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Pregabalin produces analgesia in males but not
females in an animal model of chronic widespread

muscle pain
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Abstract \
Introduction: Pregabalin, which acts on the a»8-1 subunit of voltage-gated calcium channels, relieves =50% of pain in a third of
individuals with fibromyalgia. Thus far, preclinical studies of pregabalin have predominantly used male animals.

Objectives: The purpose of our study was to investigate potential sex differences in the analgesic efficacy of pregabalin that may
contribute to disparities in human outcomes.

Methods: We used a mouse model of chronic widespread muscle pain (CWP) to test the effects of pregabalin on muscle
hyperalgesia, nonreflexive pain, and motor behaviors. The CWP pain model combines 2 pH 4.0 saline injections, spaced 5 days
apart, into the gastrocnemius muscle and produces bilateral muscle hyperalgesia. Furthermore, we explored sex differences in the
mRNA and protein expression of the a»8-1 subunit of voltage-gated calcium channels in the dorsal horn of the spinal cord and
dorsal root ganglia after development of CWP.

Results: Pregabalin fully attenuated muscle hyperalgesia bilaterally in male but not female mice with equal motor deficits produced
in both sexes. In addition, using the conditioned place preference test, mice of both sexes with CWP spent significantly more time in
the pregabalin-paired chamber compared with baseline, but not significantly greater than pain-free controls. Chronic widespread
muscle pain produced no changes in ax8-1 subunit MRNA or protein expression in the dorsal horn of the spinal cord or dorsal root
ganglia in either sex.

Conclusion: Overall, these findings indicate pregabalin may be more effective in treating CWP in males, but the factors leading to
these differences are not fully understood.
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1. Introduction prevalence in women, most animal studies investigating pregaba-

Musculoskeletal pain conditions, including fibromyalgia, are a lead-
ing contributor to disability, affecting approximately 20% to 33% of
the world’s population.” Pregabalin is a commonly used pharma-
cological treatment for neuropathic and fioromyalgia pain.®®
Pregabalin’s effectiveness in alleviating pain is limited, with only
30% of individuals with fibromyalgia experiencing a pain reduction
of 50% or more after 8 weeks of treatment (numbers needed to
treat = 9.7)."'%"" Although most pain conditions have a higher

lin’s analgesic effects have not included both sexes.® In addition,
mechanistic studies of pregabalin’s analgesic actions have been
conducted primarily in male animals.*1314:16.28.30 Moreover, the
evaluation of mechanical pain testing in animals treated with
pregabalin is complicated by pregabalin’s adverse effects on motor
function when administered at analgesic doses.®® Thus, further
exploration of pregabalin’s efficacy in alleviating reflexive and
nonreflexive musculoskeletal pain in both sexes is necessary.
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The molecular mechanism of pregabalin-induced analgesia
remains unclear; however, it binds to ax8-1 subunits of voltage-
gated calcium channels.'® This binding leads to a decrease in
calcium-mediated neurotransmitter release at presynaptic termi-
nals in the spinal cord.'®1%2% After neuropathic injury, there is
upregulation of a»8-1 subunit in the dorsal root ganglia (DRG) and
dorsal horn of the spinal cord.*®28:36:49.51 Fthermore, and-1
knockout mice have reduced sensitivity to mechanical stimuli and
delayed onset of pain, whereas a»8-1 overexpression causes
tactile allodynia and thermal hyperalgesia, and treatment with
pregabalin inhibits increased trafficking of the asd-1 sub-
unit.*2%%8 These findings suggest that a.x3-1 subunit contributes
to neuropathic pain and pregabalin reduces pain by inhibiting the
heightened excitability of neurons. We previously demonstrated
pregabalin reduces paw and muscle hyperalgesia after induction
of widespread muscle pain in male mice.®®4%%% However, effects
in females and changes in expression of axd-1 subunit in this
model are unknown. Therefore, this study aimed to investigate
sex differences in effectiveness of pregabalin using an animal
model of chronic widespread pain. The objectives of this study
were twofold: (1) to evaluate analgesic effectiveness of pregabalin
in both sexes using reflexive and nonreflexive pain testing and (2)
to explore potential sex-specific differences in axd-1 subunit
expression in DRG and spinal cord after induction of muscle pain.

