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The Effects of Subcutaneous Ketamine on
Postlaparotomy Analgesia and Behavior in
Female Sprague-Dawley Rats (Rattus norvegicus)

Rachael E Alionhart, DVM, MS,* McKayla M Carlson, DVM, Alina R White, ALAT, Kim E Saunders, DVM, DACLAM,
and Jennifer H Kopanke, DVM, PhD, DACLAM

Multimodal analgesia provides superior pain control compared with single-agent analgesic approaches. However, certain
analgesic drug classes such as NSAIDs and opioids may be contraindicated in some studies due to their mechanisms of
action, highlighting the need for alternative analgesic options. Little information is available as to the efficacy of alternative
supplementary analgesics in laboratory rodents. Here, we investigate the impact of ketamine as an adjunctive analgesic
postlaparotomy in 32 female Sprague-Dawley (SD) rats. Rats received either 4 mg/kg Meloxicam in Extended-Release
Polymer (Melox-ER) or 1 mg/kg Buprenorphine Base in Extended-Release Polymer (Bup-ER), along with either ketamine
(30 mg/kg SC) or volume-matched saline (n = 8 per treatment group). Postoperative pain behaviors were assessed via video
scoring at 30, 90, and 150 min postoperatively, and cage-side evaluations were performed in-person at 3, 6, 12, 24, 32, 48, 56,
and 72 h postoperatively. Rat grooming behavior, assessed by the grooming of fluorescent oil from the nape, was evaluated
as an indirect method of assessing analgesic efficacy. All rats that received ketamine exhibited higher activity levels, reduced
incisional licking, and fewer pain-associated behaviors than nonketamine-treated rats during the initial 90-min postoperative
period. Rats that received Melox-ER demonstrated fewer pain-associated behaviors than Bup-ER-treated rats in the acute
postsurgical period, regardless of ketamine treatment. Rats treated with Bup-ER took significantly longer to groom fluorescent
oil from their fur compared with Melox-ER-treated rats. Our study demonstrates that ketamine confers significant analgesic
effects for at least 90 min postoperatively and supports the use of fluorescent oil grooming transfer scores as a method for
evaluating postoperative analgesia.

Abbreviations and Acronyms: Bup-ER, Buprenorphine Base in Extended-Release Polymer; bup-ket, Bup-ER with ketamine
treatment group; bup-sal, Bup-ER with saline treatment group; CBS, composite behavior score; Melox-ER, Meloxicam in
Extended-Release Polymer; melox-ket, Melox-ER with ketamine treatment group; melox-sal, Melox-ER with saline treatment
group; NSAID, non-steroidal anti-inflammatory drug; RGS, rat grimace scale; SD, Sprague-Dawley
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pain and may modulate some inflammatory pathways.? While
buprenorphine has been shown to be an effective postopera-
tive analgesic in rat laparotomy models,'?>71¢ it also may play
a role in opioid-induced postoperative hyperalgesia'”!® and
has been associated with negative side effects such as pica.!*2¢
Buprenorphine primarily acts to inhibit the perception of pain
signals but also impacts pain modulation and transduction.!
Meloxicam is an enolic acid-derived NSAID with preferential
cyclooxygenase-2 inhibition. Meloxicam acts both centrally and
peripherally through modulation and transduction of the pain

efficacy of perioperative pain control through synergistic sigrlla.l11 and provides 1F)et’a.sr somatic pain control than Viscergl.2
mechanisms while minimizing negative side effects resulting Op10.1d—NSAID com'blpatlons are cqmmonly used to provide
from high doses of unimodal drug administration.1345-11 multimodal analgesia in rodent surgical models. However, for

Two first-line analgesics that are commonly used in combina- certam' mpdels, one a}nglgesm drug clasg or another may be
tion for postoperative pain management in laboratory animals contraindicated for clinical or study-specific reasons. In these
are buprenorphine, an opioid, and meloxicam, an NSAID, Bu- ~ €3ses, the administration of an adjunctive analgesic from a dif-

Introduction

The minimization of pain and distress through the provision
of appropriate perioperative analgesia is critical for animal
welfare. Pain can be acute or chronic, somatic or visceral, and
nociceptive, inflammatory, or neuropathic in nature.!”” Separate
classes of analgesics work via different mechanisms of action
to modulate signals at various locations throughout the pain
pathway. Drug combinations that use more than one class of
analgesic to target multiple parts of the pain pathway result
in multimodal analgesia. Multimodal analgesia increases the

prenorphine is a partial p-agonist opioid and has antagonistic
effects at & and x receptors.? It targets both somatic and visceral
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ferent drug class may be necessary to provide sufficient pain
management and maintain animal welfare.

Ketamine, a noncompetitive NMDA-receptor antagonist,
prevents the stimulatory effects of excitatory glutamate in the
central nervous system and is a commonly used dissociative
anesthetic. It also has analgesic activity. Ketamine modulates
painsignals at the level of the spinal cord and decreases central
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sensitization and wind-up of pain. It has been shown to mini-
mize hyperalgesia, allodynia, and spontaneous and neuropathic
pain.!t27-31 Ketamine provides greater relief of visceral pain
than somatic.? While there are conflicting reports in the human
literature regarding ketamine’s ability to prevent persistent
postoperative pain,?>?*37 it has been administered subcutane-
ously at subanesthetic doses for control of depressive behaviors
and chronic pain in humans.3¥# In veterinary medicine, keta-
mine is commonly administered intramuscularly for sedation
or intravenously for induction or intraoperative adjunctive
anesthesia and analgesia.3!5 Studies have also demonstrated
that ketamine may play an important role in postoperative
pain management by improving outcomes in both dogs**#” and
sheep.®® In rodents, ketamine is most often used in combina-
tion with an a-2 agonist such as xylazine or dexmedetomidine
for noninhalant anesthetic protocols.?! Ketamine retains its
pain-modulating effects at subanesthetic doses®!; in rats, its
antinociceptive action has been observed at doses greater than
25 mg/kg.2849-51 Although the half-life of ketamine is less than
24 h,5152 administration of parenteral ketamine at doses less
than or equal to 25 mg/kg relieves depressive-like behaviors
in rats for multiple days.5%3-% While ketamine’s interactions
at opioid and monoaminergic receptors?$31:37434956 and its
immunomodulatory and antiinflammatory effects’>>>%7-61 are
well described, its potential role in pain management plans for
rodents and other laboratory animal models remains poorly
characterized.

Methods for establishing analgesic efficacy vary across spe-
cies. Facial grimace scoring and behavioral pain ethograms can
be used to evaluate whether animals are painful based on their
physical appearance, posture, and activity levels.®?%* Indirect
methods of evaluating behavior include body weight trends
and their correspondence to food and water intake, time to
incorporate nesting material, %5 nest structure,®” 8 and nesting
behavior. More recently, a method was developed to evaluate
mouse grooming behavior as an indicator of analgesic efficacy.%
A fluorescent oil was applied to the nape of the neck of mice;
mice with lower pain scores groomed the oil more quickly from
their skin and fur; however, data are lacking as to whether this
grooming transfer assessment can similarly be applied in rats
to evaluate their pain levels.

Here, we aimed to determine the clinical efficacy of sub-
cutaneous ketamine at a subanesthetic dose (30 mg/kg) in
combination with extended-release (ER) formulations of
either buprenorphine or meloxicam as part of a multimodal
postoperative analgesic plan in female Sprague-Dawley (SD)
rats following experimental laparotomy. We elected to use
experimental laparotomy as the painful stimulus, as it is a
well-established model for the study of analgesic efficacy and
allows for the evaluation of both somatic and visceral pain
relief.141517.236269-71 We hypothesized that analgesic protocols
that included ketamine would provide superior postopera-
tive analgesia compared with single-analgesic protocols. A
secondary aim was to assess whether latency to fully remove a
fluorescent signal from the fur could be used as an indicator of
postoperative pain levels in rats.

