of penicillin with a C-2 to C-3 double bond and a
substitution of carbon for sulfur at C-1.(134) Additionally the hydroxyethyl side chain is
important for the activity of the carbapenems due to the stereochemistry it provides.(136)

Carbapenem antimicrobials are organized into three groups. First are the broad-spectrum agents
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that have limited efficacy against gram-negative organisms (e.g. ertapenem); second, the agents
that have broad spectrum activity and efficacy against gram-negatives (e.g. imipenem,
meropenem); and third, those with activity against methicillin-resistant Staphylococcus aureus
(e.g. Tomopenem(137)).(135) Ertapenem is in the group of carbapenems with activity against
gram-positive pathogens and is extensively used in human medicine. Primary indications include
complicated infections as well as community-acquired pneumonia.(138) Ertapenem possesses a
broad-spectrum of activity for many gram-positive and gram-negative bacteria(139), however it
lacks efficacy against Pseudomonas aeruginosa. With a longer elimination half-life than most
carbapenems (4 hour vs 1 hour)(140), ertapenem can be used in a once-daily dosing
regimen.(141) The spectrum and properties of ertapenem support the use of it for community-
acquired infections and outpatient intravenous antimicrobial therapy rather than for the treatment

of nosocomial infections.(140)

Pharmacokinetics of carbapenems.

The carbapenems have low oral bioavailability, requiring administration by parenteral
routes such as intravenous or intramuscular injection, or via local therapy in a regional limb
perfusion. Carbapenems rapidly penetrate most body tissues and organs after intravenous
administration.(142) Excretion of carbapenems is renal, predominantly via enzymatic breakdown
from dehydropeptidase. With imipenem this renal mechanism of excretion can be exploited with
the co administration of the cilastatin. Cilastatin has no antimicrobial properties on its own,
although it does inhibit a gene in Aeromonas bacteria that produces an enzyme that hydrolyzes
imipenem.(143) This enzyme is similar to mammalian dehydropeptidase I, and when used in

tandem with imipenem, the ability of cilastatin to inhibit the enzyme responsible for destruction
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of imipenem prolongs therapeutic concentrations.(144) This mechanism also reduces the risk of
tubular necrosis associated with high dosages of imipenem.(144, 145) While the most common
adverse effect for this class of drugs is nephrotoxicity, additional adverse effects include
oxidative stress leading to spermatogenesis dysfunction(146)and psychosis.(147) Carbapenems

are more rapidly bactericidal than the cephalosporins.(148)

Carbapenem usage in veterinary species.

The carbapenems are infrequently used in veterinary practice. Currently there are no
carbapenems approved for veterinary medicine, and antimicrobial stewardship recommendations
warn against the use of such drugs in veterinary practice.(149, 150) However, in the United
States, they can be used extra label in small animals as a “last resort” therapy when antimicrobial
resistance precludes using approved veterinary drugs.

The majority of reported use of carbapenems in veterinary species is for imipenem,
originally explored as a treatment for multi-drug resistant (MDR) E. coli infections in dogs(151)
and cats(152), and for the mixed aerobic and anaerobic infections in small animals(153).
Imipenem has been used for treatment of MDR nonhemolytic E. coli in a dog with septic
peritonitis(154), MDR Pseudomonas aeruginosa pneumonia in a dog after renal transplantation
(155), and for MDR E. coli and Enterobacter infection in 2 dogs.(156) A case series
highlighted the potential utility of imipenem therapy for the treatment of septic peritonitis in
dogs and cats, as most of the recovered isolates were susceptible.(157) Imipenem could be
utilized for equine therapy, as the intravenous pharmacokinetics would favor q 6 hour
administration for most susceptible pathogens when combined with cilastatin.(158) Another

equine application of imipenem is regional limb perfusions, as this technique resulted in synovial
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fluid concentrations above the MIC of most pathogens for 6 hours in a healthy horse model.(159)
Regional limb perfusion with imipenem was used to treat a Streptococcus sp., Staphylococcus
sp., Escherichia coli, and Corynebacterium sp. mixed infection in a swamp wallaby.(160) The
pharmacokinetics of imipenem are described for the sheep, and no adverse renal or hepatic
effects were noted.(161) However, due to the human health implications of the emergence of
imipenem resistant bacteria, clinicians should exercise judgement prior to using imipenem in a
veterinary patient.

The use of meropenem has also been reported in veterinary practice, Meropenem differs
from imipenem in that it has more gram-negative activity with higher activity against
Pseudomonas aeruginosa and Enterobacter than imipenem(162) and does not require co-
administration with cilastatin as it is stable to enzymatic breakdown via dihydropeptidase-1.
Because of these characteristics, it is less nephrotoxic than imipenem, with a longer elimination
half-life than imipenem.(163) Meropenem was initially investigated for use in dogs(164, 165)
and cats(166) as a potential “end of the road” therapy for severe infections that are resistant to
common antimicrobials, or for neutropenic patients with severe disease(167), as well as
bacteremia or sepsis.(168) Local and regional therapy has been explored with meropenem as it is
bactericidal with four-quadrant activity, efficacy at low concentrations, high water solubility, and
high stability at high temperatures.(169) When used in regional perfusion, in contrast to
imipenem, when meropenem does not achieve therapeutic levels, and would probably be
clinically ineffective and promote resistance in once daily dosing fashion.(170) In terms of local
therapy, there is more application for meropenem as an antibiotic-impregnated bead, as it
appears to be resistant to degradation by the ethylene oxide sterilization process, and can elute

(in vitro) at levels higher than 4 mcg/mL for a time period of 15-18 days.(169) Additionally, in
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vitro elution from non-sterilized and sterilized beads was not significantly different after
processing via hydrogen peroxide vapor sterilization. While meropenem may have similar utility
to imipenem in a clinical setting, the same concerns regarding the emergence of resistant isolates
remain.

The effects of clinical states on the PK/PD integration of carbapenems has not been
researched in veterinary medicine extensively across multiple studies and species. One study
examined the pharmacokinetics of meropenem in beagles receiving intermittent hemodialysis. In
that study, patients in renal failure and those undergoing hemodialysis had a reduced half-life
meropenem.(168) It is recommended to increase the dose after dialysis to compensate for the
residual renal function of these dogs. This suggests higher dosages and dosing frequencies may
be necessary for patients undergoing dialysis.(171) Complicated urinary tract infections have
also led to lower volumes of distribution, and clearance in human patients.(138) These changes
may require altered dosages or dosing strategy. Due the risk that carbapenem resistant infections
poses, more research is needed on the effect of clinical states on PK/PD of these antimicrobials
for animal models of human disease.

Public health implications of carbapenem usage.

This use of carbapenem in animals can present a significant public health challenge as the
treated animal may present a risk for transmission of a resistant organism to a person. This is
concerning due to the “big gun” status of the carbapenem antibiotics for the treatment of
challenging infections. There is also the potential for carbapenemase-producing bacteria to not
be diagnosed by conventional veterinary techniques compared to human laboratories. Since none
of these antimicrobials are labelled for animals, most veterinary diagnostic labs are not testing

for them and further compounding the problem would be the fact that the use of “generic” human
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breakpoints would not necessarily directly translate to bacteria producing carbapenemases in
veterinary patients.(150) Despite the infrequent use of carbapenems in veterinary medicine, there
are reports of increasing carbapenem resistant bacterial isolates from animals. In France a non-
susceptibility rate of 5.7% was found to meropenem and or imipenem in canine and feline
veterinary isolates,(172) despite no widespread use of these agents in veterinary species.
Increasing rates of resistance in small animal veterinary isolates have also been reported in
Spain.(173) There is emerging concern that hospitalized or recently hospitalized companion
animals may be a source of carbapenem resistant pathogens for human infections.(174) In food
animal species, imipenem resistance has been documented in isolates from pigs in China(175,
176), chickens in Senegal and China (176, 177), dairy cattle in China and India(178, 179).
Carbapenem resistance has also been identified in environmental isolates in an Australian equine
hospital, indicating the potential for nosocomial risk to veterinary patients and workers.(180)
Resistant isolates are not limited to domestic animals, as there are reports of bacteria ranging
from wild animals in Italy to Yesso scallops in Korea demonstrating resistance to meropenem
and imipenem.(181, 182) Future strategies involving the precision application of the carbapenem
antimicrobials as necessary to avoid large scale public health emergencies due to the emergence

of resistance to these drugs that are reserved for cases of severe infection.
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CHAPTER 2. PHARMACOKINETICS OF FENTANYL CITRATE AND NORFENTANYL IN
HOLSTEIN CALVES AND THE EFFECT OF ANALYTICAL PERFORMANCES ON

FENTANYL PARAMETER ESTIMATION

A paper published in 2018 by the Journal of Veterinary Pharmacology and Therapeutics 41:555—
561.(183)
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Abstract

This study describes the pharmacokinetics of intravenously administered (i.v.) fentanyl
citrate, and its primary metabolite norfentanyl in Holstein calves. Eight calves (58.6 + 2.2 kg),
aged 3—4 weeks, were administered fentanyl citrate at a single dose of 5.0 pg/kg i.v. Blood
samples were collected from 0 to 24 hr. Plasma (nor)fentanyl concentrations were determined
using liquid chromatography with mass spectrometry and a lower limit of quantification (LLOQ)
of 0.03 ng/ml. To explore the effect of analytical performance on fentanyl parameter estimation,
the noncompartmental pharmacokinetic analysis was then repeated with a hypothetical LLOQ
value of 0.05 ng/ml. Terminal elimination halfl/life was estimated at 12.7 and 3.6 hr for fentanyl
and norfentanyl, respectively. For fentanyl, systemic clearance was estimated at 2.0 L hr—1

kg—1, volume of distribution at steady- state was 24.8 L/kg and extraction ratio was 0.42. At a
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hypothetical LLOQ of 0.05 ng/ml fentanyl halfl /life, volume of distribution at steady! state and
clearance were, respectively, of 3.0 hr, 8.8 L/kg and 3.4 L kg—1 hr—1. Fentanyl citrate
administered i.v. at 5.0 pg/kg can reach levels associated with analgesia in other species.
Pharmacokinetic parameters should be interpreted with respect to LLOQ, as lower limits can
influence estimated parameters, such as elimination halfl/life or systemic clearance and have

significant impact on dosage regimen selection in clinical practice.

Key words: Fentanyl, Cattle, Calves, Norfentanyl

Introduction

Analgesia for cattle during production, surgical, and medical procedures is an important
tool for promoting animal welfare. While cattle are commonly subjected to potentially painful
production procedures and non-routine surgical procedures, practitioners have limited options in
terms of pain management as in the US there are currently no drugs labelled for analgesia in
cattle.

The synthetic mu receptor opioid agonist fentanyl is commonly used to provide analgesia
in veterinary species. Morphine and butorphanol are opioid analgesics that currently are used as
an intravenous (IV) bolus in cattle. Morphine, is a primary mu opioid agonist that is used for the
treatment of pain in a wide variety of veterinary species. Butorphanol has also been described for
use in many veterinary species and is a partial opioid agonist with activity as an agonist for the
kappa receptor and weak mu receptor antagonist activity. Butorphanol is thought to have an
analgesic value of approximately four to seven times that of morphine.

With a potency that is approximately 100 times more than morphine, and a rapid onset,

fentanyl is an ideal clinical analgesic in veterinary medicine. Fentanyl is primarily metabolized
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by cytochrome P450 3A enzymes to norfentanyl.(50) There are several additional minor
pathways it the metabolism of fentanyl, primarily amide hydrolysis to despropionyl fentanyl as
well as alkyl hydroxylation to hydroxyfentanyl.

Among large animal species, the pharmacokinetics (PK) of IV fentanyl has been
described in sheep (62), goats (63), alpacas (64), and horses (66). In small animals, the [V
pharmacokinetics of fentanyl have also been described. Adverse reactions to fentanyl include an
increase in locomotor activity in horses (70), and respiratory depression when too high systemic
concentrations are reached (30 ng/mL) in dogs.(71) Pharmacokinetics of fentanyl metabolites,
while readily available in human medical studies, are limited in veterinary medicine. Currently
limited to studies reporting norfentanyl concentrations in chickens (51), and primates (52), as
well as not detecting measurable quantities of norfentanyl in dogs.(53)

While practitioners routinely utilize analgesic drugs in a legal extra-label manner, there
are few reports of the pharmacokinetics of fentanyl in ruminant species, and no reports of the use
of this analgesic therapy in cattle. Due to the increased analgesic activity of fentanyl compared to
morphine and butorphanol it may have clinical uses for bovine analgesia during surgical
procedures.

The aim of this study was to describe the pharmacokinetics of fentanyl citrate and its
primary metabolite norfentanyl when administered as an IV bolus in calves, as well as to report
any adverse reactions. A secondary goal of this study was to examine the impact of the
bioanalytical quantification limit of fentanyl with respect to pharmacokinetic parameter

estimation.
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Materials and Methods
Experimental animals.

This study was completed at the lowa State University Dairy Farm. Eight female Holstein
calves were enrolled in the study. The age of these calves ranged from 23 to 30 days, weighed
58.6 +/- 2.2 kg, and were procured from a single source farm. Approval for the study was
secured from the Institution Animal Care and Use Committee (Log # 7-16-8318-B) at lowa State
University. The calves were housed in individual pens since birth, and the study took place in the
same individual pens for each calf. The calves were housed in a climate-controlled calf raising
facility, and no alterations to feeding or handling schedule was made for this study. During the
pre-study time period, all calves were trained to be restrained by a hand placed under the
mandible and behind the poll. Criteria for enrollment in this study included a physical
assessment by a veterinarian that yielded vital signs within the normal limits for a bovine calf, no
previous history of medical illness as well as no history of a previously administered medication.
Prior to and during the study all calves were fed a diet that either met or exceeded the NRC
requirements for maintenance and growth of bovine calves. Study calves were fed a pasteurized
whole milk diet (3 quarts) every eight hours with ad libitum access to a commercial calf starter.

Twenty hours prior to initiation of the study the calves were restrained and 2 IV jugular
catheters were aseptically placed. The skin was aseptically prepared utilizing 4 alternating scrubs
of chlorhexidine surgical scrub and 70% isopropyl alcohol. Prior to catheter placement the skin
at the catheter site was infiltrated with 2% lidocaine. The calf was restrained by study personnel
and a 14-gauge catheter was placed in each jugular vein. An injection port was placed and the

catheters were sutured to the skin and wrapped for security.
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Experimental design and sample collection.

Calves were administered a single 5.0 ng/kg IV bolus of fentanyl citrate (Fentanyl
Citrate, Hospira Inc, Lake Forrest, 1) via a catheter inserted in the left jugular vein. Blood
collection was achieved through a catheter in the right jugular vein at 2, 5, 10, 30, 45, and 60
minutes, and 1.5, 2, 2.5, 3, 4, 6, 10, 16, and 24 hours after administration. Starting at the 2-hour
sampling time point, heart and respiratory rates were measured at each sampling timepoint up to
24 hours.

The 5.0 ng/kg dose was determined as a pilot study investigating a 2.5 ng/kg IV bolus of
fentanyl citrate (Fentanyl Citrate, Hospira Inc, Lake Forrest, I1) as reported for sheep (62) failed
to achieve a concentration above 1.0 ng/mL and enough data points to accurately analyze
pharmacokinetics. Thus the present study was conducted in a new cohort of calves with twice the
pilot dosage.

At each sampling timepoint blood was collected from the catheter using a 12-mL syringe
and placed into sodium heparin tubes (BD Vacutainer, Franklin Lakes, NJ). The samples were
then centrifuged at 1500 G for 10 minutes. The plasma was pipetted off and transferred to
cryovials which were then stored at -80 C until analysis.

Sample analysis.

Plasma concentrations of fentanyl, and its metabolite norfentanyl were determined by
liquid chromatography-mass spectrometry (LC-MS) after precipitation of proteins by
acetonitrile. Briefly, plasma samples were thawed and vortexed, and 200uL aliquots were
transferred into a vial with 800uL of internal standard, fentanyl-D5, in acetonitrile with 0.1%
formic acid added. Samples were vortexed and then centrifuged at 7500 rpm for 20 minutes. The

supernatant was then transferred and the samples were dried down, then reconstituted in 125uL
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of 25% acetonitrile in water, vortexed and transferred into an autosampler vial (with glass insert)
and then centrifuged for 20 minutes at 2400 rpm and analyzed via LC-MS/MS. The LC-MS
system consisted of an Agilent 1100 HPLC (Agilent Technologies, Santa Clara, CA, USA)
coupled to a Thermo LTQ ion trap mass spectrometer (Thermo Scientific, San Jose, CA, USA).
The lower limit of quantification (LLOQ) for fentanyl and its metabolite was 0.03 ng/mL for this
assay.

Pharmacokinetic analysis.

Pharmacokinetic analysis of total fentanyl and norfentanyl plasma concentrations was
completed using a statistical moment (i.e. non-compartmental) approach in commercial software
(Phoenix WinNonlin 7.0, Certara, Princeton, NJ, USA). Time versus concentration figures for
fentanyl and norfentanyl were produced via a commercial program (GraphPad Prism 7,
GraphPad Software, Inc, La Jolla, CA, USA).

Standard PK parameters were generated for individual calves, as follows:

o Maximum (nor)fentanyl concentration, Co (fentanyl) or C 4% (norfentanyl);
o Time of maximum norfentanyl concentration, Tiax;
o Area under (nor)fentanyl concentration-time curve, AUCj4g4t and AUCinf;

o Area under the moment curve, AUMCinf;

o (Nor)fentanyl mean residence time,
MRT = AUMCinf /AUC inf;

o Slope of the elimination phase A,, computed by linear regression of the logarithmic
concentration vs. time curve during the elimination phase;

o (Nor)fentanyl terminal half-life,
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T2 (Az) =1n (2)/Az;

o Fentanyl systemic clearance, CL = Dose/AUC inf;

o Volume of distribution of fentanyl during the elimination phase,
Varea = Dose/ (AUCinf x Az);

o Volume of distribution of fentanyl at steady-state, Vqg = CL x MRT

For data analysis, the first value below the LLOQ was inferred to be LLOQ/2, and
subsequent data points were excluded from the analysis. A linear/log trapezoidal rule was used to
estimate the area under the (nor)fentanyl time-curves. Summary statistics on the individual PK
parameters were performed thereafter to derive the geometric mean, median and (min-max)

range.

For fentanyl, the extraction ratio (Epody) Was calculated as reported by Toutain et al (184), with:
EBody = Systemic clearance / Cardiac output [Equation 1]
First calculated for each individual calf, and then combined for a mean value. With the calf
cardiac output calculated according to Toutain et al (184) as follows:
Cardiac output = 180 x BW(kg)*° [Equation 2]

In a second step and using the same raw source data, an hypothetical analytical LLOQ of
0.05 ng/mL, as reported in the literature in other species (64), was applied and the
pharmacokinetic analysis for fentanyl only was repeated using the same workflow as described

above.
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Results
Animal health.

At enrollment, all study subjects were assessed to be healthy and to have parameters
within the normal limits for calves of their respective ages. The injections were well tolerated by
all calves, with no adverse effects noted throughout the entire study period. For heart rate,
respiratory rate, and temperature no significant elevation or depression from baseline was
reported, with the exception of excitement at the timepoints that coincided with the feeding of
the calves. Follow up examination 2 weeks and 2 months after the study revealed no
abnormalities in behavior or physical assessment.

Pharmacokinetics of fentanyl and its metabolites using a LLOQ of 0.03 ng/mL.

No calf had detectable fentanyl or metabolites in plasma at time zero. The individual
time-course of fentanyl and norfentanyl total concentrations in plasma can be found in Figures 1
and 2, respectively. Geometric mean and standard deviations disposition profiles are presented in
Table 1 for fentanyl and norfentanyl. Among individuals there appears to be limited variation of
time versus concentration data for fentanyl as opposed to norfentanyl. For the LLOQ of 0.03
ng/mL 4.2% (5/120) of the post administration data points had values below the LLOQ. For the
theoretical LLOQ of 0.05 ng/mL 21.7% (26/120) of the post administration data points had
values below the LLOQ.

Table 1 summarizes the pharmacokinetic parameters for fentanyl and norfentanyl when
administered IV. For fentanyl, the systemic clearance was almost 2 L/kg/hr. The average
extraction ratio was calculated to be 0.41 = 0.10. The AUC% extrapolation was estimated to be
inferior to 20% (15.4%), while the steady-state volume of distribution (Vss) was 24.8 L/kg. The

elimination half-life T1 (Az) was estimated at approximately 12 hours.
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The AUC% extrapolation of 7.2% for norfentanyl was less than that of fentanyl. Cmax and Tmax
of norfentanyl were 0.3 ng/mL, and 1.1 hr respectively. The elimination half-life T12 Az was
estimated at 12.7 hours.

Pharmacokinetics of fentanyl and its metabolites using a LLOQ of 0.05 ng/mL.

A comparison of the fentanyl estimated PK parameters with a LLOQ of 0.03 vs. 0.05
ng/mL is provided in Table 2. Despite this relatively small difference in analytical sensitivity
(0.02 ng/mL), a noted lack of agreement among parameters was observed. Compared to the
quantification limit of 0.03 ng/mL, the clearance of fentanyl was markedly increased (164 %
increased) when a hypothetical quantification limit of 0.05 ng/mL was utilized on the study data.
In contrast, the estimated volume of distribution markedly decreased (by 68%), and the
elimination half-life was 12 hr shorter as compared with the 0.03 ng/mL LLOQ threshold.
Interestingly, with the higher quantification limit, the estimated elimination half-life was closer
in value to what is reported in the literature for other ruminant species, with a LLOQ ranging

from 0.01 (sheep) to 0.1 (goat) ng/mL (Table 3).

Discussion
To the best of our knowledge, this is the first report of the pharmacokinetics of fentanyl
in calves. Although the cohort sampling could potentially be a source of bias for this study, it
was thought to be minimal as calves had acclimated to the individual pens prior to the study, and
the group of individual pens used for the study was from the same block of eight stalls in the
temperature, humidity, and ventilation controlled barn. The age and size of the calves utilized for
this study was designed to mimic the age of calves presented to the author’s hospital for surgical

procedures that could potentially benefit from fentanyl analgesia.
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In the United States, there is currently no approved formulation of fentanyl citrate for
cattle. However, in practice calves routinely undergo orthopedic and other surgical procedures
that warrant post-operative analgesia. Several concentrations of fentanyl have been associated
with analgesia in various veterinary species. Plasma fentanyl values of 1.07, 0.95, and 0.6 ng/mL
or greater have been associated with analgesia in cats (185), dogs (186) and people (187),
respectively. In humans, few reports suggest that values as low as 0.2 ng/mL may provide
analgesia for individuals that are “opioid naive” and have not been previously treated with any
drugs in the class.(187) The maximum concentration reported in this study (1.5 ng/mL), would
be above what is reported to be an analgesic concentration is other veterinary species, although
currently the threshold required for analgesia in calves is unknown.

Other studies have evaluated the pharmacokinetics of intravenously administered
fentanyl in horses (66), sheep (56, 62), goats (63), and alpacas (64). The mean maximum
concentration of 1.5 ug/L reported in our study was less than described by earlier reports in other
large animal species when normalized with the input dose (Table 3). The estimated elimination
half-life of fentanyl in calves was apparently longer compared with other large animal species,
such as sheep (3.1 hours), goats (1.2 hours) and alpacas (1.2 hours).(64) This must be interpreted
with caution however, as these values are compared to mature animals in these previous studies,
and drug metabolism can be different between young and older animals of the same species. In
lambs aged between 3 and 37 days it has been noted that clearance and volume of distribution
increase with age.(78) Fentanyl is extracted by the liver via the cytochrome P450 system, and
initial activity of this system is low at birth and increases with age.(78) It is uncertain how adult

cattle would metabolize this drug, as there would be potential for variation from calves.
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It is noteworthy that when the estimated elimination half-life is considered (with a LLOQ
of 0.05 ng/mL is applied), the value is much lower (3.0 hr vs 14.9 hr), and this lower value
appears to reconcile with other species when a higher quantification limit is applied in calves.
However, the HL in sheep was fairly short (3h) despite a very low quantification limit (0.01
ng/mL), therefore, between species differences for fentanyl metabolism are also expected
independent of the analytical method.

