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In many countries, the recorded incidence of cerebral stroke 
is high.15 The primary cause of ischemic stroke in humans is ob-
struction of a cerebral artery, which results in infarction of a local-
ized part of the brain. Because stroke is a vascular disease and 
because of the complexity of the brain’s response to injury, no in 
vitro systems can presently replace the use of in vivo models in 
stroke research.23 A frequently used animal model of stroke is the 
middle cerebral artery occlusion (MCAO). This model resembles 
the embolic stroke seen in humans63 and results in infarction in 
the cerebral cortex and caudate putamen.

The use of analgesia in stroke models has been neglected. Pain-
sensitive structures in the brain are limited to the cerebral and 
dural arteries; cranial nerves V, IX, and X; and parts of the dura at 
the base of the brain;68 these structures rarely are damaged during 
ischemic stroke. However, in surgical stroke models, the incision 
through the skin and muscles and damage to the skull and perios-
teum are likely to cause pain, given that nociceptors are present in 
these tissues.45 Currently, limited information exists on the degree 
of pain and stress in laboratory mice after damage to structures 
affected during surgery to occlude the middle cerebral artery 

(MCAO model). Even routine procedures can increase corticos-
terone levels in laboratory mice,5 and anesthesia alone activates 
the hypothalamic–pituitary–adrenal axis and the sympathoadre-
nal system.3,65 Therefore, surgical induction of stroke is likely to 
cause both pain and stress. Stress affects the cardiovascular and 
metabolic systems and many components of the immune system7 
and may significantly alter research outcomes. In the CNS, acute 
and chronic stress may have structural and neurophysiologic 
consequences in hippocampus, amygdala, prefrontal cortex, and 
the paraventricular nucleus of the hypothalamus (for review, see 
reference 34). Furthermore, pain and stress may increase inter-
animal variation,37 thereby increasing the risk of type II errors as 
more animals are needed to obtain statistically significant results 
of sufficient power.

One of the main concerns with using analgesia in experi-
mental models is the possible risk of the drug confounding the 
research.55,60 This concern has limited the use of analgesia in sev-
eral murine models. Studies investigating the neuroprotective 
effects of high doses of NSAID4 or the neurotoxicity of high doses 
of opioids42 have fostered the idea that the analgesia may bias 
experimental results. However, in the studies cited,4,42 analgesic 
doses much higher than recommended clinical doses were used. 
Furthermore, most of the studies investigating the effects of anal-
gesia on stroke outcome evaluated brain injury only hours after 
surgery. However, the short-term consequences of neuroprotection  
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of Justice (license number 2006/561 to 1263). All procedures were 
performed in accordance with the Guide for the Care and Use of 
Laboratory Animals31 in a fully AAALAC-accredited facility.

Animals. Male C57BL/6 mice (n = 60; age, 8 to 10 wk; Taconic, 
Ry, Denmark) were used in the study. Mice were vendor-designat-
ed as SPF for mouse hepatitis virus, mouse minute virus, mouse 
parvovirus, mouse rotavirus, encephalomyelitis virus, pneumo-
nia virus of mice, Sendai virus, lymphocytic choriomeningitis 
virus, murine norovirus, ectromelia virus, Hantaan virus, mouse 
adenovirus types 1 and 2, mouse cytomegalovirus, respiratory 
enteric virus III, K virus, lactic dehydrogenase elevating virus, 
polyoma virus, thymic virus, β-hemolytic Streptococcus spp., Bor-
detella broncoseptica, Citrobacter rodentium, Clostridium piliforme, 
Corynebacterium kutscheri, Klebsiella oxytoca, Klebsiella pneumonia, 
Mycoplasma spp., Pasteurella pneumotropica, other Pasteurella spp., 
Pseudonomonas aeruginosa, Salmonella spp., Staphylococcus aureus, 
Streptococcus pneumonia, cilia-associated respiratory bacillus, Heli-
cobacter hepaticus, Helicobacter bilis, Pneumocystis carinii, and endo- 
and ectoparasites. The mice were housed individually on arrival 
at the facility and acclimated to the new surroundings for at least 
7 d before entering the study. Individual housing was used in 
the experimental setup to enable individual measurements of 
food consumption and fecal corticosterone levels and to control 
the dosing of buprenorphine in the voluntary ingestion strategy. 
Mice were housed in polycarbonate cages (Tecniplast, Varese, 
Italy) with food pellets (no. 1319, Altromin, Lage, Germany) and 
acidified tap water provided ad libitum. Wood chips (Tapvei Oy, 
Kortteinen, Finland) were used as bedding. Bite bricks (Tapvet, 
Tapvei, Kortteinen, Finland), a small handful of nesting material 
(about 13 to 16 g; Enviro-dri , Shepherd Specialty Papers, Milford, 
NJ), and a cardboard house (Brogaarden, Gentofte, Denmark) 
were provided as environmental enrichment. Room temperature 
was maintained at 20 ± 2 °C, air humidity was within the range 
of 30% to 60%, and lighting was regulated as a 12:12-h light:dark 
cycle (lights on, 0630).