Materials and Methods
Experimental animals. Thrity-two 8-wk-old female
Sprague-Dawley rats [CRL:CD(SD)] were obtained from
Charles River Laboratories. Rats were allowed to acclimate at
our facility for at least 48 h before any experimental manipula-
tion. Surgeries were performed on the fifth day after arrival.
Before experimental manipulation, rats were handled for at
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least 5 to 10 min each day using a gentling technique to facilitate
acclimation to handling. Rooms were maintained at 70 + 2 °F
with 30% to 70% relative humidity. The rooms were maintained
on a 12:12-h light:dark cycle.

Rats were free from the following agents: Kilham rat virus,
Toolans H-1 virus, rat minute virus, rat parvovirus, pneumonia
virus of mice, rat theilovirus, reovirus, Sendai virus, sialodacry-
oadenitis virus, cilia-associated respiratory bacillus, Mycoplasma
pulmonis, Pneumocystis spp, Aspiculuris spp, Syphacia spp, My-
coptes spp, Myobia spp, and Radfordia spp.

Upon arrival, rats were single-housed in static polycarbonate
caging (R20HT; Ancare) with wire cage tops and static mi-
croisolation lids. Rats were housed on 1/4-in. pelleted cellulose
bedding (BioFresh Performance Bedding; BioFresh) with ad
libitum access to food (5LOD PicoLab Laboratory Rodent Diet;
LabDiet) and purified, reverse osmosis, chlorinated, autoclaved
water in bottles. All rats received a red- or amber-colored rat
retreat (Bio-Serve), nylon bone gnawing enrichment (Bio-Serv),
and 2 packets of nesting paper (Enviropak; W.F. Fisher and Son).

To facilitate the measurement of food consumption, approxi-
mately 30 g of food was provided daily in a small ramekin on
the cage floor.

Ethical review. All experimental procedures were approved by
the Oregon Health & Science University IACUC and performed
in a facility accredited by AAALAC, International. This study
adhered to the principles in the Guide for the Care and Use of
Laboratory Animals and all institutional and federal regulations.

Study design. Before surgery, each rat was assigned to one of 4
experimental treatment groups (1 = 8 per group): Meloxicam in
Extended-Release Polymer (Melox-ER) with saline (melox-sal),
Melox-ER with ketamine (melox-ket), Buprenorphine Base in
Extended-Release Polymer (Bup-ER) with saline (bup-sal),
or Bup-ER with ketamine (bup-ket). Treatment group assign-
ment and the order in which treatment groups underwent
the initial midline laparotomy procedure were determined
via a random-number generator by a nonblinded individual.
No saline-only negative control group was used, as the rat
laparotomy model is a well-established and validated pain
model 141517,23,62,69-72

Following induction of anesthesia, a nonblinded assistant
administered an ER analgesic subcutaneously to each rat, either
1mg/kg Bup-ER (1 =16; 1 mg/mL; Wedgewood Pharmacy) or
4mg/kg Melox-ER (1 = 16;2 mg/mL; Wedgewood Pharmacy).
Rats subsequently received subcutaneous injections of either 30
mg/kg ketamine (n = 16; 100 mg/mL stock of ketamine HCI
[Dechra Veterinary Products]; diluted to 5 mg/mL in 0.9% so-
dium chloride USP [Pfizer]) or volume-matched 0.9% sodium
chloride (n = 16; Hospira; MWI Animal Health) before being
removed from anesthesia. Additional ketamine (10 mg/kg) or
volume-matched saline was administered subcutaneously at
24 and 48 h postoperatively.

An individual who was blinded to all treatment groups per-
formed all postoperative observations and injections. Injections
were performed in awake rats by gently holding them against
the body of the handler and administering the entire volume
subcutaneously into the right or left flank.

Midline laparotomy. A midline laparotomy was performed to
elicit the postsurgical pain model. All surgeries were performed
by a single surgeon blinded to treatment group. Surgeries were
performed between 0700 and 1200. Rats were anesthetized via
isoflurane (Fluriso; VetOne; MWI Veterinary Supply) delivered
in 100% oxygen. Rats were induced at 4% isoflurane and main-
tained on a nosecone at 1.25% to 2.5% isoflurane throughout
surgery.
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Before surgery, a 1.5 x 1.0-in. patch of fur was clipped between
the caudal neck and dorsal scapulae for injection of either
Bup-ER or Melox-ER. Ketamine or volume-matched saline
was administered subcutaneously at the left or right flank. The
surgical site was clipped and aseptically prepared with 4.0%
chlorhexidine gluconate (Hibiclens; Molnlycke Health Care)
and 70% isopropyl alcohol. Following transfer to the operating
table, rats were draped (Glad Press'n Seal).

A 2.0- to 3.0-cm midline abdominal incision was made.
A sterile cotton-tipped applicator or the surgeon’s sterilely
gloved finger was moved throughout the abdomen for 120 s.
The abdominal muscle layer was closed with 4-0 monofilament
polydioxanone suture (One-Dox; VetOne) in a simple continu-
ous pattern. The skin layer was closed with sterile 9-mm wound
clips (Braintree Scientific) or a continuous intradermal suture
pattern with 4-0 monofilament polydioxanone. Tissue glue (cy-
anoacrylate surgical adhesive; VetOne) was used to cover knots
that were unable to be fully buried under the skin.

Before removal from isoflurane anesthesia, 2 mL of warmed
saline was administered subcutaneously. All rats were recovered
with heat support and were returned to their home cage once
they were sternal and ambulatory.

Behavioral observations and pain assessment. Video scoring.
To monitor the acute postoperative period without disturb-
ing the animals, cages were placed in view of a camera (2.7K
Video Camera; Shenzhen Seree Technology) within the housing
room immediately after anesthetic recovery. Each camera was
mounted on a tripod approximately 3 ft from the front of the
cage at a distance similar to that of a human observer. Cages
were oriented with the broad side facing the camera, allowing
each camera to record 2 rats simultaneously. Pain behaviors
were subsequently scored by a blinded observer at 30, 90, and
150 min following completion of surgery. The blinded observer
retroactively watched 10 min of video at each time point and
counted the frequency of discrete occurrences of pain behaviors
as previously described,!>%°70 termed the composite behavior

score (CBS). If an animal was obscured from the camera, the
duration of observation was extended until a total of 10 min of
behavior was evaluated.

Evaluated behaviors included the following: (1) back-arch:
a cat-like arching of the spine; (2) writhe: contraction of flank
muscles; and (3) stagger/fall/wobble: a loss of balance, seen
either as fully falling or as quicker than normal movement of
the feet. Back-arch and writhe behaviors were combined into
a single score due to the propensity for rats to perform behav-
iors simultaneously while making turns within rat retreats.
Duration of time (1) performing cephalic and nonabdominal
caudal grooming (licking paws or dorsal flank, grooming face/
head); (2) abdominal licking (associated with the incision); (3)
eating food or bedding; (4) interacting with nesting material;
and (5) general inactivity (not moving or performing any be-
haviors) was also noted. As some analgesics have been noted
to decrease grooming behaviors,!>”! cephalic grooming was
grouped with nonabdominal body licking to differentiate from
incisional-directed licking and self-trauma; incisional-directed
licking was counted as such even if it progressed from sequential
grooming motions.”

In addition to evaluation of the CBS at 30, 90, and 150 min,
orbital tightening, as described in the rat grimace scale (RGS),
was evaluated,® along with overall posture (“Posture/ Appear-
ance”) and behavior (“Behavior/ Activity”) scores from the pain
ethogram as outlined in Figure 1. These ethogram components
were specifically selected as they could be readily evaluated
via video recording. Other components of the RGS could not
be reliably evaluated on video scoring due to the angle and
distance from the camera. Components of the pain ethogram
that specifically required the handler to interact with the animal
(“Weight” and “Response to External Stimuli”) were not evalu-
ated during the video scoring component.