While the different quantification limits create different pharmacokinetic parameter
values, these differences are not trivial. For calculating dosing regimens, clearance is the most
important pharmacokinetic parameter.(184) A lower LLOQ can have multiple effects of the
pharmacokinetic parameters reported, including clearance. By reducing the number of samples
that are below the limit of quantification (BQL), clearance can be overestimated.(188) A higher
LLOQ would theoretically result in more sample values BQL, and therefore result in a higher
clearance. This finding is supported by the higher average clearance reported for the theoretical
0.05 ng/mL LLOQ for these calves than the average clearance reported for the 0.03 ng/mL
LLOQ (3371 vs 2061 mL/hr/kg). Similarly, elimination half-life, important in predicting time to
steady-state, as well as drug accumulation, would also be affected by a lower LLOQ. The
relationship between elimination half-life and clearance is as follows (189) :

Elimination half-life = (0.693 x Volume of Distribution) / Clearance. [Equation 3]
Therefore, increasing clearance would serve to underestimate the elimination half-life. This is
also supported by the theoretical exercise as the elimination half-life was much shorter for the
theoretical LLOQ of 0.05 ng/mL vs the theoretical calculation with a LLOQ at 0.03 ng/mL.
These differences in calculated parameters could have effects on patients when treated with

fentanyl, depending on the pharmacodynamics of the drug. While there is a relative paucity of
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the effects of fentanyl in cattle, adverse effects from overdosing have been reported in multiple
species.

Volume of distribution at steady state (27.5 L/kg) was also greater than reported values of
other ruminant species such as 8.9 L/kg (sheep), 1.5 L/kg (goats), and 1.5 L/kg (alpacas) (64).
The estimated systemic clearance (2.1 L/kg/hr) was consistent with other reported clearances in
similar large animal species of sheep (3.6 L/kg/hr), goats (2.1 L/kg/hr), and alpacas (1.1 L/kg/hr)
(64)

Extraction data does not appear to be well described for fentanyl in large animal species.
The total extraction of the body, reported in this study as Epody, can be described as a percentage
or ratio of the drug eliminated through one pass of the different organs contributing to clearance
.(184) The extraction ratio reported for the calves in this study (0.41 £ 0.10) would be consistent
with an extraction percentage of 41.0 = 10%. This appears to be greater than what has been
described in neonatal lambs, as a fentanyl extraction percentage of 16.5 + 3.0% has been
reported.(79) As reported by Toutain et al (184), an extraction value of 0.3 (30%) or higher is
indicative of high a clearance of fentanyl in calves.

In adult humans fentanyl is mainly metabolized by cytochrome P450 3A enzymes to
norfentanyl.(50) Two other minor metabolites, desproprionyl fentanyl, and hydroxyfentanyl are
accomplished by amide hydrolysis and alkyl hydroxylation respectively.(50) The
pharmacokinetics of norfentanyl are not widely described in veterinary species, with one recent
report identifying parameters in chickens administered fentanyl via a transdermal patch
system.(51)

Norfentanyl pharmacokinetics in this study significantly varied from that of the parent

compound fentanyl. Notably, the elimination half-life of norfentanyl was estimated at only 3.6
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hours vs. 12.7 hours for its parent. Since a metabolite cannot be eliminated faster than it is being
formed, the elimination half-life of norfentanyl can either be similar or longer than that of
fentanyl, but not shorter. Therefore, the apparent ‘shorter’ half-life of norfentanyl is most likely
a consequence of the bioanalytical cut-off, such that the reported half-life of 3.6 hours relate to
the distribution, rather than the elimination of norfentanyl. This is supported by the similarities in
the estimated half-life between fentanyl and norfentanyl as the theoretical LLOQ for the parent
increased from 0.03 to 0.05 ng/mL. As no norfentanyl concentrations were measured below 0.05
ng/mL, the PK parameters remain unchanged if re-evaluated with the theoretical LLOQ of 0.05
ng/mL.

At this time the significance of the norfentanyl pharmacokinetic parameters is unknown
as a relative paucity of comparative data for this metabolite exists in the veterinary literature.
Among human toxicologists it is speculated that the smaller the ratios of blood and urine
norfentanyl/fentanyl, the larger the probability of acute fentanyl intake with coexistent fentanyl
abstinence, which then predisposes to fentanyl toxicity.(190) Further studies of norfentanyl are
necessary to determine the clinical significance of this metabolite in cattle.

Further work needs to be completed to investigate the analgesic properties of fentanyl in
calves. In addition, more work into alternative dosing formulations, such as continuous rate
infusion and transdermal patches needs to be done to evaluate the suitability of these routes for
bovine practice. Based on comparison to similar ruminant species it appears that the
pharmacokinetic parameters calculated with an LLOQ of 0.05 ng/mL may be more useful for
calculating dosing regimens in calves. However, there are species differences in location and

distribution of opioid receptors, and as such, differences in responses to opioids have been
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described.(191) Future studies should also focus on tissue residue depletion, so that withdrawal
guidance could be generated for practitioners.
Limitations

A limitation of this study was the relatively small number of calves used. While eight
animals are commonly used in PK studies, it might not account for population variability.
Similarly, all of the animals were calves of the approximate same age which may not be
reflective of adult cattle. Norfentanyl calculations were limited, as a metabolite, clearance and
volumes of distribution cannot be calculated without a priori knowledge on the fractional
conversion of fentanyl into norfentanyl. Additional pharmacokinetic studies with norfentanyl per
se should consider intravenous injection of the metabolite to derive such parameters.

Conclusions

In conclusion, fentanyl citrate administered intravenously reaches systemic peak
concentrations associated with analgesia in other veterinary species. An IV dose of 5.0 pg/kg IV
appears to be safely tolerated in calves. Finally, interpretation of pharmacokinetics warrants
close investigation of the quantification limits used, as increased or decreased limits of
quantification can significantly alter the estimation of pharmacokinetic parameters, which could
have important implications for dosing regimen selection in clinical practice.
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Figure 1. Individual fentanyl pharmacokinetic time-course (logl0, mean + 1SD) following
intravenous bolus dosing at 5.0 ug/kg.
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Figure 2. Individual norfentanyl pharmacokinetic time-course (logl0, mean + 1SD) following
intravenous bolus dosing at 5.0 pg/kg



Table 1. Pharmacokinetic parameters for fentanyl and norfentanyl in study calves.

Compound Parameter Unit Geomean Median Min Max
Co ng/mL 1.5 1.6 1.0 2.0

AUCast ng/mL*hr 2.0 2.1 1.6 23

AUCins ng/mL*hr 2.5 23 1.8 33

% AU Cextr % 15.4 11.0 7.0 48.1
AUMCins ng/mL*hr? 31.1 17.1 16.2 131.1

E MRT hr 12.4 8.8 7.3 393
% CL mL/hr/kg 1999 2167 1505 2821
= T2 (Az) hr 12.7 9.1 7.5 35.1
Vs L/kg 24.8 233 15.8 58.8

Varea L/kg 36.7 34.0 23.4 76.1

Cmax ng/mL 0.3 0.3 0.2 0.5

Tmax hr 1.1 L.5 0.08 2.5

AUCint ng/mL*hr 1.8 22 0.9 29

= %AU Coxir % 7.2 7.2 3.6 13.1
E AUMCanr ng/mL*hr® 10.6 134 46 16.5
E MRT hr 5.9 6.0 4.8 7.9
Tin (Az) hr 3.6 3.2 2.9 54

(4%
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Table 2. Average (+ S.D) fentanyl pharmacokinetic parameters with the study lower limit of
quantification (LLOQ) of 0.03 ng/mL compared to a theoretical LLOQ of 0.05 ng/mL.

Parameter Unit Calves (Current) Calves (Hypothetical)
LLOQ ng/mL 0.03 0.05

AUCins ng/mL*hr 26+0.6 1.5+0.3

CL mL/hr/kg 2061 + 491 3371 £ 813

Tin (Az) hr 149+9.9 3.0+09

Az 1/hr 0.06 +=0.03 0.30+0.1

MRT hr 153+11.6 2.7+0.6

Vs L/kg 27.5+14.7 88+1.2

Varea L/kg 39.6 +17.1 13.9+£3.0




Table 3. Pharmacokinetic parameters of fentanyl in other large animal species.

See Table 1 for definition of abbreviated terms.

Parameter Unit Calves Calves Goats Sheep Alpacas
(Actual) (Hypothetical) (Carroll, 1999) (Ahern, 2010) (Lovasz, 2017)

LLOQ ng/mL 0.03 0.05 0.10 0.01 0.05

Dose ngkg 5.0 5.0 2.5 2.5 2

Ti2 (Az) hr 14.9 3.0 1.2 3.1 1.2

MRT hr 15.3 2.7 0.80 - 1.3

144
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CHAPTER 3. ADVERSE REACTIONS TO FENTANYL TRANSDERMAL PATCHES IN

CALVES: A PRELIMINARY CLINICAL AND PHARMACOKINETIC STUDY

A paper published in 2018 by the Journal of Veterinary Anesthesia and Analgesia 45:575—

580.(192)
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*Department of Small Animal Clinical Sciences, Western College of Veterinary Medicine,
University of Saskatchewan, Saskatoon, SK, Canada

“Anatomy and Physiology, College of Veterinary Medicine, Kansas State University, Manhattan,
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Abstract
Objective: To describe adverse reactions and measure plasma fentanyl concentrations in calves
following administration of a fentanyl transdermal patch (FTP).
Study design: Prospective experimental clinical study.
Animals: Six female Holstein calves and one male Angus calf. Four calves were healthy
experimental animals and three calves were clinical patients.
Methods: Plasma fentanyl concentrations were measured in blood collected from a jugular vein.

FTP (2 pg kg ' hour ') was applied to four calves and FTP (1 pug kg ! hour ') to three calves.
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Heart rate, respiratory rate, temperature and ataxia were recorded at the same times as blood
collection (0, 2, 4, 6, 12, 24, 36, 48, 60, 72, 84 and 96 hours). Substance P concentrations were
determined via radioimmunoassay for two calves.
Results: After application of FTP (2 pg kg ! hour™ '), two calves developed tachycardia,
hyperthermia, excitement and ataxia within 6 hours; no adverse effect was observed in the other
two calves. The three calves administered FTP (1 pug kg ! hour!) exhibited tachycardia and
excitement, and the FTP were removed at 4 hours. Naloxone was administered to two calves
before the adverse clinical signs ceased, while adverse events in the other three calves resolved
within 2 hours of FTP removal. Variables returned to previous baseline values by 2—4 hours after
FTP removal. Maximum plasma fentanyl concentrations were variable among calves (0.726—
6.923 ng mL ™). Substance P concentrations measured in two calves were not consistently
depressed during FTP application. Fentanyl concentrations at 4 and 6 hours were significantly
associated with the appearance of adverse effects.
Conclusions and clinical relevance: FTP (1-2 pg kg ! hour ') administered to calves may result
in adverse behavioral and cardiovascular effects. Patch removal and treatment with an opioid
antagonist may resolve these adverse effects. Additional research is needed to determine optimal
FTP dosing for cattle.
Introduction

Analgesia for cattle during surgical procedures is important for promoting animal
welfare. While cattle are commonly subjected to potentially painful production procedures and
nonroutine surgeries, practitioners have limited options for pain management since there are

currently no drugs labeled for surgical pain in cattle in the US.(193) Additionally, there are very
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few reports of adverse effects of long-acting analgesics, such as fentanyl transdermal patches
(FTP), in cattle.

Fentanyl is a p-opioid agonist that has a short duration of action when administered as a
single intravenous bolus. For long-term analgesia, FTP have been developed for humans and
have been used in many veterinary species. Adverse effects described in large animal species
include sedation in sheep (56), vocalization (bleating) and excitement in goats (63) and increased
locomotor responses in horses.(194) The only reported adverse effects of FTP in cattle are
mydriasis, nystagmus, increased locomotor activity, vocalization, myoclonus of the tail,
hyperesponsiveness and hyperthermia which are described in one case describing administration
of a FTP and concurrent morphine epidural in a calf. (87) The effects of FTP as a sole opioid in
cattle have not been investigated at this time.

The purpose of this study was to describe the effects of FTP placement on calves, and to
generate concentration versus time data for FTP use in this species. The hypothesis of this study
was that observed effects would be mild and consistent with those reported in other large animal
species and to record any differences in adverse effects between healthy animals and animals
with clinical disease.

Materials and Methods

This study was approved by the Animal Care and Use Committee of lowa State
University (protocols 6-16-8301, 7-16-8318). Two studies were initiated, one utilizing healthy
calves from the university dairy and a second enrolling client-owned animals presented to the
Iowa State University Food Animal and Camelid Hospital under informed consent.

Six female Holstein calves aged 3—4 weeks and weighing 52.9 &+ 5.2 kg (mean =+ standard

deviation) and one male Angus calf, 16 weeks old and weighing 171.0 kg were studied. All
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calves were individually housed in a climate-controlled facility. A catheter (MILACATH-EU,
MILA International Inc., KY, USA)) was placed in a jugular vein for blood collection. FTP
(Fentanyl Transdermal System; Mylan Pharmaceuticals Inc., WV, USA) dosing was initially 2
ng kg ! hour !, After adverse reactions were observed in two calves, the dose was reduced to 1
ng kg ! hour ! and rounded to the nearest whole patch (Fig. S1). The hair was clipped and skin
prepped with chlorhexidine and alcohol and allowed to dry prior to patch placement. Patches
were lightly wrapped as described for sheep.(56)

Heart (HR) and respiratory rates (fr) were measured by thoracic auscultation and rectal
temperature (RT) using a lubricated digital thermometer (VetOne, ID, USA). If possible heart
rate was confirmed with a point-of care ECG (AliveCor Inc, CA, USA) as described over the left
cardiac apex for calves.(195) These variables and ambulatory status were monitored at a
minimum of every other hour for the 96 hour duration of the study. Adverse effects were defined
as any deviations from accepted HR and fr ranges and behavior. Blood samples were collected
before (0) and 2, 4, 6, 12, 24, 36, 48, 60, 72, 84 and 96 hours after application. The FTP was to
be removed at 72 hours after application. In the event that an adverse effect was noted and
deemed deleterious to animal health by the attending veterinarian, the FTP was removed.

Blood (10 mL) was collected from the catheter, after a scavenged sample was discarded,
using a syringe and placed into sodium heparin tubes (Vacutainer; Becton Dickinson & Co., NJ,
USA). The catheters were flushed with 5 mL of heparinized saline (Heparin Sodium and 0.9%
Sodium Chloride Injection; Baxter Healthcare Corp., IL, USA) after each use. Analysis of
fentanyl concentrations was performed as described (Smith & Coetzee 2018). The samples were
centrifuged at 1500 g for 10 minutes. Plasma was stored at —80 °C until analysis of plasma

concentrations of fentanyl and two metabolites, norfentanyl and despropionyl fentanyl. Samples
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were thawed and vortexed, and 200 pL aliquots were transferred into a vial with 800 pL of
internal standard, fentanyl-D5, in acetonitrile with 0.1% formic acid added. Samples were
vortexed and then centrifuged at 7500 g for 20 minutes. The supernatant was transferred and the
samples were dried, then reconstituted in 125 pL of 25% acetonitrile in water, vortexed and
transferred into an autosampler vial (with glass insert), centrifuged for 20 minutes at 2400 g and
analyzed using high performance liquid chromatography (Agilent 1100; Agilent Technologies,
CA, USA) coupled to a Thermo LTQ ion trap mass spectrometer (Thermo Scientific, CA, USA).
The lower limit of quantification for fentanyl and the metabolites was 0.03 ng mL ™! for this
assay. Substance P was measured using radioimmunoassay (Fig. S2) as described by Kleinhenz
et al.(196)
Statistical Analysis
Based on the occurrence and severity of adverse events observed in calves, 3 study
groups were retrospectively defined: 1) severe adverse reactions with increases in physiologic
variables and recumbency (group SA), 2) mild adverse reactions with increases in physiologic
variables (group MA) and 3) no adverse reactions (group NA). Plasma fentanyl concentrations at
the time of adverse reaction among SA, MA and NA were compared using a Wilcoxon Rank
Sum test in R Version 3.3.2 (R Foundation, Austria). p-values < 0.05 were considered
statistically significant.
Results

The first two calves were clinical patients. An FTP (2.0 ug kg ! hour ) was placed 12
hours before an arthrotomy. Additional drugs administered were meloxicam (1 mg kg !;
ZyGenerics, India) orally and daily and florfenicol (20 mg kg'; Nuflor; Merck Animal Health,

NJ, USA) intramuscularly (IM) every 48 hours. No adverse events were noted (Table S1). The



50

maximum plasma fentanyl concentration at 36 hours was 0.859 ng mL ! in calf 1 and 6.92 ng
mL ! in calf 2 (Fig. 1). Plasma Substance P concentrations for calves 1 and 2 are reported (Fig.
S2). Substance P values were variable amongst these calves. An initial depression was noted, but
values for both calves increased while FTPs were applied.

FTP (2 pg kg ! hour ') was administered to calves 3 and 4. Severe adverse events were
noted (Table S1). Calf 3 was a 27 day-old healthy calf. At 5 hours after FTP application, the calf
developed ataxia progressing to recumbency and excessive vocalization. At 6 hours, HR was 210
beats minute !, fx 72 breaths minute ' and RT 40.5 °C. The patch was removed at this time and
naloxone (total 0.12 mg; Naloxone HCI; Hospira Inc., IL, USA) was administered intravenously
(IV). Clinical signs were normal by 2 hours after patch removal. Plasma fentanyl concentration
was 3.29 ng mL ! at the time of patch removal.

Calf 4 was a 120 day-old male calf presented for a nonresolving septic radiocarpal joint
of 2 months duration. The calf underwent a radiocarpal joint curettage procedure for ankylosis.
The FTP was applied before surgery and was removed 10 hours later when the calf exhibited
tachycardia (180 beats minute ') measured by stethoscope and as confirmed with an AliveCor
ECG, hyperthermia (40 °C), pacing and excessive vocalization. Plasma fentanyl concentration at
this time was 5.52 ng mL™!. Naloxone was administered IV and physiologic variables and
behavior returned to normal within 2 hours.

The FTP dose for calves 5-7 was decreased to 1 pg kg ! hour !. Mild adverse reactions
(MA) were observed but did not include recumbency (Table S1). The calves were all healthy
calves, 3—4 weeks of age. Tachycardia (174, 180 and 196 beats minute !, respectively) were
recorded at 4 hours after patch application, with excitement and increased vocalization,

therefore, FTP were removed. At this time, plasma fentanyl concentrations for these calves were
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0.73, 1.26 and 0.78 ng kg ' hour !, respectively. No concentrations of fentanyl metabolites were
detected in any blood sample.

After adverse effects were noted in the calves 57, the study was terminated for animal
safety concerns. No long-term effects were observed in the calves that were not attributable to
the underlying presentation, and all were healthy > 6 months after the study. At the time of onset
of adverse reactions (4—6 hours for all calves), the group plasma fentanyl concentrations were
1.85+0.77,0.92 £ 0.29 and 0.073 £ 0.038 ng mL " at 4 hours and 2.27 + 1.44, 0.41 = 0.17 and
0.072 + 0.031 ng mL ' at 6 hours for SA, MA and NA, respectively (Fig. S2). Pooled 4 and 6
hour fentanyl concentrations were significantly different for SA versus NA (p = 0.03), MA
versus NA (p <0.01) and SA versus MA (p = 0.02).

Discussion

Most publications regarding peculiar behaviors associated with fentanyl have been in
goats. Dzikiti et al. (2011) found that goats display tail wagging in response to high and low dose
fentanyl infusions. Activity increases have been noted in horses and goats.(82, 194) Increased
excitatory behaviors post-1V infusion; including, star-gazing, itchiness, restlessness, paddling
and bruxism have been noted in goats.(83) By contrast, sheep were moderately sedated after FTP
application.(56)

Wide variations were noted in plasma fentanyl concentrations between calves. Factors
that could have contributed to this include presence of disease and/or pain. It is not entirely clear
as to why some calves had adverse effects and some calves did not. Interestingly, calves
exhibiting adverse reactions also had high fentanyl plasma concentrations shortly after patch
application, with a pattern resembling a ‘burst’ absorption into the systemic circulation.

Conversely, calves with no adverse reactions had a more prolonged absorption of fentanyl in
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plasma, typical of extended release formulations. As both calves that exhibited no reactions had
concurrent disease, and were administered other medications, it is possible that disease altered
fentanyl metabolism, or a potential drug—drug interaction occurred. Disease and disease severity
have been shown to alter drug pharmacokinetics in Holstein cattle, an example being the
elimination of oxytetracycline based on metritis severity.(197) It has also been suggested that the
risk of adverse effects to opioids is inversely related to the clinical disease or pain that the patient
is experiencing.(198, 199) This could be partially supported by this project, as two of the three
calves with no observed adverse effects had pain from surgery, as well as clinical disease, while
all of the calves that were healthy experienced adverse effects. However, calf 4 would not
support this, as this was a clinical case. A polymorphism of the G57C fentanyl opioid receptor
has been identified in horses that leads to increased locomotor activity when administered
fentanyl.(194) It is currently unknown if cattle possess a similar polymorphism.

Limitations of this study include a small sample size, and limited breed representation.
The adverse effects noted were not anticipated, so the authors deemed it prudent to decrease the
patch dose from 2 pg kg ! hour 'to 1 pg kg ! hour !. After additional effects were observed the
decision was made to pause the study until more information could be assessed. Recording of
physiological variables was limited, and established at sample collection time points, therefore it
is possible that adverse effects could have been present for up to 90 minutes before being
recorded and that other cardiopulmonary effects could have gone unnoticed. Additionally more
research is needed on the analgesic effects of fentanyl in calves including behavior, appetite, as
well as pain biomarkers such as Substance P.

In conclusion, fentanyl administered via FTP resulted in adverse effects in calves

manifested by hyperthermia, tachycardia, tachypnea, recumbency, vocalization and increased
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locomotor response. These reactions were reversed by naloxone and/or FTP removal. Healthy
calves may be more likely to display adverse effects of opioids as opposed to calves with clinical
disease, although more research is necessary to investigate this further. Clinicians should
exercise prudent judgement when utilizing FTP for calves, considering dosages below 1 pug kg!
hour!, while realizing that the analgesic effects of fentanyl in cattle is currently unknown, and

should monitor these calves closely for adverse reactions.
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Figure 1. Plasma fentanyl concentrations in seven calves, six Holstein heifers weighing

52.9 £ 5.2 kg and one male Angus weighing 171.0 kg, after application of a fentanyl transdermal
patch (FTP). (a) Calves 3 and 4 (FTP 2 pg kg™! hour™!) with severe adverse reactions; (b) calves
5-7 (FTP 1 ug kg! hour™!) with mild adverse reactions; and (c) calves 1 and 2 (FTP 2 ug kg~
"hour™!) with no adverse reactions.
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Table S1 Responses in seven calves administered a transdermal fentanyl patch (TFP) and peak
plasma fentanyl concentrations measured. Note: Physiologic variables are reported at the time of
maximum fentanyl concentration. For calves 3-7 this coincided with the time of FTP removal.
Bolded physiologic variables correspond with values above normal reference ranges. All calves
had initial variables within the accepted physiologic ranges for calves.
HR, heart rate; fr, respiratory rate; for behavioral observations a + or — indicates that the
behavior was or was not noted respectively.