Groups. The mice were randomly divided into 6 groups of 10 
mice each. One group (ANEST) underwent isoflurane anesthesia 
only. Another group (SHAM) underwent the same anesthesia and 
surgical manipulations (except for occlusion of the middle cere-
bral artery) as did those that underwent the MCAO procedure.

The remaining 40 mice underwent MCAO. One group (MNA) 
of these mice were not given any analgesia except for local analge-
sia at the incision site; 10 mice (MMEL) were given meloxicam (5 
mg/kg SC; Metacam, Boehringer Ingelheim Vetmedica, St Joseph, 
MO) about 1 h before surgery and again at 24 h after the MCAO 
procedure; 10 mice (MBUPsc) received subcutaneous buprenor-
phine (0.05 mg/kg; Temgesic, Schering-Plough Europe, Brussels, 
Belgium) at 1 h before and again at 8, 16, 24, 32 and 48 h after 
surgery; and 10 mice (MBUPvol) were provided buprenorphine 
by voluntary ingestion as described previously.1,32 In short, 2 d 
before surgery, these mice were habituated to chocolate–hazelnut 
spread by offering them a small amount of the spread on a piece 
of adhesive tape placed 2 cm above bedding height. The mice 
then received 0.5 mg/kg buprenorphine as treated spread (5 g/
kg in Nutella [Ferrero, Pino Torinese, Italy]) on the day of surgery 
and again 24 h later. All mice ate the entire dose within minutes 
after administration.

All mice were euthanized 8 d after the procedure.
Surgery. Surgery was performed between 0900 and 1230. The 

same person anesthetized and performed surgery on all mice, in 

or neurotoxicity may diminish in long-term studies, as has been 
seen with isoflurane, for example.40,69 In a recent study, buprenor-
phine was effective in reducing pain in a rat model of global 
ischemic stroke, and the analgesic treatment did not hamper 
histologic evaluation of the experimental outcome.37 Whether 
analgesia at clinically relevant doses is beneficial, detrimental, 
or without effect on stroke outcome in the laboratory mouse is 
unknown.23

In the present study, we determined whether 2 analgesic treat-
ments—buprenorphine and meloxicam—at doses clinically rel-
evant in laboratory animal experimentation19,20 could be used to 
refine a well-validated MCAO model without adverse effects on 
infarct volume. Both analgesics are commonly used in labora-
tory animal experimentation.18 Buprenorphine is a highly potent 
opioid that acts as a partial agonist of the μ receptor subtype and 
that has reduced pain in laboratory rodents experiencing mildly 
or moderately invasive surgical procedures.19 The recommended 
dosage of buprenorphine is by subcutaneous injection every 8 
h,20 but analgesia can also be provided by letting mice voluntarily 
consume the drug.32,38 Meloxicam is a potent inhibitor of cycloox-
ygenase 2 and has analgesic, antiinflammatory, and antipyretic 
properties.17