Cage-side assessments. Animals were assessed cage-side by
the same blinded observer at 3, 6, 12, 24, 48, 56, and 72 h after
cessation of anesthesia. For approximately 5 min, each rat was

Score Weight Score

Response to External Stimuli

0 <5% body weight lost
1 5-10% body weight lost

Normal behavioral responses for expected conditions (i.e.
0 reaching into cage, handling, stroking back or head); mild
response to firm palpation of incision acceptable

2 10-15% body weight lost

1 Minor depression or response exaggeration: mild response on

gentle palpation of incision

3 >15% body weight lost

Score| Posture/Appearance || 2

Moderate signs of abnormal responses; hyperactivity, jerky or
spastic behavior, vocalization or moderate response to gentle

palpation of incision

Normal: smooth coat,
0 minimal to absent 3
hunching, absence of

Animal either overreacts to external stimuli or is minimally

responsive to non-responsive

porphyrin staining

Behavior/Activity

Slightly rough coat, mild
1 hunching, minimal 0
porphyrin staining

Normal activity, behavior, breathing, and ambulation;

unbothered by incision

Rough coat, moderate 1
2 hunch, moderate
porphyrin staining, mild

Slightly abnormal behavior or slightly quiet; slight increase in
respiratory rate or effort, occasional licking at, or
porphyrin at, incision, slightly abnormal gait

dehydration

Unkempt, moderate to

Quiet to lethargic, increased respiratory rate or effort, decreased
2 activity, back-arching or writhing, consistent licking or
porphyrin at incision, guarding abdomen, obviously altered gait

3 severe hunch, porphyrin
staining, moderate 3
dehydration

Lethargic, severely increased respiratory rate and effort,

minimal activity

Figure 1. Pain ethogram. Ethogram criteria were used in conjunction with the rat grimace scale (RGS)® to assess postoperative pain. A blinded
observer scored each animal for each ethogram category at 3, 6, 12, 24, 32, 48, 56, and 72 h after recovery from anesthesia. The total score was
calculated as the sum across all categories. Only the “Posture/Appearance” and “Behavior/Activity” components from the pain ethogram
were evaluated during the retroactive video scoring assessment, as these could be readily observed via video and did not require the handler to

directly interact with the animals.
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evaluated for facial grimace score using RGS,* pain ethogram
score (Figure 1), and other behaviors to assess postoperative
pain. Briefly, the RGS evaluates 4 characteristics of a rat’s
facial appearance (orbital tightening, nose/cheek flattening,
ear changes, and whisker change) on a scale of 0 to 2, with a
higher score corresponding to a greater pain intensity.** Using
our pain ethogram, the total score was calculated as the sum
across all categories. Animals receiving a total pain ethogram
score of greater than 5 or an averaged RGS of greater than 1 war-
ranted secondary assessment by veterinary staff. Animals with
a pain ethogram subscore of 3 in any single category warranted
secondary assessment by veterinary staff and rescue analgesia.

To discourage rats from sleeping through the full 5-min
evaluation, all animals were roused by brief handling at the
beginning of the evaluation period. CBS was only assessed in
the acute postoperative period via video scoring, as the pres-
ence of a human observer during cage-side assessments was
considered to be a confounding variable in the expression of
the CBS behaviors. Body weight, food consumption, and nest
complexity were also recorded through atleast 72 h postsurgery.
All fecal pellets were collected through 5 d postsurgery to assess
for the occurrence of pica.

Fluorescent oil application and grooming transfer. To establish
each animal’s baseline grooming transfer behavior, an initial
grooming transfer test was performed on rats 48 h after arrival
at the facility before any surgical manipulation. For baseline
application, rats were induced for the midline laparotomy
procedure and maintained on a nosecone for a total of 15 min
before oil application and recovery. A second grooming transfer
assessment was then performed during the immediate postop-
erative period to determine whether there were changes to the
animal’s grooming behavior after surgery. For both the baseline
and postoperative applications, 100 uL of nontoxic fluorescent
powder suspended in mineral oil (Glo Germ Oil; Glo Germ)
was applied via pipet to the skin between the ears of each rat
as it recovered from isoflurane anesthesia.

Fluorescent signal was subsequently scored at 3, 6, 12, 24, 32,
48,56, and 72 h postapplication using a 5-point scale (Figure 2).
Signal strength was detected with a handheld UV light (UVL
1006; Glo Germ).

Food collection and weight. Immediately postoperatively, a
fresh ramekin of approximately 30 g of feed pellets was provided
in each cage, with the exact weight recorded for each rat. To
measure food consumption at each subsequent postoperative
cage-side observation, all intact food pellets were manually
collected from the cage and weighed. Every 24 h, all uneaten
feed was discarded and replaced with 30 g of fresh food pellets
(exact weight recorded in each case); this was repeated through
7 d postsurgery. Baseline food consumption was determined
for each rat by calculating the average of the amount of food
consumed each day for 3 d before surgery.

Nest complexity scoring. Nesting was scored at each cage side
assessment using an adapted scoring algorithm® as an indirect
method of evaluating postoperative pain management. We
modified our scoring system to accommodate for nest-building
material being provided contained within cotton bags, as well as
the presence of rat retreats. Here, a score of 0 reflected untouched
nesting material or material being piled, a score of 1 reflected
minimal manipulation or a disorganized arrangement such as
material strewn across the cage, a score of 2 indicated a disorgan-
ized nest with loose or flattened materials and minimal central
indentation or the presence of nesting material within the rat
retreat, and a score of 3 reflected a well-organized circular nest
structure with an obvious central depression or greater than

Analgesic effects of subcutaneous ketamine in female rats

Neck Fluorescence Intensity Description Score
Strong
Fluorescence intensity
and spread matches 5

initial application

Moderate

Vibrant fluorescence of 4
lesser intensity;
greater spread

Weak

Matte fluorescence, 3
but still bright

Faint

Dull fluorescence; now 2
absent in some areas

Trace

Minimal fluorescence; 1
close examination
necessary to visualize

Absent

Complete extinction of 0
fluorescent signal

Figure 2. Grooming transfer test scale. Intensity and spread of fluo-
rescence were assessed under UV light for signal extinction from the
dorsal neck over a 72-h period. Contrast of all images was enhanced
by 10% to correct for light-balancing of photography.

two-thirds of nesting material being present within the shelter.
Following each cage-side assessment, all nesting material was
gathered and moved into the corner of the cage by the observer,
effectively resetting all scores to zero unless manipulation by the
rat occurred. This “reset” of the nesting materials was performed
ateach assessment (3, 6, 12, 24, 48, 56, and 72 h postoperatively).

Statistical methods. GraphPad Prism (Version 10.4.1; Graph-
Pad) was used for all statistical analyses. Data are expressed as
means + SD. A P value of 0.05 or less was considered statisti-
cally significant.

A mixed-effects model with a Geisser-Greenhouse correction
was used to accommodate missing values. The within-subject
effect was defined as time, and the between-subjects effect was
defined as the analgesic treatment group (melox-sal, melox-ket,
bup-sal, bup-ket, and baseline where applicable). Post hoc
pairwise comparisons were performed using the Tukey adjust-
ment for multiple comparisons. Q-Q plots were evaluated to
confirm normal distribution of data. Group size was modeled
after similar studies and in consultation with the Oregon Health
& Science University Biostatistics and Design Program and
was considered appropriate based on the “resource equation”
method.!>74

Results
Three rats from the bup-ket group demonstrated significant
self-mutilation with accompanying incisional dehiscence at
12 h (n = 1) and 24 h (n = 2) postoperative. Of these, 1 rat un-
derwent incisional repair and received rescue analgesia, while 2
were euthanized. One rat each from the bup-sal and melox-ket
groups experienced dehiscence at 24 and 96 h, respectively, and
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was euthanized. Of all rats with dehiscence, the rats euthanized
at 12 and 96 h had their incisions closed with wound clips
(n=2), while all rats that were euthanized at 24 h had skin closed
via intradermal suture pattern (1 = 3); there was no correlation
between closure method and dehiscence. Data collected from
these rats up until their time of withdrawal were included in
data sets. All euthanized rats were necropsied and showed
no gross abnormalities of abdominal organs attributable to
surgical procedures, although histologic confirmation was not
performed. Of note, variable amounts of bedding were observed
in the gastrointestinal tract of all individuals.

