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Purpose: The treatment of central neuropathic pain remains amongst the biggest challenges
for pain specialists. The main objective of this study was to assess gabapentin (GBP), amitrip-
tyline (AMI), and carbamazepine (CARBA) for the treatment of a rodent central neuropathic
pain model.

Methods: Male Sprague Dawley rats were trained on the rotarod, Hargreaves, Von Frey and
acetone behavioral tests, and baseline values were obtained prior to surgery. A stereotaxic injec-
tion of either a collagenase solution or saline was made in the right ventral posterolateral thalamic
nucleus. The rats were tested on days 2, 4, 8, and 11 postsurgery. They were retested at regular
intervals from day 15 to day 25 postsurgery, after oral administration of either the vehicle (n=7
and n=8 rats with intracerebral injections of collagenase and saline, respectively) or the different
drugs (GBP [60 mg/kg], AMI [10 mg/kg], CARBA [100 mg/kg]; n=8 rats/drug).

Results: A significant decrease in the mechanical thresholds and no change in heat threshold were
observed in both hind limbs in the collagenase group, as we had previously shown elsewhere.
Reversal of the mechanical hypersensitivity was achieved only with GBP (P<<0.05). AMI and
CARBA, at the dosages used, failed to show any effect on mechanical thresholds. Transient
cold allodynia was observed in some collagenase-injected rats but failed to be statistically
significant.

Conclusion: Intrathalamic hemorrhaging in the ventrolateral thalamic nucleus induced a bilat-
eral mechanical allodynia, which was reversed by GBP but not AMI or CARBA.

Keywords: central pain, thalamus, amitriptyline, carbamazepine

Introduction

Anticonvulsants and antidepressants are commonly used for the treatment of chronic
neuropathic pain.! Among the various types of chronic neuropathic pain, central post-
stroke pain (CPSP) is a condition caused by a vascular lesion in the central nervous
system, involving the spinothalamocortical pathway responsible for the transmission
of thermal and pain sensation.? According to population-based studies, the incidence
of CPSP varies around 10% but may be higher following thalamic lesions, particularly
if right sided.*® The ventroposterior nuclei of the thalamus are reported to play a key
role in central pain.”?

CPSP is characterized by sensory deficits, such as allodynia to thermal or mechani-
cal stimuli, dysesthesia, and hyperalgesia.’* The pain can be spontaneous or evoked
by stimuli, such as thermal stimuli (especially cold); mechanical stimuli, such as touch
or movement, or even by stress.'®!! The development of pain in stroke patients is of
great concern since it lessens their quality of life by interfering with daily activities,
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mood, walking ability, normal work, social interaction, sleep,
and enjoyment of life, eventually leading to depression.'>!?
Therefore, the diagnosis and management of CPSP represents
a major concern and a real medical challenge.

In terms of treatment recommendations, the use of
tricyclic antidepressants, such as amitriptyline (AMI), and
anticonvulsants, such as carbamazepine (CARBA) or gabap-
entin (GBP), are often the first steps of the therapeutic plan to
treat CPSP.'* AMI has been used for the treatment of diabetic
neuropathy, cancer neuropathic pain, and thalamic pain.'>"”
GBP was first used for the treatment of epilepsy;'® however,
more recently, it has shown to be effective in the treatment
of neuropathic pain of either peripheral or central origin.'s"
CARBA has inhibitory effects on spontaneous spinal neu-
ral activity as well as on noxious and nonnoxious evoked
responses, in a spinal nerve ligation model.?* Spontaneous
activity, characterized by low-threshold calcium burst spikes
within the thalamus, has been reported in patients with central
pain.?'?? Thus, there is a rationale that CARBA might also
decrease central pain in a rodent model. AMI, CARBA, and
GBP are therefore, proposed therapeutic strategies for the
treatment of central thalamic pain.

