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Purpose: Intracerebral hemorrhage (IH) and cephalalgia are common consequences of traumatic 

brain injury. One of the primary obstacles for patient recovery is the paucity of treatments to 

support an appropriate analgesic protocol. The present study aimed to assess pain and motor 

behaviors following different doses of fentanyl on a rat model of IH. 

Methods: Twenty-one male Sprague Dawley rats underwent a stereotaxic surgery to produce 

a collagenase-induced IH in the right caudoputamen nucleus. The control group (n=6) received 

saline subcutaneously (SC), and experimental groups received either 5 (n=6), 10 (n=6), or 20 

(n=3) µg/kg of fentanyl SC, 2 hours following surgery and on 2 subsequent days. Only 3 animals 

received 20 µg/kg because this dose caused catalepsy for 15–20 minutes following the injection. 

The rat grimace scale, a neurological examination, balance beam test, and rotarod test were 

performed for 5 consecutive days postoperatively to evaluate pain and motor performance. At 

the end of the experimentation, the brains were evaluated to determine hematoma volume, and 

the number of reactive astrocytes and necrotic neurons. 

Results: When compared to controls, the grimace scale showed that 5 µg/kg fentanyl significantly 

alleviated pain on day 2 only (P<0.01) and that 10 µg/kg alleviated pain on days 1 (P<0.01), 

2 (P<0.001), and 3 (P<0.01). For the rotarod test, only the 10 µg/kg group showed significant 

decreases in performance on days 5 (P<0.05) and 6 (P<0.02). The neurological examination was 

not significantly different between the groups, but only the hopping test showed poor recuperation 

for the 5 and 10 µg/kg fentanyl group when compared to saline (P<0.01). No differences were 

found between the groups for the balance beam test, the histopathological results. 

Conclusion: Fentanyl, at a dose of 10 µg/kg SC, provides substantial analgesia following a 

collagenase-induced IH in rats; however, it can alter motor performance following analgesic 

treatments. 
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Introduction
Traumatic brain injury (TBI) is one of the major causes of invalidity and death in 

the society. Neurologic dysfunctions following brain injuries are often minimal 

immediately following the impact but a progressive deterioration occurs with time.1,2 

Intracerebral hemorrhage (IH) is the most common and predominant consequence of 

TBI. The primary obstacle for patient recovery is the paucity of efficient treatments 

and the lack of publications to support treatment option.3,4 Traumatic IH is a multifac-

eted condition which has a complex physiopathology. Mechanisms involved include 

neuroinflammation, breakdown of the brain–blood barrier (BBB), and an increased 

intracranial pressure. One nonnegligible aspect is the pain associated with TBI and 
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the risk of central pain sensitization, chronic headaches, 

and low recovery rate if the pain is not treated.5–7 In human 

patients, a precautionary principle prevails regarding analge-

sic medication for TBI patients, as practitioners fear greater 

cognitive and motor deficits with analgesia in the setting of 

BBB breakdown. However, this precautionary pain interven-

tion protocol is based only on clinical experience.2 On the 

other hand, veterinarians are less prone to avoid analgesics 

to relieve their TBI patients, possibly because cognitive 

functions and headaches are more difficult to evaluate in 

animals.8 Also, the owners are less demanding regarding 

memory and fine motor control of their pets. In both cases, 

there is no evidence to support the benefit, or lack thereof, 

of analgesics or sedatives for neurologic care of TBI.9 Fur-

thermore, there are only scarce data available pertaining to 

the choice of a specific analgesic for the treatment of TBI, 

as well as appropriate pain treatment protocols.10 If it could 

be shown that certain analgesics are not deleterious to the 

brain in a TBI situation, great benefits could be provided for 

patients. However, if the opposite is demonstrated, this would 

confirm current practice in human medicine and influence 

the veterinarian’s intervention protocol for TBI. 

