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Harbor seals (HSs; Phoca vitulina) and other pin-
nipeds are commonly treated in rehabilitation 

centers and in zoological institutions worldwide for a 
variety of conditions that warrant analgesic or anti-
convulsant intervention. These painful or abnormal 
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neurologic conditions include acute and chronic 
musculoskeletal and nerve injury/trauma, epilepsy, 
renal disease, petroleum exposure, and postopera-
tive care, among other health concerns. To date, only 
3 pharmacokinetic studies1–3 have been conducted in 
pinnipeds to assess analgesic medications, and only 
1 study3 was in HSs. Two of the studied medications, 
tramadol and buprenorphine, are opioids with poten-
tial undesirable side effects including respiratory 
depression, constipation, nausea, and sedation.4,5 
In marine mammals specifically, opioids are known 

Objective
Determine the pharmacokinetic parameters of a single dose of gabapentin administered orally in healthy weaned 
Pacific harbor seal (HS) pups (Phoca vitulina richardii).

Methods
In the spring of 2023, rehabilitated HS pups were enrolled in this pharmacokinetic study. Seals were administered 
10 mg/kg of gabapentin orally in a fish. A sparse sampling model was employed to collect blood samples from 0.25 
to 48 hours after drug administration. Plasma drug concentrations were determined using liquid chromatography-
tandem mass spectrometry. Pharmacokinetic parameters were determined using noncompartmental analysis for 
sparse data.

Results
15 HSs were included in this study. The mean peak plasma concentration was 7,669.4 ng/mL, the mean time to peak 
plasma concentration was 1 hour, the mean area under the concentration-versus-time curve from time 0 to infinity 
was 23,811.8 h·ng/mL, and the mean terminal half-life was 1.9 hours. No adverse effects were observed in any HSs.

Conclusions
The plasma concentration of gabapentin that confers analgesia is not known in veterinary species. During this study, 
mean gabapentin concentrations exceeded the concentration estimated to treat neuropathic pain in humans only 
at 1 hour.

Clinical Relevance
Gabapentin was rapidly absorbed and eliminated in HSs, indicating that higher dosages and/or frequent dosing of 
gabapentin may be needed to maintain targeted plasma concentrations in young HSs. Additional studies to inves-
tigate the clinical efficacy of gabapentin in veterinary species are warranted, and clinical discretion should be used 
when applying these results to patients outside of the specific demographic group studied here.
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to cause significant sedation.6 The other studied 
analgesic, meloxicam, is an NSAID. Meloxicam has a 
narrow therapeutic dosing range with the possibil-
ity of significant gastrointestinal and renal adverse 
effects.3,7 Investigation of other classes of analge-
sics is warranted to find alternatives to undesirable 
side effects and to better characterize options for 
multimodal analgesia.8 Studies of anticonvulsants in 
pinnipeds are even more limited, with levetiracetam 
and phenobarbital levels reported for only a few indi-
vidual pinnipeds.9

Gabapentin is a GABA analog that was originally 
developed as an antiepileptic drug.5,10 In humans, 
gabapentin is now 1 of 3 drug classes that are recom-
mended as first-line medications for the treatment 
of neuropathic pain in addition to the antiseizure 
effects.10,11 Gabapentin has a wide safety margin 
with relatively few reported side effects. While drugs 
such as NSAIDs may not be appropriate for use in 
patients with renal compromise or gastric ulceration, 
gabapentin would be considered a safe alternative 
analgesic medication for some types of pain.8

The pharmacokinetics of gabapentin have been 
published in other species12–21 but never in a marine 
mammal. The studies in mammals have investi-
gated dosages ranging from 10 to 120 mg/kg with 
recommended dosing intervals ranging from 6 to 
12 hours.15–20 Due to interspecies variation in pharma-
cokinetics and pharmacodynamics, establishing the 
pharmacokinetics on a species-specific basis is impor-
tant to guarantee a given drug’s safety and efficacy.22

The objective of this study was to determine the 
pharmacokinetic profile of gabapentin in healthy HSs 
(area under the curve, rate of absorption, maximum 
plasma concentration [Cmax], time to Cmax, and termi-
nal half-life). An understanding of the pharmacokinet-
ics of gabapentin in HSs will provide objective data 
for prescribing an appropriate gabapentin dose and 
frequency in this species. These results will improve 
clinicians’ ability to adequately treat painful and sei-
zurogenic conditions in this widely treated species.