One rat from the bup-ket treatment group had a protracted
anesthetic recovery and thus was excluded from all 30-minute
time points.

Behavioral observations and pain assessment. Video scoring.
The frequency of back arching and writhing was not signifi-
cantly different at any time point for the melox-sal treatment
group (Figure 3A). Rats in both the melox-ket and bup-sal
treatment groups had higher frequencies of back arching and
writhing at 30 min than at 150 min (P < 0.05). Bup-ket-treated
rats had higher frequencies of back arching and writhing at 90
min compared with animals in both the bup-ket and bup-sal
groups at 150 and 90 min, respectively (P < 0.01).

Frequency of staggering, falling, and wobbling were sig-
nificantly higher for groups that received ketamine compared
with saline (Figure 3B) at both 30 min (P < 0.0001 for Melox-ER;
P < 0.01 for Bup-ER) and 90 min (P < 0.05 for Melox-ER;
P < 0.01 for Bup-ER). There were also significant differences
between every time point within both ketamine treatment
groups (P < 0.01 for both melox-ket and bup-ket), with the
overall frequency of staggering decreasing over time for
ketamine-administered rats.

Orbital tightening (Figure 3C) was significantly increased for
saline-treated groups compared with ketamine-treated groups
at 30 min (P < 0.01 for Melox-ER; P < 0.001 for Bup-ER) and 90
min (P <0.05). In addition, the degree of orbital tightening was
significantly greater at 30 min compared with 150 min for rats
treated with melox-sal (P < 0.01).

Posture/ Appearance scores were higher for saline-treated
rats compared with ketamine-treated rats at 30 min (Figure 3D).
Specifically, Posture/Appearance scores were significantly
higher for rats in the melox-sal treatment group at 30 min than at
90 and 150 min (P < 0.01), as well as when compared with melox-
ket-treated rats at 30 min (P < 0.0001). Posture/Appearance
scores for rats in the bup-sal treatment group were significantly
higher than those in the bup-ket group at both 30 and 150 min
postsurgery (P < 0.05).

Behavior/Activity scores were higher for saline-treated rats
at multiple time points compared with ketamine-treated rats
(Figure 3E). Specifically, scores were significantly higher for
rats in the melox-sal treatment group at 30 min than at 150 min
(P < 0.05), as well as compared with the melox-ket treatment
group at 30 min (P < 0.05). Behavior/Activity scores were sig-
nificantly higher for rats in the melox-ket treatment groups at
30 min compared with 90 min (P < 0.01) and 150 min (P < 0.05).
Behavior/Activity scores for rats in the bup-sal group were
significantly higher at all time points compared with rats in the
bup-ket treatment group (P < 0.05 at 30 and 90 min, P < 0.01
at 150 min). In addition, Behavior/Activity scores were sig-
nificantly higher for rats within the bup-ket group at 30 min
compared with 150 min (P < 0.05).

The duration of time that rats were inactive was higher
for rats in both saline treatment groups at 30 min compared
with ketamine treatment groups (Figure 3F). Specifically,

melox-sal-treated rats were significantly less active at 30 min
than at 150 min (P < 0.05), as well as compared with melox-ket-
treated rats at 30 min (P < 0.0001). Inactivity levels were higher
for bup-sal-treated rats at 30 min compared with bup-ket-treated
rats (P < 0.0001). Bup-ket-treated rats had significantly higher
inactivity levels at 150 min than at 30 min (P < 0.05) or 90 min
(P < 0.05).

Nonincisional grooming, including that of the paws, head,
and dorsal flank, was not significantly different for any treat-
ment group at any time point (Figure 3G). Incisional licking
was most likely to occur in rats of the bup-sal treatment group
(Figure 3H). Specifically, at 150 min postsurgery, bup-sal-treated
rats spent a significantly longer time licking the area around
the incision than at 30 min (P < 0.05), and when compared
with bup-ket-treated rats at 150 min (P < 0.05). In addition, at
30 min postsurgery, saline-treated rats spent significantly more
time licking around abdominal incisions than ketamine-treated
rats (P < 0.05).

Cage-side assessment. RGS scores did not differ between
treatment groups at any time point (Figure 4A). Across the
72-h postoperative period, RGS scores did not differ within
treatment groups for melox-sal, melox-ket, and bup-ket groups.
Within the bup-sal treatment group, however, rats had lower
RGS scores at 56 and 72 h compared with 6 and 48 h (P < 0.05),
with a significantly higher score at 48 h compared with 24 h
(P < 0.05).

Pain ethogram score did not differ between treatment groups
at any time point (Figure 4B), but within each treatment group,
rats generally had higher scores closer to surgery compared
with lower scores further from surgery. Within the melox-sal
group, rats had significantly lower pain ethogram scores at
72hthanat3,6,12,and 32 h, and at 48 h than at 32 h (P < 0.05).
For melox-ket-treated rats, animals had significantly lower pain
ethogram scores at 72 h than at 56 h (P < 0.01). Within the bup-sal
group, rats had significantly lower pain ethogram scores at 48
and 72 h than at 12 h (P < 0.05). Finally, for bup-ket-treated rats,
animals had significantly lower scores at 72 h than at 6, 12, and
32 h, and at 56 h than at 12 h (P < 0.05).

All rats lost weight within 6 h following surgery compared
with baseline, but on average, rats that received Bup-ER as part
of their analgesic plan had higher weights than those that were
treated with Melox-ER through 32 h postsurgery (Figure 5).
Specifically, rats treated with bup-sal had higher weights than
those treated with melox-sal at 6 h (P < 0.05), 12 h (P < 0.05),
24h (P <0.01),and 32 h (P <0.05), while rats treated with bup-ket
had higher weights than those treated with melox-ket at only 24
and 32 h (P < 0.05). Bup-ER-treated rats weighed significantly
less than presurgical baseline weights at only 2 points each:
bup-ketat3h (P <0.05) and bup-sal at 6 h (P < 0.05). Meanwhile,
melox-ket treated rats weighed significantly less compared with
presurgical baseline at all time points through 32 h (P < 0.01),
with melox-sal-treated rats weighing significantly less at
3, 6, and 32 h postsurgery (P < 0.05 at 3 h and 32 h; P < 0.01 at
6 h). However, the amount of food eaten did not differ between
treatment groups at any time point.

Neck fluorescence score. Neck fluorescence scores were
higher for Bup-ER-treated rats than for Melox-ER-treated rats
compared with their presurgical baseline (Figure 6). Rats in
the melox-sal treatment group did not show significant delays
in grooming compared with baseline at any time point, while
rats in the melox-ket treatment group only demonstrated a sig-
nificantly higher fluorescence intensity score at 3 h postsurgery
compared with baseline (P < 0.01). In contrast, bup-ket-treated
rats maintained higher fluorescence intensity at 3h (P < 0.0001),
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Figure 3. Behavioral assessments of postoperative pain evaluated during retroactive video scoring for each treatment group (melox-sal,
melox-ket, bup-sal, and bup-ket) in female Sprague-Dawley rats at 30, 90, and 150 min postsurgery. Shown are the cumulative frequency of
(A) back-arching and writhing; (B) staggering, falling, and wobbling; scores for (C) orbital tightening; scores for (D) Posture/Appearance and
(E) Behavior/Activity; and duration in seconds of (F) inactivity, (G) nonincisional grooming, and (H) licking at incision. Values are shown as
mean + SD. Significant differences between values: *, P < 0.05; 1, P < 0.01; §, P < 0.001; §, P < 0.0001; ns, no significance.

6h (P <0.01),12 h (P <0.001), and 24 h (P < 0.05) postsurgery, Rats administered Bup-ER took longer to reduce their fluo-
and bup-sal-treated rats maintained higher fluorescence inten-  rescence scores compared with rats administered Melox-ER.
sity through 32 h postsurgery (P < 0.001 at 3h, P <0.01 atall Rats in the bup-ket group had higher fluorescence scores at
other time points). 3h (P <0.05) and 12 h (P < 0.01) postsurgery compared with
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Figure 4. (A) RGS and (B) pain ethogram scores for each treatment group (melox-sal, melox-ket, bup-sal, and bup-ket) evaluated cage side at 3,
6,12,24,32, 48,56, and 72 h postsurgery. Values are shown as mean + SD. Significant differences: *, P < 0.05; t, P < 0.01.

the melox-ket group. Rats in the bup-sal group retained higher
fluorescence intensity scores at 3 h (P < 0.05), 6 h (P < 0.01),
12 h (P <0.01), 24 h (P < 0.05), and 32 h (P < 0.05) compared
with the melox-sal group.