2. Materials and methods
2.1. Animals

Atotal of 172, 8-week-old C57BL/6J mice with equal numbers of
males and females were used for this study. Mice were kept on
a 12:12 hour light/dark cycle with food and water available ad
libitum. Animals were housed in groups of 4 and randomly
allocated to treatment groups. Experimenters were blinded to
group assignment during behavioral testing and tissue sample
assessments. All behavior tests were completed in the morning
except for conditioned place preference, which based on the
experimental design had to be completed in the morning and
afternoon. All experiments were conducted in accordance with
the National Institutes of Health’s Guidelines for the Care and Use
of Laboratory Animals and were approved by the University of
lowa Animal Care and Use Committee.

2.2. Widespread muscle pain model

The chronic widespread muscle pain (CWP) model, which
combines 2 intramuscular (i.m.) acidic saline injections spaced
5 days apart, was induced as previously described.*® On day 0, the
left gastrocnemius muscle was injected with 20 pL of pH 4.0 = 0.1
acidic saline. Five days later, animals received a second i.m.
injection of pH 4.0 saline into the left gastrocnemius muscle. Pain-
free controls received i.m. injections of 20 pL of pH 7.2 £ 0.1 saline
into the left gastrocnemius muscle on days 0 and 5. The CWP
model produces bilateral muscle hyperalgesia, visceral hyper-
algesia, mechanical hypersensitivity, and altered cardiovascular
autonomic balance without damage to the tissue and models

fioromyalgia with a similar pharmacological treatment
profile. 12,21,33,34,37,41,45,46

2.3. Drug administration

Pregabalin  (YO001805, Millipore Sigma) was dissolved in
deionized water and delivered at a dose of 30 or 60 mg/kg
through intraperitoneal (i.p.) injection. These doses were chosen
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based on previous literature showing an analgesic effect on
muscle hyperalgesia in males.®°

2.4. Behavioral assessments
2.4.1. Muscle withdrawal threshold

To test for muscle hyperalgesia, we assessed muscle withdrawal
thresholds (MWTs) of the left (ipsilateral) and right (contralateral)
gastrocnemius muscle. Before testing, animals were acclimated to
a gardener’s glove 2 times a day for 2 days. Muscle withdrawal
threshold was determined by squeezing the gastrocnemius muscle
using custom-built, force sensitive tweezers until the animal
withdrew its hind limb. Three trials spaced 5 minutes apart were
averaged to obtain 1 reading for each assessment point. The
presence of muscle hyperalgesia is indicated by a decrease in MWT.

2.4.2. Conditioned place preference

Conditioned place preference (CPP) was used to test nonreflexive
pain after induction of CWP. The CPP apparatus consisted of 3
chambers, 2 outer pairing chambers (10.75” X 8.25") and 1
connecting chamber (4.75" X 8.25"). One pairing chamber had
black and white striped walls and smooth surface floors, and the
other pairing chamber had solid black walls and ridged flooring.
The middle chamber was solid black with a smooth surface and
contained an overhead light. On day 6 after induction of CWP,
animals were placed in the CPP apparatus with access to all 3
chambers, and time spent in each was recorded. In the morning on
days 7 to 10, animals were injected with pregabalin vehicle (ddH-O,
i.p.) and placed in a pairing chamber for 60 minutes. Four hours
later, animals were injected with pregabalin (60 mg/kg, i.p.) and
confined to the opposite pairing chamber for 60 minutes. The
assignment to pairing chamber was randomized and counter-
balanced. On day 11, animals were granted access to all 3
chambers for 30 minutes, and time spent in each was recorded.
Raw and change scores for time spent in pregabalin-paired
chambers were analyzed. One male was removed from the
analysis because it spent =80% of baseline testing in 1 chamber.

2.4.3. Rotarod

Rotarod was used to test for motor behavior deficits as previously
described.®° Briefly, animals were acclimated on the rotarod for
2 days with 3 sessions per day. The rotarod acclimation protocol
involved increasing the rotarod speed from 13 to 17 rpm over
different time intervals in 3 sessions on consecutive days. On the
test day, the rotarod ramped from 13to 17 rpm over 120 seconds
and maintained 17 rpm for 30 seconds. Only animals who were
able to stay on the rotarod during the baseline test session were
included in the data analysis (1 male excluded). After baseline
testing, animals received the CWP model. Animals were then
injected with pregabalin (30 or 60 mg/kg, i.p.) or vehicle and
tested on the rotarod 90 minutes after injection.