Methods
Animals

Fifteen weaned HS pups were enrolled in this 
study. Inclusion criteria included the provisions that 
all enrolled HSs had undergone rehabilitation at The 
Marine Mammal Center (TMMC) due to maternal 
separation, malnutrition, and/or other mild health 
concerns and had been deemed clinically healthy 
enough following rehabilitation for return to the wild 
and that none of the HSs had been administered any 
pharmacologic agents within 14 days of time point 0. 
The HSs were rescued and cared for under National 
Oceanic and Atmospheric Administration permit 
No. 26532. The study protocol was approved by 
the TMMC IACUC (No. 2023-1-1). Each HS received 
an initial and subsequent examination by an expe-
rienced, qualified veterinarian. Seals were housed 
outdoors in pens with full-time access to saltwater 
pools and were fed thawed herring (Clupea spp) 3 to 
4 times each day as previously described.3

Study design
Each HS enrolled was in the study based on their 

normal health status and approval for release to the 
wild at their required prerelease examinations, which 
occurred 5 to 12 days before the actual release date. 
Approval for release was contingent upon a normal 
physical examination, a weight threshold deemed 
appropriate for prerelease examination, and unre-
markable blood work (CBC, chemistry panel, and 
serum amyloid A). Baseline (time point 0) pharma-
cokinetic samples were obtained for all enrolled HSs 
from the blood collected at these release examina-
tions. All HSs were manually restrained for release 
examinations and for venipuncture for subsequent 
pharmacokinetic samples during the study. Manual 
restraint and venipuncture were performed accord-
ing to previously described methods.23

Each HS was administered a single dose of oral 
gabapentin at a dosage of 10 mg/kg, rounded to the 
nearest capsule size. The gabapentin was fed to the HS 
in a single fish (frozen-thawed herring), and each HS 
was monitored to ensure that they consumed the fish 
in its entirety before the rest of the diet was provided. 
A sparse sampling protocol was employed; in addition 
to the baseline samples, each HS was sampled at 2 des-
ignated time points, determined at random, for a total 
of 3 samples collected per seal and per time point.

Blood samples were obtained from the epidural 
intervertebral vein using a 1.5-inch 20-gauge needle 
at 0.25, 0.5, 1, 3, 5, 8, 12, 24, 36, and 48 hours for a 
total of 11 time points including the baseline (time 0) 
sample. Approximately 3 mL of blood was collected 
per venipuncture, and the blood sample was collected 
directly into vacutainer 1-mL lithium heparin tubes.

Within 30 minutes of sample acquisition, sam-
ples were centrifuged for 10 minutes at 1,000 X g, 
and the resulting supernatant plasma was trans-
ferred into cryogenic vials and stored at −80 °C until 
analysis (5 to 6 months). Samples were transported 
on ice to the Analytical Chemistry Laboratory at the 
School of Veterinary Medicine at the University of 
California-Davis.

Determination of plasma gabapentin 
concentrations

Gabapentin calibration curves and negative 
control samples were prepared fresh for each quan-
titative assay. Plasma calibrators were prepared by 
dilution of the gabapentin working standard solu-
tions (Cerilliant) with drug-free plasma to concen-
trations ranging from 0.5 to 50,000 ng/mL. Quality 
control samples (plasma fortified with analyte at 
2 concentrations within the standard curve) were 
included as a check of accuracy.