Nest building and complexity score. Rats in the melox-ket
group had the quickest return to baseline nest score at 6 h
postsurgery compared with the other groups, which returned to
baseline levels by 12 h postsurgery (Figure 7). In addition, rats
receiving Melox-ER created significantly more complex nests

105 =

100 +

Weight (% of baseline)
©
6]
1

90+

|
*T

than rats receiving Bup-ER at 6 h postoperatively (P < 0.05 for
saline treated; P < 0.01 for ketamine treated).

Discussion
Here, we investigated the use of ketamine as an adjunctive
analgesic to manage postlaparotomy pain in female SD rats.
Based on ketamine’s pain-modulating properties, we hypoth-
esized that it could be an efficacious component of a multimodal
pain management plan, particularly in circumstances where key

@ melox-sal
- melox-ket
—&— bup-sal
¥ bup-ket

T
3 6 12 24

32 48 56 72

Time postsurgery (h)
Figure 5. Weight measured as a percentage of baseline for each treatment group (melox-sal, melox-ket, bup-sal, and bup-ket), through 72 h
postsurgery. Baseline weight was measured on the morning of surgery, represented by the horizontal dashed line at 100% of baseline; symbols
beneath data points represent significant differences from baseline. Values are shown as mean + SD. Significant differences: *, P <0.05; +, P < 0.01.
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classes of systemic analgesics (NSAIDs, opioids) may be con-
traindicated for clinical or experimental reasons. Administration
of Melox-ER or Bup-ER was supplemented by either subcutane-
ous ketamine or volume-matched saline, and postoperative pain
was assessed via video scoring and cage-side assessments that
included evaluation of RGS, CBS, and physiologic parameters.
We opted to not incorporate a no-analgesia group due to the well
established nature of the laparotomy pain model and the overall
goal of our study, which was to evaluate the response of animals
receiving ketamine as part of their postoperative pain manage-
ment compared with those receiving unimodal analgesia. Our
findings demonstrate that ketamine confers significant analgesic
effects for at least 90 min postoperatively. In addition, cumula-
tive data indicate that Melox-ER-treated rats demonstrate fewer
pain-associated behaviors than Bup-ER-treated rats during the
acute postsurgical period, regardless of ketamine administration.

Overall, our study found that female SD rats that received
ketamine (melox-ket and bup-ket groups) appeared less pain-
ful during the immediate recovery period than those that
did not receive ketamine. Animals receiving ketamine had
significantly lower scores corresponding with pain responses
than the saline controls at several time points during the first

Time (h)
Figure 6. Neck fluorescence intensity score over 72 h postsurgery for each treatment group (melox-sal, melox-ket, bup-sal, and bup-ket) and
compared with baseline. Baseline scores were collected 72 h before surgery and fully removed by rats 24 h before surgery. For both baseline and

postoperative applications, fluorescent oil was applied to the nape of the neck while animals were under isoflurane anesthesia. Values are shown
as mean =+ SD. Significant differences between values: *, P < 0.05; 1, P < 0.01; {, P < 0.001; §, P < 0.0001.

several hours following surgery. Ketamine-treated animals
demonstrated increased locomotion and staggering behaviors,
likely attributable to the dissociative effects of this drug. While
itis possible that these behaviors may have masked more subtle
pain signals, we believe ketamine had a true analgesic effect.
Specifically, buprenorphine-treated rats had equal frequencies of
back-arching/writhing regardless of ketamine administration,
but animals that did not receive ketamine were significantly less
active than those that did. In addition, saline-only groups had
significantly higher rates of incisional licking compared with
ketamine-treated animals. The significantly higher Posture/
Appearance scores, Behavior/ Activity scores, and orbital tight-
ening scores for animals receiving saline instead of ketamine are
difficult to write off as a side effect of ketamine’s dissociative
effects. The combination of Melox-ER and ketamine may con-
fer additional benefits in the immediate postoperative period
compared with Bup-ER with ketamine, as evidenced by higher
activity scores in rats treated with melox-ket compared with
those that received bup-ket. As ketamine modulates the pain
signaling pathway differently than both opioids and NSAIDs,
this emphasizes the importance of multimodal analgesia for
animal welfare when controlling postoperative pain.!!
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Figure 7. Mean nest-building score for each treatment group (melox-sal, melox-ket, bup-sal, and bup-ket) evaluated cage-side at 3, 6, 12, 24, 32,
48, 56, and 72 h postsurgery. Values are shown as mean + SD; the thick and thin horizontal dashed lines represent the mean and SD of baseline
nest-building scores, respectively. Symbols beneath data points represent significant differences from baseline. Significant differences between

values: *, P <0.05; t, P <0.01; {, P < 0.001; §, P < 0.0001.
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Pain ethogram and RGS scores were not significantly different
between treatment groups at any time point, although animals
tended to have higher ethogram scores closer to surgery, with
scores decreasing over time. While it has been shown that
isoflurane anesthesia alone can increase RGS scores,” one po-
tential explanation for these findings is that each of the drug
combinations provided roughly equivalent levels of analgesia,
although more subtle differences between groups may have
been detectable with larger group sizes. Another contributing
factor may have been the familiarity of rats with the primary
observer, which could have influenced cage-side behavior due
to anxiolytic effects. Tickling, a handling technique that mimics
rat play, has been shown to decrease anxiety in stressed rats
surrounding procedures.”® While no tickling was performed
during this study, animals were well acclimated to handling,
and many rats acted quite tame and affiliative during cage-side
assessments. Moreover, interactions during the cage-side as-
sessments may have been particularly rewarding to the rats
as all were single housed for the duration of the experiment.
Physiologic measures (weight), indirect methods of behavioral
evaluation (food consumed, nest complexity, and grooming
transfer), and video scoring bypassed the potential impacts of
human influence on observed behaviors.

Rats consumed the same amount of food regardless of treat-
ment group. However, rats that received buprenorphine, either
in combination with ketamine or alone, weighed more than
meloxicam-treated animals for approximately the first 32 h
after surgery. While this could be a true sequelae of surgery, it
is possible that an increased consumption of bedding induced
by buprenorphine administration may be a contributing
factor,'%-2¢ with pica behavior linked to nausea in rats.”
Evidence of pica was frequently observed in rats in our study
regardless of treatment group, although it was subjectively most
prominent in the animals that received buprenorphine as part of
their analgesic plan. Additional factors related to buprenorphine
administration, such as decreased gastrointestinal motility and
urinary retention, also may have contributed to higher weights
in buprenorphine-treated animals, although other alternatives
such as higher fluid retention or consumption cannot be ruled
out. Our observations suggest that pica may be a common be-
havior in SD rats that may be exacerbated with buprenorphine
and/or ketamine administration.

Nest complexity is not widely used in the assessment of
analgesic efficacy in rats, but we observed that most rats in
our study interacted with paper manipulanda to create nests.
Nest-building quality scores were adapted from a previously
described scale,® which we modified to account for the pres-
ence of a square shelter in the cage. While it is not possible to
determine whether differences in nest building and complexity
resulted from the presence of discomfort compared with side
effects of certain drugs, using our modified scale we found that
rats treated with melox-ket returned to baseline nest complex-
ity more quickly than any other group. In addition, rats that
received Melox-ER with or without ketamine had higher nesting
complexity scores earlier in the postoperative period than those
treated with Bup-ER. Other factors that may have contributed
to the robust nesting behavior observed in animals in our study
overall may include single housing, ample floor space (153 in.2),
and the provision of 2 packets of nesting material.