Until recently, the lack of a reliable animal model has
prevented a true understanding of the underlying mechanisms
of CPSP. In 2009, Wasserman and Koeberle* produced a
model of this condition by injecting a collagenase solution
within the ventroposterolateral (VPL) thalamic nucleus of
rats. The collagenase acts by disrupting the blood vessels, thus
inducing a well-localized hemorrhage, with the extent of the
lesion depending on the amount of collagenase injected.* In
a recent study from our lab, a collagenase injection within
the right VPL thalamic nucleus of rats produced persistent
bilateral mechanical allodynia, which developed from the
second day after the injection, and transient cold allodynia.*
Animal models can help to further understand the mechanisms
involved in CPSP and allow experimentation with different
therapeutic approaches for this condition. The main objective
of the present study was to evaluate the effects of AMI, GBP,
and CARBA on central neuropathic pain, using a rodent model
of intrathalamic collagenase-induced hemorrhage.

Materials and methods

Animals

Forty Sprague Dawley® rats (Charles River, Wilmington,
MA, USA), between 7 and 8 weeks of age (body weight:
300-350 g), were used for this study. They were housed in
a standard research environment (temperature: 21°C£3°C;

fresh filtered air [15 changes/h]; humidity 40%—60%;
light—dark cycle [12 hours:12 hours]). The rats were pair-
housed in polycarbonate cages (Ancare Corp, Bellmore, NY,
USA) with hardwood bedding (Beta Chip®, Northeastern
Products Corp, Warrensburg, NY, USA) and acclimated for
7 days prior to the study. The animals were fed a rodent chow
(Rodent Chow 5075; Charles River) and received tap water,
both, ad libitum. The Animal Care and Use Committee of
the University of Montreal Faculty of Veterinary Medicine
approved the protocol prior to animal use. All procedures
were conducted in accordance with the guidelines of the
Canadian Council on Animal Care.

Surgical techniques

The rats were divided in two groups (n=8 in the sham
[SHAM] group; n=32 in the collagenase group).The surgi-
cal details have previously been described by Wasserman
and Koeberle.?* The animals were anesthetized using vapor-
ized isoflurane (3%) (AErrane; Baxter Healthcare Corp,
Deerfield, IL, USA) in oxygen. A regulated heating blanket
was used to keep the temperature within normal limits
(36°C-37°C). Body temperature was monitored using a
rectal probe (TH-8 Thermalert Monitoring Thermometer;
Physitemp, Clifton, NJ, USA). The skin hair of the skull was
clipped and cleaned with a Proviodine® solution. A sagit-
tal skin incision was made from the frontal to the occipital
bone, and the periosteum was gently detached. The area of
interest (3.5 mm anterior and posterior, and 3.5 mm lateral
to the bregma)?® was localized using a stereotaxic apparatus
(Small Animal Stereotaxic Instrument; David Kopf Instru-
ments, Tujunga, CA, USA). A 1.5 mm burr hole (diameter
1.5 mm) was made using a stereotaxic drill, (Foredorn
flex shaft drill, Stoelting Co., Wood Dale, IL, USA) and
injections were done using a Hamilton syringe (Hamilton
Company, Reno, NV, USA). The collagenase group received
0.25 pL of a solution of 0.025 UI of collagenase Type IV
(Sigma-Aldrich Corp, St Louis, MO, USA) in sterile saline.
The syringe was lowered (6 mm ventral) so that the injec-
tion site would be within the right ventral posterolateral
thalamic nucleus. Similar surgical and injection procedures
were performed in “SHAM?” animals receiving an equal
volume of sterile saline (0.9% NaCl). The total injection
time was 2 minutes, and the needle was left in place another
5 minutes to prevent any reflux. Following the injection,
the skin was closed using simple discontinuous Monocryl
4.0 sutures (Ethicon Inc., Cincinnati, OH, USA). The
animals were caged singly for the duration of the study.
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One animal died of isoflurane overdose during surgery,
leaving 31 animals in the collagenase group.

Behavioral study

The animals were trained daily for 1 week prior to the
beginning of the behavioral evaluation, in the following
sequential order: rotarod treadmill, Von Frey filaments,
acetone and Hargreaves tests. Baseline values were obtained
3 days prior to surgery. After surgery, the animals were given
1 day to recover and were then tested on days 2, 4, 8, and 11
postsurgery to evaluate their temperature and mechanical
threshold as well as motor coordination. They were tested
again on day 15, 18, 22, and 25 following the treatment
administration. The tests were always performed in the
morning (8—11 am), to avoid circadian variations. All the rats
were acclimated to the room for 15 minutes and then in each
apparatus for 15 minutes prior to testing (except in the case
of the rotarod evaluation).