Before analysis, 100 µL of plasma was diluted 
with 150 µL of acetonitrile (ACN):1 M acetic acid (9:1 
[vol:vol]) containing 0.1 ng/µL of d10-gabapentin 
internal standard (Cerilliant) to precipitate proteins. 
The samples were vortexed for 2 minutes to mix, 
refrigerated for 20 minutes, vortexed for an addi-
tional 1 minute, and centrifuged (4,300 rpm/3,102 g) 
for 10 minutes at 4 °C.
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The concentration of gabapentin was measured 
in plasma by liquid chromatography tandem mass 
spectrometry (LC-MS/MS) using positive heated 
electrospray ionization. An aliquot (20 µL) of the 
sample was injected into the LC-MS/MS system. 
Quantitative analysis was performed on a TSQ Altis 
triple quadrupole mass spectrometer coupled with 
a Vanquish liquid chromatography system (Thermo 
Scientific). Product masses and collision ener-
gies of each analyte were optimized by infusing 
the standards into the TSQ Altis. Chromatography 
employed an ACE 3 C18 10-cm X 2.1-mm 3-μm col-
umn (Mac-Mod Analytical) and a linear gradient of 
ACN in water with a constant 0.2% formic acid at a 
flow rate of 0.35 mL/min. The initial ACN concentra-
tion was held at 1% for 0.2 minutes, ramped to 95% 
over 5.4 minutes, and held at that concentration for 
0.1 minutes before re-equilibrating for 3.9 minutes at 
initial conditions.

Detection and quantification were conducted 
using selective reaction monitoring of the initial 
precursor ion for gabapentin (m/z, 172.1) and the 
internal standard d10-gabapentin (m/z, 182.2). 
The responses for the product ions for gabapentin 
(m/z, 95.1 and 137.1) and the internal standard 
(m/z, 104.1, 147.2, and 164.2) were plotted, and the 
peaks at the proper retention time were integrated, 
using Quanbrowser software (Thermo Scientific). 
Quanbrowser software was used to generate calibra-
tion curves and quantitate analytes in all samples by 
linear regression analysis. A weighting factor of 1/X 
was used for all calibration curves.

Pharmacokinetic analysis
Pharmacokinetic parameters were calculated 

using a commercially available software program 
(Phoenix Winnonlin, version 8.2; Certara Inc) by 
noncompartmental analysis of sparse data, in which 
the plasma drug concentrations from all HSs at a 
unique time point are averaged and the mean con-
centrations are used to calculate pharmacokinetic 
parameters. Estimation of the SEs for concentration 
to Cmax was calculated as previously described, using 
a modification, and accounting for any correlations 
in the data resulting from repeated sampling of indi-
vidual animals.24,25

Results
Nine male and 6 female weaned HSs were enrolled 

in the study (body weight, 18 to 25 kg; average, 
20.4 kg; 3 to 5 months of age). Each HS was adminis-
tered a single dose of oral gabapentin at a dosage of 
10 mg/kg, rounded to the nearest capsule size (dose, 
200 or 300 mg gabapentin; average dose, 10.1 mg/
kg). All enrolled HSs had undergone rehabilitation at 
TMMC due to maternal separation, malnutrition, and/
or other mild health concerns and had been deemed 
clinically healthy enough for return to the wild.

For the LC-MS/MS analytical method, the instru-
ment response was linear and gave correlation coef-
ficients of 0.99 or better. The precision and accuracy of 
the assay were determined by assaying quality control 
samples in replicates (n = 6). Accuracy was reported 
as percent nominal concentration, and precision was 
reported as percent relative standard. For gabapentin, 
accuracy was 94% for 6 ng/mL and 93% for 10,000 ng/
mL. Precision was 1% for 6 ng/mL and 2% for 10,000 ng/
mL. The technique was optimized to provide a limit of 
quantitation of 0.5 ng/mL and a limit of detection of 
approximately 0.25 ng mL for gabapentin.

Gabapentin was successfully administered to all 
HSs and was detected in plasma samples through 
24 hours postdrug administration (Figure 1 and 
Table 1). Pharmacokinetic parameters are reported 

Figure 1—Mean plasma concen-
trations of gabapentin from 0.25 
to 48 hours in 15 clinically nor-
mal, rehabilitated Pacific harbor 
seal pups (Phoca vitulina richar-
dii) following a single oral dose 
of gabapentin at 10 mg/kg in a 
fish between June 6 and June 25, 
2023. Time 0 was before gaba-
pentin administration. The red 
“x” indicates the concentration 
estimated to treat neuropathic 
pain in humans.