An indirect method of evaluating animal welfare and pain
mitigation using the rats’ natural grooming behavior was also
investigated. A fluorescent oil applied to the nape of anesthe-
tized rats was assessed under UV light for signal extinction
over 72 h. When reapplied postlaparotomy, Bup-ER-treated rats

took significantly longer to reduce the fluorescent intensity and
return to baseline signal extinction compared with Melox-ER-
treated rats, regardless of ketamine treatment. We found that
melox-ket-treated rats had a slight delay in their return to base-
line grooming levels compared with the melox-sal group, likely
due to a lack of grooming during the immediate postoperative
period where animals were constantly ambulating around the
cage as a side-effect of ketamine. Our findings confirm that rat
grooming behavior is impacted in the postoperative period and
that analgesic selection may have a variable effect on groom-
ing. Studies”! have shown that buprenorphine administered
in the absence of a surgical procedure can result in decreased
grooming. Whether the grooming differences observed between
the Melox-ER- and Bup-ER-treated rats in the postoperative
period are attributable to the characteristics of the analgesics
themselves or animal pain levels warrants further study; re-
gardless, this is a compelling early finding that rat grooming
transfer may be a helpful tool to indirectly measure analgesic
efficacy in future studies.

We observed several instances of self-trauma at the inci-
sional site, resulting in dehiscence and removal from the study.
Animals treated with Bup-ER were overrepresented, with this
tendency to self-traumatize exacerbated by the addition of
ketamine in several cases. Numerous studies have described
pica, 926 staple-removal,!” and self-trauma!®?%?* in rats ad-
ministered buprenorphine or ER buprenorphine. There also
appears to be an interaction between buprenorphine and the
background strain, with 1 study?® observing pica in SD but not
Long-Evan rats, while another study?* documented pica and
self-trauma in SD but not Lewis rats. Our findings corroborate
these studies, with pica and self-trauma occurring in some of
our buprenorphine-treated SD rats.

None of the rats treated with bup-ket that demonstrated
incisional dehiscence reacted painfully on superficial or
deep palpation of incisions, with 1 of these rats severely
self-mutilating her abdominal skin beyond the extent of the
original incision. An opioid-ketamine interaction may have
reduced the protective sensations of nociceptive pain.®”® As
ketamine enhances opioid analgesia, lower doses of both keta-
mine and Bup-ER when used in combination may still provide
adequate analgesia while resulting in fewer negative side effects.

The doses of ketamine and frequency of administration
used in this study were based on studies characterizing the
antidepressant effects of ketamine in rats. The initial 30-mg/kg
perioperative dose was selected for the well-described
antinociceptive effects of ketamine at doses greater than
25 mg/kg, 243! and the 2 subsequent doses of ketamine at
10 mg/kg were adapted from protocols studying its antidepres-
sive effects in rats.>%3%% As ketamine’s role as a postoperative
analgesic is otherwise poorly characterized in rats, these studies
offered a valid starting point for better understanding the role
of this agent in rat analgesic protocols. The additional doses we
provided at 24 and 48 h postoperatively did not appear to have
an appreciable impact on the measures evaluated in this study.
Future studies are warranted to investigate optimal ketamine
dosages and dosing frequencies to minimize negative side ef-
fects and to determine whether redosing is necessary.

Bup-ER and Melox-ER both appear to have sufficient activ-
ity as single-analgesic protocols, but we saw greater benefits
to the use of Melox-ER for the SD rats in our study: Melox-ER-
treated rats demonstrated no difference in grooming transfer
compared with baseline, had improved nest complexity scores
compared with baseline and Bup-ER-treated rats, and did
not exhibit increased incisional licking at later time points.

476

$S900E 93J) BIA |L0-60-GZ0Z Je /wod Aiooeignd-poid-swid-yiewlaiem-jpd-awiid//:sdiy wouy papeojumoq



The meloxicam-treated animals demonstrated fewer signs of
discomfort in the immediate postoperative period (decreased
orbital tightening, better Posture/Appearance scores, better
Activity /Behavior scores, and lower duration of inactivity).
Melox-ER-treated rats that also received ketamine as part of their
postoperative pain management appeared the most comfortable
out of all treatment groups through 72 h postsurgery.

While ketamine was found to have positive pain management
qualities for postoperative animals in our study, certain draw-
backs should be considered at the doses we employed. First, we
found that animals that received ketamine demonstrated unu-
sually high levels of activity in the acute postoperative period,
with increased frequencies of staggering, falling, and wobbling
during the 90-min postoperative period. While such signs can be
attributable to pain, we believe these behaviors are instead re-
lated to the dissociative effects of ketamine. Therefore, ketamine
may be contraindicated for certain orthopedic and neurologic
models due to the side effect of hyperactivity, as well as for any
behavioral paradigms that should be performed soon after anes-
thetic recovery; however, a subanalgesic but antidepressive dose
of ketamine at 10 mg/kg could be considered. Due to the high
incidence of self-trauma observed in our buprenorphine-treated
rats, we recommend caution and rigorous monitoring if using
Bup-ER as the primary analgesic for laparotomy models in
young female SD rats, particularly if injectable anesthetic and /
or analgesic combinations include ketamine. Future directions
of study should include optimization of ketamine dosages and
the interval of ketamine administration for postoperative pain
management in SD rats, as well as evaluation of its performance
in standard algesiometry assays. Finally, this study was only
performed using female SD rats. Future studies should investi-
gate ketamine’s analgesic effects in male rats, as well as in other
strains and genetic backgrounds.

Acknowledgments
We thank the Oregon Health & Science University Biostatistics and
Design Program for data analysis expertise.

Conflict of Interest

The authors have no conflicts of interest to declare.

Funding
This work was internally funded by the Department of Compara-
tive Medicine at Oregon Health & Science University’s Central and
Waterfront Campuses.

Generalizability/Translation
The findings of this study are likely to generalize to other species,
as the mechanisms of actions that ketamine uses to modulate pain are
conserved between species. While primarily being used pre- and intra-
operatively in veterinary medicine, ketamine has also already shown
promise in human studies for controlling chronic pain postoperatively.

Protocol Registration
This protocol was not externally preregistered before the initiation
of the study.

Data Availability

Available upon request.

References
1. Foley PL, Kendall LV, Turner PV. Clinical management of pain in
rodents. Comp Med. 2019;69(6):468—-489.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Analgesic effects of subcutaneous ketamine in female rats

. Kendall LV, Oliver VL, Adamson TW. Pharmacology of analgesics.

In: Dyson MC, Jirkof P, Lofgren J, Nunamaker EA, Pang D, eds.
Anesthesia and Analgesia in Laboratory Animals. 3rd ed. American
College of Laboratory Animal Medicine Series. Academic Press;
2023:139-186.

. Larson CM, Wilcox GL, Fairbanks CA. The study of pain in rats

and mice. Comp Med. 2019;69(6):555-570.

. Schwenk ES, Mariano ER. Designing the ideal perioperative pain

management plan starts with multimodal analgesia. Korean |
Anesthesiol. 2018;71(5):345-352.

. Treede R-D, Rief W, Barke A, et al. A classification of chronic pain

for ICD-11. Pain. 2015;156(6):1003-1007.

. Woolf CJ. What is this thing called pain? | Clin Invest.

2010;120(11):3742-3744.

. Woolf CJ. Central sensitization: implications for the diagnosis and

treatment of pain. Pain. 2011;152(Suppl 3):52-515.

. Furumoto K, Ogita K, Kamisaka T, et al. Effects of multimodal

analgesic protocol, with buprenorphine and meloxicam, on mice
well-being: a dose finding study. Animals (Basel). 2021;11(12):3420.

. Helander EM, Menard BL, Harmon CM, et al. Multimodal anal-

gesia, current concepts, and acute pain considerations. Curr Pain
Headache Rep. 2017;21(1):3.

Jirkof P. Side effects of pain and analgesia in animal experimenta-
tion. Lab Anim (NY). 2017;46(4):123-128.