Rotarod test

Motor coordination was evaluated with the rotarod treadmill
(Standard Rota-Rod for Rat ENV-576; Med Associates Inc.,
St Albans, VT, USA). The acceleration was set from 5 to 35
rpm over 5 minutes. The maximal time the animal was able to
stay on the rotarod (up to a maximum of 5 minutes) without
falling was recorded for each performance.

Von Frey mechanical sensitivity test

The mechanical threshold was evaluated with Von Frey
filaments (Stoelting Co, Wood Dale, IL, USA) using the
up—down paradigm.?”’ The rats were placed in Plexiglas®
chambers (Plantar Analgesic meter, [ITC Life Science Inc.,
Woodland Hills, CA, USA) set on a customized platform
made of wire mesh. The Von Frey filaments, ranging from 4 to
22 g, were applied, for up to 3 seconds, to the plantar surface
of the rats’ hind paws. To avoid the effect of anticipation, a
first paw was tested in all animals, and then, the opposite paw
and sequence of testing (right or left paws) was alternated
at each testing sequence. The force of the smallest filament
causing a withdrawal reaction was recorded as the threshold.
A force calibration was performed for each filament at the
beginning and at the end of the study.

Acetone test

The cold threshold was evaluated according to the method
previously described by Choi et al.”® Briefly, a drop of acetone
(25 uL) (laboratory grade) was applied with a syringe to the

plantar surface of the hind paw. The number of movements
of the hind leg and total duration of withdrawal behavior
were recorded for 30 seconds. The responses to acetone
were graded on the following scale: 0= no reaction 1= mild
reaction, characterized by a quick withdrawal (fewer than
three movements) or short duration of lifting paw (fewer than
3 seconds), 2= longer withdrawal or repeated movements
(three or more movements or =3 seconds). To determine
the percentage of animals that were reactive to acetone, only
grade 2 were considered. The data were presented as the
percentage of animals reacting to acetone, per group.

Hargreaves thermal sensitivity test

Thermal thresholds were evaluated with a Hargreaves
apparatus (Plantar Analgesia Meter; IITC Life Science
Inc.) as previously described.?” Each animal was placed
in a Plexiglas chamber with a glass floor heated between
28°C-31°C. The radiant heat from a high-intensity light
bulb (40 W) was directed to the plantar surface of the
hind paw. The withdrawal reaction time was recorded. To
avoid the effect of anticipation, a first paw was tested in
all animals, and then, the opposite paw and sequence of
testing (right or left paws) was alternated at each testing
sequence. A cutoff time of 20 seconds was preset to mini-
mize tissue injury.

Treatments

The animals were fasted the night prior to gavage to avoid a
food effect. They were given access to food pellets approxi-
mately 15 minutes following the gavage. The operator was
blinded to the treatments (type of drug administered). The
drugs and methylcellulose were purchased from Sigma-
Aldrich Corp (St. Louis, MO, USA).

The rats from the collagenase group were further divided
into four subgroups depending on the treatment received from
days 15 to 25 postsurgery. These animals received either a
daily oral administration of the vehicle (the control group
[CTL]) (n=7) or one of the different drugs (AMI, GBP, or
CARBA) (n=8/drug). The SHAM group received the vehicle
daily by gavage, from days 15 to 25 postsurgery.

The dose concentrations for the three different drugs
were chosen according to previous studies showing efficacy
in the reduction of neuropathic pain in rodent models.***!
The following doses were administered: AMI 10 mg/kg (in
an emulsion consisting of 0.5 g/100 mL of the vehicle, for
a concentration of 5 mg/mL); GBP 60 mg/kg (3 g GBP in
100 mL of the vehicle, for a concentration of 30 mg/mL);
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and CARBA 100 mg/kg (in an emulsion of 5 g dissolved in
100 mL of vehicle, for a concentration of 50 mg/mL). For
the SHAM and CTL groups, 0.5 mL of the solution (com-
position: 5% weight/volume [w/v] sucrose and 1.5% [w/V]
methylcellulose in water) was given orally. The behavioral
tests started approximately 1 hour after the gavage.