Calf TFP Maximum recorded physiologic Behavior Peak plasma
number | dose variables fentanyl
(ng concentration (ng
kg!) | HR R Rectal mL™") and time
(beats (breaths | temperature § = é‘ recorded (hours)
minute” | minute” | (°C) § °é 3
1 1 = ) g
) ) § § §
> S5 R~
1 2 116 36 38.7 - - - 10.859; (48)
2 2 120 30 39.2 - - - 16.923; (36)
3 2 210 72 40.5 + + + | 5.522;(10)
4 2 180 78 40.6 + + + | 3.292; (6)
5 1 174 66 39.1 - - - 1 0.726; (4)
6 1 180 72 39.7 + + - | 1.258; (4)
7 1 196 72 39.8 + + - 10.779; (4)
Accepted 100-140 | 30-60 38.6-39.4
normal range
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Abstract

Tulathromycin is a macrolide antibiotic commonly used for the treatment of respiratory
disease in food animal species including goats. Recent research in pigs has suggested that the
presence of disease could alter the pharmacokinetics of tulathromycin in animals with respiratory
disease. The objectives of this study were (a) compare the plasma pharmacokinetics of
tulathromycin in healthy goats as well as goats with an induced respiratory disease; and (b) to
compare the tissue residue concentrationss of tulathromycin marker in both groups. For this trial,
disease was induced with Pasteurella multocida. Following disease induction tulathromycin was
administered. Samples of plasma were collected at various time points up to 312 hours post-
treatment, when study animals were euthanized and tissue samples were collected. For PK

parameters in plasma, V, (control: 28.7 + 11.9 mL/kg; experimental: 57.8 + 26.6 mL/kg), was
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significantly higher (P =0.0454) in the experimental group than the control group, and non-
significant differences were noted in other parameters. Among time points significantly lower
plasma concentrations were noted in the experimental group at 168 hours (P =0.023), 216 hours
(P=0.036), 264 hours (P =0.0017), 288 hours (P = 0.0433), and 312 hours (P = 0.0486). None
of the goats had tissue residues above the US bovine limit of 5 pug/g at the end of the study. No
differences were observed between muscle, liver, or fat concentrations. A significantly lower
concentration (P = 0.0095) was noted in the kidneys of experimental goats when compared to the
control group. These results suggest that the effect of respiratory disease on the pharmacokinetics
and tissue residues appear minimal after experimental P. multocida infection, but there is the

potential for alterations in diseased vs clinical animals.

Introduction

Tulathromycin is a macrolide antibiotic widley used for respiratory disease in cattle and
pigs due to its broad spectrum of antimicrobial activity. The broad spectrum of activity and long-
acting formulation also make this an ideal antibiotic for treating respiratory disease in goats,
along with its efficacy against caprine respiratory isolates of Mannheimia hemolytica,
Pasteurella multocida, and Bibersteinia trehalosi.(110) Due to the importance of broad spectrum
antimicrobials for veterinary as well as human medicine, the World Health Organization has
classified macrolide antibiotics on the list of the highest priority, critically important
antimicrobials for the preservation of human health.(96) This prioritization from the WHO is
based on 1) the high number of people affected by diseases for which a macrolide is the sole or
one of the few therapies, 2) the high frequency of use in human medicine, and 3) the potential

transmission of Campylobacter spp from non-human sources.(96)
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In the United States tulathromycin can be legally used in goats in an extralabel fashion
when approved drugs have been deemed clinically ineffective. In addition to efficacy for the
treatment of caprine respiratory disease, tulathromycin has been utilized as therapy for caseous
lymphadenitis.(101) When used in cattle, tulathromycin also possesses activity against
Fusobacterium necophorum, Porphyromonas levii, and Moraxella bovis. Tulathromycin has
demonstrated pharmacokinetics in goats similar to what has been reported for cattle and swine.
(104) These parameters indicate rapid absorption, with maximum concentrations being reached
approximately one hour after administration and a long plasma elimination half-life.(105)
Additionally, tulathromycin has demonstrated similar tissue elimination in goats when compared
to cattle.(105)

In other veterinary species the presence of infectious respiratory disease has
demonstrated alterations in the pharmacokinetics of tulathromycin. Recently, in pigs infected
with Actinobacillus pleuropneumoniae, tulathromycin demonstrated both a slower elimination
half-life as well as a longer drug persistence when compared to healthy pigs.(10) However,
currently no studies demonstrate the effect of respiratory disease on the pharmacokinetics and
tissue residue marker concentrations of tulathromycin in goats. The increasing size of the US
meat goat herd, as well as the potential for residues in goat products, presents a food safety issue.
Withdrawal times are calculated based on healthy animals and the presence of disease may
influence pharmacokinetics and tissue residue concentrations. The objective of this study was to
determine the pharmacokinetics and tissue residue concentrations of tulathromcyin for goats with
experimentally-induced respiratory disease. Our hypothesis was that the presence of disease
would result in altered plasma and tissue concentrations of tulathromycin when compared to

healthy goats.
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Materials and Methods
Experimental animals.

This study was completed at the lowa State University (ISU) Livestock Infectious
Disease Isolation Facility (LIDIF). Twelve healthy 8-10 month old female meat goats (Boer and
Boer-cross) weighing 34.7 + 4.6 kg, were enrolled in the study. Eligible goats had no prior drug
administration and no history of respiratory disease. Goats were then randomly assigned by
weight into one of two groups: control (N=6) vs. experimental (N=6, details below). Each cohort
was group-housed in individual climate controlled rooms at the LIDIF.

During each treatment segment, goats were housed in raised group pens. Each pen had individual
access to feed and water. Goats were fed a mixed hay ration and water ad libitum. Ration
parameters met or exceeded those recommended by the NRC guidelines (NRC, 2001). In
addition, animal housing and management met the recommendations listed in the Guide for Care
and Use of Agricultural Animals in Research and Teaching. (FASS, 2010) The research protocol
was approved by the ISU Institutional Animal Use and Care Committee prior to commencement

of trial procedures (protocol number-5-17-8517-F).

Experimental design — respiratory challenge.

Three days prior to treatment, the six experimental group goats were administered P.
multocida strain P1062 (type A3) via intratracheal and intranasal inoculation as described by
Smith et al.(200) The isolate was grown from stock culture and standardized as previously
reported.(201) Goats were assessed every 12 hours and deemed to be infected when tachypnea
(respiratory rate greater than 20% of that recorded at intake), abnormal lung sounds (defined as

harsh bronchovesicular sounds, crackles, and wheezes) were noted along with infectious changes
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on the leukogram. Following confirmation of infection, the experimental group of goats was

treated with tulathromycin.

Drug administration.

For treatment and sample collection, goats were restrained via halter. At time 0 (T0), all
goats received tulathromycin (Draxxin®; Zoetis Inc., New York, NY), at 2.5 mg per kg of body
weight administered subcutaneously in the left neck as described on the package insert for beef

cattle. No further medications were administered throughout the remainder of the experiment.

Collection of blood samples.

Prior to tulathromycin administration (T0), a 10-mL blood sample was collected from the
jugular vein via vacutainer (BD Vacutainer; Franklin Lake, NJ) into blood tubes containing
freeze-dried heparin (Becton, Dickinson and Co, Franklin Lakes, NJ). Subsequent blood samples
were collected from alternating jugular veins into heparinized tubes at 0, 0.25, 0.5, 1, 2,4, 8, 12,
24 hr and then every 24 hr after drug administration through 312 hr. Within 2 h of collection,

blood samples were centrifuged for 20 min at 1000 g at 4 °C, then 5 mL of plasma was harvested

and frozen at -70°C until analyzed for drug concentration.

Daily observations.

Study goats were observed daily for physical examination parameters relevant to
respiratory disease (pyrexia, tachypnea, abnormal respiratory noise, discharge and tachycardia)
and were assessed twice daily for general parameters of health such as appetite and

responsiveness to stimuli.
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Trial conclusion.

To conserve animal resources, two control goats were enrolled in a separate, unrelated
study at T312. At T312 hr, all remaining goats were humanely euthanized with a captive bolt as
described by Plummer (202) followed by exsanguination. Following euthanasia, kidney, liver,
skeletal muscle, and fat were collected, and then frozen at -70 °C until analyzed for common

fragment concentration.

Plasma tulathromycin concentration analysis.

Plasma concentrations of tulathromycin were determined using high-pressure liquid
chromatography with mass spectrometry detection (LC-MS/MS) after precipitation of plasma
proteins with acetonitrile as described previously for cattle(132). LC-MS/MS was performed
using an Agilent 1100 Pump, column compartment, and autosampler (Santa Clara, CA, USA)
coupled to an ion trap mass spectrometer (LTQ, Thermo Scientific, San Jose, CA,
USA).Sequences consisting of plasma blanks, calibration spikes, QC’s, and caprine plasma
samples were batch processed with a processing method developed in the Xcalibur software
(Thermo Scientific, San Jose, CA, USA). The processing method automatically identified and
integrated each peak in each sample and calculated the calibration curve based on a weighted
(1/X) linear fit. Plasma concentrations of tulathromycin in unknown samples were calculated by
the Xcalibur software based on the calibration curve. Results were then viewed in the Quan
Browser portion of the Xcalibur software. Twelve calibration spikes were prepared in blank
caprine plasma covering the concentration range of 1 to 5,000 ng/mL. Calibration curves
exhibited a correlation coefficient (R?) exceeding 0.993 across the concentration range. QC

samples at 15, 150, and 1500 ng/mL were within £+ 15% of the nominal value with most of the
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QC’s within + 5% of the nominal value. The limit of quantitation (LOQ) of the analysis was 1

ng/mL with a limit of detection (LOD) of 0.2 ng mL.

Tissue CP-60,300 concentration analysis.

Tissue concentrations (liver, kidney, muscle, fat) of tulathromycin were determined using
high-pressure liquid chromatography with mass spectrometry detection (LC-MS/MS) after acidic
hydrolysis of tissue residues of tulathromycin to the common hydrolytic fragment, CP-60,300.
LC-MS/MS was performed using an Agilent 1100 Pump, column compartment, and autosampler
(Santa Clara, CA, USA) coupled to an ion trap mass spectrometer (LTQ, Thermo Scientific, San
Jose, CA, USA). Homogenized tissue samples, tissue spikes, and caprine tissue blanks, 1 gram,
were hydrolyzed with 2 N hydrochloric acid (HCI1), 4 mL, for 1 hour at 60° C. A second addition
of 3.5 mL of HCl to the tissue samples was performed after centrifugation of the tissue digest
and removal of the supernatant. The samples were then vortexed and shaken followed by
centrifugation. The supernatant from this second extraction was combined with the supernatant
from the first digestion and the volume was adjusted to 8 mL For LC-MS/MS analysis the
samples and spikes/blanks were diluted 1:20 with a 0.1 M potassium acetate buffer, pH 5.0 in
autosampler vials. The buffer contained an internal standard of roxithromycin at a concentration
of 50 ng/mL. The vials were then centrifuged at 2,400 rpm prior to analysis.

For LC-MS/MS analysis the injection volume was set to 12.5 uL.. The mobile phases
consisted of A: 0.1% formic acid in water and B: 0.1% formic acid in acetonitrile at a flow rate
of 0.25 mL/min. Separation was achieved with an ACE 3 C18 column, 150 mm x 2.1 mm, 3 pm
particles (Mac-Mod Analytical, Chadds Ford, PA, USA) maintained at 40°C. The analysis was

performed starting at a solvent composition of 5% B which was increased linearly to 95% B in 8
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minutes after injection. The solvent composition was maintained at 95% B for 2 minutes prior to
equilibration to 5% B. The flow rate during this time period was 0.325 mL/min. The
tulathromycin marker, CP-60,300, and roxithromycin eluted from the ACE 3 C18 column at 5.81
+ 0.05 and 8.29 + 0.05 minutes, respectively. Full scan positive ion MS of the precursor ions of
the analytes was used for residue detection. The doubly charged precursor ion of CP-60,300 (m/z
289.4) and singly charged roxithromycin (m/z 837.3) were used for MS fragmentation in the
tulathromycin analysis. The fragment ions of the doubly charged CP-60,300 marker precursor at
m/z 289.4 were 158.2, 231.3, and 420.3 m/z. The fragment ions of the roxithromycin precursor

1on at m/z of 837.3 were at 522.3, 558.3, and 679.3 m/z.

Each set of tissue samples was run with six calibration spikes (tulathromycin) prepared in
the corresponding blank caprine tissue matrix along with tissue blank. The calibration spikes
covered a range from 0.2 to 10 ug/g or 0.5-20 ug/g (caprine liver). After a set of tissue samples
were run the results were batch processed with a processing method developed in the Xcalibur
software (Thermo Scientific, San Jose, CA, USA). The processing method automatically
identified and integrated each peak in each sample and calculated the calibration curve based on
a weighted (1/X) linear fit. Tissue concentrations of the CP-60,300 marker in unknown samples
were calculated by the Xcalibur software based on the calibration curve. Results were then
viewed in the Quan Browser portion of the Xcalibur software. All calibration curves exhibited a
correlation coefficient (R?) exceeding 0.998 across the concentration range. All of the calibration
spikes in each tissue were within = 7% of the nominal concentration with the majority of the
spikes within + 3%. The limit of quantitation (LOQ) of the analysis was 0.2 pg/g with a limit of

detection (LOD) of 0.02 ug/g.
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Pharmacokinetic analysis.

Pharmacokinetic analysis of total tulathromycin plasma concentration was completed
using a statistical moment (i.e. non-compartmental) approach in commercial software (Phoenix
WinNonlin 8.1, Certara, Princeton, NJ, USA). Time versus concentration figures for
tulathromycin were produced via a commercial program (GraphPad Prism 8.0, GraphPad
Software, Inc, La Jolla, CA, USA).

Standard PK parameters were generated for individual goats, as follows:

0 Maximum tulathromycin concentration, Cmax;

o Time of maximum tulathromycin concentration, Tmax;

o Area under tulathromycin concentration-time curve, AUClas;

0 Area under the moment curve, AUMCins;

o Tulathromycin mean residence time,
MRT = AUMCint/ AUCint;

o Slope of the elimination phase Az, computed by linear regression of the logarithmic
concentration vs. time curve during the elimination phase;

o Tulathromycin terminal half-life,
T12(02) = In(2) /A

o Tulathromycin apparent clearance, CL/F = Dose/ AUCinf;

o Apparent volume of distribution of tulathromycin during the elimination phase,

Vz/F = Dose/ (AUCinf X Az);
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For data analysis, the first value below the LLOQ was inferred to be LLOQ/2, and
subsequent data points were excluded from the analysis. A linear/log trapezoidal rule was used to
estimate the area under the tulathromycin time-curves. Summary statistics on the individual PK
parameters were performed thereafter to derive the geometric mean, median and (min-max)

range.

Data analysis.

Drug concentrations were compared at each time point using contrasts. Comparison of
variables between treatment groups that were single observations (i. €., enrollment variables and
PK parameters) were made using a paired t-test when data were normally distributed and with a
Wilcoxon signed rank test when distributions were not normally distributed. Comparisons of
tissue marker residue (common fragment CP-60,300) concentrations at 312 hours were made

using the Wilcoxon signed ranked test. Statistical significance was established when P < 0.05.

Statistical Analysis.

Data distributions for all pharmacokinetic parameters were normality assessed by
Shapiro-Wilk tests. Comparisons between the two experimental groups were performed via
unpaired t tests for normally distributed parameters and Mann-Whitney tests for nonparametric
parameters via a commercial program (GraphPad Prism 8, GraphPad Software, Inc, La Jolla,

CA, USA).
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Results

Animal health.

At enrollment, all study subjects were assessed to be healthy and to have parameters
within the normal limits for goats of their respective ages. The injections were well tolerated by
all goats, although three goats from each group vocalized during the injection. For heart rate,
respiratory rate and temperature, no significant elevation or depression from baseline was
reported amongst the control group. The experimental group had elevations above the normal
baseline in rectal temperature and respiratory rate. Hematologically, the experimental group had
elevations above caprine normal as well as pre-induction baselines for serum fibrinogen. Five of
the six experimental goats had toxic changes present in their neutrophils at the time of treatment.
No differences in body weight were noted between the control (34.3 + 4.1 kg) and experimental

(35.1 £ 5.5 kg) groups (P =0.77).

Pharmacokinetics of tulathromycin.

No goat had detectable tulathromycin in plasma at time zero. The mean timel]course of
tulathromycin total concentrations in plasma can be found in Figure 1. Geometric mean profiles
are presented in Table 1 for both groups. Among individuals in each group, there appears to be
limited variation of time vs. concentration data noted by moderate variations of AUClast CV%
amongst groups (control: 47.3%; experimental: 59.6%). When both groups are compared, there
appears to be variation in the initial curve (Figure 2.), however elimination appears to be similar
for each group approximated by similar slopes of the terminal phase. Non-significant differences
were found on comparison of pharmacokinetic parameters (mean + SD) between groups of Crax

(control: 3111.0 &+ 2451.4 ng/mL; experimental: 1295.5 + 630.2 ng/mL; P = 0.17), Tmax (control:
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0.37 £ 0.14 hr; experimental: 0.54 + 0.25 hr; P = 0.36), CL/F (control: 0.21 + 0.06 mL/hr/kg;
experimental: 0.31 +£0.11 mL/hr/kg; P =0.09), T1/2(A;) (control: 90.7 + 24.6 hr; experimental:
125.7 £38.6; P =10.13), AUClast (control: 12630.9 + 5972.6 hr*ng/mL; experimental: 8873.3 £+
5290.7 hr*ng/mL; P = 0.06), and MRT (control: 85.6 + 24.6; experimental: 93.0 £ 23.3; P =
0.39). A significant difference was found between groups for V, (control: 28.7 + 11.9 mL/kg;

experimental: 57.8 + 26.5 mL/kg; P = 0.045).

Time point comparisons for plasma tulathromycin concentrations are presented in Table
2. With the exception of the +1 hour timepoint, the experimental group displayed an apparent
decrease in plasma tulathromycin concentrations when compared to the control group. The initial
time point concentrations are much greater for the control group (Table 2) when compared to the
experimental group. All time point differences were compared amongst groups. Significant
differences were noted in time points at: 168 hours (control: 15.2 + 3.0 ng/mL; experimental:
7.7+ 3.4 ng/mL; P =0.02), 216 hours (control: 11.2 + 3.3 ng/mL; experimental: 7.2 + 4.4
ng/mL; P = 0.03), 264 hours (control: 9.6 + 2.5 ng/mL; experimental: 4.6 = 1.4 ng/mL; P =
0.0017), 288 hours (control: 6.1 + 1.4 ng/mL; experimental: 4.1 + 1.8 ng/mL; P =0.043), and

312 hours (control: 5.5 + 0.7 ng/mL; experimental: 4.0 = 1,4 ng/mL; P = 0.048).
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Tissue residue concentrations of tulathromycin marker.

All tissues contained detectable amounts of CP-60,300. When compared amongst groups
no statistically significant concentration differences were found between muscle (control: 0.40 +
0.045 pg/g; experimental: 0.34 = 0.045 pg/g; P =0.21), liver (control: 2.63 = 0.28 ng/g;
experimental: 2.28 £+ 0.49 pg/g; P = 0.35), and fat (control: 0.12 &+ 0.03 pg/g; experimental: 0.14
+0.09 ng/g; P =0.66). A statistically significant difference was found between kidney tissues of
each group (control: 1.56 + 0.15 pg/g; experimental: 1.20 £ 0.16 pg/g; P =0.009). Tissue
concentration values for each group, of muscle and fat, as well as liver and kidney are presented

in Figure 3.

Discussion

To the author’s knowledge, this is the first report discussing the pharmacokinetics of
tulathromycin in the context of goat respiratory disease. Although the research housing could
potentially be a source of bias for this study, it was thought to be minimal as the goats were
sourced from the same herd and were group-housed in two separate rooms that had identical
temperature, humidity, ventilation, and light control settings. The age, breed, and size of the
goats used for this study were designed to mimic young market goats that commonly enter the

food chain.

In the United States tulathromycin is not currently labelled for use in goats. However, it
may be used in an extralabel manner under a veterinary-client-patient relationship and the
AMDUCA guidelines. Currently only two antibiotics, ceftiofur and neomycin are labelled for

goats in the United States, so extra-label use is common when treating small ruminants for
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respiratory disease if the approved drug is clinically ineffective. Tulathromycin has been shown
to be an ideal antimicrobial for the treatment of respiratory disease in goats, based on 100%
susceptibility of isolates of M. haemolytica, P. multocida, and B. trehalosi taken from goats with
pneumonia.(110) It could be argued that the experimental group in our study exhibited successful
treatment with tulathromycin to our isolate of P. multocida due to the lack of mortality and

resolution of morbidity after treatment in our experimental group.

One recent study has determined altered pharmacokinetics and tissue disposition of
tulathromycin with respiratory disease in pigs.(10) In that study differences in the plasma peak
concentrations as well increased levels of tulathromycin in the lungs of pigs infected with
Actinobacillus pleuropneumoniae was observed. A notable difference in the plasma Cmax Was
also noted in the goats of our study (control: 3111.1 +2451.4 ng/mL; experimental: 1295.5 £+
630.2 ng/mL), but this difference was not statistically significant (P = 0.11). Studies in swine
with infectious and inflammatory respiratory disease have also noted decreased maximal plasma

concentrations in experimental vs control groups.(10, 203)

The pharmacokinetic parameters of tulathromycin reported in our study varied slightly
from those previously reported in the literature. Specifically, The Cmax from our control group
(3111.1 £2451.4 ng/mL) was significantly higher than the Cmax (1000 £ 420 ng/mL) reported in
healthy goats by Romenet et al(105), despite similar sampling timepoints. In addition, the
estimated Cmax from our study varied significantly from that reported in dairy goats (121.5 £19.0
ng/mL), however this study collected plasma samples every 12 hours, so a significant reduction
in maximum concentration would be expected.(204) When compared to the 12 hour plasma
concentrations of our control goats (225.3 + 245.6 ng/mL) more similarities were observed.

When the 12 hour time point of one outlier goat (721.5 ng/mL) is removed, the 12 hour time
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points from our study (126.0 = 39.3 ng/mL) align very closely to the reported 12 hour timepoint
plasma concentrations for dairy goats (121.5 + 19.0 ng/mL). Variation in the elimination half-life
has been noted in infected pigs (10) and this was also noted in our study (control: 90.69 + 24.63

hr; experimental: 125.75 + 38.57).

CP-60,300 was utilized for tissue concentration as this is the FDA-approved regulatory
method with respect to isoforms of tulathromycin, and the assay utilized has been validated for
goat.(107) This technique detects any isoform of tulathromycin and as such, will give the most
conservative level of residue concentrations in tissue samples.(105) Muscle, liver, kidney and fat
were chosen for analysis as these represent common edible tissues. For cattle in the United States
the approved tolerance limit of CP-60,300 is 5 pg/g. Currently for cattle in the European Union
the maximum residue limit (MRL) is 4.5 pg/g for liver, 3.0 ug/g for kidney, 0.3 pg/g for muscle
and 0.2 pg/g for fat.(205) Among our goats all tissue levels of all groups were below the US
bovine tolerance level, and among the EU MRLs only the muscle levels were above the EU
Bovine MRL. Since tulathromycin is currently not labelled for goats in the US, the withdrawal
interval would be calculated based on the FDA recommendations (206), which would be based
on the lower limit of detection, and has been reported by another study to be 34 days for goats
with a lower limit of detection of 0.3 ppm.(105) Our equipment was more sensitive than used in

that study, with a lower limit of detection of 0.02 ppm.

The goats in our study had higher tissue levels when compared to healthy goats
administered a 2.5 mg/kg dose of tulathromycin subcutaneously and tested at 12 days post-
injection, despite being collected 24 hours later. Clothier et al. found liver values of 1.18 = 0.42
ng/g (107) which was lower compared to our goats (2.63 &+ 0.28 ng/g; experimental: 2.28 + 0.49

ug/g). That study also had muscle concentrations measuring < LOD (0.24 ug/g), which would be
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lower when compared to the muscle concentrations of the goats in our study (control: 0.40 £
0.045 ng/g; experimental: 0.34 + 0.045 pg/g). The levels of tulathromycin in fat found in our
goats (control: 0.12 + 0.03 pg/g; experimental: 0.14 = 0.09 pg/g) could be similar to what was
determined in the Clothier study, as no detectable levels were determined, but the level of
detection utilized was 0.14 ng/g, which was close to our results. The kidney concentrations
detected in our goats would also be higher than those determined by Clothier et al, at 12 days as
they found levels also below the level of detection (0.29 pg/g) and our study goats had levels
(control: 1.56 = 0.15 pg/g; experimental: 1.20 £ 0.16 pg/g; P = 0.0095) higher than those
reported. These differences could be due to differences in age, sex, breed and weight of the goats
used in both studies as Clothier et al used 5-6 month old, male (castrated and intact), goats of
dairy and meat breeds that weighed 13.8-27.4 kg, and our study utilized 8-10 month old, female
goats, weighing 34.7 + 4.6 Kg, of meat breeds. These differences could be due to breed, as
differences in tulathromycin clearance has been observed between dairy calves (CL/F 0.33

L/h/kg) (207) and beef calves (CL/F 0.18 L/h/kg).(208)

In other studies tulathromycin has been shown to concentrate in the lung, and swine
studies suggest that the lung is the target organ for the drug.(10) In an intranasal challenge model
using the Escherichia coli lipopolysaccharide in mice, tulathromycin had a 1.7-2.8 times higher
exposure in the lungs of mice treated with lipopolysaccharide compared to controls.(209) While
plasma levels of macrolide antibiotics have not been shown to correlate with lung concentrations
in animals with respiratory disease.(210) It is possible that the significant differences in plasma
concentration noted at approximately 168 hours post injection is due to more drug residing in the

lungs of the experimental group.
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An unexpected finding of our study was the reduced renal concentrations in the
experimental group when compared to the controls. In pigs it has been noted that tulathromycin
is excreted by biliary and renal excretion (93), and in cattle the major route of excretion is
thought to be is biliary excretion (11), these reduced renal concentrations could suggest increased

renal excretion by the goat.