Analgesiometric studies58 have been used frequently to evalu-
ate the clinical effects of analgesia. However, the knowledge ob-
tained from analgesiometric studies may have little relevance in 
the clinical evaluation of postsurgery pain because the pathol-
ogy of the pain stimulated in these tests is not comparable to that 
of postoperative pain.10,58 Clinical studies evaluating the pain of 
specific surgical procedures are therefore important to refine an-
algesic treatment and to ensure optimal postsurgical welfare.2 We 
here evaluated the pain-related response to the MCAO proce-
dure in mice by measuring food consumption, body weight, and 
fecal corticosterone metabolites (FCM). Previous studies have 
demonstrated that these parameters may be useful indicators 
of postsurgical pain in mice,33,70 because surgical procedures in-
duce the release of glucocorticoids to stimulate the hypothalamic–
pituitary–adrenal axis and because proinflammatory cytokines 
affect basic behaviors, such as feeding.24,41 Furthermore, several 
studies have demonstrated that surgical procedures such as va-
sectomy, partial hepatectomy, and removal of the mammary fat 
pad result in behavioral changes indicative of pain in mice.2,33,64 
In the present study, behavioral profiles were recorded by us-
ing HomeCageScan computer software.59 This methodology has 
previously been validated in laboratory mice as an effective tool 
to obtain reliable information on behavioral profiles.14,59 We used 
behavioral analysis to assess responses to the surgical procedure 
and the various analgesic treatments and was repeated 8 d later 
to evaluate behavioral changes due to the infarction. Human pa-
tients who survive cerebral stroke often experience various types 
of pain such as central poststroke pain or shoulder pain, months 
to years after the incident.36 However, because the pain in these 
patients is multifactorial in origin and usually develops over con-
siderable time, the assessment plan we used was designed only 
to investigate surgically induced pain.

We evaluated the potential effect of analgesia on histologic out-
come by estimating infarction volume after MCAO in mice.

Materials and Methods
The experiments performed in this study were approved by 

the Animal Experiments Inspectorate under the Danish Ministry 
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crossreactivity equivalent of 7.4% with progesterone, 3.4% with 
deoxycorticosterone, 1.6% with 11-dehydrocorticosterone, 0.3% 
with cortisol and pregnenolone, and less than 0.1% with other ste-
roids. The absorbencies were recorded at 450 nm (Thermo Fisher 
Scientific, Waltham, MA). Results are presented as total nano-
grams FCM excreted per 24 h.26

Behavioral observations were obtained by video recording with 
digital cameras (GZ MG6800, JVC, Yokohama, Japan). The camera 
was fixed on a tripod and placed so that the entire cage could be 
seen at all times. At 10 min before video recording, all enrichment 
items were removed so the mouse could be fully viewed at all 
times. Each mouse was filmed for 20 min. On the day of surgery 
the filming began 4 h after the mice had regained the righting 
reflex.

On day 8 after surgery, mice were moved to the filming area at 
0730. Mice were allowed to acclimate to the room for 2 h, enrich-
ment items were removed, and the 20-min videorecording session 
began 10 min later. For recording, one person entered the room, 
turned on the camera (one camera per cage), and then left the 
room. No other persons entered the room during the recording. 
Each video was analyzed at the end of the study by using the 
HomeCageScan system (CleverSys, Reston, VA).

Histologic preparation. At 8 days after surgery, all mice were 
euthanized by intraperitoneal injection of pentobarbital (0.1 to 0.2 
mL; 200 mg/mL). Lidocaine hydrochloride (20 mg/mL, Glostrup 
Apotek, Glostrup, Denmark) was added to the pentobarbital so-
lution to reduce intraperitoneal pain due to the alkaline prop-
erties of the barbiturate. When the paw reflex was absent, mice 
were perfused transcardially with isotonic saline until blood was 
cleared from the circulation, after which 4% paraformaldehyde 
(VWR International, Leuven, Belgium) was infused for 10 min. 
Brains were postfixed in 4% paraformaldehyde for at least 24 h 
before being embedded in paraffin. At 400-µm intervals, 7 coronal 
slices (thickness, 4 µm) were made at each of 10 levels; 1 of each 
group of 7 slices was stained with hematoxylin and eosin.