The current study aimed to assess pain and motor behav-

iors following different doses of fentanyl in a rat model of 

IH and to evaluate the associated histopathology. Fentanyl 

was chosen for this study, because as with morphine, it is 

the most widely used analgesic to relieve pain associated 

with TBI.11 Also, fentanyl is very efficient to relieve intense 

pain, and, unlike morphine, it does not provoke histamine 

release, contributing to hemodynamic effects that may not 

be desirable in this pathology.12 Furthermore, it acts rap-

idly, has a shorter half-life than most opioids, and can be 

reversed by a µ-receptor antagonist (ie, naloxone), making 

it safer to use than other analgesics.12,13 The recommended 

subcutaneous (SC) dose of fentanyl for rats is between 40 

and 160 µg/kg. With this posology, the analgesic effects are 

seen for 2 h.14,15 Fentanyl was selected since it was shown 

to be the most effective pain-relieving drug in rats.14 The 

optimal goal would be to maximize fentanyl use to obtain 

a better treatment protocol for TBI patients, which would 

relieve pain without causing any motor or cognitive deficits. 

This study did not address possible cognitive changes with 

analgesic treatment.

Materials and methods
Animals
Twenty-four specific pathogen-free male Sprague Dawley rats 

(Charles River, St-Constant, QC, Canada), weighing between 

300 and 380 g, at the beginning of the study, were used for 

this study. Animals were randomly assigned to experimental 

groups. They were kept in a standard laboratory animal envi-

ronment (filtered air: 15 changes/h, humidity: 40%–60%, 

temperature: 21°C±3°C, and light–dark cycle: 12:12 h). Rats 

were pair-housed in polycarbonate cages (Ancare, Bellmore, 

NY, USA) with hardwood bedding (Beta chip; Northeastern 

Products Co, Warrensburg, NY, USA). Animals were accli-

mated for 7 days prior to the beginning of the study. A polyvinyl 

chloride (PVC) tube was placed in each cage for environmental 

enrichment. Rats were given tap water and laboratory rat diet ad 

libitum (Charles River Rodent Chow 5075). The experimental 

protocol was approved by the Institutional Animal Care and 

Use Committee prior to animal use, and it is compliant with 

the Canadian Council on Animal Care guidelines (1993).

Surgical procedures and collagenase 
injection
To induce a standardized IH, animals were anesthetized 

with vaporized isoflurane (3% induction, 2% maintenance; 

Aerrane; Baxter, Mississauga, ON, Canada) in oxygen 

(0.5 L/min). After hair clipping and disinfection of the 

cranial skin with proviodine, rats were placed in a stereo-

taxic apparatus (David Kopf Instruments, Tujunga, CA, 

USA) in aseptic conditions, before undergoing surgery. 

A 2 cm sagittal incision was made on the skin and periosteal 

membrane. After exposing the cranial bone, a burr hole 

measuring 1.5 mm in diameter was drilled at stereotaxic 

coordinates with reference to bregma (anteroposterior 

0.0 mm and lateral 3.0 mm) to attain the caudoputamen 

nucleus. Using a 5 µL Hamilton syringe, 2 µL of a colla-

genase solution consisting of 0.4 U Collagenase Type IV 

(powder in saline; Life Technologies, Carlsbad, CA, USA) 

was then injected over a period of 10 min through the burr 

hole in the right caudoputamen nucleus, 5.0 mm below 

the dura. The needle was left in place for an additional 

5 min to prevent backflow. It was then removed and the 

skin was sutured with five simple interrupted stitches 

(silk 2-0). Throughout the surgery, rats were on a heating 

pad; their rectal temperature was monitored (Thermalert 

TH-8; Physitemp, Clifton, NJ, USA) and maintained within 

35.5°C–36.5°C. 

Treatments
The collagenase-injected animals received an SC injection 

2 h following surgery and on the morning of the 2 following 

days. Rats in the control group (n=6) received saline only, in 

a similar volume (0.2 mL) to the fentanyl high dose treated 
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 animals. Animals in each experimental group received 5 

(n=6), 10 (n=6), or 20 (n=3) µg/kg of fentanyl (Fentanyl 

citrate, 50 µg/mL; Sandoz, Boucherville, QC, Canada). Fen-

tanyl doses were less than the recommended doses (40–160 

µg/kg)14,15 considering the breakdown of the BBB in this 

animal model. Only 3 animals received the 20 µg/kg dose 

since they were clearly overdosed, showing signs of catalepsy 

and whole body rigidity for a period of 15–20 min following 

the fentanyl injection. Since animals recuperated well from 

this dose, it was then decided to continue the study with only 

3 animals in this treatment group. The observer (LS) tasked 

with the rat evaluations was blinded to all treatments.