Table 1—Mean plasma concentration of gabapentin for 
each time point in 15 clinically normal, rehabilitated 
Pacific harbor seal pups (Phoca vitulina richardii) 
following a single oral dose of gabapentin at 10 mg/kg 
in a fish between June 6 and June 25, 2023.
Time (h) Mean (ng/mL) SD No. of samples

0 ND 0 15
0.25 1.0 0 3
0.5 136.1 180.7 3
1 7,669.4 3,027.2 3
3 5,110.1 854.3 3
5 1,504.1 356.3 3
8 434.3 175.1 3
12 31.9 3.8 3
24 1.2 2.1 3
36 ND ND 3
48 ND ND 3

ND = Not detected.
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in Table 2. No adverse effects were observed in any 
of the HSs, and no sedation was noted in any ani-
mal at any time point postadministration. All animals 
were released to the wild upon completion of sample 
collection; release was not delayed by participation 
in this study.

Discussion
Gabapentin has a variety of clinical uses in human 

medicine, and accordingly, the targeted therapeutic 
dose changes depending on the clinical application. 
In humans, a serum concentration > 2,000 ng/mL 
resulted in a lower frequency of seizures.26 Some pre-
vious pharmacokinetic studies14,16,19 on gabapentin in 
veterinary species provided dose recommendations 
based on a target plasma threshold of 2,000 ng/mL. 
However, the plasma concentration of gabapentin 
associated with analgesic effects is unknown in most 
species. Studies in mice suggest that plasma concen-
trations associated with analgesia for inflammatory 
hyperalgesia range from 1,400 to 16,700 ng/mL.27–29 
To the authors’ knowledge, there are no pharma-
cokinetic/pharmacodynamic studies in humans 
that determine a threshold plasma concentration 
for analgesia, but a prospective pharmacodynamic 
study30 used previously published pharmacokinetic 
data to perform a clinical trial simulation. Based on 
these models, the authors estimated that the effec-
tive concentration for treating neuropathic pain in 
humans is approximately 5,350 ng/mL.30

Compared with dogs and cats administered a sin-
gle dose of gabapentin at 10 mg/kg orally, HSs had a 
lower time to Cmax, Cmax, and terminal half-life.16,19 In 
our study, mean plasma concentrations were above 
1,400 ng/mL at 1, 3, and 5 hours; above 2,000 ng/
mL at 1 and 3 hours; above 54,000 ng/mL at 1 hour; 
and never above 167,000 ng/mL. Regardless of the 
target threshold employed, gabapentin was rapidly 
absorbed and eliminated in HSs relative to other 
studied mammals, indicating that higher dosages 
and/or frequent dosing is likely warranted to achieve 

and maintain concentrations reported to be effective 
in other species.

The subjects in the present study were exclu-
sively HS pups (weaned, but less than 1 year of age). 
Gabapentin pharmacokinetics in human children and 
infants demonstrated that younger patients had lower 
area under the concentration-versus-time curve from 
time 0 to infinity and Cmax and faster clearance rates, 
suggesting that younger children may require 30% 
higher doses of gabapentin compared with older chil-
dren.31 Because gabapentin is highly water soluble, 
these authors postulated that the presumably higher 
body water content in younger children may lead to 
a higher volume of distribution and (and thus, lower 
Cmax) of gabapentin relative to older children. Similar 
logic (high body water content and rapid creatinine 
clearance leading to comparatively low Cmax and ter-
minal half-life in young animals compared with other 
studies in mammals) may be applicable to the exclu-
sively weaned pup population of HSs in our study.

The HSs were fed according to their normal 
feeding schedule, and gabapentin was administered 
in a fish so that the generated pharmacokinetic pro-
file is representative of clinically realistic scenarios 
for gabapentin dosing. Previous studies32 in humans 
have suggested that gabapentin absorption may 
occur more rapidly with consumption of a high-pro-
tein meal compared with fasting. Fed a piscivorous 
diet consistent with the species’ natural history, it 
is possible that the protein content may have facili-
tated rapid gabapentin absorption. Additionally, the 
average reported gastrointestinal transit time for 
young HSs fed primarily herring was 3 hours and 
50 minutes,33 which is markedly faster than postfeed-
ing total transit time in adult dogs and cats (aver-
age of 27 hours and 51 minutes and 50 hours and 
9 minutes, respectively).34 These differences may be 
in part due to the high water content in the HS diet 
and their younger age and also may bear relevance 
for the described pharmacokinetic profile.