Estimation of infarct volume. Infarct volumes were estimated ac-
cording to the Cavalieri principle,57 which states that the volume 
of any arbitrarily shaped object can be estimated by sectioning it 
into a set of parallel planes with known spacing and measuring 
the cross-sectional area ai of the object in each of the m planes. The 
estimated volume V is:

,

where t is the known distance between sections and m is the 
number of slices into which the object is sectioned. A blinded ob-
server estimated cross-sectional areas by using a 2-dimensional 
nucleator on hematoxylin–eosin-stained coronal brain sections, 
and CAST-GRID software (Olympus Denmark A/S, Ballerup, 
Denmark).

Statistical analysis. Data were analyzed by using PASW Sta-
tistics version 18 (SPSS, Chicago, IL) or Prism 5.01 (GraphPad 
Software, La Jolla, CA). P values less than 0.05 were considered 
significant. Data were tested for normality by using Q-Q-plots 
and the Shapiro–Wilks test, and log transformations were used 
when appropriate. Blood measurements were analyzed by one-
way ANOVA with the Tukey posthoc test. Differences in food 
consumption, body weight, core body temperature, and FCM 
between groups were tested separately, both for effects across the 

a randomized order. The surgeon was well experienced with the 
procedures and blinded to the analgesic treatment schedule. Mice 
were placed in an induction chamber, and anesthesia was induced 
with 5% isoflurane (Forene, Abbot Scandinavia, Stockholm, Swe-
den) delivered in pure oxygen. Once the paw withdrawal reflex 
was absent, mice were shaved at the incision site and attached to 
an anesthetic face mask for spontaneous respiration. Isoflurane 
was maintained at approximately 2.5% to ensure adequate anes-
thesia. Mice were placed on a heating pad (HB101, Panlab, Cor-
nella, Spain), and rectal body temperature was maintained at 36 
to 38 °C. The skin was disinfected with 80% ethanol. All mice that 
underwent surgery received subcutaneous lidocaine (10 mg/mL, 
Glostrup Apotek, Glostrup, Denmark) at the incision site before 
the incision was made through the skin. The skin incision was 
made through the temporal muscle between the lateral part of 
the orbit and the external auditory meatus. A hole (diameter, 1 to 
2 mm) was drilled directly over the distal part of the right MCA, 
the dura mater was removed, and the MCA was occluded by ap-
plying bipolar forceps coupled to an electrosurgical unit (ERBE 
VIO 100 C, Mediplast NC Nielsen, Balling, Denmark). The skin 
was closed with interrupted sutures of 6-0 polyglactin 910 (Vicryl, 
Ethicon, St Stevens Woluwe, Belgium). The time of the procedure, 
from induction of anesthesia to regaining righting reflex was 10 
to 15 min. The mice were allowed to recover in a quiet room, in 
which filming of the behavioral analyses was performed. Anes-
thetized mice without surgery (ANEST group) were anesthetized 
by using 5% isoflurane delivered in pure oxygen for induction 
and were maintained for 10 to 15 min at 2.5% isoflurane in oxy-
gen. Sham surgery consisted of the same surgical approach as the 
MCAO procedure, except for coagulation of the MCA.

Immediately after the procedure, 2 mice in each experimental 
group underwent intracardiac blood sampling during anesthesia. 
Blood samples were analyzed for pH, pCO2, pO2, sO2, Hgb, Hct, 
K+, Na+, Ca2+, glucose, lactate, HCO3

–, and base excess (ABL 700, 
Radiometer A/S, Brønshøj, Denmark). After blood samples were 
obtained, anesthetized mice were euthanized by cervical disloca-
tion.