Three animals formed a sham group, where the same 

surgical procedures were performed as for the collagenase-

injected animals, except that saline was injected intracere-

brally, and they were treated with 10 µg/kg of fentanyl SC 

for 3 consecutive days and evaluated on behavioral tests. 

Behavioral evaluations
A week prior to the surgery, all rats were accustomed to the 

neurological and motor tests for 5 days. Experimental groups 

were then formed, and over the last 2 days, baseline scores 

were recorded. Figure 1 shows the study protocol timeline. 

The rat grimace scale (RGS), evaluated with videos, was used 

to evaluate pain behavior. Each rat was filmed prior to and 

following the SC injection on the day of the surgery (day 1) 

and on 2 subsequent days (days 2 and 3). Motor behavioral 

tests were then performed in the following order: neurologi-

cal examination, the balance beam test, and the rotarod test. 

They were done on 5 subsequent days starting 24 h following 

the surgery (days 2–6). All behavioral tests were performed 

and evaluated by an observer (LS) blinded to the treatments.

RGS and pain evaluation
In this study, rats were exposed to pain caused by the IH 

lesion. The brain parenchyma itself does not have pain recep-

tors, but the nervous fibers surrounding the blood vessels and 

the afferent pathways will be sensitive to the neuroinflamma-

tion, high intracranial pressure, and ischemia.8 To evaluate 

this pain, rats were filmed for a 2 min duration sequence 

for each take (Logitech Webcam C210; Logitech, Newark, 

CA, USA) in a quiet, dimmed light room, before treatment 

and on 3 occasions, at 15 min intervals, starting 1 h after 

the treatment (days 1, 2, and 3). Videos were also taken on 

days 4 and 5 (days without treatment). Videos were analyzed 

following the Sotocinal’s RGS method, described in detail 

in their manual.16 This scoring has shown very good interob-

server and intraobserver reliability (with 0.85 [0.78–0.90, 

95% confidence interval] and 0.83 [0.76–0.89], respectively) 

in other studies.17 The mean of the data collected from the 3 

videos following treatments was used for analysis. Scoring 

included four action units: orbital tightening (narrowing of 

the orbital area, displaying a partial or complete eye closure 

or eye “squeezing”), nose/cheek flattening (display of less 

bulging of the nose and cheek, with possibly the absence of 

the crease between the cheek and whisker pads), ear changes 

(folded, curled, and angled forward or outward, resulting in 

a pointed shape; the space between the ears can look wider), 

and whisker changes (pointed forward, far from the face and 

may bunch up). Each of the action units was given an intensity 

rating (0: absent; 1: moderate or equivocation over its pres-

ence or absence; 2: pronounced action units); then an RGS 

score was calculated by averaging all intensity ratings for 

each video.16 The maximal score reported is the mean of the 

action units (maximal value =2). All videos were evaluated 

on the entire sequence of each take by an observer (LS) who 

was blind to the treatment groups.

Neurological examination
The neurological examination included semiquantitative tests 

from previous published studies18–21 from the lab. Animals 

were evaluated following the surgery for 5 consecutive days 

starting 24 h after the surgery. The value reported is the sum 

of all tests (maximum score of 24) which consisted of the 

following: 

•	 Activity: exploration of the immediate environment when 

the rat is placed on a novel hard surface (0: no exploration; 

1: exploration with head movements only; 2: exploration 

of the immediate environment; 3: normal exploration);

•	 Locomotion: the rat is placed on a hard surface and 

forward progression is observed (0: no displacement; 1: 
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Figure 1 Study protocol timeline. 
Notes: A week prior to the surgery, all rats were accustomed to the neurological 
and motor tests for 5 days and baseline scores were recorded on the last 2 days. 
Stereotaxic surgeries were performed (day 1) and all animals were treated 2 hours 
following the surgery and on 2 subsequent days (days 2 and 3). Each rat was filmed 
before and after treatment and on days 4 and 5. The neurological examination, the 
balance beam test, and the rotarod test were performed on days 2–6.
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unilateral rotation only; 2: incomplete body movements 

on both sides, forward progression mainly by rotation; 