Navarro KL, Huss M, Smith JC, Sharp P, Marx JO, Pacharinsak C.
Mouse anesthesia: the art and science. ILAR J. 2021;62(1-2):238-273.
Cowan A, Sarabia-Estrada R, Wilkerson G, McKnight P, Guarnieri
M. Lack of adverse effects during a target animal safety trial of
extended-release buprenorphine in Fischer 344 rats. Lab Anim (NY).
2016;45(1):28-34.

Foley PL, Liang H, Crichlow AR. Evaluation of a sustained-release
formulation of buprenorphine for analgesia in rats. ] Am Assoc Lab
Anim Sci. 2011;50(2):198-204.

Liles JH, Flecknell PA, Roughan ], Cruz-Madorran I. Influence of
oral buprenorphine, oral naltrexone or morphine on the effects of
laparotomy in the rat. Lab Anim. 1998;32(2):149-161.

Roughan ]V, Flecknell PA. Behaviour-based assessment of the
duration of laparotomy-induced abdominal pain and the analgesic
effects of carprofen and buprenorphine in rats. Behav Pharmacol.
2004;15(7):461-472.

Seymour TL, Adams SC, Felt SA, Jampachaisri K, Yeomans DC,
Pacharinsak C. Postoperative analgesia due to sustained-release
buprenorphine, sustained-release meloxicam, and carprofen gel
in a model of incisional pain in rats (Rattus norvegicus). | Am Assoc
Lab Anim Sci. 2016;55(3):300-305.

Cooper DM, Hoffman W, Wheat N, Lee HY. Duration of effects
on clinical parameters and referred hyperalgesia in rats after
abdominal surgery and multiple doses of analgesic. Comp Med.
2005;55(4):344-353.

Wala EP, Holtman JR. Buprenorphine-induced hyperalgesia in the
rat. Eur | Pharmacol. 2011;651(1-3):89-95.

Allen M, Johnson RA. Evaluation of self-injurious behavior, ther-
mal sensitivity, food intake, fecal output, and pica after injection
of three buprenorphine formulations in rats (Rattus norvegicus).
Am ] Vet Res. 2018;79(7):697-703.

Allen M, Nietlisbach N, Johnson RA. Evaluation of self-injurious
behavior, food intake, fecal output, and thermal withdrawal
latencies after injection of a high-concentration buprenorphine
formulation in rats (Rattus norvegicus). Am | Vet Res. 2018;79(2):
154-162.

Clark JA, Myers PH, Goelz MF, Thigpen JE, Forsythe DB. Pica
behavior associated with buprenorphine administration in the
rat. Lab Anim Sci. 1997;47(3):300-303.

Jacobson C. Adverse effects on growth rates in rats caused by
buprenorphine administration. Lab Anim. 2000;34(2):202-206.
Nunamaker EA, Goldman JL, Adams CR, Fortman JD. Evalu-
ation of analgesic efficacy of meloxicam and 2 formulations of
buprenorphine after laparotomy in female Sprague-Dawley rats.
J Am Assoc Lab Anim Sci. 2018;57(5):498-507.

Reifenrath J, Heider M, Kempfert M, et al. Buprenorphine in rats:
potent analgesic or trigger for fatal side effects? Acta Vet Scand.
2022;64(1):37.

477

$S900E 93J) BIA |L0-60-GZ0Z Je /wod Aiooeignd-poid-swid-yiewlaiem-jpd-awiid//:sdiy wouy papeojumoq



Vol 64, No 3
Journal of the American Association for Laboratory Animal Science
May 2025

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Stewart LSA, Martin WJ]. Evaluation of postoperative analgesia
in a rat model of incisional pain. Contemp Top Lab Anim Sci. 2003;
42(1):28-34.

Thompson AC, Kristal MB, Sallaj A, Acheson A, Martin LBE, Martin
T. Analgesic efficacy of orally administered buprenorphine in rats:
methodologic considerations. Comp Med. 2004;54(3):293-300.
Aiyer R, Mehta N, Gungor S, Gulati A. A systematic review of
NMDA receptor antagonists for treatment of neuropathic pain in
clinical practice. Clin | Pain. 2018;34(5):450-467.

Koizuka S, Obata H, Sasaki M, Saito S, Goto F. Systemic ketamine
inhibits hypersensitivity after surgery via descending inhibitory
pathways in rats. Can | Anaesth. 2005;52(5):498-505.

Laskowski K, Stirling A, McKay WP, Lim HJ. A systematic review
of intravenous ketamine for postoperative analgesia. Can | Anaesth.
2011;58(10):911-923.

Stubhaug A, Breivik H, Eide PK, Kreunen M, Foss A. Map-
ping of punctuate hyperalgesia around a surgical incision
demonstrates that ketamine is a powerful suppressor of central
sensitization to pain following surgery. Acta Anaesthesiol Scand.
1997;41(9):1124-1132.

Budde JA, McCluskey DM, eds. Plumb’s Veterinary Drug Handbook.
10th ed. Educational Concepts, VetMedux; 2023.

Strigo IA, Duncan GH, Bushnell CM, et al. The effects of racemic
ketamine on painful stimulation of skin and viscera in human
subjects. Pain. 2005;113(3):255-264.

Aubrun F, Gaillat C, Rosenthal D, et al. Effect of a low-dose
ketamine regimen on pain, mood, cognitive function and memory
after major gynaecological surgery: a randomized, double-blind,
placebo-controlled trial. Eur | Anaesthesiol. 2008;25(2):97-105.
Brinck EC, Tiippana E, Heesen M, et al. Perioperative intravenous
ketamine for acute postoperative pain in adults. Cochrane Database
Syst Rev. 2018;12(12):CD012033.

Richebé P, Capdevila X, Rivat C. Persistent postsurgical pain.
Anesthesiology. 2018;129(3):590-607.

Safavi M, Honarmand A, Nematollahy Z. Pre-incisional analgesia
with intravenous or subcutaneous infiltration of ketamine re-
duces postoperative pain in patients after open cholecystectomy:
a randomized, double-blind, placebo-controlled study. Pain Med.
2011;12(9):1418-1426.

Schmid RL, Sandler AN, Katz J. Use and efficacy of low-dose
ketamine in the management of acute postoperative pain: a review
of current techniques and outcomes. Pain. 1999;82(2):111-125.
Cavenaghi VB, Da Costa LP, Lacerda ALT, Hirata ES, Miguel EC,
Fraguas R. Subcutaneous ketamine in depression: a systematic
review. Front Psychiatry. 2021;12:513068.

Chen M-H, Li C-T, Lin W-C, et al. Rapid inflammation modula-
tion and antidepressant efficacy of a low-dose ketamine infusion
in treatment-resistant depression: a randomized, double-blind
control study. Psychiatry Res. 2018;269:207-211.

Himmelseher S, Durieux ME. Revising a dogma: ketamine for pa-
tients with neurological injury? Anesth Analg. 2005;101(2):524-534.
Li N, Lee B, Liu R-], et al. mTOR-dependent synapse formation
underlies the rapid antidepressant effects of NMDA antagonists.
Science. 2010;329(5994):959-964.

Nikkheslat N. Targeting inflammation in depression: ketamine as
an anti-inflammatory antidepressant in psychiatric emergency.
Brain Behav Immun Health. 2021;18:100383.

Peltoniemi MA, Hagelberg NM, Olkkola KT, Saari TI. Ketamine: a
review of clinical pharmacokinetics and pharmacodynamics in an-
esthesia and pain therapy. Clin Pharmacokinet. 2016;55(9):1059-1077.
Zekry O, Gibson SB, Aggarwal A. Subanesthetic, subcutaneous
ketamine infusion therapy in the treatment of chronic nonmalig-
nant pain. | Pain Palliat Care Pharmacother. 2016,30(2):91-98.
Wright M. Pharmacologic effects of ketamine and its use in vet-
erinary medicine. ] Am Vet Med Assoc.1982;180(12):1462-1471.
Sarrau S, Jourdan ], Dupuis-Soyris F, Verwaerde P. Effects of
postoperative ketamine infusion on pain control and feeding
behaviour in bitches undergoing mastectomy. | Small Anim Pract.
2007;48(12):670-676.