Data collection. Data were obtained daily between 0800 and 
1030. For each mouse, body weight, food consumption, body 
temperature, and amount of FCM were recorded for 3 d before 
the procedures and for 7 d after surgery or anesthesia. Daily food 
consumption was calculated by subtracting the measured weight 
of food from the amount measured the previous day. Body tem-
peratures were obtained by using a temperature probe (BAT12, 
Physitemp Instruments, Clifton, NJ). At the time of weighing, all 
bedding was removed from each cage and frozen at −21 °C, for 
later separation and collection of fecal pellets. The nesting mate-
rial, mouse hut, and cage were reused for each mouse throughout 
the experiment to maintain individual olfactory signals within the 
mouse’s environment, thereby minimizing stress associated with 
bedding change. FCM were quantified as described previously.39,61 
In short, corticosterone metabolites were extracted by incubating 
feces in 96% ethanol (5 mL/g feces) overnight. FCM levels were 
analyzed in duplicate by using DRG-Diagnostics Corticosterone 
ELISA (EIA4164, DRG Instruments, Marburg, Germany) in accor-
dance with the manufacturer’s instructions. Standards included 
in the kit were replaced by a custom 9-point standard curve pre-
pared in 96% ethanol from analytical-grade corticosterone (cata-
log no. 46148, Sigma-Aldrich, St Louis, MO) in concentrations 
from 50 to 0.19 ng/mL. The kit has been verified to have a 
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Figure 1. Food consumption, body temperature, and fecal corticosterone 
metabolites the day after isoflurane anesthesia only (ANEST), sham sur-
gery (SHAM), or occlusion of the middle cerebral artery (M). Mice in the 
MNA group received no analgesia except lidocaine infiltration at the in-
cision site; those in the MMEL group received meloxicam (5 mg/kg SC); 
mice in the MBUPsc received subcutaneous buprenorphine (0.05mg/
kg); and those in the MBUPvol group received 0.5 mg buprenorphine 
mixed in 5 mg/kg chocolate–hazelnut spread for voluntary ingestion as 
analgesic treatment. Error bars, SEM; *, significant (P < 0.05) difference 
between groups.

entire studied period (7 d) by using repeated-measures ANO-
VA and for immediate effects after surgery (or anesthesia with-
out surgery) on day 1 by using one-way ANOVA. To improve  
the models, average values of the variables for presurgical days 
(−3 to −1) were offered as explanatory covariates, the anesthetized-
only mice were used as the reference category, FCM data were 
log-transformed, and, to avoid listwise exclusion of data, an  
expectation–maximization algorithm was used to replace missing 
values for repeated-measures ANOVA. All missing values could 
be considered as missing completely at random. Behavioral data 
were analyzed for latent variables by using principal component 
analysis. Differences between groups in duration in these latent 
behavioral trends were tested by using repeated-measures mul-
tivariate ANOVA.

When scored by the blinded observer, no mice that were anes-
thetized without surgery or underwent the sham procedure had 
infarcts. Therefore, only MCAO mice were included in the one-
way ANOVA of log-transformed values for infarction volume.

Results
Blood measurements. No differences were seen between treat-

ment groups in pH, pCO2, pO2, sO2, Hgb, Hct, K+, Ca2+, glucose, 
lactate, HCO3

–, or base excess. However Na+ differed significantly 
(F5,11 = 4.714, P = 0.043) between groups, with MBUPsc mice hav-
ing lower (P = 0.037) levels compared with those in SHAM mice.

Food consumption, body weight, body temperature, and FCM. 
Repeated-measures ANOVA revealed within-subjects effects of 
the different treatments on food intake (F30,246 = 5.1, P < 0.001), 
body weight (F30,246 = 2.8, P < 0.001), and body temperature (F30,246 
= 1.7, P < 0.05). The within-subjects effects mainly occurred be-
tween the first day(s) after surgery and the overall experimental 
period. No significant between-subjects effects were found when 
the entire period was considered.