3: normal linear progression); 

•	 Visual positioning: the rat is held by the tail above a con-

tact surface, then moved toward a hard surface and the 

visual positioning of both limbs is evaluated (1: contact 

with one limb only, other limb held in a flexed position; 2: 

partial flexion of the affected limb; 3: both limbs extended 

to make contact and normal walking movements);

•	 Tremor: animal is held by the tail in an elevated posi-

tion so that the front paws remain in contact with a hard 

surface; stability of hind paws is observed (1: tremor; 2: 

no tremor);

•	 Pelvic limbs hypertonicity: animal is held by the tail in an 

elevated position so that the front paws remain in contact 

with a hard surface; rigidity of hind limbs is observed as 

a hyperextension of the hind legs (1: hypertonicity; 2: 

normal tonicity);

•	 Tail rigidity: the tail is elevated at mid-length and rigid-

ity is observed (1: no flexibility observed, if placed in a 

curved position remains as such; 2: moderate rigidity; 3: 

normal flexibility and movements);

•	 Climbing: climbing on a wire grid to observe skill and 

symmetry of forelimbs (1: holds wire but cannot let go; 

2: tries to climb but has difficulty doing so, little forward 

movement with important asymmetry; 3: climbs but 

the movement is moderately asymmetrical; 4: normal 

climbing, symmetrical movements of both forearms are 

observed);

•	 Positional passivity: during hand restraint, the affected 

posterior limb (left) is pulled away from the animal and 

the motor response is observed (0: no flexion of the limb; 

1: flexion movements on occasions; 2: normal flexion 

upon each extension);

•	 Hopping: the rat is held by its hind legs and one forepaw 

so that the entire weight of the animal is supported by 

one limb. The animal is moved laterally and hopping 

movements are evaluated to assess postural adjustments 

(0: no postural adjustment; 1: delay of the initiation of 

movement to adjust posture of the affected limb [left]; 2: 

normal postural adjustment).

Balance beam test
A custom-made balance beam (wooden rod 80 cm in length 

and 2.8 cm in diameter) was placed over an open table (20 

cm distance) with a PVC pipe (10 cm diameter) at the end (as 

an incentive to move forward) to evaluate motor coordination 

and balance of the rat crossing the beam without falling. The 

fastest time of a maximal of 3 consecutive trials was recorded. 

If the rat was unable to move forward, its ability to stay bal-

anced on the beam was observed. This test was performed 

following the neurological examination.

Rotarod treadmill
A rotarod treadmill (ENV576; Med Associates, St Albans, 

VT, USA) was used to test the motor coordination of the rats 

prior to surgery and in the recuperation postsurgical phase. 

The rotarod was set to accelerate over a 5 min period from 

2.5 to 25 rpm; the maximal time performance of each rat was 

recorded (maximum: 5 min). The value reported for each 

animal is the percentage of the baseline values. This test was 

performed following the balance beam test.

Perfusion, histological procedures, 
immunohistochemistry, and image analysis
After the last neurological examination (day 6), rats were 

anesthetized with an intraperitoneal injection of 200 mg/kg of 

ketamine (Ketalean; Bimeda-MTC, Cambridge, ON, Canada) 