Mean gabapentin concentrations exceeded the 
concentration estimated to treat neuropathic pain in 
humans (5,350 ng/mL) only at 1 hour. Rapid elimina-
tion of gabapentin has been described in other spe-
cies; in dogs, gabapentin exceeded the therapeutic 
threshold (defined as 2,000 ng/mL in that study) 
for up to 8 to 12 hours, depending on the dose used 
(10 or 20 mg/kg). Gabapentin exceeded 2,000 ng/
mL for less than 5 hours in this study. Regardless 
of the target threshold, the excretion rate of gaba-
pentin in weaned HS pups was more rapid than 
expected. Gabapentin may be useful in multimodal 
analgesia regimens and/or as alternatives to NSAIDs 
or opioids. Due to opioid use disorder in humans, 
the CDC recommends nonopioid therapy as first-
line treatment for chronic pain.35 Due to the poten-
tial for human dependency and abuse, opioids are 
controlled, which may lead to difficulty in obtaining 
these drugs as well as a high level of oversight with 
their use. Gabapentin is also dosed orally, which 
has some advantages over injectable medication. 
Subcutaneous administration of drugs can be chal-
lenging in some pinniped species due to their thick 

Table 2—Pharmacokinetic parameters for gabapentin 
following administration of a single oral dose of 
gabapentin at 10 mg/kg in a fish to 15 clinically normal, 
rehabilitated Pacific harbor seal pups (Phoca vitulina) 
between June 6 and June 25, 2023.
Parameter Value

Cmax (ng/mL) 7,669.4 (1,747.8)*
tmax (h) 1.0
AUC0–∞ (h·ng/mL) 23,811.8
AUCextrap (%) 0.03
λz (1/h) 0.364
t1/2λ (h) 1.9

Data are presented as geometric mean. Parameters were 
generated using noncompartmental analysis.

*The SE for maximum plasma concentration (Cmax).
λz = Terminal slope of the concentration-versus-time curve. 

AUC0–∞ = Area under the concentration-versus-time curve from 
time 0 to infinity. AUCextrap = Extrapolated portion of the area 
under the curve. t1/2λ = Terminal half-life. tmax = Time to Cmax.
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blubber layer.36 Due to the lipophilic nature and vas-
cularization of blubber compared with SC tissue or 
muscle, drugs inadvertently injected into the blub-
ber may result in dramatically different absorption of 
the drug or may not be systemically distributed at 
all.6 A study2 on SC sustained-release buprenorphine 
in northern elephant seals found that 23% of study 
subjects developed cellulitis or abscesses at the 
injection site. There is no such risk of these adverse 
effects with oral medication administration. Oral 
dosing also allows analgesic administration without 
manual restraint or injection-associated discomfort. 
Limiting the number of times an animal is restrained, 
whether wild or in managed care, may reduce stress 
and is safer for the patient and the human handlers.

This study implemented a sparse-sampling 
model, which is recommended for pharmacokinetic 
studies with small sample sizes36–38 and has been 
employed in several recent pharmacokinetic stud-
ies in nondomestic species.3,39–41 This strategy also 
minimizes the handling stress for individual patients 
while allowing sufficient samples to be collected to 
establish a statistically valid profile for the drug.

The limitations of this study include a small sam-
ple size of only young animals, single-dose admin-
istration, and a lack of paired IV pharmacokinetics, 
which are needed for oral bioavailability assessment. 
Studies assessing the pharmacodynamics of gaba-
pentin for treating different conditions in veterinary 
species and multidose regimens would provide addi-
tional clinical insights. These results may be useful 
in determining appropriate dosing of gabapentin in 
this HS age class; extrapolation to other pinnipeds 
and marine mammals, especially of different age 
groups, should be performed with caution.