One-way ANOVA revealed differences on day 1 in food con-
sumption (F5,41 = 9.7, P < 0.001), and body temperature (F5,41 
= 4.6, P < 0.01). Buprenorphine-treated mice consumed less (P 
< 0.01 for both MBUPsc and MBUPvol) feed than did ANEST 
mice, and meloxicam- (MMEL) and buprenorphine- (MBUPsc 
and MBUPvol) treated mice exhibited significantly (P < 0.01 for 
all 3 groups) increased body temperatures compared with those 
of ANEST mice (Figure 1). The decrease in food consumption 
caused body weight on the first day after surgery to show a trend 
(F5,41 = 2.4, P = 0.052) toward being lower in the buprenorphine-
treated mice than anesthesia-only mice. FCM on day 1 tended 
(F5,41 = 2.1, P = 0.08) to be lowest in MBUPvol mice (Figure 1).

Behavior. The duration of 29 behaviors recorded reduced to 5 
latent variables that explained 68.9% of the variance in the data 
(Table 1), by using principal components (PC) extraction with a 
varimax rotation. The extracted components could be described 
as collecting general activity (PC1), climbing behavior (PC2), 
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significantly (Tukey post hoc, P = 0.019) smaller infarcts than 
those in MCAO mice without analgesia (Figure 2).

Discussion
The current study demonstrated that automatic scoring of be-

havior in mice by using commercially available software has the 
potential to be a relevant tool in stroke research. In particular, 
the analysis of the behavioral profiles of our mice showed that 
exploratory behavior was related to infarct size. Analgesia with 
meloxicam at a clinically relevant dose reduced infarct volume, 
whereas mice with MCAO and buprenorphine treatment did 
not differ significantly from MCAO mice without analgesia. This 
finding indicates that clinically relevant doses of buprenorphine 
can be used in male C57BL/6 mice that undergo MCAO with-
out adverse effects on infarct volume. Furthermore, mice that 
received buprenorphine through the voluntary ingestion method 
tended to have the lowest levels of FCM.

The present study showed that food consumption, and conse-
quently body weight, was lower in mice treated with buprenor-
phine the day after surgery than in other groups. This difference 
was not unexpected, because reduced food intake is a common 
side effect of the opioid.27 Analysis of food consumption across all 
days in the present study revealed no differences between groups. 
The same phenomenon was seen for body temperature: the day 

rearing/exploratory behavior (PC3), low-activity behavior (PC4), 
and feeding/static behaviors (PC5). The durations of the behav-
iors did not differ significantly (F25,170 = 0.091, P = 0.99) between 
groups. However, when buprenorphine analgesia was used as 
an explanatory variable (both injections and voluntary ingestion) 
and infarct volume was included as a covariate, an explanatory 
model could be constructed. Buprenorphine had a between-sub-
jects effect (F5,33 = 3.1, P < 0.05), whereas time (F5,33 = 4.8, P < 0.01) 
and infarct volume (infarction size × time: F5,33 = 3.6, P < 0.05) were 
found to assert within-subjects effects. Buprenorphine-treated 
mice exhibited more low-activity behavior soon (approximately 4 
h) after surgery (F1,37 = 7.0, P < 0.01) than on day 8 (buprenorphine 
× time: F1,37 = 7.4, P < 0.01); in other words, the effect was present 
only while mice were receiving analgesia. Moreover, buprenor-
phine-treated mice exhibited increased feeding/reduced static 
behavior throughout the experiment (F1,37 = 4.5, P < 0.05). Infarct 
size exerted a within-subjects effect on rearing/exploratory be-
havior soon after surgery but not on day 8 (infarction size × time: 
F1,37 = 5.5, P < 0.05); the larger the infarct, the fewer the rearing and 
sniffing behaviors. Overall, all mice exhibited increased climbing 
behavior (effect of time: F1,37 = 8.5, P < 0.01) and decreased (effect 
of time: F1,37 = 5.4, P < 0.05) static behavior/increased feeding be-
havior on day 8 compared with soon after surgery.