and 5 mg/kg of xylazine (Xylamax; Bimeda-MTC) and then 

perfused using the following method. The abdominal skin and 

muscles were cut and a pair of forceps was used to clamp the 

descending aorta. The thoracic cavity was then exposed, the 

right atrium was cut and the rats were perfused through the 

heart (right ventricle) with a physiological dextrose–sucrose 

solution (100 mL per rat; solution composition for 1 L: 8 g 

NaCl, 4 g dextrose, 8 g sucrose, 0.23 g calcium chloride).19–21 

All perfusion products were purchased from Sigma Inc (St 

Louis, MO, USA). A second perfusion immediately fol-

lowed using a 10% neutral-buffered formalin solution (100 

mL per rat). Brains were removed in whole and fixed in the 

formalin solution for 48 h and then embedded in paraffin 

for slide preparation. Sections of 5 µm thickness (one every 

200 µm from the beginning of the hematoma) were stained 

with hematoxylin, eosin, phloxine, and saffron (HEPS). Each 

brain section was photomicrographed using an AxioImager 

M1 microscope (Carl Zeiss Microscopy GmBH, Oberkochen, 

Germany) and the area occupied by the hematoma was 

determined by using Zen 2012 blue edition software (Carl 

Zeiss Microscopy GmBH). Then the hematoma volume was 

estimated by multiplying the hematoma area of each section 

by the distances separating two consecutive sections (200 

µm). Three sections (adjacent to the second, third, and fourth 

HEPS-stained section) were stained with Fluoro-Jade® 

B, and the number of necrotic neurons was counted in the 

penumbral area of the hematoma (average of four areas 

[top, bottom, right, left] at 10X). Only cells that showed 

typical green fluorescence (excitation peak at 480 nm and 
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emission peak at 525 nm) were counted. Two sections (adja-

cent to the second and fourth HEPS-stained section) were 

processed with immunohistochemistry for glial fibrillary 

acidic protein (GFAP) executed using polyclonal antibodies 

(immunoglobulin fraction of rabbit antisera diluted at 1:500  

in phosphate-buffered saline [pH 7.6] with 1% bovine serum 

albumin; BioGenex Laboratories, San Ramon, CA, USA) to 

determine the number of reactive astrocytes. Astrocytes were 

counted in the penumbral area of the hematoma (average of 

four areas [top, bottom, right, left] at 20×); all astrocytes had 

well-developed processes and intense GFAP immunoreactiv-

ity, consistent with reactive astrocytes.

Statistical analysis
For all behavioral tests an analysis of variance (ANOVA) 

was performed on repeated measures with the period (before 

vs after) as the intrasubject factor and treatment (5 µg/kg, 

10 µg/kg, and saline). Cochran–Mantel–Haenszel test (semi-

quantitative data) for repeated measures was done to evaluate 

changes over time (5 days). For the rotarod results, a priori con-

trasts were performed adjusting the alpha of each comparison 

with the Benjamini–Hochberg sequential method (quantitative 

data). For the statistical analysis of histological findings, a 

one-way ANOVA with post hoc Tukey’s tests was performed.

Results
Grimace pain score
Figure 2 shows the grimace pain score results. Treat-

ments showed statistically significant differences on day 1 

(F2,15=11.8; P<0.001), day 2 (F2,15=15.5; P<0.001), and 

day 3 (F2,15=5.2; P<0.02) only. The fentanyl group 5 µg/kg 

(Figure 2A) showed a significant difference with the  control 
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Figure 2 Grimace pain scores for saline and fentanyl treatment groups. 
Notes: The surgery was performed on day 1. The fentanyl 5 µg/kg treatment group (A) showed a significant difference with controls only on day 2 before and after the SC 
injection. The 10 µg/kg fentanyl treatment group (B) showed a significant difference with controls after injection on day 1, and before and after injection on day 2. On day 3, 
only post-fentanyl administrations alleviated pain. No differences were noted on days 4 and 5, on which animals were not treated. Due to the small number of subjects (n=3), 
no statistic was performed for the 20 µg/kg fentanyl treatment group (C). Results for the 20 µg/kg treatments seem to follow the same tendency as the 10 µg/kg treated 
animals although the analgesic response appears much more important for these animals. **P<0.01, ***P<0.001.
Abbreviations: SC, subcutaneous; SE, standard error.
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group on day 2 (P<0.01; contrast t-test values [before and 

after fentanyl] =3.04 and −3.31), before and after the injection 

on that day. The fentanyl group 10 µg/kg (Figure 2B) showed 

a significant difference with controls; the pain was alleviated 

after injection on day 1 (P<0.01; contrast t-test value =−3.03), 

and before and after injections on day 2 (P<0.01 and P<0.001; 

contrast t-test values [before and after fentanyl] =−3.71 and 

−6.53). And on day 3, only post-fentanyl administrations 

relieved pain (P<0.01; contrast t-test value =−3.23). No sta-

tistic was performed for the fentanyl group 20 µg/kg (n=3) 

(Figure 2C); however, the pain score was well below that 

of the fentanyl group 5 µg/kg, and this occurred everyday. 