Histological methods

Histology was mainly performed to confirm the location of
the hemorrhagic lesion. The methods of animal perfusion,
tissue collection, and histological staining have previously
been described.”

Statistical analyses

An analysis of variance (ANOVA) linear model with repeated
measures and post hoc Tukey’s tests performed with SAS
(version 9.3, SAS Institute Inc., Cary, NC, USA) were used to
analyze the data. A priori contrasts with Bonferroni sequen-
tial adjustment for multiple comparisons were performed.
Comparisons were made between the baseline and the post-
surgery and posttreatment values. The SHAM group was
also compared with the treatment groups. The results were
presented as a mean and standard error (SE). P-values<<0.05
were considered significant. Cochran—Mantel-Haenszel tests
were used for the evaluation of cold allodynia.

Results
Motor coordination evaluated

with the rotarod test

There was no significant difference in motor coordination
between the treatment groups (F4, 31=3.29) (nonsignificant
[ns]). For each group, there was no significant difference
when comparing the baseline values and all post surgi-
cal evaluations, suggesting that neither the CTLs nor the
different treatments had an effect on motor coordination
(Figure 1).

Mechanical sensitivity evaluated

with Von Frey filaments

A significant effect of treatment occurred for mechanical
sensitivity (right hind limb: F 3, 28.1=8.33 [P=0.0004];
left: F3, 28.1=22.68 [P<<0.0001]) (Figure 2). Prior to the
surgery, the baseline values were not significantly different
between the groups, for both hind limbs. For the SHAM
group, no difference was seen between the baseline values
and postsurgical results. Following surgery, from days 2 to 11,
a significant decrease in the mechanical threshold was noted
in the contralateral and ipsilateral hind limbs in the CTL

—W— Amitriptyline group
—a— Gabapentin group
—4&@— Carbamazepine group

=R

N

o

o
I

—O— Sham group

—{3— Control group

300

200

100

Rotarod performance duration(s)

o

Days

Figure | Results from the rotarod test (motor coordination) evaluated in Sprague
Dawley® rats.

Notes: Different groups (sham, control, amitriptyline, gabapentin, and
carbamazepine) showed no differences (F4, 31=3.29) (nonsignificant). No significant
difference was seen between all groups at baseline and at different postsurgical time
points (F8, 148=1.92) (nonsignificant).

group (P<<0.05) compared with that in the SHAM group.
This persisted in the CTL group even after treatment with the
vehicle. Following treatment, AMI and CARB were showed
no effect on mechanical sensitivity. Conversely, GBP reduced
mechanical sensitivity, values increasing progressively near
SHAM results starting from day 15 onwards.

Evaluation of cold allodynia

with the acetone test

The acetone test results are shown in Figure 3. In the SHAM
group, the animals never had significant reactions to acetone
following surgery that were different from baseline. Conversely,
an increase (graded 2) in the number (three or more movements)
and duration of movements (=3 seconds) occurred with acetone,
in the animals in the collagenase group. In this group, 10%-30%
of the animals reacted to acetone between days 222 following
the surgery. Some animals showed severe allodynia, with duration
of movement being around 20 seconds or number of movements
being higher than 20, affecting mainly the left hind limb. However
the results were not statistically significant because sensitivity to
cold only affected a small number of animals. GBP seemed to
reverse the cold allodynia on days 18 and 22 as none of the ani-
mals reacted to acetone compared with the other treatments.

Heat sensitivity evaluated

with the Hargreaves test

There was no significant difference in heat sensitivity for
both hind limbs (right: F3,28.2=1.36 [ns]; left: F3,28.1=1.54
[ns]). No significant difference in the thermal threshold was
observed when comparing the baseline and any of the post-
surgical evaluations for the contralateral and ipsilateral hind
limbs in all the groups (Figure 4).
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Figure 2 Results of the mechanical allodynia test using Von Frey filaments.