Infarct volume. Infarct size was dependent on the postsurgical 
treatment (F3,28 = 3.371, P = 0.032), with MMEL mice presenting 

Table 1. Behavioral observations evaluated through principal component analysis

Principal component 
explainable variable Description Behavioral categories

Approximately 
4 h after surgery Day 8 after surgery

1 General activity RearUp, ComeDown, Walk, 
Turn, RemainRearUp, WalkSlow, 

ComeDowntoPartialRear, RearUp-
fromPartialRear, Jump

2 Climbing behavior HangCuddled, HangVer-
ticalfromHangCuddled, 

RemainHangVertical, 
RemainHangCuddled, HangVertical-

fromRearUp, 
LandVertical

ANEST↑
SHAM↑
MNA↑

MMEL↑
MBUPsc↑

MBUPvol↑

3 Rearing/exploratory behavior ComeDownfromPartialRear, 
RearUptoPartialRear, Sniff, Remain-

PartialRear

4 Low-activity behavior Twitch, Sleep, Awaken, RemainLow MBUPsc↑
MBUPvol↑

5a Feeding/reduced static behaviors Eat, Groom, Drink, Stationary MBUPsc↑ ANEST↑
MBUPvol↑ SHAM↑

MNA↑
MMEL↑

MBUPsc↑
MBUPvol↑

↑ illustrates an increase in the PC variable.
aThe factor loadings in component 5 revealed a positive correlation between eating and drinking behavior (PC5 factor loadings: Eat, 0.795; Drink, 0.559), 
both of which were negatively correlated with grooming and stationary behavior (PC5 factor loadings: Groom, –0.649; Stationary, –0.485). The 
component was named Feeding/reduced static behaviors to illustrate the covered behaviors.
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In mice, behavioral assessment of pain and stress is compli-
cated by the species’ natural behavior as a prey animal and its 
adaption to situations that might compromise their welfare. Even 
when used to follow disease development and to characterize 
model-based behavioral parameters, behavioral testing requires 
large sample sizes and consistent testing conditions and may be 
highly influenced by sex, age, strain, time of observation, the sur-
rounding environment, and so forth44,66 These constraints have 
led some authors to assume that behavioral observations are 
either too difficult to include as or too subjective to be part of 
scientific evaluations. However, several recent studies have dem-
onstrated that behavioral observations were effective in assessing 
postsurgical pain, both when scored manually and with the use 
of computer software.33,59,70 In addition to being the only noninva-
sive parameter that gives immediate information regarding the 
welfare of the animals, behavioral parameters, when used cor-
rectly, are useful to describe model-induced changes. In 2009, the 
Stroke Therapy Academic Industry Roundtable recommended 
that behavioral analyses, as supplement to histologic or molecu-
lar outcomes, are essential for moving experimental therapies in 
laboratory animals forward to human trials.16 Several available 
behavioral tests, including the corner, cylinder, and adhesive-tape 
tests, have proven somewhat successful in differentiating the ef-
fects of brain ischemia,22,46 but the results obtained are highly vari-
able.13 Furthermore, limited information exists on the correlation 
between histologic and behavioral test outcomes,47,67 and inter-
pretation of cognitive data in stroke research may be problematic, 
because brain infarction is often associated with sensorimotor 
deficits that may be confounding factors in complex behavioral 
tests.13 Furthermore, because strain-associated differences in re-
sponses to pain assays51,52 and traditional behavioral testing,56 
observations of natural, unprovoked behavior may be less biased 
and more generally representative of the animals’ condition and 
may therefore be a useful tool in characterizing the effects of ce-
rebral infarction.

In the present study, we used an automated behavioral scoring 
system to obtain information on the behavioral profile at 4 h and 
8 d after the induction of focal ischemic stroke. The behavioral 
analysis at 4 h after the procedure was used to assess the pain as-
sociated with the surgical procedure, whereas behavioral analyses 
at 8 d afterward were used to assess the behavioral consequences 
of ischemic stroke. The behavioral profiles analyzed through 
principal component analysis demonstrated that buprenorphine-
treated mice exhibited more low-activity behavior (for example, 
sleeping) immediately after surgery than did other mice. This 
result may reflect the narcotic properties of buprenorphine, al-
though other studies have demonstrated an opposite outcome.12,21 
The increased inactive behavior that we noted may also indicate 
a quicker return to the normal circadian behavioral rhythm, in 
which inactivity and sleeping are highly prevalent during day-
time.62 The analyses showed that infarct size was negatively cor-
related with the frequency of rearing/exploratory behavior after 
the operation: the larger the infarct, the fewer the rearing and 
sniffing behaviors that were noted. This information agrees well 
with results from rats with MCAO, which showed less rearing 
and exploratory activity in anxiety tests, such as the open field 
and elevated plus maze tests.25,67 When the behavioral profiles 
at 4 h and 8 d after surgery were compared, all mice exhibited 
increased climbing behavior, decreased static behavior, and  