Wagner AE, Walton JA, Hellyer PW, Gaynor JS, Mama KR. Use
of low doses of ketamine administered by constant rate infusion

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

as an adjunct for postoperative analgesia in dogs. | Am Vet Med
Assoc. 2002;221(1):72-75.

Stillman MW, Whittaker AL. Use and efficacy of analgesic agents
in sheep (Ovis aries) used in biomedical research. | Am Assoc Lab
Anim Sci. 2019;58(6):755-766.

Kawamata T, Omote K, Sonoda H, Kawamata M, Namiki A. An-
algesic mechanisms of ketamine in the presence and absence of
peripheral inflammation. Anesthesiology. 2000;93(2):520-528.
Qian J, Brown SD, Carlton SM. Systemic ketamine attenuates
nociceptive behaviors in a rat model of peripheral neuropathy.
Brain Res. 1996;715(1-2):51-62.

Wang ], Goffer Y, Xu D, et al. A single subanesthetic dose of keta-
mine relieves depression-like behaviors induced by neuropathic
pain in rats. Anesthesiology. 2011;115(4):812-821.

Zanos P, Moaddel R, Morris PJ, et al. Ketamine and ketamine
metabolite pharmacology: insights into therapeutic mechanisms.
Pharmacol Rev. 2018;70(3):621-660. d0i:10.1124/pr.117.015198.
Fraga DB, Réus GZ, Abelaira HM, et al. Ketamine alters behavior
and decreases BDNF levels in the rat brain as a function of time
after drug administration. Braz | Psychiatry. 2013;35(3):262-266.
Garcia LSB, Comim CM, Valvassori SS, et al. Acute administra-
tion of ketamine induces antidepressant-like effects in the forced
swimming test and increases BDNF levels in the rat hippocampus.
Prog Neuropsychopharmacol Biol Psychiatry. 2008;32(1):140-144.
Wang N, Yu H-Y, Shen X-F, et al. The rapid antidepressant ef-
fect of ketamine in rats is associated with down-regulation of
pro-inflammatory cytokines in the hippocampus. Ups | Med Sci.
2015;120(4):241-248.

Kohrs R, Durieux ME. Ketamine: teaching an old drug new tricks.
Anesth Analg. 1998;87(5):1186-1193.

Dale O, Somogyi AA, Li Y, Sullivan T, Shavit Y. Does intraop-
erative ketamine attenuate inflammatory reactivity following
surgery? A systematic review and meta-analysis. Anesth Analg.
2012;115(4):934-943.

De Kock M, Loix S, Lavand’homme P. Ketamine and peripheral
inflammation. CNS Neurosci Ther. 2013;19(6):403-410.

Getachew B, Aubee ]I, Schottenfeld RS, Csoka AB, Thompson
KM, Tizabi Y. Ketamine interactions with gut-microbiota in rats:
relevance to its antidepressant and anti-inflammatory properties.
BMC Microbiol. 2018;18(1):222.

Loix S, Kock MD, Henin P. The anti-inflammatory effects of keta-
mine: state of the art. Act Anaesthesiol Belg. 2011;62(1):47-58.
Wang C-Q, Ye Y, Chen F, et al. Posttraumatic administration of a
sub-anesthetic dose of ketamine exerts neuroprotection via attenu-
ating inflammation and autophagy. Neuroscience. 2017;343:30-38.
Klune CB, Larkin AE, Leung VSY, Pang D. Comparing the rat
grimace scale and a composite behaviour score in rats. PLoS One.
2019;14(5):e0209467.

Oliver V, De Rantere D, Ritchie R, Chisholm J, Hecker KG,
Pang DS]J. Psychometric assessment of the rat grimace scale
and development of an analgesic intervention score. PLoS One.
2014;9(5):€97882.

Sotocinal SG, Sorge RE, Zaloum A, et al. The rat grimace scale: a
partially automated method for quantifying pain in the laboratory
rat via facial expressions. Mol Pain. 2011;7:55.

Gallo MS, Karas AZ, Pritchett-Corning K, Garner Guy Mulder JP,
Gaskill BN. Tell-tale TINT: does the time to incorporate into nest
test evaluate postsurgical pain or welfare in mice? | Am Assoc Lab
Anim Sci. 2020;59(1):37-45.

Oliver VL, Thurston SE, Lofgren JL. Using cageside measures to
evaluate analgesic efficacy in mice (Mus musculus) after surgery.
] Am Assoc Lab Anim Sci. 2018;57(2):186-201.

Gaskill BN, Karas AZ, Garner JP, Pritchett-Corning KR. Nest build-
ing as an indicator of health and welfare in laboratory mice. | Vis
Exp. 2013,82:51012.

Schwabe K, Boldt L, Bleich A, et al. Nest-building performance
in rats: impact of vendor, experience, and sex. Lab Anim.
2020;54(1):17-25.

Roughan JV, Flecknell PA. Behavioural effects of laparotomy
and analgesic effects of ketoprofen and carprofen in rats. Pain.
2001;90(1-2):65-74.

478

$S900E 93J) BIA |L0-60-GZ0Z Je /wod Aiooeignd-poid-swid-yiewlaiem-jpd-awiid//:sdiy wouy papeojumoq


https://doi.org/10.1124/pr.117.015198

70.

71.

72.

73.

Roughan JV, Flecknell PA. Evaluation of a short duration behav-
iour-based post-operative pain scoring system in rats. Eur | Pain.
2003;7(5):397-406.

Roughan JV, Flecknell PA. Effects of surgery and analgesic admin-
istration on spontaneous behaviour in singly housed rats. Res Vet
Sci. 2000;69(3):283-288.

Houston ER, Tan SM, Thomas SM, et al. Pharmacokinetics and
efficacy of a long-lasting, highly concentrated buprenorphine
solution in rats. | Am Assoc Lab Anim Sci. 2021,;60(6):667—674.
Rojas-Carvajal M, Brenes JC. Acute stress differentially affects
grooming subtypes and ultrasonic vocalisations in the open-field
and home-cage test in rats. Behav Processes. 2020;176:104140.

74.

75.

76.

77.

78.

Analgesic effects of subcutaneous ketamine in female rats

Charan ], Kantharia ND. How to calculate sample size in animal
studies? | Pharmacol Pharmacother. 2013;4(4):303-306.

Miller AL, Golledge HDR, Leach MC. The influence of isoflurane an-
aesthesia on the rat grimace scale. PLoS One. 2016;11(11):e0166652.
Cloutier S, LaFollette MR, Gaskill BN, Panksepp J, Newberry RC.
Tickling, a technique for inducing positive affect when handling
rats. ] Vis Exp. 2018;135:57190.

Takeda N, Hasegawa S, Morita M, Matsunaga T. Pica in rats is
analogous to emesis: an animal model in emesis research. Pharmacol
Biochem Behav. 1993;45(4):817-821.

Woolf CJ. Somatic pain—pathogenesis and prevention. Br | Anaesth.
1995;75(2):169-176.

479

$S9008 93J) BIA |L0-60-GZ0Z e /woo Aiooeignd-poid-swid-yiewlsiem-jpd-awiid//:sdiy wouy papeojumoq



	The Effects of Subcutaneous Ketamine on 
﻿Postlaparotomy Analgesia and Behavior in 
﻿Female Sprague–Dawley Rats (﻿Rattus norvegicus﻿)
	Abbreviations and Acronyms: 
	Introduction
	Materials and Methods
	Experimental animals.
	Ethical review.
	Study design.
	Midline laparotomy.
	Behavioral observations and pain assessment.
	Video scoring.
	Cage-side assessments.
	Fluorescent oil application and grooming transfer.
	Food collection and weight.
	Nest complexity scoring.

	Statistical methods.

	Results
	Behavioral observations and pain assessment.
	Video scoring.
	Cage-side assessment.
	Neck fluorescence score.
	Nest building and complexity score.


	Discussion
	Acknowledgments
	Conflict of Interest
	Funding
	Generalizability/Translation
	Protocol Registration
	Data Availability
	References