Limitations

A limitation of this study was the relatively small number of goats utilized, which could
have hampered the statistical power of some of our comparisons. Also, while 4-6 animals are
commonly used for PK studies(48), this numbers utilized might not account for all population
variability. This limitation is evident by the maximum concentrations observed in mean Cmax
values of each group being 2.4 times greater for the control group, but this difference not being
statistically significant. This intrinsic high variability of the studied goats, specifically the control
goats, with respect to Cmax would prevent the obtaining of a statistically significant result even
though there was a 2.4 fold difference in the Cmax of the control and experimental groups. All of
the animals were of approximately the same age, which may not be reflective of all meat goat
populations. An additional limitation of this study is the reduced number of control goats that
had tissue samples collected. While our study focused on edible tissues (liver, muscle, kidney
and fat) future studies should consider differences in lung concentration in diseased goats. Since
our study evaluated tissue residues at one time point, future studies should consider multiple
tissue sampling to determine the effect of respiratory disease on tissue residue disposition in

meat goats.
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Conclusions

In conclusion, while there appears to be no overall statistically significant differences in
the pharmacokinetics of tulathromycin between healthy and diseased goats, we did observe
significant differences in tulathromycin plasma concentrations at multiple time points (168-312
hr). Specifically, goats infected with P. multocida demonstrated decreased plasma concentrations
compared to healthy goats at approximately 168 hours after administration. There do not appear
to be significant differences in edible tissue residues, with the exception of decreased kidney
concentrations, amongst groups at 13 days post-injection. Similarly, a significant difference was
identified in kidney tissue levels, which when considered with the differences in plasma
concentration at later time points may suggest a difference in the terminal depletion process.
While tulathromycin is currently used in an extralabel manner in goats, the results of this study
suggest that experimental P. multocida respiratory disease may have the potential to alter
pharmacokinetics or tissue residue concentrations of tulathromycin in meat goats. Further studies

including larger numbers of animals are warranted to confirm these preliminary observations.
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Figure 1. Time vs Concentration data for plasma tulathromycin concentrations between control
(top) and experimental (bottom) groups. *Indicates statistically significant differences.
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Figure 2. Mean time vs concentration data for plasma tulathromycin concentrations between
control (circle) and experimental (square) groups for the first 12 hours of the experiment.
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Figure 3. (Upper) Tissue CP[160,300 concentrations for control (C) and experimental (E)
groups for fat (left) and muscle (right). (Lower) Tissue CP[160,300 concentrations for control
(C) and experimental (E) groups for liver (left) and kidney (right). *Indicates a statistically
significant difference of p < 0.05
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Table 1. Pharmacokinetic parameters for control and experimental goats.

Parameter | Unit Geomean | Median Min Max CV% | Std
Dev
Control Crnax ng/mL 2298.6 2191.6 661.4 6232.9 78.8 24514
Trmax hr 0.35 0.375 0.25 0.5 37.8 0.14
AUClast hr*ng/mL 11764.2 10257.2 | 8741.7 | 24395.8 | 47.3 5972.6
MR Tlast hr 59.6 61.6 38.7 76.8 28.7 | 24.6
CL/F mL/hr/kg 0.199 0.225 0.101 0.266 28.6 0.06
T1/2 (tambda hr 86.6 98.4 42.9 112.1 27.1 24.6
Z)
V. mL/kg 24.99 32.24 6.25 38.85 43.5 11.9
Experimental Chax ng/mL 1193.3 1157.4 729.7 2493.2 48.6 630.2
Tmax hr 0.05 0.5 0.25 1 46.3 0.25
AUClast hr*ng/mL 7947.1 6735.6 4987.2 19298.8 | 59.6 5290.7
MR Tiast hr 524 56.4 41.2 63.0 25.8 23.3
CL/F mL/hr/kg 0.287 0.323 0.124 0.460 35.5 0.11
T1/2 (lambda hr 121.3 114.4 85.1 191.2 30.7 38.6
Z)
V. mL/kg 50.8 67.2 15.3 88.4 46.0 26.5
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Table 2. Mean concentrations and standard deviation per time point for control (left) and

experimental (right) groups with P value. P < 0.05 considered statistically significant (indicated

bv *).
Time Point Control Mean Control St. Dev | Time Point Experimental Experimental
(ng/mL) Mean (ng/mL) St. Dev
0.25 2967 2578 944.1 249.2 0.0847
0.5 1659 1011 1214 713.5 0.3991
1 691.7 208.2 768.1 291.8 0.6131
2 523.9 420.5 486.6 360.8 0.8723
3 455.3 566.7 2453 113.8 0.395
8 237.2 166.7 139.4 65.5 0.2110
12 2253 245.6 179.3 221.2 0.7406
24 59.2 114 52.6 36.4 0.6828
36 43.1 15.4 37.0 29.6 0.6657
48 41.2 14.0 29.1 254 0.3353
60 383 12.1 30.6 234 0.4918
72 253 59 19.4 17.7 0.4567
96 30.9 9.1 234 18.0 0.3813
120 23.4 5.9 14.2 10.6 0.0916
144 18.7 3.3 12.5 10.0 0.1712
168 15.2 3.0 7.7 34 0.0023*
192 13.0 3.5 9.5 10.0 0.0649
216 11.2 3.3 7.1 4.4 0.0368*
240 8.8 1.6 5.7 32 0.0560
264 9.65 2.5 4.6 1.4 0.0017*
288 6.1 1.4 4.2 1.8 0.0433*
312 5.5 0.7 4 1.4 0.0486*
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Abstract
Sheep are commonly used as animal models for human biomedical research; however,
there are currently no descriptions of their use for studying the pharmacokinetics of carbapenem
antimicrobials such as ertapenem. Because ertapenem is a critical antimicrobial for human
infections, the description of the pharmacokinetics of this drug is of value for research using
sheep as models for human diseases, such as urinary tract infections (UTI). There are currently

no ovine models for comparative biomedical research of UTI. The objective of this study was to
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report the pharmacokinetics of ertapenem in sheep after single and multiple dosing. Additionally
the effects of an immunomodulatory drug (Zelnate™) on the pharmacokinetics of ertapenem in
sheep was explored. Eight healthy ewes (weighing 64.4 + 7.7 kg) were used in an experimental,
bacterial cystitis model of human cystitis with Pseudomonas aeruginosa. After disease
confirmation each ewe was administered 1 gram of ertapenem intravenously once every 24 hr.
for 5 administrations. Blood was collected intensively (14 samples) during 24 hr. after the first
and last administration. After multiple dose administration the volume of distribution was 84.5
mL/kg, clearance was 116.3 mL/hr/kg, T1/2(A; was 1.1 hr, and the extraction ratio was 0.02. No
significant differences were found between pharmacokinetic parameters or time points between
groups treated with the immunostimulant and controls or after the 1 or 5™ administration of
ertapenem. No accumulation was noted from previous administration. A significant difference in
bactiuria was noted in ewes treated with ertapenem and zelnate when compared to controls.
Cystitis was confirmed on necropsy in all ewes. Increased resistance to carbapenem
antimicrobials was noted from isolates collected at conclusion of the study. Our ovine model can
be used to evaluate therapeutic strategies for ertapenem use (varying drug dosing schedules and

combinations with other antimicrobials and/or immune modulators) in the context of UTL.

Introduction

Ertapenem is a member of the Carbapenem family and as such has activity against gram-
positive and gram-negative aerobic as well as anaerobic bacteria. It demonstrates bactericidal
characteristics via the binding to penicillin binding proteins, thereby inhibiting bacterial cell wall
synthesis. Due to a high degree of protein binding and stability against renal dehydropeptidase

enzymes, ertapenem can be dosed once daily in humans.(211) Similar among carbapenem
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antimicrobials, a post anti-biotic effect is noted where bacterial growth is suppressed after
concentrations fall below the minimum inhibitory concentration of the organism.(212) These
characteristics allow for favorable use of ertapenem for the treatment of complicated urinary

tract infections in people,(138) often with excellent efficacy.(141)

Urinary tract infections are a leading cause of nosocomial and resistant bacterial infections in
human healthcare, and because of the high rate of resistance in these infections new approaches
and models could be beneficial. Complicated urinary tract infections are often associated with
immunosuppression, renal disease, renal transplantation, or physical objects such as urinary
calculi or indwelling urinary catheters.(213) Animal models of infection are critical for these
types of studies; however, traditional models such as mice do not work well for all aspects of
urinary tract diseases, most notably due to size and inability to place human urinary catheters.
Sample collection could also be impaired in a murine model of cystitis due to indwelling
catheterization as a limited volume of urine would be produced, and traditional methods of
sample collection, such as cystocentesis, could induce artifact in the form of transient
hematuria,(214) which would be less than ideal for a longer-term study. Sheep are currently
utilized as research models for many human diseases such as respiratory disease (215),
hemophilia (216), and polycystic kidney disease (217). Sheep possess many attributes that are
preferable for research models including body size, laboratory disposition, cost, longevity, as
well as the ability to be catheterized for long periods allowing for collection of large urinary
volumes. The authors do not advocate the treatment of ovine patients with carbapenem
antibiotics, but do recognize that due to the attributes that sheep possess they may serve as a

model for infectious urinary tract disease for human biomedical research.
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A commercially available DNA-based immunostimulant (Zelnate™, Bayer Inc) is approved
for use in the aid of bovine respiratory disease in cattle. Available as a cationic lipid/bacterial
plasmid DNA liposome, it has been demonstrated to activate the stimulator of interferon genes
(STING) pathway to activate interferon response factor 3 (IRF3). (32) As such, this modulation
of the immune response has been demonstrated to decrease both lung lesions and mortality in
cattle challenged with bovine respiratory disease. (31) Since this product allows for a non-
antimicrobial adjunctive therapy for infectious disease, it may serve as a useful aid for
concurrent of infections that rapidly develop antimicrobial resistance, such as urinary tract
infections in humans. However, there is currently no information in the literature describing what
effect, if any that this immunostimulant may have on the pharmacokinetics of antimicrobials.
This effect needs to be explored, as a potential drug interaction may alter antimicrobial

pharmacokinetics in a manner that may alter drug efficacy.

While ertapenem is used in human medicine for community-acquired pneumonia as well as
mixed and complicated urinary tract infections,(211) there are no reports of use among
veterinary species for human biomedical research. Drug efficacy is inherently related to drug
exposure for carbapenem antibiotics, as time-dependent exposure exceeding the MIC for 40%
and 20% of the dosage interval is necessary to achieve a bactericidal or bacteriostatic
effect.(218) Therefore the development of a sheep model for testing of different ertapenem
dosing schedules or combination therapies will heavily rely on the comparative
pharmacokinetics of ertapenem. As such, one of the primary steps in developing an animal
model for human diseases that require ertapenem for treatment is a description of the
pharmacokinetics in sheep (Ovis aries). The purpose of this study was to define the

pharmacokinetics of ertapenem after single and multiple dosing in sheep undergoing
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experimental complicated catheter-associated cystitis as well as any pharmacodynamic
differences noted from this co-administration. It was hypothesized that the presence of Zelnate
would not significantly alter pharmacokinetics, that the ewes would maintain a complicated

cystitis, and that resistance in the isolate would be induced by exposure to ertapenem.

Materials and Methods

Experimental animals.

All aspects of this project were reviewed and approved by the Iowa State University
Institutional Animal Care and Use Committee (Log # 3-15-7965-0). Eight ewes, (weighing 64.4
+ 7.7 kg), were sourced from a commercial breeder and utilized for this study. Ewes were placed
in a climate and humidity controlled room for the entirety of the study, with seventy-two initial
hours utilized for acclimation prior to initiation of the study. Animals were randomly assigned by
bodyweight to one of 2 groups, an ertapenem only group (n=4), and an ertapenem and
immunomodulator (ZelnateTM, Bayer HealthCare, Animal Health, Shawnee Mission, Kansas)
group (“ZN”’; n=4). Two ewes had infection induced and were not treated with ertapenem to
serve as controls. The ewes were housed in individual pens since arrival, and the study took
place in the same individual pens for each ewe. Upon acclimated, no alterations to feeding or
handling were made for this study. During the pre-study time period, all ewes were trained to be
restrained by a halter placed on the head and tied to the wall of the pen. Criteria for enrollment in
this study included a normal physical exam that yielded vital signs within the normal limits of an
adult ewe, no previous history of medical illness as well as no recent history of a previously
administered medication. Prior to and during the study, all ewes were fed a diet that either met or

exceeded the National Research Council requirements for maintenance of ewes.
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Twenty four hours prior to initiation of the study, ewes were restrained and the skin of the
neck was aseptically prepared utilizing four alternating scrubs of chlorhexidine surgical scrub
and 70% isopropyl alcohol. Prior to catheter placement, the skin at the catheter site was
infiltrated with 2% lidocaine. Two (one in each jugular vein) 14-gauge, 5.5 1.V jugular catheters
(MILACATH, MILA International, Inc, Florence, Kentucky) were aseptically placed. After
catheter placement an injection port was placed and the catheters were sutured to the skin and

wrapped for security.

Urinary tract infection was induced as described by Smith et al.(219) After an acclimation
period, an XG Foley catheter was aseptically placed, and ewes were inoculated with
Pseudomonas aeruginosa strain ATCC 15442. The catheter was clamped for four hours during
the inoculation procedure and then left unclamped. Seventy two hours later blood sample

collection commenced for the study.

Experimental design and sample collection.

Twenty-four hours prior to collection of samples, ewes in the ZN group received 2.0 mL of
the STING pathway activator subcutaneously; control ewes received a similar volume of 0.9%
saline administered via the same route. At time zero, 1 gram of ertapenem (Invanz®, Merck & Co.,
INC., New Jersey) was given over a sixty second bolus through the jugular catheter designated for
drug administration, with blood sampled through the other jugular catheter with pre-dosing
samples collected before drug administration and then at times 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6,

8,10, 12, 24, 48, 72, and 96 hr after drug administration. Ertapenem was administered at a dose
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of one gram every 24 hr. for five doses. At 96 hr., the fifth intravenous dose of ertapenem was
given and additional samples were collected at 96, 96.25, 96.5, 96.75, 97, 97.5, 98, 99, 100, 102,
104, 106, 108, and 120 hr. to describe pharmacokinetics at presumed steady state based on
human pharmacokinetic data.(211, 220, 221) Complete blood count (CBC) samples were taken
the day of and the day after inoculation and submitted to Iowa State’s Clinical Pathology lab.
After inoculation, daily urine samples were collected for bacterial enumeration of P. aeruginosa
levels in the urine using standard plate dilution methodology. Urine samples were obtained by
clamping the catheter for approximately 10 minutes before collection to allow urine to

accumulate. Samples were immediately refrigerated until submission for sample processing.

On day 6 and day 10, 7 urine samples (pre-dose, +1h, +2h, +3h, +6h, +8h, +12h) were
collected for measurement of concentration and enumeration of bacterial shedding in the urine.
On Day 7, 8,9, 11, and 12, once-a-day urine samples were taken at 8:00 am. See Table 1 for a

detailed layout of schedule.

At sampling timepoints, blood was collected from the catheter using a 12 '/mL syringe and
placed into sodium heparin tubes. The samples were then centrifuged at 1,500g for 10 min. The
plasma was pipetted off and transferred to cryovials which were then stored at —80°C until
analysis. Urine was collected in 10-12 mL aliquots in falcon tubes and stored at —80°C until

analysis.

Sample analysis.

Standards were made in 0.1mM 2-[N-Morpholino]ethanesulfonic acid (MES) buffer

containing 0.24M sodium fluoride at pH 6.5, refrigerated, and used within 3 days to ensure the
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stability of ertapenem.(222, 223) Frozen samples were thawed in cold water, vortexed, pipetted,

and immediately returned to -80°C freezer to minimize degradation of ertapenem.

Analytical standards for plasma were prepared in 200 puL blank ovine plasma at the following
concentrations of ertapenem: 0.25, 0.5, 1, 2, 5, 10, 20, 50, 100, 200 ug/mL. Quality control (QC)
samples were prepared in 200 pL blank ovine plasma at the following concentrations of
ertapenem: 1.5, 30, and 150 pg/mL. Standards and QCs were kept on ice when not in use. A 25
pg/mL solution of the internal standard, ertapenem-d4, was made in 0.ImM MES bufter
containing 0.24M sodium fluoride at pH 6.5 and 10 pL were added to standards, QCs, blank

plasma, and samples.

A method based on a previously published method was used for the plasma sample
preparation.(224) For the standards, QCs, blank and samples, an aliquot of 200 uL of plasma was
transferred into an Eppendorf tube, and 0.25 pg ertapenem-D4 internal standard was added to
each tube. A 200 pL portion of chilled 0.1mM MES buffer, containing 0.24M sodium fluoride,
was added to each sample, followed by 600 pL of chilled acetonitrile. The samples were mixed
using a vortex mixer and then centrifuged for 5 minutes at 2,700g. The supernatant was decanted
into another tube to which was added 600 pL of chilled dichloromethane. This was followed by
mixing using a vortex mixer and centrifuging for 5 minutes at 2,700g. A 100 puL portion of the
top layer was transferred into LCMS microvials containing glass inserts. The samples were then
centrifuged for 20 minutes at 1,500g in a chilled centrifuge. Standards and samples were kept on
ice during the extraction procedure. Data points with concentrations above the range of the
standard curve were diluted with blank plasma and re-extracted to achieve a concentration within

the range on the curve.
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A method based on a previously published method was used for the urine sample
preparation. Standards were prepared daily in 100 uL blank ovine urine at the following
concentrations 10, 20, 50, 100, 200, 500, 1000, and 2000 pg/mL. QCs were prepared at 60,400,
and 1250 pg/mL. Standards and QCs were kept on ice when not in use. A 10 pL portion of
standard, QC or sample was pipetted into an LCMS vial containing an insert and then 10 pL of
0.1 mM MES buffer containing, 0.24 M sodium fluoride, at pH 6.5 was added. The sample was
then diluted with 180 uL of water containing 0.1% formic acid and 2ug/mL internal standard,
ertapenem-D4. The sample vials were then capped, vortexed and centrifuged for 20 min at 1500
g in a chilled centrifuge. Any samples with an ertapenem concentration greater than the highest

standard, 2000 png/mL, were diluted at ratios of either 1:10 or 1:20 to fit on the curve.

Ovine plasma and urine concentrations of ertapenem were determined using liquid
chromatography-tandem mass spectrometry (LC-MS/MS). A TSQ Quantum Discovery Max
triple quadrupole was coupled to a Surveyor Pump with a chilled Autosampler. The mobile
phases consisted of A: 0.1% formic acid in water and B: 0.1% formic acid in acetonitrile. The
mobile phase began at 15% B with a linear gradient to 70% B at 2.5 minutes, followed by re-
equilibration to 15% B. A Kinetex phenyl hexyl column was used (100 mm x 2.1 mm, 2.6 um
particles) from Phenomenex (Torrance, CA, USA) with the column temperature set to 35°C. The
injection volumes were 10 pL for plasma and 2 pL for urine. The following ions were used for
identification: ertapenem (m/z 476) 68, 114, 432 and ertapenem-d4 (m/z 480) 68, 114, 436. The
retention time for both compounds was 1.8 minutes. The 432 and 436 ions were used for

quantitation of ertapenem and ertapenem-d4, respectively.

Calibration curves were calculated using Quan Browser portion of the Xcalibur software and

a quadratic fit. All correlation coefficients (R?) exceeded that of 0.99. The calibrators were
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within a tolerance of 15% of the nominal value except for the lower LOQ, which was <20%. The
QCs were within a tolerance of +15% of the nominal value. The limit of detection (LOD) was
0.1 ug/mL for ovine plasma. The limit of quantitation (LOQ), which was based on the calibration

curve was 0.25 ug/mL for ovine plasma.
Pharmacokinetic analysis.

Pharmacokinetic analysis of total ertapenem plasma concentration was completed using a
noncompartmental module in commercial software (Phoenix WinNonlin 8.0, Certara, Princeton,
NJ, USA). Time vs. concentration figures for ertapenem were produced via a commercial

program (GraphPad Prism 8, GraphPad Software, Inc, La Jolla, CA, USA).
Standard PK parameters were generated for individual ewes, as follows:

¢ Maximum observed ertapenem concentration (ng/mL), Cmax;

e Last observed ertapenem concentration (pug/mL), Cias;

¢ Time to maximum concentration (min), Tmax;

¢ Time to last observed ertapenem concentration (min), Tiast;

¢ Area under ertapenem concentration—time curve from time zero to infinity ((ug/mL)*hr),
AUCins;

¢ Area under ertapenem concentration—time curve from time zero to last measurement
((ng/mL)*hr), AUChas;

¢ Ertapenem mean residence time (hr),
MRT = AUMCin/ AUCinf; where AUMC;ys is the area under the fist-moment curve from
time zero to infinity ((ug/mL)*h?). Area parameters (AUC, AUMC) were calculated using

the log-linear trapezoidal rule.
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¢ Ertapenem, elimination half-life (hr)
T1/2(\) = In (2)/A,; where A, is the slope of the terminal phase of the natural logarithm of

concentrations versus time curve.

¢ Ertapenem systemic clearance (mL/hr/kg), CL = Dose/AUCixs;
¢ Volume of distribution (mL/kg) of ertapenem during the elimination phase,

Varea = DOSG/(AUCmf X 7\42); (Vz)

¢ Volume of distribution (mL/kg) of ertapenem at steady! Istate,

Vss=CL x MRT

For ertapenem, the extraction ratio (Evody) was calculated as reported by Toutain et al (184),

with:
EBody = Systemic clearance / Cardiac output [Equation 1]

First calculated for each individual ewe, and then combined for a mean value. With the ewe

cardiac output described by Tourain et al(184), as follows:

Cardiac output = 180 x BW(kg)™1? Equation 2
p g q

Bacterial quantification

Urine samples were serially diluted out and plated on blood agar plates to determine CFU/ml.
Samples were collected in the morning and refrigerated, and within two hours of collection a
standard plating of samples at an order of 10~ was performed. Phosphate-buffered saline (PBS)

was used as the dilution fluid and samples were plated on sheep blood agar plates. Count was
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recorded approximately 22 hours later, and bacterial counts were calculated using plates that had

between 30-300 isolates.

ROSCO Diagnostica Neo-Rapid CARB kit was used to detect the presence of
carbapenemases from urine samples taken on the last day of the study, a validated method for P.
aeruginosa carbapenemase screening. ° Urine was obtained from Day 13, 10 mL was spun down
and the pellet was resuspended in a mixture of 200puL 0.9% NaCl at pH 8.5. 2 mL of Triton X-
100 10% sol was diluted in 10 mL of water, and 10 pL was added to the bacterial suspension.
Samples were incubated and evaluated at 15 min, 30 min, and 1 hour. Results were interpreted

based on color change, as per the manufactures protocol for Kit 98024.

The minimum inhibitory concentration (MIC) of isolates from the last day of Ertapenem
(Day 11) was determined by microbroth dilution. P. aeruginosa colonies from Day 11 urine
samples were streaked on blood agar to grow overnight. A set of 96-well plates were filled with
50 uL of MH broth, except for the final column. Ertapenem, imipenem, and meropenem were
mixed to a concentration of 128 pg/ml, and 100 pL of the drug was added to the last well, and
then mixed and diluted throughout the rest of the wells. The first well served as a growth control.
Colonies from the overnight plates that were grown for 16-24 hours were mixed into MH broth,
and the turbidity of suspension was adjusted to achieve 0.5 McFarland turbidity standard
(approximately 1 to 2 x10® CFU/mL). The suspension was then diluted 1000 fold, and 50 pL was
added. The top of the plate was sealed, placed in a 37° incubator, and results were read at 24
hours. The MIC was recorded as the concentration of the antibiotic in the first well that did not

show evidence of bacterial growth.
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Statistical analysis.