Also, it indicates that the 20 µg/kg group seems to follow the 

same tendency as the 10 µg/kg group. On days 4 and 5, no 

treatments were performed and treatment groups were not 

significantly different on the grimace pain score from saline 

controls. It is important to note that the pain score was much 

lower on those 2 last days for every group.

Neurological examination and individual 
tests
The results of the total score of the neurological examination 

are presented in Figure 3. All groups were severely affected 

following the surgery (60%–65% of baseline scores on the 

day following the surgery) and recuperated gradually over 

time (up to 75%–80% of their baseline score on day 6). No 

statistically significant difference was seen between the 

groups (F(2,15)=0.32; P=ns). Figure 4A represents the results 

of each test for the saline group; there is a statistically sig-

nificant difference for the hopping score over time (P<0.01; 

mean score differences =13.2). Figure 4 also shows the hop-

ping results for the 5 (Figure 4B) and 10 µg/kg (Figure 4C) 

groups, which did not recuperate over time. No significant 

difference was observed for the other individual neurological 

tests when comparing different treatments on each individual 

day and over time.

Balance beam test
Before surgery, all groups had comparable baseline results 

on the time to cross the beam (saline: 3.6±1.4, and 3.5±0.8, 

3.8±0.6, and 4.4±1.0 s for 5, 10, and 20 µg/kg fentanyl, 

respectively). Following surgeries, results were very com-

parable between the groups. On day 2, all animals fell once 

placed on the beam. On day 3, 17% of the saline treated 

animals and 50%–66% of the fentanyl treated animals were 

able to stay balanced on the beam. On day 4, 66% of animals 

in each group were able to stay on the beam and all animals 

were able to balance themselves on the beam on days 5 and 

6. None of the animals were able to move forward.

Rotarod treadmill test
Rotarod results are presented in Figure 5. All groups were 

severely affected following the surgery (35%–50% of base-

line scores on the day following the surgery) and recuper-

ated gradually over time. Treatments showed statistically 

significant differences (F(2,15)=2.2; P<0.05). Only the 10 

µg/kg fentanyl treatment showed significant a priori differ-

ences on day 5 (P<0.05; contrast t-test value =−4.41) and 

day 6 (P<0.02; contrast t-test value =−6.44), with animals 

performing more poorly on these days than the control and 

the 5 µg/kg groups. The 20 µg/kg fentanyl group cannot be 

statistically significant because of the low number of subjects 

in this group, but as an indicator, they follow the same trend 

as the 10 µg/kg group. The 3 animals that were sham oper-

ated showed no difference on the rotarod treadmill following 

10 µg/kg SC of fentanyl for 3 consecutive days (days 1, 2, 

and 3 postoperatively [compared to baseline] =99%, 101%, 

and 103%, respectively). These animals were moving freely 

in their cage 15–20 min following the surgery and showed 

no signs of pain during the grimace pain score evaluation. 

Their balance beam test showed no significant differences 

from baseline. And their neurological examination was also 

normal confirming previously published findings.19–21

Histopathological results
No statistically significant differences were found between 

the saline and fentanyl treated animals for the hematoma 

volume, and the number of necrotic neurons and reactive 

astrocytes. Mean values are nearly the same for all groups. 
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Figure 3 Neurological examination scores. 
Notes: All groups were severely affected following the surgery (60%–65% of 
baseline scores on the day following the surgery) and recuperated gradually over 
time (up to 75%–80% of their baseline score on day 6). No significant difference is 
seen between control and treatment groups.
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The mean hematoma volume (± standard deviation [SD]) for 

the saline, 5, 10, and 20 µg fentanyl groups are, respectively, 

11.9±2.33, 12.1±1.0, and 12.1±3.19 mm3. The mean total 

number of astrocytes (±SD) for the saline, 5, 10, and 20 

µg fentanyl groups are, respectively, 327±35.7, 299±156.2, 

and 284±70.0. The mean total number of necrotic neurons 

(±SD) for the saline, 5, 10, and 20 µg fentanyl groups are, 

respectively, 16±6.3, 16±8.3, and 12±5.3. The mean hema-

toma volume, total number of astrocytes, and total number 

of necrotic neurons for the 20 µg fentanyl groups are, respec-

tively, 12.6±3.87, 304±137.1, and 21±9.7 mm3.