after surgery, mice that received buprenorphine or meloxicam an-
algesia had higher body temperatures than did anesthetized-only 
mice, but over the entire study period, there was no difference 
between the 6 groups. Human patients often show increases in 
body temperature after cerebral stroke54 and body temperature is 
known to be a major determinant of infarct size in animal mod-
els.49 However, only prolonged duration or biologically signifi-
cant hyperthermia affects infarct volume,11 and given that mean 
values in all groups remained within the range of published refer-
ence values of body temperature for mice,53 the temperature in-
crease in the analgesia-treated groups the day after surgery likely 
is clinically irrelevant. As mice rarely habituate to procedures,28,29 
the temperature monitoring in the present study may have been 
a significant stressor to the mice and thereby may have biased 
the data obtained through repeated measurements. This stressor 
might also have affected FCM levels, thereby obscuring beneficial 
effects of reduced postsurgical stress in mice treated with anal-
gesia. This potential effect may be apparent in the group of mice 
that received buprenorphine by the voluntary ingestion method, 
whose FCM tended to be (but were not quite significantly) lower 
than those of other groups for several days after the procedure. 
Because all mice that underwent surgery received local analgesia 
with lidocaine, pain perception in regard to the skin and muscle 
incision likely was inhibited. However, it is unlikely that lido-
caine affected nociceptors in the periosteum of the skull. The lack 
of difference in FCM between groups therefore may reflect low 
sensitivity of this parameter, and therefore calls into question the 
reliability of FCM as biomarker of moderate pain in mice. Fur-
thermore, given that variations in FCM measurements are often 
greater than those of blood levels of the hormones, larger group 
sizes may be needed to obtain sufficient statistical power for this 
parameter.

Figure 2. Infarct volume in mice that underwent MCAO. Mice in the 
MNA group received no analgesia except lidocaine infiltration at the in-
cision site; those in the MMEL group received meloxicam (5 mg/kg SC); 
mice in the MBUPsc received subcutaneous buprenorphine (0.05mg/
kg); and those in the MBUPvol group received 0.5 mg buprenorphine 
mixed in 5 mg/kg chocolate–hazelnut spread for voluntary ingestion as 
analgesic treatment. Error bars, SEM; *, significant (P < 0.05) difference 
between groups.
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ygenase inhibition occurred during reperfusion. In the current 
study, meloxicam decreased the infarct volume even though the 
occlusions were permanent. However, vulnerability to cerebral 
ischemia differs between mice of various genetic backgrounds,9,48 
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In conclusion, our current data suggest that buprenorphine, 
but not meloxicam, can be used as an analgesic in C57BL/6 male 
mice that undergo permanent MCAO without adverse effects on 
infarct volume. Buprenorphine ingested voluntarily resulted in 
the lowest levels of FCM, thereby indicating pain relief, and there-
fore has the potential to refine the traditional analgesic strategy 
associated with this model. Side effects associated with buprenor-
phine, such as reduced food consumption, were of short duration 
and occurred only during the treatment period. These possibly 
short-term adverse consequences should be weighed against the 
potential to reduce postsurgical stress, improve the welfare of the 
mice, and to refine the model. Furthermore, the behavioral analy-
sis demonstrated that observation of natural, unprovoked behav-
iors may aid in developing markers of stroke-related behavioral 
deficiencies in laboratory mice; exploratory behavior may be of 
particular relevance in studies involving acute neurodegenera-
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ing the effects of analgesia on postsurgical pain and behavioral 
parameters in stroke research.
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