Notes: Significant differences are seen between the groups, for both hind limbs
(right hind limb: F3, 28.1=8.33 [P=0.0004]; left: F3, 28.1=22.68 [P<0.0001]). No
significant difference was seen between the baseline values of all the groups.
Postsurgery, a significant decrease in the mechanical threshold in both hind
limbs was noted for the CTL, AMI, CARBA, and GBP groups (P<<0.001). The
decrease persisted even after the initiation of treatment (vehicle, AMI, or
CARBA) from day |5 to 25, suggesting no significant effect of these drugs on
the bilateral mechanical allodynia induced by the collagenase intrathalamic
injection when compared with day || (P=ns). However, after the initiation of
treatment in the GBP group, a reversal of mechanical sensitivity was observed
in both hind limbs at all the evaluation times (P=ns, when compared with
the CTLs).

Abbreviations: AMI, amitriptyline; CARBA, carbamazepine; CTL, control; GBP,
gabapentin; ns, nonsignificant.
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Figure 3 Evaluation of cold allodynia with the acetone test.

Notes: Results from the SHAM and CTL groups compared with the amitriptyline (A),
gabapentin (B) or carbamazepine (C) groups. The results are presented as the
percentage of animals reactive to acetone. Although not statistically significant,
the percentage of reactive animals in the CTL group appeared higher than that for
the SHAM group. This increase in cold sensitivity returned to baseline at the end
of the evaluation period (day 25). When comparing the different treatments (AMI,
GBP, and CARBA) with the SHAM and CTL groups, the great variability within and
between groups does not allow a clear conclusion.

Abbreviations: AMI, amitriptyline; CARBA, carbamazepine; CTL, control; GBP,
gabapentin; SHAM, sham.

Histopathological evaluations

In the SHAM group, the microscopic evaluation of the brain
slices was unremarkable. Conversely, in the collagenase
group, small well circumscribed lesions were observed in the
lateral thalamic nuclei (including the VPL) (Figure 5).
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Figure 4 Thermal hyperalgesia using the Hargreaves test.

Notes: The results show no difference between the groups (right: F3, 28.2=1.36
[ns]; left: F3, 28.1=1.54 [ns]). For all the groups, there was no significant difference in
the thermal thresholds before and after the surgery, in both hind limbs (F8, 131=1.41
[P=ns], F8, 121=1.68 [P=ns]).

Abbreviation: ns, nonsignificant.

Discussion

A previously published,”® an animal model of central pain
induced by an intrathalamic hemorrhage was used to assess
AMI, GBP, and CARBA as potential therapeutic drugs.
Following administration of a collagenase solution in the
VPL thalamic nucleus, we observed a significant bilateral

Figure 5 Photomicrograph of a transverse rat brain section (4 im) from the VPL
nucleus of the thalamus.

Notes: Following a collagenase solution injection, a well-circumscribed small lesion
is present in the thalamus (Hematoxylin and Eosin stain; x12.5).

Abbreviations: H, hippocampus; T, thalamus; V, ventricle; VPL, ventroposterolateral.

mechanical allodynia up to 25 days after the intracerebral
lesion, which developed as early as day 2 postsurgery. No
sensitivity to heat developed in these animals, and a tran-
sient cold allodynia was observed only in some neuropathic
animals. These results are similar to our previous findings*
and reflect the mechanical and cold allodynia that typically
occur in humans following poststroke pain.”!° At the dosages
used, AMI and CARBA failed to show any significant effect
on mechanical allodynia; however, GBP significantly allevi-
ated mechanical sensitivity in both hind limbs. A putative
effect of GBP on cold allodynia was only transient.
Mechanical allodynia is a clinical finding often reported
in patients with CPSP!!32 Tactile hypoesthesia may also
occur in the absence of mechanical allodynia.** Our results
show a persistent bilateral mechanical allodynia follow-
ing the occurrence of a unilateral thalamic lesion, as was
reported from previous findings.* Increased thermal thresh-
olds, either to cold or hot temperatures, are frequently seen
in CPSP patients.? These changes can be characterized by
either hyper- or hyposensitivity to cold, or warm tempera-
ture hyperalgesia.*? In the present study, we showed that the
thermal heat sensitivity was unchanged in the animal with
a thalamic lesion, which is concordant with our previous
findings.” In stroke patients, an increased sensitivity to cold
and a decreased sensitivity to warmth occur frequently.®*?
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Our results reflect the apparent low prevalence of hypersen-
sitivity to noxious cold.