In conclusion, a single dose of gabapentin at 
10 mg/kg orally in a fish was rapidly absorbed and 
eliminated in rehabilitated, weaned HS pups, sug-
gesting that higher dosages or more frequent dosing 
may be required to maintain target plasma concen-
trations within this specific demographic.

Acknowledgments
The authors thank the volunteers, staff, and supporters 

of The Marine Mammal Center for their dedicated animal care.

Disclosures
The authors have nothing to disclose. No AI-assisted 

technologies were used in the composition of this manuscript.

Funding
This study was supported by a research grant from the 

Oiled Wildlife Care Network.

References
	1.	 Boonstra KL, Barbosa L, Van Bonn WG, et  al. 

Pharmacokinetics of tramadol hydrochloride and its 
metabolite O-desmethyltramadol following a single, 
orally administered dose in California sea lions (Zalophus 
californianus). J Zoo Wildl Med. 2015;46(3):476–481. 
doi:10.1638/2014-0183.1

	2.	 Molter CM, Barbosa L, Johnson S, Knych HK, 
Chinnadurai SK, Wack RF. Pharmacokinetics of a single 
subcutaneous dose of sustained release buprenorphine in 
northern elephant seals (Mirounga angustirostris). J Zoo 
Wildl Med. 2015;46(1):52–61. doi:10.1638/2014-0115R.1

	3.	 Trumbull EJ, Papich MG, Peterson M, Whitmer ER, 
Rivard M, Field CL. Comparative pharmacokinetics of a 
single oral dose of meloxicam in the California sea lion 
(Zalophus californianus) and Pacific harbor seal (Phoca 
vitulina richardii). J Vet Pharm Ther. 2024;47(6):1–7. 
doi:10.1111/jvp.13469

	4.	 Benyamin R, Trescot AM, Datta S, et al. Opioid complica-
tions and side effects. Pain Physician. 2008;11(2 suppl): 
S105–S120. doi:10.36076/ppj.2008/11/S105

	5.	 Grubb T. Chronic neuropathic pain in veterinary 
patients. Top Companion Anim Med. 2010;25(1):45–52. 
doi:10.1053/j.tcam.2009.10.007

	6.	 Simeone CA, Stoskoff MK. Pharmaceuticals and formular-
ies. In: Gulland FMD, Dierauf LE, Whitman KL, eds. CRC 
Handbook of Marine Mammal Medicine. 3rd ed. Taylor & 
Francis Group; 2018:607–674.

	7.	 Budde JA, McCluskey DM. Meloxicam. Plumb’s Veterinary 
Drug Handbook. 10th ed. Educational Concepts LLC; 
2023.

	8.	 Lomas AL, Grauer GF. The renal effects of NSAIDs in 
dogs. J Am Anim Hosp Assoc. 2015;51(3):197–203. 
doi:10.5326/JAAHA-MS-6239

	9.	 Smallcomb M, Linnehan B, Eichman J, et al. It’s time to 
shake things up: preliminary pharmacokinetics of leveti-
racetam in California sea lions (Zalophus californianus). 
Presented at: 54th International Association for Aquatic 
Animal Medicine Annual Conference; May 22, 2023; Salt 
Lake City, UT.

	10.	 Kukkar A, Bali A, Singh N, Jaggi AS. Implications and mech-
anism of action of gabapentin in neuropathic pain. Arch 
Pharm Res. 2013;36(3):237–251. doi:10.1007/s12272- 
013-0057-y

	11.	 O’Connor AB, Dworkin RH. Treatment of neuropathic pain: 
an overview of recent guidelines. Am J Med. 2009;122(10): 
S22–S32. doi:10.1016/j.amjmed.2009.04.007

	12.	 Adrian D, Papich MG, Baynes R, Stafford E, Lascelles BDX. 
The pharmacokinetics of gabapentin in cats. J Vet Intern 
Med. 2018;32:1996–2002. doi:10.1111/jvim.15313

	13.	 Baine K, Jones MP, Cox S, Martin-Jiménez T. 
Pharmacokinetics of compounded intravenous and oral 
gabapentin in Hispaniolan Amazon parrots (Amazona 
ventralis). J Avian Med Surg. 2015;29(3):165–173. 
doi:10.1647/2014-025