Body weights
Only the saline control group gained weight (7%) during 

the week following the surgery. All the fentanyl groups did 

not show a significant weight gain or loss during that period.

Discussion
The study shows that 10 µg/kg of fentanyl given SC can 

provide substantial analgesia in a collagenase-induced IH in 
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Figure 4 Results for individual neurological tests. 
Notes: There is a statistically significant difference for the hopping score as function of time for the saline (A) treated animals (P<0.01). There is no significant difference 
in function over time for the 5 days (no amelioration with time) for the hopping test following the 5 (B) and 10 µg/kg (C) fentanyl treatments.  1: activity, 2: locomotion, 3: 
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Notes: All groups were severely affected following the surgery (35%–50% of 
baseline scores on day 2) and recuperated gradually over time. Only the 10 µg/
kg fentanyl treatment showed significant a priori differences on days 5 and 6, with 
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rats. Even if fentanyl is considered a short action drug, its 

effects can last between 90 and 120 min if injected SC in a 

healthy rat.15 Furthermore, it has been suggested that condi-

tions involving inflammation can affect the pharmacokinetics 

of drugs by affecting drug metabolizing enzymes and their 

transporters. The clinical results are hard to predict, but can 

include altered concentrations of the drug systemically or 

locally at the site of action.22 Also, inflammation in the brain, 

as seen in IH in animals and humans, is proven to disrupt the 

BBB allowing the migration of macromolecules from blood 

to the neuroparenchyma.23,24 This increased BBB permeabil-

ity provides the opportunity for drugs like opioids to pass 

directly into the brain and accumulate, making them more 

effective.25,26 It is thus difficult to know the exact analgesic 

duration of fentanyl in these conditions. Group 10 µg/kg 

showed significantly less signs of pain during all 3 days of 

treatments and even before its treatment on day 2, implying 

that fentanyl offered substantial pain relief for a long period 

and prevented sensitization of the central nervous system 

(CNS) without changing motor behaviors.

For the motricity assessment of this study, the rotarod 

results clearly show a progressive improvement curve for all 

groups after surgery, except for the 10 µg/kg group on days 

5 and 6 where they performed significantly below the results 

of saline and 5 µg/kg groups. This finding is also supported 

by the 20 µg/kg data that lean in the same direction. Sham 

group results suggest that the motricity was not affected by the 

fentanyl (10 µg/kg) injection alone, implying that the deficits 

seen in the IH rats were caused by IH combined with fentanyl, 

and not solely the dazing effect of the drug. Morphine has 

been shown to inhibit local production of cytokines during 

inflammation, and with chronic treatment to also decrease 

neutrophil and macrophage recruitment at the injury site.27,28 

These findings suggest that fentanyl could reduce the damage 

caused by the local brain inflammation. Since the immuno-

histochemistry and histopathological results from the pres-

ent study demonstrated no significant difference between 

the treatment groups, it is possible to conclude that fentanyl 

neither improves nor worsens brain lesions in IH. Regarding 

lesions in other brain areas, even though rupture of the BBB 

likely increased the amount of fentanyl in the brain tissue, 

this increase was probably limited to the penumbra, and the 

doses used are not known to be neurotoxic. Furthermore, the 

ipsilateral cortex and contralateral neuroparenchyma did not 

show any evidence of neurotoxicity in histopathology (HEPS), 

Fluoro-Jade staining, or GFAP immunohistochemistry.