The respective data distributions for all pharmacokinetic parameters and group time point
concentrations were assessed for normality by means of the Shapiro-Wilk test. Comparisons
between the 2 treatment groups were performed with unpaired t tests for parametric statistics and
Mann Whitney tests for nonparametric statistics as previously described. (225) A P <0.05 was

considered statistically significant.

Necropsy.

At study conclusion, ewes were individually euthanized with an IV barbiturate overdose.
Upon necropsy, the bladder and kidneys were grossly evaluated for cystitis and pyelonephritis.
The abdomen was opened, and urinary bladder wall samples were taken using sterile instruments

for histopathology.

After formalin fixation, bladder samples were examined by a board certified veterinary

pathologist and scored on a 0-4 whole point inflammation scale described as follows:

e (: No or minimal inflammation.

1: Mild; few perivascular or interstitial inflammatory cells, rare intra-epithelial inflammatory

cells.

e 2: Moderate; moderate numbers of perivascular and/or interstitial inflammatory cells,
occasional intra-epithelial inflammatory cells.

e 3: Moderate to severe; moderate numbers of perivascular and/or interstitial inflammatory
cells, frequent intra-epithelial inflammatory cells.

e 4: Severe; moderate to large numbers of perivascular and/or interstitial inflammatory cells,

frequent intra-epithelial inflammatory cells, mucosal ulceration/loss.
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Results
Animal health.

Ertapenem was well-tolerated by all 8 ewes during the study. No changes in appetite,

behavior, or stool consistency were noted. No adverse reactions were noted at the catheter sites.
Pharmacokinetics.

No ewe had detectable ertapenem in plasma prior to commencement of the study. The
average time course of ertapenem can be found in Figure 1. Geometric mean, median, minimum
and maximum profiles after single dose administration are presented in Table 3. Among
individuals there appears to be limited variation of time vs. concentration data for ertapenem in
plasma. All ewes had no detectable concentrations of ertapenem in plasma after 6 hr. for the

single dose study.

After initial dosing the arithmetic mean + standard deviation for Cmax was (232.6 + 50.8
pg/mL), AUClast was (144.0 + 24.8 hr*pg/mL), MRT was (0.7 + 0.08 h), Vs was (78.3 £ 16.1

mL/kg), CL was (109.6 + 17.9 mL/hr/kg) and T1/2A,) (1.3 + 0.6 hr).

Ertapenem concentrations in plasma immediately prior to administration of the 5™ dose were
below the limit of detection. Geometric mean, median, minimum and maximum profiles for each
group after administration of the fifth dose are presented in Table 4, and no detectable
concentrations were noted after 6 hr. in the multiple dose study. After multiple dosing the

arithmetic mean + standard deviation for Cmax was (228.0 + 52.8 ug/mL), AUClas was (138.7 £
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34.0 hr*pg/mL), MRT was (0.7 £ 0.06 hr), Vs was (84.5 = 13.1 mL/kg), CL was (116.3 +24.4

mL/hr/kg) and T1/2Az (1.1 £ 0.6 hr).

No accumulation was noted, as the majority of 8 hr. timepoints, as well as all 10, 12, and
24 hr. timepoints demonstrated ertapenem concentrations below the LOD. The extraction ratio
for ertapenem in the ewes was 0.02 £+ 0.004. Urine concentrations for the first 12 hours post

administration for single and multiple dosing are displayed in table 6.
Statistical analysis.

When parameters were compared amongst the values for the 1% and 5™ administration of
ertapenem no significant differences were found for T1/2(A,) (P = 0.44); Cmax (P = 0.86); AUClas
(P=0.73); Vz (P =0.65) CL (P =0.88; AUMC (P =0.97); MRT (P =0.47) and Vss (P =0.41).
No significant differences in drug concentrations, or pharmacokinetics were found for ewes
when compared for immunomodulator administration (Table 5). No significant differences were
noted in urine concentrations when single or multiple dosing was compared, nor were any
significant differences noted when the presence or absence of an immunomodulator was

compared for single or multiple dosing.
Bacterial analysis.

Following the first treatment of ertapenem, there was a two-fold drop in bacterial
shedding within 1.5 hours for the Ertapenem and Ertapenem + Zelnate™ groups. Within 24
hours, the bacterial counts returned to levels that were seen before ertapenem was given. One-
way ANOVA results show a significant difference in average bacterial shedding levels between

the control group and the Ertapenem + Zelnate™ group (p= 0.0044), however there is no
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significance between the Control and Ertapenem group (p=0.1246), and between the Ertapenem

and Ertapenem + Zelnate™ group (p= 0.3665). (Figure 3)

Carbapenamase testing was negative for all urine samples collected on the last day. MIC
testing for ertapenem, imipenim, and meropenem showed that the majority of isolates taken from
Day 11 had in increase in MIC in comparison to the original strain (Figure 4). For ertapenem, all
strains had an MIC greater than 64 pg/mL. In imipenem samples, 61% of the isolates tested for
resistance showed a 2-fold or more increase in MIC (4 ug/mL) in comparison to the original
strain (2 pg/mL). In isolates tested for meropenem resistance, 46% of isolates had a two-fold or

more MIC increase (.125 ug/mL) in comparison to the original (.06 pg/ml).
Necropsy and histopathology.

At necropsy, all bladders and kidneys were examined grossly for cystitis and
pyelonephritis. There were no cases of pyelonephritis observed. Two ewes in the ertapenem
group had enlarged and inflamed bladders, around 7 cm x 7 cm. Within the lumen of one of
these, granular mucopurulent material was noted,. The other ewe had a hyperemic bladder with a

granular mucosal surface.

All ewes had histopathological evidence of cystitis. The histopathology scores are
described in table 7. There was no significant differences of inflammation scoring amongst

groups with one way ANOVA (P=0.8956).
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Discussion

Before utilizing sheep as a model for human diseases with respect to carbapenem
administration, it is important to understand the pharmacokinetics of ertapenem in this species.
With the increase of resistance in nosocomial infections in human hospitals requiring
carbepenem therapy, additional animal investigations will need to be developed for translational
studies. Sheep used in this study displayed ideal characteristics as subjects for a pharmacokinetic
study. All were rapidly accustomed to halter restraint by the commencement of the study. All
intravenous catheters maintained patency and allowed for ease of sample collection. While
ruminant urine pH differs from that of humans, it can be manipulated by dietary factors, such as
the addition of ammonium chloride.(226, 227) The body weight of the sheep in this study (65.2 +
7.7 kg) was similar to the weights of human patients in several human pharmacokinetic studies
such as 76.2 + 9.3 kg (228) and 73 kg.(138) This similarity in bodyweights allow for
translational dosing for sheep when ertapenem is dosed at 1 g/patient as humans are frequently
dosed. However, this similarity in total body mass does not account for differences in anatomy,
such as the relatively larger size of the ruminant gastrointestinal system. The sheep in our model
were able to maintain infection throughout the duration of the study, and histopathology immune

scoring confirmed infection at study’s end.

Our analysis revealed a short half-life similar to what is described in human patients. The
pharmacokinetic parameters and concentration at individual timepoints also demonstrated no
differences after one or five administrations of ertapenem in sheep. This is of importance as at
the 1 gram/patient dose sheep appear to have linear pharmacokinetics, again similar to humans
where the pharmacokinetics of ertapenem are not dose-proportional. When ertapenem is

administered to people it can be given as a 30 minute or 5 minute infusion, typically once
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daily.(228) The Cmax of our study in sheep (arithmetic mean + SD: 232.6 + 50.8) resembles the 5

min bolus in humans (195.9 + 34.0). (228)

Vs after adjustment for bodyweight for our ewes was 5.5 + 0.14 L, which is descriptively
similar to what is reported for human outpatients with complicated urinary tract infections (4.85
+ 1.8 L)(138), but less than what is reported for healthy female human volunteers (7.5 = 0.9
L).(211) The elimination half-life in our ewes was also less than reported in either of those
human studies. While some of the pharmacokinetic parameters of ertapenem in sheep appeared
lower than what is reported in human patients, it is important to note that specific disease status
can alter ertapenem pharmacokinetics, as sepsis can increase Vs and UTIs can decrease this
parameter. For example, in patients with severe sepsis treated with ertapenem, lower Cmax and
AUC as well as larger Vs were observed when compared to healthy human volunteers. (220) A
decreased Vss has also been noted in human outpatients with complicated UTI when compared to
healthy volunteers. (138) Age may also present an effect on the PK of ertapenem as in humans
elderly people have higher AUC values when compared to younger individuals. (229) The
extraction ratio of ertapenem in our study sheep would be classified as low according to Toutain
et al.(184), as it is less than £ = 0.05. This is in the range of extraction by glomerular filtration
(i.e. 2% of cardiac output) and in agreement with previous descriptions in humans. (230) While
our results suggest some species-specific differences in the pharmacokinetics of ertapenem in
sheep and humans, it is important to note that analytical method sensitivity can have a profound
impact on pharmacokinetics, as recently illustrated in the comparative pharmacokinetics of
fentanyl in large animal species.(183) The limit of quantification of our assay was 0.25 pg/mL,
and in the human literature LOQs of 0.125 pg/mL have been reported. (211) As noted for

fentanyl concentrations in large animal species, when comparing pharmacokinetic parameters it
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is important to consider analytical sensitivity as a lower limit of quantification can lead to the
reporting of a longer elimination half-life. As such, it is possible that our analytical limits would

yield decreased half-life and other parameters due to the higher LOQs.

Adverse effects with ertapenem administration in people are primarily of concern for the
nervous system. Several human patient undergoing peritoneal dialysis have developed seizures
after the administration of ertapenem.(231, 232) Seizures have also been reported in elderly
patients receiving ertapenem. (233, 234) Among humans, stroke, low hemoglobin, and a low
platelet count were identified as risk factors for seizures when administered ertapenem.(235)
Less commonly reported adverse effects, such as thrombocytopenia have also been reported in
human patients.(236). While safety was not a primary goal of this study, none of the sheep
administered ertapenem had observed seizure activity or neurologic disease, and none displayed

hematologic abnormalities associated with ertapenem in people.

Of note, organisms susceptible to ertapenem are typically inhibited by in vitro
concentrations of < 4 ug/mL.(230) The time above MIC required for bacteriostasis for
ertapenem in people is approximately 30% of the dosing interval. (237) Based on the shorter
elimination half-life of ertapenem in sheep when compared to human patients (1hr vs. 3.5hr),
future studies utilizing sheep models of infection may need to employ an increased dosage used
for this study to maintain plasma concentrations above 4 pg/mL for thirty percent of the day with
once daily-dosing. It should be noted that most strains of P. aeruginosa are resistant to
ertapenem, so the infection of the sheep in this model was to insure ongoing infection throughout

the study period to investigate the development of resistance.

P. aeruginosa is one of the leading causes of nosocomial infections, with many cases

being severe and life threating due to the emergence of antibiotic resistance.(238, 239)
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Resistance was developed by the isolates over the course of this study, however the presence of
carbapenemases was not determined with our rapid test. The results of this study demonstrate
that in an in vivo model of CAUTI, P. aeruginosa resistance to meropenem and imipenem
emerged after just six days of treatment with ertapenem. This is the first direct evidence using an
in vivo model of a selective pressure for carbapenem antimicrobial resistance associated with
ertapenem use. Ertapenem use in vitro selects for isolates with broad-spectrum resistance to -
lactams, displaying increased MIC for ertapenem and meropenem, as well as selection for
isolates with resistance to carbapenem and non-carbapenem f-lactams.(240) However, based on
evidence of the emergence of P. aeruginosa cross-resistance during ertapenem treatment in vitro,
Livermore et al. speculated that this resistance would persist only briefly in vivo.(240) From our
in vivo study, the isolates taken the day after and two days after ertapenem treatment, still
showed increased MICs. A possible next step would be to test isolates from the last day, 72
hours after treatment to look for the persistence of resistance. Drawing in vivo conclusions based
on in vitro evidence is a difficult presumption. There are different selective pressures in an in
vivo environment in comparison to in vitro, and the emergence of resistance mechanisms in some
isolates could additionally increase the competitive fitness of that strain.!> Even if this resistance
is transient, additional consideration should be given to the environment in which these isolates
are found. For example, healthcare workers attending to multiple patients with CAUTIs and have
the potential to serve as vectors for the spread of infectious pathogens, such as resistant P.

aeruginosa between patients.(241)

A limitation of our study was the relatively small sample size, however for veterinary
pharmacokinetic studies a sample size of 4 to 6 animals is typically adequate to describe the

pharmacokinetics of a test drug.(242) Additional studies are required to explore the
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pharmacodynamics of ertapenem in sheep, as well as the potential synergistic effects of

ertapenem and immunomodulators on bacteriuresis and resistance development.

Conclusions

In conclusion, our study established the pharmacokinetics of ertapenem in sheep used as a
model for human biomedical research. No drug accumulation was reported after 5 days of
dosing, which is consistent with the short elimination half-life of this antimicrobial in sheep.
Likewise, the absence of notable difference between ertapenem CL after single and multiple
dosing is indicative of first order elimination in sheep. Ewes maintained infection throughout the
study, and at study conclusion resistance was noted in the remaining isolates. This ovine model
can be used to evaluate pharmacokinetics for therapeutic strategies for ertapenem use (varying
drug dosing schedules and combinations with other antimicrobials and/or immune modulators) in

the context of UTL
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Figure 1: Mean (error bars, £ 1 SD) plasma concentration after initial intravenous administration (above);
and multiple dose administration (below). The dashed line illustrates the limit of quantification for the
assay (0.25 pg/ml).
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Figure 2: Mean (error bars, = 1 SD) plasma concentration after initial (above) and multiple (below)
intravenous administration of ertapenem in groups treated without immunomodulator (Ert) and with
immunomodulator (Ert + ZN). The dashed line illustrates the limit of quantification for the assay (0.25
pg/ml).



Table 1. Experimental schedule by day for all ewes by group.

Day 0
!

Day 1
G

Day 2

Day 3

Day 4

Day 5

Day 6
PKSD

Day 7

Day 8

Day 9

Day 10

Day 11

Day 12

Day 13

SPPK (trough)

SPPK (trough)

SPPK (trough)

PKSS

Wash-out

Wash-out

Wash-out +

Group1  Control

1 urine sample

1 urine sample

1 urine sample

5 urine samples

1 urine sample

1 urine sample

1 urine sample

5 urine samples

1 urine sample

1 urine sample

1 urine sample

19 urine samples

Mol GrndTofaliGrowp]

38 urine samples  Urine inoculum

Group3  Ertapenem + Zelnate
(n=4)

Zelnate

1 urine sample
1 urine sample

1 plasma sample

1 urine sample
1 urine sample

1 urine sample
1 urine sample

1 plasma sample

7 urine samples
1 urine sample
U.PK: 7 samples
P.PK: 13 samples

1 urine sample
1 urine sample
UPK: 1 sample
P.PK: 1 sample

1 urine sample
1 urine sample
U.PK: 1 sample
P.PK: 1 sample

1 urine sample
1 urine sample
U.PK: 1 sample
P.PK: 1 sample

7 urine samples
1 urine sample

U.PK: 7 samples
P.PK: 13 samples

1 urine sample
1 urine sample
UPK: 1 sample
P.PK: 1 sample

1 urine sample
1 urine sample
UPK: 1 sample
P.PK: 1 sample

1 urine sample
1 urine sample
U.PK: 1 sample
P.PK: 1 sample

23 urine samples
11 urine samples
20 urine samples.
32 plasma samples
2 plasma samples

Just before inoculation

Summary/# of samples
for the entire study

(n=2) 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 11 urine samples 22 urine samples UpH + Gravity
1 plasma sample 1 plasma sample 2 plasma samples 4 plasma samples  CBC
P qd tape qd Pe qd P qd P qd
Group2 Ertapenem 1 urine sample 1urine sample 1 urine sample 7 urine samples 1 urine sample 1 urine sample 1 urine sample 7 urine samples 1 urine sample 1 urine sample 1 urine sample 23 urine samples 92 urine samples  Urine inoculum
(n=4) 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 1 urine sample 11 urine samples 44 urine samples UpH + Gravity
U.PK: 7 samples  U.PK: 1sample U.PK: 1sample U.PK: 1 sample U.PK:7 samples U.PK: 1 sample U.PK: 1sample U.PK: 1 sample 20 urine samples 80 urine samples  Urine Ertapenem PK
P.PK: 13 samples P.PK: 1 sample PPK: 1sample P.PK:1sample P.PK:13samples P.PK:1sample P.PK:1sample P.PK:1sample 32 plasma samples 128 plasma samples Plasma Ertapenem PK
1 plasma sample 1 plasma sample 2 plasma samples 4 plasma samples ~ CBC
Just before inoculation
p qd P qd P qd P qd P qd

92 urine samples  Urine inoculum

44 urine samples UpH + Gravity

80 urine samples  Urine Ertapenem PK
128 plasma samples Plasma Ertapenem PK
4 plasma samples ~ CBC

222 urine samples  Urine inoculum

110 urine samples  UpH + Gravity

160 urine samples  Urine Ertapenem PK
256 plasma samples Plasma Ertapenem PK
20 plasma samples CBC

Table 2. Complete blood count (CBC) results for total white blood cell count (WBC) as well as neutrophil counts from day before (Day 2) and the
day of (Day 3) inoculation and Zelnate™ treatment. Control group included Ewe 1 and 2, Ertapenem (Ewe 3-6) and Ertapenem and Zelnate™

(Ewe 7-10).

WBC
Ewe 1

Neutrophils

6.45
5.71

3.81
291

Ewe 2

5.36
5.9

2.84
2.83

Ewe 3

5.46
5.37

3.28
2.15

Ewe 4

Ewe 5

5.56
5.28

1.89
2.06

Ewe 6

7.26
7.09

3.27
3.12

7.64
8.72

2.98
3.14

Ewe 7

Ewe 8

4.58
4.83

1.65

2.8

7.5
6.23

1.87

Ewe 9

Ewe 10

4.56
3.87

1

1.16

7.36
7.11

3.24
3.56

—
S
(9]
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Table 3: Pharmacokinetic parameters of ertapenem in sheep after single (ERT SD) dosing.

Compound | Parameter | Unit Geometric | Median Min Max
mean

ERT SD Cinax pg/mL 228.1 216.5 182 324
ERT SD Ti2(Az) hr 1.09 1.13 0.65 2.7
ERT SD AUC a5t (ng/mL)*hr 142.0 146.5 1123 176.7
ERT SD CL mL/hr/kg 108.3 109.1 131.4 81.2
ERT SD AUMC (ng/mL)*hr? 97.3 97.1 73.4 137.9
ERT SD MRT hr 0.69 0.70 0.55 0.78
ERT SD Vss mL/kg 76.8 78.1 52.7 113.4

Table 4: Pharmacokinetic parameters of ertapenem in sheep after multiple (ERT MD) dosing.

Compound | Parameter | Unit Geometric | Median Min Max
mean

ERT MD Cnax pg/mL 2223 217.5 136 324
ERT MD Tin(Az) hr 1.01 0.86 0.56 2.16
ERT MD AUChast (ng/mL)*hr 134.6 136.3 77.8 183.8
ERT MD CL mL/hr/kg 114.3 112.4 92.5 170.9
ERT MD AUMC (ug/mL)*hr? 42.9 46.9 47.2 138.7
ERT MD MRT hr 0.71 0.72 0.61 0.79
ERT MD Vss mlL/kg 77.2 72.7 67.1 105.6
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Table 5. Geometric means of the pharmacokinetics observed in groups treated with ertapenem
alone and ertapenem with concurrent immunomodulator (ZelNate) and the statistical
comparisons between each group.

Group Parameter | Unit Ertapenem | Ertapenem P value

(Geometric | +ZelNate

mean) (Geometric mean)
ERT SD | Cox pg/mL 203.9 255.1 0.1537
ERT SD Tin(Az) Hr 1.1 1.0 0.6537
ERT SD AUCast (ng/mL)*hr 129.6 155.51 0.1878
ERT SD CL mL/hr/kg 112.5 104.2 0.4761
ERT SD AUMC (ug/mL)*hr? 89.6 105.7 0.4353
ERT SD MRT Hr 0.69 0.68 0.9108
ERT SD Vss ML/kg 80.5 73.2 0.5816
ERTMD | Cax pug/mL 196.6 251.4 0.1157
ERTMD | Tin(Az) Hr 0.92 1.11 0.3429
ERTMD | AUCus (ng/mL)*hr 117.6 154.0 0.2000
ERTMD | CL mL/hr/kg 124.0 105.4 0.2675
ERTMD | AUMC (ug/mL)*hr? 83.7 108.6 0.2679
ERTMD | MRT Hr 0.71 0.71 0.8372
ERTMD | Vss ML/kg 91.2 76.7 0.1056
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Table 6. Urine ertapenem concentrations (ug/mL) by time and dose. SD after single dosing; MD after
multiple dosing.

Time (hr) | Dosing | Mean Median | Min Max
1 SD 8473.375 | 3886.5 | 2024 | 28612
2 SD 836.875 | 591 100 1929
3 SD 238.5 265 28 417

6 SD 66.875 36.5 5 267

8 SD 12.4 5 5 42

12 SD 23 21 0 32

1 MD 16083.5 | 14812.5 | 1213 | 32441
2 MD 1973 1465 397 5631
3 MD 493.25 482.5 99 940

6 MD 194.25 127.5 43 539

8 MD 61.875 49.5 17 155
12 MD 34.625 16.5 5 93
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Figure 3. Relative number of bacterial shedding in the urine. Statistical significance found between the
Control and the Ertapenem and Zelnate™ group (p=0.004). Arrows signify PK days in which 7 urine
samples were taken: Pre-dose, +1h, +2h, +3h, +6h, +8h, +12h. Days in which ertapenem was
administered is highlighted in gray (Day 6-10).
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Figure 4. MICs of 13 isolates taken from the day after the final ertapenem treatment (Day 11). Isolates
grown in meropenem are green bars, with MICs of .06 ug/mL (n=7%), .125 pg/mL (n=5), and .25 pg/mL
(n=1). Isolates grown in imipenem are yellow bars, with MICs of 2 pg/mL (n=4%*), and 4 pg/mL (n=8).
Original strain MICs (*) are blue bars, meropenem and imipenem MICs being .06, and 2 pg/mL,
respectively.



Table 7. Inflammation scores, presence of ulceration, and histopathology descriptions of bladder wall samples from the study ewes

Score

Ulceration

Description and Comments

Multifocally, there is moderate hyperplasia of transitional cells manifested by thickening of normally oriented urothelium, and solid down-growths of nests of urothelium, which are both contiguous and non-contiguous
with overlying epithelium. Diffusely, the lamina propria is moderately expanded by a well-vascularized and lightly eosinophilic, often fibrillar collagenous stroma with scattered fibroblasts, and contains moderate
numbers of scattered polymorphonuclear cells with brightly eosinophilic cytoplasm (eosinophils) with fewer plasma cells and lymphocytes. Multifocally, lymphocytes and plasma cells form nodular/follicular aggregates.
Capillaries are often lined by hypertrophied endothelium. Neutrophils or eosinophils are frequently present within the urothelium along with rare lymphocytes and occasional necrotic cells. Multifocal transitional cells
are vacuolated. There are low numbers of lymphocytes and plasma cells around few blood vessels within the tunica muscularis. The interstitium of the tunica musuclaris is multifocally expanded by pale eosinophilic
homogeneous fluid.

Changes are similar to Sheep #1 but less severe and with fewer eosinophils. Diffusely, there is mild hyperplasia of the urothelium characterized by thickening of normally oriented urothelium. Low to moderate numbers
of scattered plasma cells and lymphocytes, rarely forming nodular perivascular aggregates, are present within the submucosa, which is multifocally mildly to moderately expanded by similar loose fibrovascular tissue.
There are infrequent intra-epithelial polymorphonuclear cells with eosinophilic cytoplasm (neutrophils or eosinophils). There are multifocal areas of urothelium loss interpreted as artifactual with subjacent crush artifact.
Similar low numbers of lymphocytes and plasma cells around few blood vessels within the tunica muscularis.

Multifocally, the submucosa is expanded by similar loose pale fibrovascular tissue. Infrequently, there are perivascular and scattered low numbers of lymphocytes and plasma cells, and rare polymorphonuclear cells with
eosinophilic cytoplasm of variable intensity (eosinophils or neutrophils). There are occasional eosinophils and lymphocytes present within the urothelium, which is multifocally vacuolated. There are low numbers of
lymphocytes and plasma cells around rare blood vessels within the tunica muscularis. The interstitium of the tunica musuclaris is multifocally expanded by pale eosinophilic homogeneous fluid.