	14.	 Browning GR, Carpenter JW, Magnin GC, Kukanich B. 
Pharmacokinetics of oral gabapentin in Caribbean fla-
mingos (Phoenicopterus ruber ruber). J Zoo Wildl Med. 
2018;49(3):609–616. doi:10.1638/2017-0245.1

	15.	 Gold JR, Grubb TL, Cox S, Malavasi L, Villarino NL. 
Pharmacokinetics and pharmacodynamics of repeat 
dosing of gabapentin in adult horses. J Vet Intern Med. 
2022;36(2):792–797. doi:10.1111/jvim.16386

	16.	 Kukanich B, Cohen RL. Pharmacokinetics of oral gaba-
pentin in greyhound dogs. Vet J. 2009;187(1):133–135. 
doi:10.1016/j.tvjl.2009.09.022

	17.	 Mills PO, Tansey CO, Genzer SC, et  al. Pharmacokinetic 
profiles of gabapentin after oral and subcutaneous admin-
istration in black-tailed prairie dogs (Cynomys ludovicia-
nus). J Am Assoc Lab Anim Sci. 2020;59(3):305–309. 
doi:10.30802/AALAS-JAALAS-20-000122

	18.	 Peel MJ, Knych H, Kinney ME, et  al. Pharmacokinetics 
and sedative effects of single-dose oral gabapentin in 
cheetahs (Acinonyx jubatus). Am J Vet Res. 2024;85(12): 
ajvr.24.07.0200. doi:10.2460/ajvr.24.07.0200

	19.	 Siao KT, Pyendop BH, Ilkiw JE. Pharmacokinetics of 
gabapentin in cats. Am J Vet Res. 2010;71(7):817–821. 
doi:10.2460/ajvr.71.7.817

	20.	 Terry RL, McDonnell SM, Van Eps AW, et al. Pharmacokinetic 
profile and behavioral effects of gabapentin in the 
horse. J Vet Pharmacol Therap. 2010;33(5):485–494. 
doi:10.1111/j.1365-2885.2010.01161.x

	21.	 Yaw TJ, Zaffarano BA, Gall A, et al. Pharmacokinetic prop-
erties of a single administration of oral gabapentin in the 
great horned owl (Bubo virginianus). J Zoo Wildl Med. 
2015;46(3):547–552. doi:10.1638/2015-0018

Unauthenticated | Downloaded 11/20/25 08:06 PM UTC



6� AJVR

	22.	 Toutain PL, Ferran A, Bousquet-Mélou A. Species differ-
ences in pharmacokinetics and pharmacodynamics. In: 
Cunningham F, Elliott J, Lees P, eds. Comparative and 
Veterinary Pharmacology. Handbook of Experimental 
Pharmacology. Vol 199. Springer; 2010:19–48.

	23.	 Barbieri M. Health assessment of seals and sea lions. 
In: Gulland FMD, Dierauf LE, Whitman KL, eds. CRC 
Handbook of Marine Mammal Medicine. 3rd ed. Taylor & 
Francis Group; 2018:852.

	24.	 Holder DJ. Comments on Nedelman and Jia’s extension of 
Satterthwaite’s approximation applied to pharmacokinet-
ics. J Biopharm Stat. 2001;11(1–2):75–79. doi:10.1081/
bip-100104199

	25.	 Nedelman JR, Jia X. An extension of Satterthwaite’s approx-
imation applied to pharmacokinetics. J Biopharm Stat. 
1998;8(2):317–328. doi:10.1080/10543409808835241

	26.	 Sivenius J, Kälviäinen R, Ylinen A, Riekkinen P. Double-blind 
study of gabapentin in the treatment of partial seizures. 
Epilepsia. 1991;32(4):539–542. doi:10.1111/j.1528-1157. 
1991.tb04689.x

	27.	 Larsen MS, Keizer R, Munro G, Mørk A, et  al. 
Pharmacokinetic/pharmacodynamic relationship of gab-
apentin in a CFA-induced inflammatory hyperalgesia rat 
model. Pharm Res. 2016;33(5):1133–1143. doi: 10.1007/
s11095-016-1859-7