Similarly, a study of Statler et al on the effects of dif-

ferent anesthetics in TBI29 showed that the worst results for 

motor and cognitive skills were associated with fentanyl and 

 morphine. These drugs had no neuroprotective effect, and it 

was suggested that they failed to reduce the inflammation 

injury cascade caused by cerebral trauma. As in this experi-

ment, the volume of the lesion was not affected by different 

analgesic treatments. Therefore, the decreased performance 

on the last 2 days for 10 µg/kg group could be explained by a 

functional interference of the drug. Morphine, another opioid 

agonist, has been shown to hinder the restructuration of new 

brain synapses.30 Cognitive deficits could be caused by a 

change of the gamma-aminobutyric acid-ergic (GABAergic) 

inhibition that controls neuronal excitation. Also, a loss of 

GABA-containing neurons is observed in the dentate gyrus of 

the hippocampus in morphine-exposed rats, thereby affecting 

the synaptic plasticity and spatial memory of the subjects.30 

However, there are presently no known publications on the 

effects of fentanyl on neural plasticity. It is important to 

note that even with decreased motor capabilities, the 10 µg/

kg group was still recuperating. It is possible that with time 

they could catch up with the other groups. 

The total score of the neurological examination does 

not show any difference between the groups as they all start 

at 60%–65% of the baseline score and recuperate around 

75%–80% on day 6, exhibiting a general improvement of 

their functions. However, taken individually, the hopping test 

stands out. It is always weakest on the first day, but there is 

a significant improvement of the score for the control saline 

group that fails to be present on the scores of the two fentanyl 

groups. This tendency follows the lack of amelioration on the 

rotarod for the 10 and 20 µg/kg groups, indicating that the use 

of fentanyl with IH will more strongly affect the spatial pro-

prioception of the subjects since it is involved in both tasks.

The balance beam did not deliver as much information as 

was hoped. This test was supposed to evaluate walk progres-

sion on the beam, but instead it only showed if rats would 

fall off or could balance themselves on the beam. The only 

interesting result was that on day 2 fentanyl groups were 

quicker to be able to stand on the beam compared to the saline 

group. This observation could probably be explained by the 

fact that fentanyl subjects were in less pain on day 2, given 

that starting on day 3 all groups did the same performance 

for the rest of the experimentation. It is concluded that this 

test is too demanding for the IH rat model and it does not 

provide interesting data for this kind of study.

The 20 µg/kg group was downsized to only 3 rats, after 

noticing signs of catalepsy and body rigidity following the 

fentanyl injection. Those signs were observed for the first 

15–20 min posttreatment; thus, when the videos were taken 

an hour postinjection the rats had returned to normal. Those 

symptoms are clearly an indication of opioid overdose, 
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despite the suggested SC fentanyl analgesic dose for rats 

ranging from 40 to 160 µg/kg.15 This phenomenon suggests 

what clinicians already knew in that drugs affecting the CNS 

are more potent with BBB breakdown and their usual dose 

should be reduced with care.31

Limitations
The use of only one drug, fentanyl, is one of the limitations of 

this study. It would be interesting to perform further research 

with different analgesics that would provide better motor and 

cognitive recuperation. Ketamine, an N-Methyl-D-aspartate 

antagonist with analgesic properties, could be an option 

since it has anti-excitotoxic and anti-apoptotic properties.32 

However, according to Statler et al,29 it would be a poor 

choice as it had the worst hippocampal neuronal survival and 

may exacerbate hypoperfusion and/or hippocampal glucose 

utilization. Diazepam could be a better alternative since it 

only shows a trend toward longer latency on the motor tests.29 

Also, it would be interesting to test the motor and cognitive 

effect of gabapentin in a TBI model, as it is used as an anti-

neuropathic pain medication and to prevent central pain 

sensitization;33,34 however, some authors have shown limited 

efficiency with this molecule.35

Conclusion
The use of 10 µg/kg of fentanyl administered SC to relieve pain 

in rats suffering from IH seems safe and efficient. However, 

the analgesic had an effect on some motor evaluations, notably 

the hopping test and the rotarod treadmill. Disregarding these 

effects could represent an important bias in future studies. In 

summary, a dose of 10 µg/kg of fentanyl is recommended to 

relieve the pain associated with a TBI rat model, while taking 

into account the possible deficits in experimentation planning.
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