Most severe of group. The urothelium is multifocally ulcerated. The submucosa is expanded by loose pale fibrovascular tissue containing moderate to large numbers of neutrophils (concentrated in areas of ulceration)
and multifocal hemorrhage. Neutrophils are frequently present within the urothelium. There is also multifocal hemorrhage within the urothelium with multifocal vacuolated epithelial cells and occasional foci of
thickened urothelium with mitotic figures (hyperplasia). The tunica muscularis is edematous with scattered moderate numbers of neutrophils. The serosa is also diffusely mildly expanded by edema with scattered
neutrophils, few plasma cells and macrophages. Mesothelial cells are hypertrophied.

The submucosa is multifocally edematous and contains low to moderate numbers of polymorphonuclear cells with variably intense eosinophilic cytoplasm (neutrophils or eosinophils), often present at the epithelial-
propria/submucosa junction or within the urothelium, and low numbers of plasma cells and lymphocytes, which multifocally form variably-sized nodular aggregates. The interstitium of the tunica musucl TS, is
multifocally expanded by pale eosinophilic homogeneous fluid. o

The submucosa is focally edematous and contains low to moderate numbers of polymorphonuclear cells with variably intense eosinophilic cytoplasm (neutrophils), primarily within the edematous region, and low
numbers of perivascular lymphocytes and plasma cells. Neutrophils are occasionally present within the urothelium. Basal layers of the urothelium are also moderately vacuolated within this region. The interstitium of
the tunica musuclaris is multifocally expanded by pale eosinophilic homogeneous fluid. The serosa is mildly edematous with scattered low numbers of macrophages, neutrophils.

Looks most normal of all samples. Compact propria-submucosa. Rare subepithelial edema/vacuolation (minimal to mild) with rare neutrophils and rare intra-epithelial lymphocytes. The interstitium of the tunica
musuclaris is multifocally expanded by pale eosinophilic homogeneous fluid. At one end of the section, the serosa is moderately expanded by similar pale eosinophilic fluid.

Diffusely, the submucosa is expanded by similar loose pale fibrovascular tissue. There are moderate numbers of scattered lymphocytes, plasma cells and polymorphonuclear cells with eosinophilic cytoplasm
(neutrophils or eosinophils). Polymorphonuclear cells are most commonly subepithelial and present within the urothelium. Occasional lymphocytes are also present within the urothelium along with occasional necrotic
cells. There are multifocal areas of mild hemorrhage within the superficial propria-submucosa, with mild superficial vacuolation (edema). Lymphocytes rarely form nodular aggregates. The urothelium is diffusely mildly
thickened with occasional mitoses. There is multifocal sloughing of surface urothelial cells creating a slightly ragged surface appearance. Blood vessels of the propria-submucosa are often lined by hypertrophied
endothelium. The interstitium of the tunica musuclaris is multifocally expanded by pale eosinophilic homogeneous fluid. The serosa is mildly edematous with scattered low numbers of macrophages, lymphocytes and
rare mild hemorrhage.

Changes are similar to Sheep #2. There are low to moderate numbers of lymphocytes and plasma cells within the propria-submucosa, occasionally forming small nodular aggregates. There are low numbers of scattered
polymorphonuclear cells often with granulated cytoplasm (eosinophils). Intra-epithelial inflammatory cells are rare. The interstitium of the tunica musuclaris is multifocally expanded by pale eosinophilic homogeneous
fluid.

10

Changes are similar to Sheep #8. There are moderate numbers of PMNs (neutrophils) present within the urothelium, occasional lymphocytes, and occasional necrotic cells. There is multifocal sloughing of surface
urothelial cells creating a slightly ragged surface appearance.

WES
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CHAPTER 6. SUMMARY AND FUTURE DIRECTIONS

Summary

Determination of pharmacokinetic and pharmacodynamic (PK/PD) relationships in
veterinary medicine is based on examination of relatively small populations that often are free of
disease or clinical deviations from normal. This can counter the goal of such studies, as clinically
healthy animals are seldom treated therapeutically, especially within the ruminant food animal
species where drug residue avoidance is a major component of human food safety. PK/PD data
obtained from healthy animals may not directly translate to sick animals, and presents a critical
knowledge gap to the field of ruminant food animal clinical pharmacology.

The objective for this dissertation was to explore the effects of clinical states on the
PK/PD of various drugs in ruminant food animal species. Our central hypothesis was that the
physiologic differences brought upon by different clinical states such as stress, pain, respiratory
disease, and drug co-administration would cause differences in the PK/PD of various drugs in
ruminants. To test this hypothesis, we assessed the following: 1) the effect of clinical pain on the
pharmacokinetics and pharmacodynamics of fentanyl in clinical patient calves and healthy
calves; 2) the effect of Pasteurella multocida pneumonia on the pharmacokinetics and tissue
residue levels of tulathroymycin in meat goats; and 3) the effect of co-administration of an
immunomodulatory agent on the pharmacokinetics and pharmacodynamics of ertapenem in

sheep with catheter-associated Pseudomonas aeruginosa cystitis.
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First, we determined the intravenous pharmacokinetics of fentanyl citrate in healthy
calves.(183) We initially observed a longer terminal elimination half-life of 12.7 and 3.6 hours
for fentanyl and norfentanyl, respectively. These elimination half-lives were markedly higher
than what has been reported for other ruminant species, and similar relationships were noted
amongst other pharmacokinetic parameters. However, upon closer examination we discovered
that our analytical lower level of quantification (LLOQ) of 0.03 ng/mL was lower than reported
in the comparative literature. Upon re-analyzing our data with a theoretical LLOQ of 0.05
ng/mL, parameters much closer to what has been reported comparatively in other ruminant
species were achieved. While this study characterized the pharmacokinetics of fentanyl for
Holstein calves, it also demonstrated the analytical sensitivity of pharmacokinetic parameter
estimation.

Additionally, we determined the PK/PD of fentanyl transdermal patches (FTPs) in
clinically healthy and clinical calves to investigate the differences that may be brought upon by
altered clinical states such as disease and pain.(192) While this study was limited due to the
adverse effects noted and the resultant IACUC modifications, we demonstrated that among
calves with concurrent acute disease no adverse reactions occurred, whereas among calves with
no disease or chronic disease adverse effects such as tachycardia, hyperthermia, excitement, and
ataxia occurred. Maximum plasma concentration was variable amongst calves, and
concentrations at 4 and 6 hours post patch application were significantly associated with the
occurrence of adverse effects. This preliminary work supports other clinical observations about
the effect of acute pain on the presence or absence of adverse effects with opioids in veterinary

patients, but also warrants further investigation for dose optimization for calves. Clinical states
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such as acute disease or pain appear to minimize the occurrence of adverse effects from the
application of FTPs in calves.

Second, we investigated the effect of Pasteurella multocida respiratory disease on the
pharmacokinetics and pharmacodynamics of tulathromycin in meat goats. Goats with respiratory
disease had lower plasma concentrations of tulathromycin from 168 hours to 312 hours and had a
higher volume of distribution when compared to controls (50.8 £ 26.5 mL/kg vs 24.99 £ 11.9
mL/kg). While no differences were noted at 312 hours in terms of tissue CP 60,300
concentration in muscle, liver or fat, a significantly (P = 0.0095) lower concentration was noted
in the kidney tissue of experimental goats. Thus, this work demonstrated that respiratory disease
has the potential ability to alter plasma concentrations, pharmacokinetics, as well as tissue
concentration of tulathromycin in meat goats.

Finally, we investigated the effect on PK/PD of administration of ertapenem with and
without an immunomodulator in a model of catheter-induced cystitis in sheep to explore this
drug-drug interaction. An ovine model of human catheter-associated cystitis due to Pseudomonas
aeruginosa was developed, and colonization of the bladder was confirmed via culture, urinalysis,
and histopathology of the bladder wall. No significant differences in ertapenem
pharmacokinetics were noted in either the group receiving ertapenem or ertapenem with the
concurrent administration of an immunomodulator. When bacterial counts were quantified, a
significant (P = 0.004) decrease was noted between the group administered ertapenem with an
immunomodulator as compared to the control group. In addition, MIC testing for ertapenem,
imipenim, and meropenem demonstrated that isolates had increased MICs when compared to the
initial strain. The results generated by this study may lead to the use of non-antimicrobial

adjunctive therapies to decrease bacterial numbers in infections of high consequence.
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Collectively, these results provide new insights into the effects of clinical states on
PK/PD in ruminant food animal species. These findings demonstrate that it is vital to study drugs
in the face of clinical states to determine differences on PK/PD compared to administration of

the drug in a normal animal.

Future Directions

The models utilized in this work provide a basis for further studies into the effects of
clinical states on PK/PD in ruminant food animals. Based on the work presented here several
areas merit additional research. The pharmacokinetics of fentanyl transdermal patches in calves
need to be further elucidated, utilizing our study’s recommendation of a dose below 1.0
ug/kg(192), and potentially using the anecdotally reported dose of 0.05 - 0.5 ng/kg(86) to
determine a safe therapeutic application for fentanyl transdermal patches in this species.
Additional pharmacodynamic work will be necessary to determine the effect of sustained
fentanyl concentrations as an analgesic in calves. Further study will also be necessary to
determine the effect of naturally occurring P. multocida pneumonia on the pharmacokinetics and
tissue residue concentrations of tulathromycin and the marker residue in meat goats and other
ruminants, as this could vary from the results seen with experimental infection. Finally, the ovine
model of catheter-associated P. aeruginosa, while providing exciting results with the effect of
the immunomodulator, will need to be further assessed by additional trials with increased subject
numbers and drug combinations to determine its full comparative utility to human medicine.

Due to the paucity of clinical descriptions of pharmacokinetics and pharmacodynamics in
ruminant food animal species it is common for practitioners to use information from one

ruminant species to formulate a treatment plan for another species. An example of this being the
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use of pantoprazole for increasing gastric pH. The PK/PD data for this treatment is based on
alpacas(243), and clinically this treatment has been extrapolated to other ruminant food animals,
such as the goat.(43) However, currently clinical judgments of this type have to be based on
caution, as pharmacodynamics are not always constant across ruminant species. For example, the
use of fenbendazole and NSAIDs in camelids(244) as a successful treatment for infections of P.
tenuis has been successfully extrapolated to meat goats(42, 245) without adverse effects. In
contrast, the use of ketamine, xylazine, and butorphanol has been demonstrated to be a safe
injectable anesthetic in cattle(246), yet this combination has been shown to cause profound
aspiration when used in a similar ruminant, the yak.(247) This potential for adverse reactions
was also noted by our work, as an ovine dose for fentanyl transdermal patches yielded adverse
effects in calves.(192) Our data supports that more species-specific research is necessary to
completely examine the effect of clinical states on PK/PD in ruminant food animal species.

The presence or absence of disease, pain, or other clinical condition is not the only factor
that warrants further investigation. Recently studies in people, epigenetics and quasi-epigenetics
have been recognized as additional considerations in therapeutic drug use, as these unintentional
effects can act upstream to conventional drug mechanisms, as these “off target” effects could
potentially be beneficial or adverse.(248) Examples of these epigenetic and quasi-epigenetic
phenomenon include: the cardiac protective effect of the chemotherapeutic 5-Azacytidine,(249)
the neuroprotective effect of beta-lactam antimicrobials,(250, 251) and the anti-neoplastic
properties of the NSAID class of drugs.(252) While these off-target effects have been described
for human patients, more work is needed to determine these effects in ruminant species.

Additional physiologic factors have been demonstrated to lead to differences in PK/PD in

veterinary medicine. Gender, age, and body composition have all been demonstrates to impact
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drug pharmacokinetics in cattle.(253) Conversely the effects of renal and hepatic impairment on
drug pharmacokinetics have not yet been well-described in cattle, although inflammation,
infection, pregnancy and lactation’s effects on drug pharmacokinetics has been described for
cattle.(1) Chronobiology and circadian rhythm have been explored for companion animals(254),
but research is lacking among cattle(253) and other ruminants. Numerous other factors specific
to clinical patients will also need to be accounted for in future work when considering the effect
of clinical states on PK/PD.

Considerations need to be taken regarding the methods used to determine PK parameters,
as calculation can add additional complexity to interpretation. In addition to the effect of
analytical performance demonstrated by our fentanyl study, more work needs to investigate the
clinical effects of non-compartmental parameter estimation. For example, our ertapenem study
revealed a mean residence time (MRT) that was less than the elimination half-life (T1/2 ) for the
drug. Mathematically this is not possible as demonstrated by the following:

e MRT =1/ ke; where ke represents the elimination constant.

e Tin =0.693/ke; therefore:

e Tz =0.693 x MRT
Our results from the ertapenem study would conflict this. Similarly our tulathromycin study
found a statistically significant difference in the Volume of Distribution (V) between groups, but
no difference in clearance (CL). This is also counterintuitive as the mathematical relationship of
these parameters is:

e (CL =V x ke; where ke is the previously defined elimination constant.
While V and CL are independent parameters; an increase in V could lead to an increase in T12

unless the CL changed to the same extent as V (2 = LN(2) x V/CL). These findings are not
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uncommon in non-compartmental pharmacokinetic literature as an MRT < Ty; has been reported
for other rapidly metabolized intravenously administered drugs such as flunixin(255) and
fentanyl(183) calculated through non-compartmental methods. The reasoning for these
discrepancies is probably due to the selection of the slope of the terminal phase of
noncompartmental software programs. However, the clinical effects of this parameter
calculation, if any, are unknown at this time.

Future work needs to focus on the impact that clinical disease takes on ruminant food
animal patients as well as models to predict these interactions. Clinical studies utilizing patients
in veterinary referral centers, potentially with sparse sampling or naive pooling schedules would
be potential tools for this next step. These techniques allow for minimal sample collection, but
larger populations of diseased patients to draw results.

Additionally, application of modelling techniques will be crucial to allow for further
extrapolation of the effect of clinical states on PK/PD in ruminant food animals, potentially for
the prediction of tissue residues. Nonlinear mixed effects (NLME) modelling may very well be
a tool for this purpose, as though while different from the method used by the United States
Food and Drug Administration, this modelling technique could serve as a way to identify
components of clinical disease that lead to increased risk of tissue residue.(256) NLME models
allow for the flexibility of analyzing dense or sparse data, while accounting for many covariates

that could serve as valuable clinical characteristics of food animal patients.



10.

11.

12.

13.

118

REFERENCES

Martinez M and Modric S. Patient variation in veterinary medicine: part I. Influence
of altered physiological states. J Vet Pharmacol Ther 2010;33 (3): 213-226.

Cono J, Cragan JD, Jamieson DJ, and Rasmussen SA. Prophylaxis and treatment of
pregnant women for emerging infections and bioterrorism emergencies. Emerg Infect
Dis 2006;12 (11): 1631-1637.

Dowling PM. Geriatric pharmacology. Vet Clin North Am Small Anim Pract 2005;35
(3): 557-569.

Petrovic V, Teng S, and Piquette-Miller M. Regulation of drug transporters during
infection and inflammation. Mol Interv 2007;7 (2): 99-111.

Mealey KL. Therapeutic implications of the MDR-1 gene. J Vet Pharmacol Ther
2004;27 (5): 257-264.

Mills PC, Ng JC, Hrdlicka J, and Auer DE. Disposition and urinary excretion of
phenylbutazone in normal and febrile greyhounds. Res Vet Sci 1995;59 (3): 261-266.

Jones AK, Cunningham VJ, Ha-Kawa S, et al. Changes in central opioid receptor
binding in relation to inflammation and pain in patients with rheumatoid arthritis. Br J
Rheumatol 1994;33 (10): 909-916.

Kleinhenz MD, Van Engen NK, Gorden PJ, et al. The impact of pain on the
pharmacokinetics of transdermal flunixin meglumine administered at the time of
cautery dehorning in Holstein calves. Vet Anaesth Analg 2018.

Booke M, Armstrong C, Hinder F, Conroy B, Traber LD, and Traber DL. The effects
of propofol on hemodynamics and renal blood flow in healthy and in septic sheep,
and combined with fentanyl in septic sheep. Anesth Analg 1996;82 (4): 738-743.

Gajda A, Bladek T, Jablonski A, and Posyniak A. The influence of Actinobacillus
pleuropneumoniae infection on tulathromycin pharmacokinetics and lung tissue
disposition in pigs. J Vet Pharmacol Ther 2016;39 (2): 176-182.

Villarino N, Brown SA, and Martin-Jimenez T. Understanding the pharmacokinetics
of tulathromycin: a pulmonary perspective. J Vet Pharmacol Ther 2014;37 (3): 211-
221.

Amsden GW. Advanced-generation macrolides: tissue-directed antibiotics. Int J
Antimicrob Agents 2001;18 Suppl 1: S11-15.

Proceedings of the 7th European Association for Veterinary pharmacology and
Toxicology (EAVPT) International Congress. Madrid, Spain, 6-10 July 1997. J Vet
Pharmacol Ther 1997;20 Suppl 1: 1-340.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

119

Ole-Mapenay IM, Mitema ES, and Maitho TE. Aspects of the pharmacokinetics of
doxycycline given to healthy and pneumonic East African dwarf goats by
intramuscular injection. Vet Res Commun 1997;21 (6): 453-462.

Gorden PJ, Kleinhenz MD, Wulf LW, et al. Comparative plasma and interstitial fluid
pharmacokinetics of flunixin meglumine and ceftiofur hydrochloride following
individual and co-administration in dairy cows. J Vet Pharmacol Ther 2018;41 (1):
76-82.

Brentnall C, Cheng Z, McKellar QA, and Lees P. Influence of oxytetracycline on
carprofen pharmacodynamics and pharmacokinetics in calves. J Vet Pharmacol Ther
2013;36 (4): 320-328.

Sidhu PK, Landoni MF, Aliabadi FS, and Lees P. Pharmacokinetic and
pharmacodynamic modelling of marbofloxacin administered alone and in
combination with tolfenamic acid in goats. Vet J 2010;184 (2): 219-229.

Sidhu PK, Landoni MF, Aliabadi MH, Toutain PL, and Lees P. Pharmacokinetic and
pharmacodynamic modelling of marbofloxacin administered alone and in
combination with tolfenamic acid in calves. J Vet Pharmacol Ther 2011;34 (4): 376-
387.

Sidhu PK, Landoni MF, and Lees P. Influence of marbofloxacin on the
pharmacokinetics and pharmacodynamics of tolfenamic acid in calves. J Vet
Pharmacol Ther 2005;28 (1): 109-119.

Kumbhakar NK, Sanyal PK, Rawte D, Kumar D, Kerketta AE, and Pal S. Efficacy of
pharmacokinetic interactions between piperonyl butoxide and albendazole against
gastrointestinal nematodiasis in goats. J Helminthol 2016;90 (5): 624-629.

Antonic J, Grabnar I, Milcinski L, et al. Influence of P-glycoprotein inhibition on
secretion of ivermectin and doramectin by milk in lactating sheep. Vet Parasitol

2011;179 (1-3): 159-166.

Alvinerie M, Dupuy J, Kiki-Mvouaka S, Sutra JF, and Lespine A. Ketoconazole
increases the plasma levels of ivermectin in sheep. Vet Parasitol 2008;157 (1-2): 117-
122.

Agbedanu PN, Anderson KL, Brewer MT, and Carlson SA. Doxycycline as an
inhibitor of p-glycoprotein in the alpaca for the purpose of maintaining avermectins in
the CNS during treatment for parelaphostrongylosis. Vet Parasitol 2015;212 (3-4):
303-307.

Rao GS, Ramesh S, Ahmad AH, Tripathi HC, Sharma LD, and Malik JK.
Pharmacokinetics of enrofloxacin and its metabolite ciprofloxacin in goats given
enrofloxacin alone and in combination with probenecid. Vet J 2002;163 (1): 85-93.



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

120

Neuman M. Comparative pharmacokinetic parameters of new systemic
fluoroquinolones: a review. Chemioterapia 1987;6 (2): 105-112.

Soback S, Ziv G, and Kokue EI. Probenecid effect on cefuroxime pharmacokinetics
in calves. J Vet Pharmacol Ther 1989;12 (1): 87-93.

Rahal A, Kumar A, Ahmad AH, and Malik JK. Pharmacokinetics of diclofenac and
its interaction with enrofloxacin in sheep. Res Vet Sci 2008;84 (3): 452-456.

Romanowski R, Culbert R, Alkemade S, et al. Mycobacterium cell wall fraction
immunostimulant (AMPLIMUNE™) efficacy in the reduction of the severity of
ETEC induced diarrhea in neonatal calves. Acta Veterinaria 2017;67 (2): 222-237.

Christoffersen M, Woodward EM, Bojesen AM, et al. Effect of immunomodulatory
therapy on the endometrial inflammatory response to induced infectious endometritis
in susceptible mares. Theriogenology 2012;78 (5): 991-1004.

Owen RA and Jagger DW. Clinical observations on the use of BCG cell wall fraction
for treatment of periocular and other equine sarcoids. Vet Rec 1987;120 (23): 548-
552.

Nickell J, Keil D, Settje T, Lechtenberg K, Singu V, and Woolums A. Efficacy and
safety of a novel DNA immunostimulant in cattle. The Bovine Practitioner 2016;50
(1): 9-20.

Ilg T. Investigations on the molecular mode of action of the novel immunostimulator
ZelNate: Activation of the cGAS-STING pathway in mammalian cells. Mol Immunol
2017;90: 182-189.

VetGRAM: Searchlist. Databank FARA. http://www.farad.org/vetgram/searchlist.asp
[updated 3/7/2019].

VetGRAM: Sheep. Databank FARA. http://www.farad.org/vetgram/sheep.asp: 2019.

VetGRAM: Goats. Databank FARA. http://www.farad.org/vetgram/goats.asp
[updated 3/7/2019].

What is considered Extra-label Drug Use? Databank FARAD.
http://www.farad.org/extra-label-drug-use.html [updated 3/7/2019].

Smith J, Kovalik D, and Varga A. Rattlesnake Envenomation in Three Dairy Goats.
Case Reports in Veterinary Medicine 2015;2015.

Konigsson K, Torneke K, Engeland IV, Odensvik K, and Kindahl H.
Pharmacokinetics and pharmacodynamic effects of flunixin after intravenous,

intramuscular and oral administration to dairy goats. Acta Vet Scand 2003;44 (3-4):
153-159.



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

121

Smith J, Angelos J, Rowe J, Carlson J, Lee E, and Tell L. Pharmacokinetics Of
Flunixin Meglumine In Plasma And Milk Of Domestic Goats (capra Aegagrus

Hircus) Following Single Subcutaneous Dosing. Journal of Veterinary Internal
Medicine 2014;28 (3): 1129.

Reppert EJ, Kleinhenz MD, Montgomery SR, et al. Pharmacokinetics and
pharmacodynamics of intravenous and transdermal flunixin meglumine in meat goats.
J Vet Pharmacol Ther 2019.

Galbraith EA and McKellar QA. Protein binding and in vitro serum thromboxane B2
inhibition by flunixin meglumine and meclofenamic acid in dog, goat and horse
blood. Res Vet Sci 1996;61 (1): 78-81.

Smith J, Kreuder A, Breuer R, and Still-Brooks K. Meningeal Worm Infection in
Central lowa Goat Herds II: Individual Cases and Treatment Using a Camelid
Therapeutic Protocol. bioRxiv 2019: 613562.

Smith J, Klostermann C, Harm T, et al. Abomasal hamartoma in a La Mancha wether.
Veterinary Record Case Reports 2017;5 (3): e000515.

Harvey J, Smith J, Jackson N, Kreuder A, Dohlman T, and Smith J. Cache Valley
virus as a cause of fetal abnormalities in a litter of three Boer kids. Veterinary Record
Case Reports 2019;7 (1): e000725.

Smith JS, Chigerwe M, Kanipe C, and Gray S. Femoral head ostectomy for the
treatment of acetabular fracture and coxofemoral joint luxation in a Potbelly pig. Vet
Surg 2017;46 (2): 316-321.

Viall AK, Larios Mora A, Brewer MT, et al. What is your diagnosis? Nasal discharge
from a sheep. Vet Clin Pathol 2018;47 (3): 503-504.