	28.	 Taneja A, Nyberg J, de Lange ECM, Danhof M, Della PO. 
Application of ED-optimality to screening experiments 
for analgesic compounds in an experimental model 
of neuropathic pain. J Pharmacokinet Pharmacodyn. 
2012;39(6):673–681. doi:10.1007/s10928-012-9278-9

	29.	 Taneja A, Troconiz IF, Danhof M, Della PO. Semi-mechanistic 
modelling of the analgesic effect of gabapentin in the for-
malin-induced rat model of experimental pain. Pharm Res. 
2014;31(3):593–606. doi:10.1007/s11095-013-1183-4

	30.	 Lockwood PA, Cook JA, Ewy WE, Mandema JW. The use 
of clinical trial simulation to support dose selection: appli-
cation to development of a new treatment for chronic 
neuropathic pain. Pharm Res. 2003;20(11):1752–1759. 
doi:10.1023/b:pham.0000003371.32474.ee

	31.	 Haig GM, Bockbrader HN, Wesche DL, et al. Single-dose 
gabapentin pharmacokinetics and safety in healthy 

infants and children. J Clin Pharmacol. 2001;41(5): 
507–514. doi:10.1177/00912700122010384

	32.	 Gidal BE, Maly MM, Kowalski JW, Ruteki PA, Pitterle ME, 
Cook DE. Gabapentin absorption: effect of mixing with 
foods of varying macronutrient composition. J Neurol. 
1998;32(4):405–409. doi:10.1345/aph.17281

	33.	 Markussen NH. Transit time of digesta in captive harbour 
seals (Phoca vitulina). Can J Zool. 1993;71(5):1071–1073. 
doi:10.1139/z93-144

	34.	 Tolbert MK, Telles NJ, Simon BT, et  al. Gastrointestinal 
transit time is faster in Beagle dogs compared to cats.  
J Am Vet Med Assoc. 2022;260(S3):S8–S14. doi:10.2460/
javma.22.07.0287

	35.	 Dowell D, Haegerich TM, Chou R. CDC guideline for prescrib-
ing opioids for chronic pain— United States, 2016. JAMA. 
2016;315(15):1624–1645. doi:10.1001/jama.2016.1464

	36.	 Duffull S, Waterhouse T, Eccleston J. Some considerations 
on the design of population pharmacokinetic studies.  
J Pharmacokinet Pharmacodyn. 2005;32(3–4):441–457. 
doi:10.1007/s10928-005-0034-2

	37.	 Mahmood I, Duan J. Population pharmacokinetics with a 
very small sample size. Drug Metabol Drug Interact. 2009; 
24(2–4):259–274. doi:10.1515/dmdi.2009.24.2-4.259

	38.	 Quimby JM, Lorbach SK, Saffire A, et al. Serum concentra-
tions of gabapentin in cats with chronic kidney disease.  
J Fel Med Surg. 2022;24(12):1260–1266. doi:10.1177/ 
1098612X221077017

	39.	 Cerreta AJ, Lewbart GA, Dise DR, Papich MG. Population 
pharmacokinetics of ceftazidime after a single intramus-
cular injection in wild turtles. J Vet Pharmacol Therap. 
2018;41(4):495–501. doi: 10.1111/jvp.12500

	40.	 Field CL, Whoriskey ST, Zhao X, Papich MG. 
Pharmacokinetics of subcutaneous alpha lipoid acid, a 
proposed therapeutic aid for domoic acid intoxication in 
California sea lions (Zalophus californianus). J Zoo Wildl 
Med. 2021;52(3):872–879. doi:10.1638/2020-0223

	41.	 Sanchez CR, Zalesak S, Pich AA, Papich MG. Population 
pharmacokinetics of itraconazole solution after a sin-
gle oral administration in captive lesser flamingos 
(Phoeniconaias minor). J Vet Pharmacol Ther. 2019;42(1): 
1–6. doi:10.1111/jvp.12721

Unauthenticated | Downloaded 11/20/25 08:06 PM UTC