A possible mechanism of CPSP could be a loss of inhibi-
tion, plausibly following loss of gamma-aminobutyric acid
(GABA)-Eric neurons or inhibition, particularly in the reticu-
lar nucleus surrounding the thalamus.® It is also possible
that allodynia and hyperalgesia in CPSP patients may result
from glutamatergic neuronal hyperexcitability, which may
be related to central sensitization.**3* However, the precise
pathophysiology of CPSP remains unclear. Although the
mechanisms of CPSP are still poorly understood, the effect
of GBP in reversing the mechanical allodynia associated
with intrathalamic hemorrhage may allow us to gain some
insight into the complexity of this condition. However, the
mechanism of action of GBP is not fully defined. A synergy
between increased GABA synthesis, non-N-methyl-D-
aspartate (NMDA) receptor antagonism, and binding to the
029 subunit of voltage-dependent calcium channels (CavCs)
is suspected.'® The binding to the 028 subunit of CavC by
GBP appears to be its most important mechanism of action
to relieve neuropathic pain.'® It seems that this 028 subunit
is involved in the inhibitory effects of GBP on stimulus-
evoked glutamate release.’® Repeated studies showed that
GBP reduces glutamate release both in vitro and in vivo, in
a model of peripheral neuropathic pain in rodents.***” GBP-
binding on 0:20-1 was shown to reduce calcium influx into
the nerve terminals in response to action potential-mediated
excitation, which would presumably diminish neurotransmit-
ter release.’®* Thus, GBP could influence central sensitiza-
tion by decreasing NMDA receptor activity as its binding on
the calcium channel would inhibit the release of excitatory
neurotransmitters, such as glutamate.*” Importantly it is well
recognized that CavCs modulate the central pain pathways
by influencing fast synaptic transmission and neuronal excit-
ability in the thalamus.*’ In conclusion, GBP could modulate
thalamic pain, both presynaptically and synaptically.

The efficacy of antidepressants in some CPSP patients
suggests the involvement of noradrenergic, serotoninergic,
and dopaminergic mechanisms.*! However, in our study,
AMI failed to show any significant effect on mechanical
allodynia. AMI has previously shown some degree of efficacy
to relieve pain, at least partially, in CPSP patients, even in the
absence of depression.''** The difference between our results
and the response to AMI in human patients may be explained
by some difference in methodology. CPSP patients achieved
relief with AMI, and the difference in the rating of pain
was 1 point on a pain scale when compared with placebo.*
Although this small difference might be appreciated by

human patients, it may be too subtle to be reflected in an
animal study. Furthermore, the dose we administered to the
animals was not titrated to effect and was given only for a
short period of time (10 days). In one clinical case, mechani-
cal allodynia was reduced by about 50%, but the AMI was
titrated to effect and administered over a longer period of
time.** Important side effects occurred (sedation, dizziness,
and difficulty concentrating), and the final recommendation
was to take the drug only during particularly painful episodes.
In our study, AMI was not given to effect, although the dose
used in the rats (10 mg/kg) was much higher than the human
dose (75 mg, or 1 mg/kg for a 70 kg person). We therefore
expected a treatment effect with AMI, and an adjustment of
the dose could be performed in future studies. We do not
suggest that AMI is an unjustified choice for the treatment of
central pain but rather, that a therapeutic dose without appar-
ent side effects was ineffective to treat this condition.

CARBA did not show a significant effect in reducing
the mechanical allodynia associated with an intrathalamic
hematoma. These results are less surprising given the poor
effect of this drug in human CPSP patients.!!*? These findings
may suggest that sodium channel blocking by CARBA does
not represent a major target for the treatment of CPSP.

In conclusion, we found that a collagenase-induced
hemorrhage within the VPL thalamic nucleus of rats induced
bilateral mechanical allodynia that was fully reversed by
GBP. No thermal hyperalgesia to heat occurred; however,
cold allodynia was noted in some animals. AMI and CARBA,
at the concentration administered, failed to show any signifi-
cant effect on the mechanical allodynia.
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