Smith J, Heller M, and Angelos J. Nebulization therapy in small ruminants, 21 cases.
48th Annual Conference of the American Association of Bovine Practitioners Year:
302-303.

Riviere JE. Comparative pharmacokinetics: principles, techniques and applications:
John Wiley & Sons, 2011.

Goodman LS, Brunton LL, Chabner B, and Knollmann BC. Goodman & Gilman's
pharmacological basis of therapeutics: New York: McGraw-Hill, 2011.

Clavijo CF, Thomas JJ, Cromie M, et al. A low blood volume LC-MS/MS assay for
the quantification of fentanyl and its major metabolites norfentanyl and despropionyl
fentanyl in children. J Sep Sci 2011;34 (24): 3568-3577.

Delaski KM, Gehring R, Heffron BT, Negrusz A, and Gamble KC. Plasma
Concentrations of Fentanyl Achieved With Transdermal Application in Chickens. J
Avian Med Surg 2017;31 (1): 6-15.



52.

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

122

Koch DE, Isaza R, Carpenter JW, and Hunter RP. Simultaneous extraction and
quantitation of fentanyl and norfentanyl from primate plasma with LC/MS detection.
J Pharm Biomed Anal 2004;34 (3): 577-584.

Lin SN, Wang TP, Caprioli RM, and Mo BP. Determination of plasma fentanyl by
GC-mass spectrometry and pharmacokinetic analysis. J Pharm Sci 1981;70 (11):
1276-1279.

Davidson CD, Pettifer GR, and Henry JD, Jr. Plasma fentanyl concentrations and
analgesic effects during full or partial exposure to transdermal fentanyl patches in
cats. ] Am Vet Med Assoc 2004;224 (5): 700-705.

Bellei E, Roncada P, Pisoni L, Joechler M, and Zaghini A. The use of fentanyl-patch
in dogs undergoing spinal surgery: plasma concentration and analgesic efficacy. J Vet
Pharmacol Ther 2011;34 (5): 437-441.

Christou C, Oliver RA, Rawlinson J, and Walsh WR. Transdermal fentanyl and its
use in ovine surgery. Res Vet Sci 2015;100: 252-256.

Burke MJ, Soma LR, Boston RC, Rudy JA, and Schaer TP. Evaluation of the
analgesic and pharmacokinetic properties of transdermally administered fentanyl in
goats. J Vet Emerg Crit Care (San Antonio) 2017;27 (5): 539-547.

Martinez SA, Wilson MG, Linton DD, et al. The safety and effectiveness of a long-
acting transdermal fentanyl solution compared with oxymorphone for the control of

postoperative pain in dogs: a randomized, multicentered clinical study. J Vet
Pharmacol Ther 2014;37 (4): 394-405.

Jen KY, Dyson MC, Lester PA, and Nemzek JA. Pharmacokinetics of a Transdermal
Fentanyl Solution in Suffolk Sheep (Ovis aries). ] Am Assoc Lab Anim Sci 2017;56
(5): 550-557.

Adelgais KM, Brent A, Wathen J, et al. Intranasal Fentanyl and Quality of Pediatric
Acute Care. J] Emerg Med 2017;53 (5): 607-615.e602.

Wynn RL. The sugar-loaded fentanyl lollipop (Actiq) and the risk for tooth decay.
Gen Dent 2011;59 (3): 168-170.

Ahern BJ, Soma LR, Rudy JA, Uboh CE, and Schaer TP. Pharmacokinetics of
fentanyl administered transdermally and intravenously in sheep. Am J Vet Res
2010571 (10): 1127-1132.

Carroll GL, Hooper RN, Boothe DM, Hartsfield SM, and Randoll LA.
Pharmacokinetics of fentanyl after intravenous and transdermal administration in
goats. Am J Vet Res 1999;60 (8): 986-991.



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

123

Lovasz M, Aarnes TK, Hubbell JA, Bednarski RM, Lerche P, and Lakritz J.
Pharmacokinetics of intravenous and transdermal fentanyl in alpacas. J Vet
Pharmacol Ther 2017.

Grubb TL, Gold JR, Schlipf JW, Craig AM, Walker KC, and Riebold TW.
Assessment of serum concentrations and sedative effects of fentanyl after transdermal
administration at three dosages in healthy llamas. Am J Vet Res 2005;66 (5): 907-
909.

Maxwell LK, Thomasy SM, Slovis N, and Kollias-Baker C. Pharmacokinetics of
fentanyl following intravenous and transdermal administration in horses. Equine Vet
J2003;35 (5): 484-490.

Biello P, Bateman SW, and Kerr CL. Comparison of fentanyl and hydromorphone
constant rate infusions for pain management in dogs in an intensive care unit. Vet
Anaesth Analg 2018;45 (5): 673-683.

Ambros B, Alcorn J, Duke-Novakovski T, Livingston A, and Dowling PM.
Pharmacokinetics and pharmacodynamics of a constant rate infusion of fentanyl (5
mug/kg/h) in awake cats. Am J Vet Res 2014;75 (8): 716-721.

Glerum LE, Egger CM, Allen SW, and Haag M. Analgesic effect of the transdermal
fentanyl patch during and after feline ovariohysterectomy. Vet Surg 2001;30 (4): 351-
358.

Kamerling SG, DeQuick DJ, Weckman TJ, and Tobin T. Dose-related effects of
fentanyl on autonomic and behavioral responses in performance horses. Gen
Pharmacol 1985;16 (3): 253-258.

Arndt JO, Mikat M, and Parasher C. Fentanyl's analgesic, respiratory, and
cardiovascular actions in relation to dose and plasma concentration in unanesthetized
dogs. Anesthesiology 1984;61 (4): 355-361.

Yelnosky J and Field WE. A PRELIMINARY REPORT ON THE USE OF A
COMBINATION OF DROPERIDOL AND FENTANYL CITRATE IN
VETERINARY MEDICINE. Am J Vet Res 1964;25: 1751-1756.

Craft JB, Jr., Coaldrake LA, Bolan JC, et al. Placental passage and uterine effects of
fentanyl. Anesth Analg 1983;62 (10): 894-898.

Craft JB, Jr., Robichaux AG, Kim HS, et al. The maternal and fetal cardiovascular
effects of epidural fentanyl in the sheep model. Am J Obstet Gynecol 1984;148 (8):
1098-1104.

Kania BF. Presynaptic stimulation of dopaminergic CNS structures in sheep as a
mechanism of immobilising action of Immobyl (fentanyl + azaperone). Res Vet Sci
1985;38 (2): 179-183.



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

124

Kyles AE, Waterman AE, Livingston A, and Vetmed B. Antinociceptive effects of
combining low doses of neuroleptic drugs and fentanyl in sheep. Am J Vet Res
1993;54 (9): 1483-1488.

Yaster M, Koehler RC, and Traystman RJ. Effects of fentanyl on peripheral and
cerebral hemodynamics in neonatal lambs. Anesthesiology 1987;66 (4): 524-530.

Gauntlett IS, Fisher DM, Hertzka RE, Kuhls E, Spellman MJ, and Rudolph C.
Pharmacokinetics of fentanyl in neonatal humans and lambs: effects of age.
Anesthesiology 1988;69 (5): 683-687.

Kuhls E, Gauntlett IS, Lau M, et al. Effect of increased intra-abdominal pressure on
hepatic extraction and clearance of fentanyl in neonatal lambs. J Pharmacol Exp Ther
1995;274 (1): 115-119.

Heikkinen EM, Voipio HM, Laaksonen S, et al. Fentanyl Pharmacokinetics in
Pregnant Sheep after Intravenous and Transdermal Administration to the Ewe. Basic
Clin Pharmacol Toxicol 2015;117 (3): 156-163.

Andersen HB, Christensen B, Findlay JW, and Jansen JA. Pharmacokinetics of

intravenous, intrathecal and epidural morphine and fentanyl in the goat. Acta
Anaesthesiol Scand 1986;30 (5): 393-399.

Dzikiti TB, Stegmann GF, Dzikiti LN, and Hellebrekers LJ. Effects of fentanyl on
isoflurane minimum alveolar concentration and cardiovascular function in
mechanically ventilated goats. Vet Rec 2011;168 (16): 429.

Dzikiti BT, Ndawana PS, Zeiler G, Ferreira JP, and Dzikiti LN. Determination of the
minimum infusion rate of alfaxalone during its co-administration with fentanyl at

three different doses by constant rate infusion intravenously in goats. Vet Anaesth
Analg 2016;43 (3): 316-325.

Dzikiti BT, Stegmann FG, Dzikiti LN, and Hellebrekers LJ. Total intravenous
anaesthesia (TIVA) with propofol-fentanyl and propofol-midazolam combinations in
spontaneously-breathing goats. Vet Anaesth Analg 2010;37 (6): 519-525.

Vieitez V, Alvarez Gomez de Segura I, Lopez Ramis V, Santella M, and Ezquerra LJ.
Total intravenous anaesthesia in a goat undergoing craniectomy. BMC Vet Res
2017;13 (1): 287.

Anderson DE and Edmondson MA. Prevention and management of surgical pain in
cattle. Vet Clin North Am Food Anim Pract 2013;29 (1): 157-184.

Marchionatti E, Lardé H, and Steagall PVM. Letter to the Editor : Opioid-induced
adverse effects in a Holstein calf. Veterinary Anaesthesia and Analgesia 2015;42 (2):
229-230.



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

125

Donnelly CG, Quinn CT, Nielsen SG, and Raidal SL. Respiratory Support for
Pharmacologically Induced Hypoxia in Neonatal Calves. Vet Med Int 2016;2016:
2129362.

Musk GC, Catanchin CSM, Usuda H, Woodward E, and Kemp MW. The uptake of
transdermal fentanyl in a pregnant sheep model. Vet Anaesth Analg 2017;44 (6):
1382-1390.

Funes FJ, Granados Mdel M, Morgaz J, et al. Anaesthetic and cardiorespiratory
effects of a constant rate infusion of fentanyl in isoflurane-anaesthetized sheep. Vet
Anaesth Analg 2015;42 (2): 157-164.

Norcia LJ, Silvia AM, Santoro SL, et al. In vitro microbiological characterization of a
novel azalide, two triamilides and an azalide ketal against bovine and porcine
respiratory pathogens. J Antibiot (Tokyo) 2004;57 (4): 280-288.

Letavic MA, Bronk BS, Bertsche CD, et al. Synthesis and activity of a novel class of
tribasic macrocyclic antibiotics: the triamilides. Bioorg Med Chem Lett 2002;12 (19):
2771-2774.

Villarino N, Brown SA, and Martin-Jimenez T. The role of the macrolide
tulathromycin in veterinary medicine. Vet J 2013;198 (2): 352-357.

Yam WK and Wahab HA. Molecular insights into 14-membered macrolides using the
MM-PBSA method. J Chem Inf Model 2009;49 (6): 1558-1567.

Godinho KS, Keane SG, Nanjiani IA, et al. Minimum inhibitory concentrations of
tulathromycin against respiratory bacterial pathogens isolated from clinical cases in
European cattle and swine and variability arising from changes in in vitro
methodology. Veterinary Therapeutics 2005;6 (2): 113-121.

WHO list of Critically Important Antimicrobials for Human Medicine (WHO CIA
list). WHO. Available from
https://www.who.int/foodsafety/publications/cia2017.pdf?ua=1 Last accessed
10/1/2018.

Wang X, Tao YF, Huang LL, et al. Pharmacokinetics of tulathromycin and its
metabolite in swine administered with an intravenous bolus injection and a single
gavage. J Vet Pharmacol Ther 2012;35 (3): 282-289.

Evans NA. Tulathromycin: an overview of a new triamilide antibiotic for livestock
respiratory disease. Vet Ther 2005;6 (2): 83-95.

Van Bambeke F, Barcia-Macay M, Lemaire S, and Tulkens PM. Cellular
pharmacodynamics and pharmacokinetics of antibiotics: current views and
perspectives. Current Opinion in Drug Discovery and Development 2006;9 (2): 218.



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

126

Washburn K, Fajt VR, Coetzee JF, Rice S, Wulf LW, and Washburn S.
Pharmacokinetics of tulathromycin in nonpregnant adult ewes. J Vet Pharmacol Ther
2015;38 (4): 414-416.

Washburn KE, Bissett WT, Fajt VR, et al. Comparison of three treatment regimens
for sheep and goats with caseous lymphadenitis. ] Am Vet Med Assoc 2009;234 (9):
1162-1166.

Sahin O, Plummer PJ, Jordan DM, et al. Emergence of a tetracycline-resistant
Campylobacter jejuni clone associated with outbreaks of ovine abortion in the United
States. J Clin Microbiol 2008;46 (5): 1663-1671.

MacKay EE, Washburn KE, Padgett AL, et al. Pharmacokinetics of tulathromycin in
fetal sheep and pregnant ewes. J Vet Pharmacol Ther 2019.

Clothier KA, Leavens T, Griffith RW, et al. Pharmacokinetics of tulathromycin after
single and multiple subcutaneous injections in domestic goats (Capra aecgagrus
hircus). J Vet Pharmacol Ther 2011;34 (5): 448-454.

Romanet J, Smith GW, Leavens TL, et al. Pharmacokinetics and tissue elimination of
tulathromycin following subcutaneous administration in meat goats. Am J Vet Res
2012;73 (10): 1634-1640.

Young G, Smith GW, Leavens TL, et al. Pharmacokinetics of tulathromycin
following subcutaneous administration in meat goats. Res Vet Sci 2011;90 (3): 477-
479.

Clothier KA, Leavens T, Griffith RW, et al. Tulathromycin assay validation and
tissue residues after single and multiple subcutaneous injections in domestic goats
(Capra aegagrus hircus). J Vet Pharmacol Ther 2012;35 (2): 113-120.

Washburn KE, Fajt VR, Lawhon SD, Adams LG, Tell LA, and Bissett WT. Caprine
abscess model of tulathromycin concentrations in interstitial fluid from tissue
chambers inoculated with Corynebacterium pseudotuberculosis following
subcutaneous or intrachamber administration. Antimicrob Agents Chemother 2013;57

(12): 6295-6304.

Washburn KE, Bissett W, Fajt V, et al. The safety of tulathromycin administration in
goats. J Vet Pharmacol Ther 2007;30 (3): 267-270.

Clothier KA, Kinyon JM, and Griffith RW. Antimicrobial susceptibility patterns and
sensitivity to tulathromycin in goat respiratory bacterial isolates. Vet Microbiol
2012;156 (1-2): 178-182.

Nowakowski MA, Inskeep PB, Risk JE, et al. Pharmacokinetics and lung tissue
concentrations of tulathromycin, a new triamilide antibiotic, in cattle. Vet Ther
2004;5 (1): 60-74.



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

127

Kilgore WR, Spensley MS, Sun F, Nutsch RG, Rooney KA, and Skogerboe TL.
Therapeutic efficacy of tulathromycin, a novel triamilide antimicrobial, against
bovine respiratory disease in feeder calves. Vet Ther 2005;6 (2): 143-153.

Nutsch RG, Skogerboe TL, Rooney KA, Weigel DJ, Gajewski K, and Lechtenberg
KF. Comparative efficacy of tulathromycin, tilmicosin, and florfenicol in the

treatment of bovine respiratory disease in stocker cattle. Vet Ther 2005;6 (2): 167-
179.

Heins BD, Nydam DV, Woolums AR, Berghaus RD, and Overton MW. Comparative
efficacy of enrofloxacin and tulathromycin for treatment of preweaning respiratory
disease in dairy heifers. J Dairy Sci 2014;97 (1): 372-382.

Crosby S, Credille B, Giguere S, and Berghaus R. Comparative efficacy of
enrofloxacin to that of tulathromycin for the control of bovine respiratory disease and
prevalence of antimicrobial resistance in Mannheimia haemolytica in calves at high
risk of developing bovine respiratory disease. J Anim Sci 2018;96 (4): 1259-1267.

Torres S, Thomson DU, Bello NM, Nosky BJ, and Reinhardt CD. Field study of the
comparative efficacy of gamithromycin and tulathromycin for the treatment of

undifferentiated bovine respiratory disease complex in beef feedlot calves. Am J Vet
Res 2013;74 (6): 847-853.

Alexander TW, Cook S, Klima CL, Topp E, and McAllister TA. Susceptibility to
tulathromycin in Mannheimia haemolytica isolated from feedlot cattle over a 3-year
period. Front Microbiol 2013;4: 297.

El Garch F, de Jong A, Simjee S, et al. Monitoring of antimicrobial susceptibility of
respiratory tract pathogens isolated from diseased cattle and pigs across Europe,
2009-2012: VetPath results. Vet Microbiol 2016;194: 11-22.

Portis E, Lindeman C, Johansen L, and Stoltman G. A ten-year (2000-2009) study of
antimicrobial susceptibility of bacteria that cause bovine respiratory disease complex-
-Mannheimia haemolytica, Pasteurella multocida, and Histophilus somni--in the
United States and Canada. J Vet Diagn Invest 2012;24 (5): 932-944.

Timsit E, Hallewell J, Booker C, Tison N, Amat S, and Alexander TW. Prevalence
and antimicrobial susceptibility of Mannheimia haemolytica, Pasteurella multocida,
and Histophilus somni isolated from the lower respiratory tract of healthy feedlot
cattle and those diagnosed with bovine respiratory disease. Vet Microbiol 2017;208:
118-125.

Magstadt DR, Schuler AM, Coetzee JF, et al. Treatment history and antimicrobial
susceptibility results for Mannheimia haemolytica, Pasteurella multocida, and
Histophilus somni isolates from bovine respiratory disease cases submitted to the
Iowa State University Veterinary Diagnostic Laboratory from 2013 to 2015. J Vet
Diagn Invest 2018;30 (1): 99-104.



122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

128

Zaheer R, Cook SR, Klima CL, et al. Effect of subtherapeutic vs. therapeutic
administration of macrolides on antimicrobial resistance in Mannheimia haemolytica
and enterococci isolated from beef cattle. Front Microbiol 2013:4: 133.

Benedict KM, Gow SP, McAllister TA, et al. Antimicrobial Resistance in Escherichia
coli Recovered from Feedlot Cattle and Associations with Antimicrobial Use. PLoS
One 2015;10 (12): e0143995.

Lane VM, George LW, and Cleaver DM. Efficacy of tulathromycin for treatment of
cattle with acute ocular Moraxella bovis infections. J] Am Vet Med Assoc 2006;229
(4): 557-561.

Godinho KS, Rae A, Windsor GD, Tilt N, Rowan TG, and Sunderland SJ. Efficacy of
tulathromycin in the treatment of bovine respiratory disease associated with induced
Mycoplasma bovis infections in young dairy calves. Vet Ther 2005;6 (2): 96-112.

Apley MD. Clinical evidence for individual animal therapy for papillomatous digital
dermatitis (hairy heel wart) and infectious bovine pododermatitis (foot rot). Vet Clin
North Am Food Anim Pract 2015;31 (1): 81-95, vi.

Mitchell JD, McKellar QA, and McKeever DJ. Pharmacodynamics of antimicrobials
against Mycoplasma mycoides mycoides small colony, the causative agent of
contagious bovine pleuropneumonia. PLoS One 2012;7 (8): e44158.

Fischer CD, Beatty JK, Duquette SC, Morck DW, Lucas MJ, and Buret AG. Direct
and indirect anti-inflammatory effects of tulathromycin in bovine macrophages:
inhibition of CXCL-8 secretion, induction of apoptosis, and promotion of
efferocytosis. Antimicrob Agents Chemother 2013;57 (3): 1385-1393.

Rashnavadi M, Nouri M, Haji Hajikolaei MR, Najafzadeh H, and Constable PD.
Effect of spiramycin and tulathromycin on abomasal emptying rate in milk-fed
calves. Can J Vet Res 2014;78 (1): 61-67.

Constable PD, Nouri M, Sen I, Baird AN, and Wittek T. Evidence-based use of
prokinetic drugs for abomasal disorders in cattle. Vet Clin North Am Food Anim
Pract 2012;28 (1): 51-70, viii.

Clothier KA, Jordan DM, Loynachan AT, and Griffith RW. Safety evaluation of
tulathromycin use in the caprine species: tulathromycin toxicity assessment in goats. J
Vet Pharmacol Ther 2010;33 (5): 499-502.

Coetzee JF, Kleinhenz MD, Magstadt DR, et al. Pneumatic dart delivery of
tulathromycin in calves results in lower antimicrobial concentrations and increased

biomarkers of stress and injection site inflammation compared with subcutaneous
injection. J Anim Sci 2018;96 (8): 3089-3101.

Venner M, Kerth R, and Klug E. Evaluation of tulathromycin in the treatment of
pulmonary abscesses in foals. Vet J 2007;174 (2): 418-421.



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

129

Papp-Wallace KM, Endimiani A, Taracila MA, and Bonomo RA. Carbapenems: past,
present, and future. Antimicrob Agents Chemother 2011;55 (11): 4943-4960.

El-Gamal MI, Brahim I, Hisham N, Aladdin R, Mohammed H, and Bahaaeldin A.
Recent updates of carbapenem antibiotics. Eur J Med Chem 2017;131: 185-195.

Kahan JS, Kahan FM, Goegelman R, et al. Thienamycin, a new beta-lactam
antibiotic. I. Discovery, taxonomy, isolation and physical properties. J Antibiot
(Tokyo) 1979;32 (1): 1-12.

Bayes M, Rabasseda X, and Prous JR. Gateways to clinical trials. Methods Find Exp
Clin Pharmacol vol. 29. Spain, 2007: p. 697-735.

Zhou J, Sulaiman Z, Llorin RM, et al. Pharmacokinetics of ertapenem in outpatients
with complicated urinary tract infections. J Antimicrob Chemother 2014;69 (9):
2517-2521.

Livermore DM, Sefton AM, and Scott GM. Properties and potential of ertapenem. J
Antimicrob Chemother 2003;52 (3): 331-344.

Zhanel GG, Wiebe R, Dilay L, et al. Comparative review of the carbapenems. Drugs
2007;67 (7): 1027-1052.

Wells WG, Woods GL, Jiang Q, and Gesser RM. Treatment of complicated urinary
tract infection in adults: combined analysis of two randomized, double-blind,

multicentre trials comparing ertapenem and ceftriaxone followed by appropriate oral
therapy. J Antimicrob Chemother 2004;53 Suppl 2: 1167-74.

Nicolau DP. Pharmacokinetic and pharmacodynamic properties of meropenem. Clin
Infect Dis 2008;47 Suppl 1: S32-40.

Keynan S, Hooper NM, Felici A, Amicosante G, and Turner AJ. The renal membrane
dipeptidase (dehydropeptidase I) inhibitor, cilastatin, inhibits the bacterial metallo-
beta-lactamase enzyme CphA. Antimicrob Agents Chemother 1995;39 (7): 1629-
1631.

Kahan FM, Kropp H, Sundelof JG, and Birnbaum J. Thienamycin: development of
imipenen-cilastatin. J Antimicrob Chemother 1983;12 Suppl D: 1-35.

Pastel DA. Imipenem-cilastatin sodium, a broad-spectrum carbapenem antibiotic
combination. Clin Pharm 1986;5 (9): 719-736.

Cherif B, Triki H, Sahnoun S, et al. Imipenem toxicity in male reproductive organs as
a result of inflammatory microenvironment and oxidative stress in germinal cells.
Toxicology 2019;416: 44-53.

Ninan J and George GM. Imipenem-cilastatin-induced psychosis: a case report. J
Med Case Rep 2016;10 (1): 107.



148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

130

Papich MG. Antibiotic treatment of resistant infections in small animals. Vet Clin
North Am Small Anim Pract 2013;43 (5): 1091-1107.

Guardabassi L and Prescott JF. Antimicrobial stewardship in small animal veterinary
practice: from theory to practice. Vet Clin North Am Small Anim Pract 2015;45 (2):
361-376, vii.

Abraham S, Wong HS, Turnidge J, Johnson JR, and Trott DJ. Carbapenemase-
producing bacteria in companion animals: a public health concern on the horizon. J
Antimicrob Chemother 2014;69 (5): 1155-1157.

Barker CW, Zhang W, Sanchez S, Budsberg SC, Boudinot FD, and McCrackin
Stevenson MA. Pharmacokinetics of imipenem in dogs. Am J Vet Res 2003;64 (6):
694-699.

Albarellos GA, Denamiel GA, Montoya L, Quaine PC, Lupi MP, and Landoni MF.
Pharmacokinetics of imipenem after intravenous, intramuscular and subcutaneous
administration to cats. J Feline Med Surg 2013;15 (6): 483-487.

Boothe DM. Anaerobic infections in small animals. Probl Vet Med 1990;2 (2): 330-
347.

Ropski MK, Guillaumin J, Monnig AA, Townsend K, and McLoughlin MA. Use of
cryopoor plasma for albumin replacement and continuous antimicrobial infusion for

treatment of septic peritonitis in a dog. J Vet Emerg Crit Care (San Antonio) 2017;27
(3): 348-356.

Park KM, Nam HS, and Woo HM. Successful management of multidrug-resistant
Pseudomonas aeruginosa pneumonia after kidney transplantation in a dog. J Vet Med
Sci 2013;75 (11): 1529-1533.

Gibson JS, Morton JM, Cobbold RN, Sidjabat HE, Filippich LJ, and Trott DJ.
Multidrug-resistant E. coli and enterobacter extraintestinal infection in 37 dogs. J Vet
Intern Med 2008;22 (4): 844-850.

Kalafut SR, Schwartz P, Currao RL, Levien AS, and Moore GE. Comparison of
Initial and Postlavage Bacterial Culture Results of Septic Peritonitis in Dogs and
Cats. ] Am Anim Hosp Assoc 2018;54 (5): 257-266.

Orsini JA, Moate PJ, Boston RC, et al. Pharmacokinetics of imipenem-cilastatin
following intravenous administration in healthy adult horses. J Vet Pharmacol Ther
2005;28 (4): 355-361.

Kelmer G, Tatz AJ, Kdoshim E, Britzi M, and Segev G. Evaluation of the
pharmacokinetics of imipenem following regional limb perfusion using the saphenous
and the cephalic veins in standing horses. Res Vet Sci 2017;114: 64-68.



160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

131

Fiorello CV, Beagley J, and Citino SB. Antibiotic intravenous regional perfusion for
successful resolution of distal limb infections: two cases. J Zoo Wildl Med 2008;39
(3): 438-444.

Abo ELSK, Khammas W, and Kadri MN. Pharmacokinetics of imipenem in sheep
with special reference to its hepato-renal effects. Chemotherapy 2007;53 (3): 169-
172.

Vedel G, Picard B, Paul G, et al. Analysis of the molecular relatedness of four
extended spectrum beta-lactamases (SHV-2, SHV-3, SHV-4 and SHV-5) by
comparative protein titration curves. J Antimicrob Chemother 1989;24 (1): 9-17.

Greene CE. Infectious Diseases of the Dog and Cat-e-book. 4 ed: Elsevier Health
Sciences, 2010.

Bidgood T and Papich MG. Plasma pharmacokinetics and tissue fluid concentrations
of meropenem after intravenous and subcutaneous administration in dogs. Am J Vet
Res 2002;63 (12): 1622-1628.

Bidgood TL and Papich MG. Comparison of plasma and interstitial fluid
concentrations of doxycycline and meropenem following constant rate intravenous
infusion in dogs. Am J Vet Res 2003;64 (8): 1040-1046.

Albarellos GA, Montoya L, Passini SM, Lupi MP, Lorenzini PM, and Landoni MF.
Pharmacokinetics of meropenem after intravenous, intramuscular and subcutaneous
administration to cats. J Feline Med Surg 2016;18 (12): 976-980.

Giguere S PJ, Dowling PM. Antimicrobial therapy in veterinary medicine. In: PJ
Giguere S, Dowling PM, ed., 2013.

Byun SY, Jeong JW, Choi JH, et al. Pharmacokinetic study of meropenem in healthy
beagle dogs receiving intermittent hemodialysis. J Vet Pharmacol Ther 2016;39 (6):
560-565.

Baez LA, Langston C, Givaruangsawat S, and McLaughlin R. Evaluation of in vitro
serial antibiotic elution from meropenem-impregnated polymethylmethacrylate beads
after ethylene oxide gas and autoclave sterilization. Vet Comp Orthop Traumatol
2011;24 (1): 39-44.

Fontenot RL, Langston VC, Zimmerman JA, Wills RW, Sloan PB, and Mochal-King
CA. Meropenem synovial fluid concentrations after intravenous regional limb
perfusion in standing horses. Vet Surg 2018;47 (6): 852-860.

Kawano S, Matsumoto K, Hara R, et al. Pharmacokinetics and dosing estimation of
meropenem in Japanese patients receiving continuous venovenous hemodialysis. J
Infect Chemother 2015;21 (6): 476-478.



172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

132

Haenni M, Bour M, Chatre P, Madec JY, Plesiat P, and Jeannot K. Resistance of
Animal Strains of Pseudomonas aeruginosa to Carbapenems. Front Microbiol 2017;8:
1847.

Alvarez-Perez S, Blanco JL, Harmanus C, Kuijper EJ, and Garcia ME. Prevalence
and characteristics of Clostridium perfringens and Clostridium difficile in dogs and
cats attended in diverse veterinary clinics from the Madrid region. Anaerobe 2017;48:
47-55.

Gentilini F, Turba ME, Pasquali F, et al. Hospitalized Pets as a Source of
Carbapenem-Resistance. Front Microbiol 2018;9: 2872.

Zhang LJ, Yang L, Gu XX, Chen PX, Fu JL, and Jiang HX. The first isolation of
Clostridium difficile RT078/ST11 from pigs in China. PLoS One 2019;14 (2):
€0212965.

Zhang L, Fu 'Y, Xiong Z, et al. Highly Prevalent Multidrug-Resistant Salmonella
From Chicken and Pork Meat at Retail Markets in Guangdong, China. Front
Microbiol 2018;9: 2104.

Fall-Niang NK, Sambe-Ba B, Seck A, et al. Antimicrobial Resistance Profile of
Salmonella Isolates in Chicken Carcasses in Dakar, Senegal. Foodborne Pathog Dis
2019;16 (2): 130-136.

Cheng J, Qu W, Barkema HW, et al. Antimicrobial resistance profiles of 5 common
bovine mastitis pathogens in large Chinese dairy herds. J Dairy Sci 2019;102 (3):
2416-2426.

Batabyal K, Banerjee A, Pal S, et al. Detection, characterization, and antibiogram of
extended-spectrum beta-lactamase Escherichia coli isolated from bovine milk
samples in West Bengal, India. Vet World 2018;11 (10): 1423-1427.

Adams RJ, Mathys DA, Mollenkopf DF, Whittle A, Daniels JB, and Wittum TE.
Carbapenemase-Producing Aeromonas veronii Disseminated in the Environment of
an Equine Specialty Hospital. Vector Borne Zoonotic Dis 2017;17 (6): 439-442.

Foti M, Siclari A, Mascetti A, and Fisichella V. Study of the spread of antimicrobial-
resistant Enterobacteriaceae from wild mammals in the National Park of Aspromonte
(Calabria, Italy). Environ Toxicol Pharmacol 2018;63: 69-73.

De Silva BCJ, Hossain S, Dahanayake PS, and Heo GJ. Aeromonas spp. from
marketed Yesso scallop (Patinopecten yessoensis): molecular characterization,
phylogenetic analysis, virulence properties and antimicrobial susceptibility. J Appl
Microbiol 2019;126 (1): 288-299.

Smith JS, Coetzee JF, Fisher IWG, Borts DJ, and Mochel JP. Pharmacokinetics of
fentanyl citrate and norfentanyl in Holstein calves and effect of analytical



184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

133

performances on fentanyl parameter estimation. J Vet Pharmacol Ther 2018;41 (4):
555-561.

Toutain PL and Bousquet-Melou A. Plasma clearance. J Vet Pharmacol Ther 2004;27
(6): 415-425.

Robertson S, Taylor P, Sear J, and Keuhnel G. Relationship between plasma
concentrations and analgesia after intravenous fentanyl and disposition after other
routes of administration in cats. Journal of veterinary pharmacology and therapeutics
2005;28 (1): 87-93.

Robinson TM, Kruse-Elliott KT, Markel MD, Pluhar GE, Massa K, and Bjorling DE.
A comparison of transdermal fentanyl versus epidural morphine for analgesia in dogs
undergoing major orthopedic surgery. J Am Anim Hosp Assoc 1999;35 (2): 95-100.

Peng PW and Sandler AN. A review of the use of fentanyl analgesia in the
management of acute pain in adults. Anesthesiology 1999;90 (2): 576-599.

Hing JP, Woolfrey SG, Greenslade D, and Wright PM. Analysis of toxicokinetic data
using NONMEM: impact of quantification limit and replacement strategies for
censored data. J Pharmacokinet Pharmacodyn 2001;28 (5): 465-479.

Greenblatt DJ. Elimination Half-Life of Drugs: Value and Limitations. Annual
Review of Medicine 1985;36 (1): 421-427.

Ruan X, Chiravuri S, and Kaye AD. Using postmortem blood and urine
norfentanyl/fentanyl ratios in the investigation of fentanyl-related deaths. Clin
Toxicol (Phila) 2016;54 (9): 893.

Livingston A. Pain and Analgesia in Domestic Animals. In: F Cunningham, J Elliott,
and P Lees, eds. Comparative and Veterinary Pharmacology Berlin, Heidelberg:
Springer Berlin Heidelberg, 2010: p. 159-189.

Smith JS, Mochel JP, Borts DJ, Lewis KA, and Coetzee JF. Adverse reactions to
fentanyl transdermal patches in calves: a preliminary clinical and pharmacokinetic
study. Vet Anaesth Analg 2018;45 (4): 575-580.

Smith G. Extralabel use of anesthetic and analgesic compounds in cattle. Vet Clin
North Am Food Anim Pract 2013;29 (1): 29-45.

Wetmore LA, Pascoe PJ, Shilo-Benjamini Y, and Lindsey JC. Effects of fentanyl
administration on locomotor response in horses with the G57C mu-opioid receptor
polymorphism. Am J Vet Res 2016;77 (8): 828-832.

Smith J, Ward J, Urbano T, and Mueller M. Use of AliveCor Heart Monitor for Heart
Rate and Rhythm Evaluation in Dairy Water Buffalo Calves (Bubalis Bubalis).
Journal of Dairy, Veterinary & Animal Research 2016;4 (2): 00113.



196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

134

Kleinhenz M, Van Engen N, Smith J, et al. The impact of transdermal flunixin
meglumine on biomarkers of pain in calves when administered at the time of surgical
castration without local anesthesia. Livestock Science 2018;212: 1-6.

Gorden PJ, Ydstie JA, Kleinhenz MD, et al. A study to examine the relationship
between metritis severity and depletion of oxytetracycline in plasma and milk after
intrauterine infusion. J Dairy Sci 2016;99 (10): 8314-8322.

Muir WW. Drugs used to produce standing chemical restraint in horses. Vet Clin
North Am Large Anim Pract 1981;3 (1): 17-44.

Clutton RE. Opioid analgesia in horses. Vet Clin North Am Equine Pract 2010;26 (3):
493-514.

Smith J, Mochel J, Borts D, and Griffith R. Pharmacokinetics of tulathromycin in
healthy goats and goats with induced Pasteurella multocida pneumonia. JOURNAL
OF VETERINARY PHARMACOLOGY AND THERAPEUTICS Year: 33-34.

Elazab ST, Schrunk DE, Griffith RW, et al. Pharmacokinetics of cefquinome in
healthy and Pasteurella multocida-infected rabbits. J Vet Pharmacol Ther 2018;41
(3): 374-377.

Plummer PJ, Shearer JK, Kleinhenz KE, and Shearer LC. Determination of anatomic
landmarks for optimal placement in captive-bolt euthanasia of goats. Am J Vet Res
2018;79 (3): 276-281.

Villarino N, Lesman S, Fielder A, et al. Pulmonary pharmacokinetics of
tulathromycin in swine. Part [: Lung homogenate in healthy pigs and pigs challenged
intratracheally with lipopolysaccharide of Escherichia coli. J Vet Pharmacol Ther
2013;36 (4): 329-339.

Grismer B, Rowe JD, Carlson J, Wetzlich SE, and Tell LA. Pharmacokinetics of
tulathromycin in plasma and milk samples after a single subcutaneous injection in
lactating goats (Capra hircus). J Vet Pharmacol Ther 2014;37 (2): 205-208.

European public MRL assessment report (EPMAR): Tulathromycin (modification of
the microbiological ADI and MRLs in bovine and porcine species) - after provisional
maximum residue limits (MRLs). EMA. London: European Medicines Agency.
Available from https://www.ema.europa.eu/documents/mrl-report/tulathromycin-
modification-microbiological-adi-mrls-bovine-porcine-species-after-provisional-
maximum_en.pdf Last accessed 10/1/2018.

MacLachlan DJ and Mueller U. A refined approach to estimate exposure for use in
calculating the Maximum Residue Limit of veterinary drugs. Regulatory Toxicology
and Pharmacology 2012;62 (1): 99-106.

Mzyk DA, Bublitz CM, Hobgood GD, Martinez MN, Smith GW, and Baynes RE.
Effect of age on the pharmacokinetics and distribution of tulathromycin in interstitial



208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

135

and pulmonary epithelial lining fluid in healthy calves. Am J Vet Res 2018;79 (11):
1193-1203.

Nowakowski M, Inskeep P, Risk J, et al. Pharmacokinetics and lung tissue
concentrations of tulathromycin, a new triamilide antibiotic, in cattle. Veterinary
therapeutics: research in applied veterinary medicine 2004;5 (1): 60-74.

Villarino N, Brown SA, and Martin-Jimenez T. Pharmacokinetics of tulathromycin in
healthy and neutropenic mice challenged intranasally with lipopolysaccharide from
Escherichia coli. Antimicrob Agents Chemother 2012;56 (8): 4078-4086.

Toutain PL, Potter T, Pelligand L, Lacroix M, Illambas J, and Lees P. Standard
PK/PD concepts can be applied to determine a dosage regimen for a macrolide: the
case of tulathromycin in the calf. Journal of veterinary pharmacology and therapeutics

2017;40 (1): 16-27.

Majumdar AK, Musson DG, Birk KL, et al. Pharmacokinetics of ertapenem in
healthy young volunteers. Antimicrob Agents Chemother 2002;46 (11): 3506-3511.

Majcherczyk PA and Livermore DM. Penicillin-binding protein (PBP) 2 and the post-
antibiotic effect of carbapenems. J Antimicrob Chemother 1990;26 (4): 593-594.

Pallett A and Hand K. Complicated urinary tract infections: practical solutions for the
treatment of multiresistant Gram-negative bacteria. J] Antimicrob Chemother 2010;65
Suppl 3: 11125-33.

Kruger JM, Osborne CA, and Ulrich LK. Cystocentesis. Diagnostic and therapeutic
considerations. Vet Clin North Am Small Anim Pract 1996;26 (2): 353-361.

Meeusen EN, Snibson KJ, Hirst SJ, and Bischof RJ. Sheep as a model species for the
study and treatment of human asthma and other respiratory diseases. Drug Discovery
Today: Disease Models 2009;6 (4): 101-106.

Lozier JN and Nichols TC. Animal models of hemophilia and related bleeding
disorders. Semin Hematol 2013;50 (2): 175-184.

Connolly F, Rae MT, Spath K, Boswell L, McNeilly AS, and Duncan WC. In an
Ovine Model of Polycystic Ovary Syndrome (PCOS) Prenatal Androgens Suppress
Female Fetal Renal Gluconeogenesis. PLoS One 2015;10 (7): e0132113.

Drusano GL. Antimicrobial pharmacodynamics: critical interactions of 'bug and
drug'. Nat Rev Microbiol 2004;2 (4): 289-300.

Smith J, Slagel C, Borts D, et al. Pharmacodynamics of ertapenem with and without
concurrent use of an immunostimulant using an induced cystitis model in sheep. 1 4
th International Congress of the European Association for Veterinary
Pharmacology and Toxicology Year: 42-42.



220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

136

Brink AJ, Richards GA, Schillack V, Kiem S, and Schentag J. Pharmacokinetics of
once-daily dosing of ertapenem in critically ill patients with severe sepsis. Int J
Antimicrob Agents 2009;33 (5): 432-436.

Lakota EA, Landersdorfer CB, Zhang L, et al. Population Pharmacokinetic Analyses
for Ertapenem in Subjects with a Wide Range of Body Sizes. Antimicrob Agents
Chemother 2018;62 (10).

Pletz MW, Rau M, Bulitta J, et al. Ertapenem pharmacokinetics and impact on
intestinal microflora, in comparison to those of ceftriaxone, after multiple dosing in
male and female volunteers. Antimicrob Agents Chemother 2004;48 (10): 3765-3772.

Musson DG, Kitchen CJ, Hsieh JY, and Birk KL. Modified high-performance liquid
chromatographic method for the determination of ertapenem in human urine:

enhanced selectivity and automation. J Chromatogr B Analyt Technol Biomed Life
Sci 2002;779 (2): 341-346.

Pickering M and Brown S. Quantification and validation of HPLC-UV and LC-MS
assays for therapeutic drug monitoring of ertapenem in human plasma. Biomed
Chromatogr 2013;27 (5): 568-574.

Powers J. Statistical analysis of pharmacokinetic data. J Vet Pharmacol Ther 1990;13
(2): 113-120.

Mavangira V, Cornish JM, and Angelos JA. Effect of ammonium chloride
supplementation on urine pH and urinary fractional excretion of electrolytes in goats.
J Am Vet Med Assoc 2010;237 (11): 1299-1304.

Sprake PM. The Effect of Continuous and Pulse Dose Ammonium Chloride
Regimens on the Urine pH of Goats: Texas A&M University, 2012.

Wiskirchen DE, Housman ST, Quintiliani R, Nicolau DP, and Kuti JL. Comparative
pharmacokinetics, pharmacodynamics, and tolerability of ertapenem 1 gram/day
administered as a rapid 5-minute infusion versus the standard 30-minute infusion in
healthy adult volunteers. Pharmacotherapy 2013;33 (3): 266-274.

Musson DG, Majumdar A, Holland S, et al. Pharmacokinetics of total and unbound
ertapenem in healthy elderly subjects. Antimicrob Agents Chemother 2004;48 (2):
521-524.

Nix DE, Majumdar AK, and DiNubile MJ. Pharmacokinetics and pharmacodynamics
of ertapenem: an overview for clinicians. J Antimicrob Chemother 2004;53 Suppl 2:
1123-28.

Seto AH, Song JC, and Guest SS. Ertapenem-associated seizures in a peritoneal
dialysis patient. Ann Pharmacother 2005;39 (2): 352-356.



232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

137

Yilmaz F, Uslu H, and Ersoy F. Ertapenem Associated With Seizures in Treatment of
Pyelonephritis in a Chronic Peritoneal Dialysis Patient. Ther Apher Dial 2016;20 (1):
89-90.

Veillette JJ and Van Epps P. Ertapenem-Induced Hallucinations and Delirium in an
Elderly Patient. Consult Pharm 2016;31 (4): 207-214.

Aydin A, Baris Aykan M, Saglam K, and Veillette JJ. Seizure Induced by Ertapenem
in an Elderly Patient with Dementia. Consult Pharm 2017;32 (10): 561-562.

Lee YC, Huang YJ, Hung MC, et al. Risk factors associated with the development of
seizures among adult patients treated with ertapenem: A matched case-control study.
PLoS One 2017;12 (7): e0182046.

Docobo RA, Bukhari S, and Qutrio Baloch Z. Ertapenem-Induced Thrombocytosis.
Cureus 2017;9 (5): e1263.

Turnidge JD. The pharmacodynamics of beta-lactams. Clin Infect Dis 1998;27 (1):
10-22.

Aloush V, Navon-Venezia S, Seigman-Igra Y, Cabili S, and Carmeli Y. Multidrug-
resistant Pseudomonas aeruginosa: risk factors and clinical impact. Antimicrob
Agents Chemother 2006;50 (1): 43-48.

Carmeli Y, Troillet N, Karchmer AW, and Samore MH. Health and economic
outcomes of antibiotic resistance in Pseudomonas aeruginosa. Arch Intern Med
1999;159 (10): 1127-1132.

Livermore DM, Mushtaq S, and Warner M. Selectivity of ertapenem for
Pseudomonas aeruginosa mutants cross-resistant to other carbapenems. J Antimicrob
Chemother 2005;55 (3): 306-311.

Kominos SD, Copeland CE, and Grosiak B. Mode of transmission of Pseudomonas
aeruginosa in a burn unit and an intensive care unit in a general hospital. Appl
Microbiol 1972;23 (2): 309-312.

Riviere JE and Chittenden J. Study Design and Data Analysis. In: JE Riviere, ed.
Comparative Pharmacokinetics. 2 ed., 2011: p. 311.

Smith GW, Davis JL, Smith SM, Gerard MP, Campbell NB, and Foster DM. Efficacy
and pharmacokinetics of pantoprazole in alpacas. J Vet Intern Med 2010;24 (4): 949-
955.

Bertin FR and Taylor SD. Cerebrospinal Nematodiasis in 20 Camelids. J Vet Intern
Med 2016;30 (4): 1390-1395.

Breuer R, Merkatoris P, Tepley S, et al. Treatment of cerebrospinal nematodiasis in a
Boer Buck. Veterinary Record Case Reports 2019;7 (1): e000706.



246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

138

Seddighi R and Doherty TJ. Field Sedation and Anesthesia of Ruminants. Veterinary
Clinics: Food Animal Practice 2016;32 (3): 553-570.

Smith JS, Sheley M, and Chigerwe M. ASPIRATION PNEUMONIA IN TWO
TIBETAN YAK BULLS ( BOS GRUNNIENS) AS A COMPLICATION OF
KETAMINE-XYLAZINE-BUTORPHANOL ANESTHESIA FOR RECUMBENT
CASTRATION. J Zoo Wildl Med 2018;49 (1): 242-246.

Anderson SJ, Feye KM, Schmidt-McCormack GR, et al. Off-Target drug effects
resulting in altered gene expression events with epigenetic and "Quasi-Epigenetic"
origins. Pharmacol Res 2016;107: 229-233.

Christman JK. 5-Azacytidine and 5-aza-2'-deoxycytidine as inhibitors of DNA
methylation: mechanistic studies and their implications for cancer therapy. Oncogene
2002;21: 5483.

Lee SG, Su ZZ, Emdad L, et al. Mechanism of ceftriaxone induction of excitatory
amino acid transporter-2 expression and glutamate uptake in primary human
astrocytes. J Biol Chem 2008;283 (19): 13116-13123.

Rothstein JD, Patel S, Regan MR, et al. B-Lactam antibiotics offer neuroprotection by
increasing glutamate transporter expression. Nature 2005;433: 73.

Yiannakopoulou E. Targeting epigenetic mechanisms and microRNAs by aspirin and
other non steroidal anti-inflammatory agents - implications for cancer treatment and
chemoprevention. Cellular Oncology 2014;37 (3): 167-178.

Modric S and Martinez M. Patient variation in veterinary medicine--part II--influence
of physiological variables. J Vet Pharmacol Ther 2011;34 (3): 209-223.

Mochel JP, Fink M, Peyrou M, et al. Chronobiology of the renin-angiotensin-
aldosterone system in dogs: relation to blood pressure and renal physiology.
Chronobiol Int 2013;30 (9): 1144-1159.

Kleinhenz MD, Van Engen NK, Gorden PJ, et al. Effect of age on the
pharmacokinetics and pharmacodynamics of flunixin meglumine following
intravenous and transdermal administration to Holstein calves. Am J Vet Res 2018;79
(5): 568-575.

Bon C, Toutain PL, Concordet D, et al. Mathematical modeling and simulation in
animal health. Part III: Using nonlinear mixed-effects to characterize and quantify
variability in drug pharmacokinetics. J Vet Pharmacol Ther 2018;41 (2): 171-183.



139

APPENDIX. IOWA STATE UNIVERSITY INSTITUTIONAL ANIMAL CARE AND USE

COMMITTEE STUDY REFERENCE NUMBERS

Chapter 2: 7-16-8318-B
Chapter 3: 7-16-8318-B; 6-16-8301-B
Chapter 4: 5-17-8517-F

Chapter 5: 3-15-7965-0O



	2019
	An investigation into the effect of clinical states of infection on pharmacokinetics and pharmacodynamics in ruminant food animal species
	Joseph Sameul Smith
	Recommended Citation


	Microsoft Word - 654368_pdfconv_754934_2A6FB7A8-6BB9-11E9-B1B1-82554D662D30.docx