2.4.4. Balance beam

To further assess motor deficits, a balance beam test was
performed as previously described.®? In brief, the balance beam
had 2, raised rectangular 1-meter beams (6 mm in width). A 700-
lumen light was placed at the starting end and a dark box at the
finishing end. All mice underwent 2 acclimation days, which
included crossing balance beam 3 times each day, and baseline
measures were obtained before induction of CWP. Time to cross
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the balance beam and number of hind leg foot slips while crossing
were analyzed. Markings were made at the 10-cm point and 90-
cm point on each beam, and a stopwatch was used to record
crossing time between the 2 points. Two successful passes
across each beam (no stalling) were recorded, and the fastest
time was used for analysis. All passes were recorded by video.
The total number of left and right foot slips were tallied and
summed by a blinded reviewer for the 2 successful passes (used
for time to cross). No more than 3 trials were performed to obtain
2 successful passes for analysis on each beam. A 10-minute rest
was given between rotarod and balance beam testing.

2.5. Quantitative polymerase chain reaction

Mice were euthanized with CO,, and L4-6 DRG and dorsal horn
of the spinal cord were collected and placed in RNA later
(Invitrogen, Thermo Fisher Scientific, Waltham, MA). RNA was
isolated using a fibrous tissue mini kit (Qiagen, Hilden, Germany)
and further purified with an RNA clean and concentrate kit (Zymo
Research, Orange, CA) according to the manufacturer’s instruc-
tions. Samples of isolated total RNA were stored at —80°C until
analysis. Reverse transcription was performed with 200 ng of
RNA using an Affinity Script Quantitative PCR (gPCR) cDNA
Synthesis Kit (Agilent Technologies, Santa Clara, CA) according
to manufacturer’s instructions. The cDNA was stored at —20°C
unti gPCR analysis was performed. cDNA was used as
a template for gPCR using Power SYBR Green PCR Master
Mix (Applied Biosystems, Thermo Fisher Scientific, Waltham,
MA). All forward and reverse primers were developed using NCBI
Primer-BLAST software to ensure no off-target ampilification
(http://www-ncbi-nlm-nih-gov.proxy.lib.uiowa.edu/tools/primer-
blast/), manufactured by Integrated DNA Technologies (Coral-
ville, IA) and are listed in Table 1. Analysis of gPCR amplifications
was performed with QuantStudio 7 Flex Real-Time PCR System
(Applied Biosystems) using the 2-AACT method with 36B4
serving as an internal control. Samples were run in duplicate, and
the cycle threshold was averaged between the 2 samples.
Reactions were performed under the following conditions:
2 minutes at 50°C, 10 minutes at 95°C, 40 cycles of 15 seconds
at 95°C, and 1 minute at 60°C.

2.6. Immunohistochemistry

Animals were anesthetized with ketamine/xylazine (87.5/
12.5 mg/kg, i.p.) and perfused with heparinized saline followed
by freshly prepared 4% paraformaldehyde. L4-6 DRG and spinal
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cord were extracted and placed in 4% paraformaldehyde over-
night. Tissue was placed in increasing concentrations of sucrose
(10%-30%) then frozen in OCT (Tissue Tek; Thermo Fisher
Scientific) over dry ice and stored at —20°C. Tissues were cut into
20-pM sections and stained using an antibody for the as8-1
subunit. Tissue sections were incubated for 30 minutes in 5%
normal goat serum (S-1000, Vector Labs, Burlingame, CA).
Tissues were washed in an avidin-biotin blocking wash (Vector
Labs) before incubation in the ax8-1 antibody overnight. Sections
were then incubated with a biotin-goat anti-mouse IgG secondary
antibody for 1 hour and then incubated for an hour in streptavidin
Alexa Fluor-568 antibody before coverslipping with Vectashield
(Vector Labs) (antibody details in Table 2). 20X images were taken
on a BX-61 light microscope (Diagnostic Instruments, Sterling
Heights, M) in the Central Microscope Facility at the University of
lowa. For each location and animal, 3 to 5 sections were quantified
and averaged. Optical density of a»8-1 staining was analyzed using
Imaged software (National Institutes of Health, Bethesda, MD) as
previously described.2° For the dorsal horn of the spinal cord, the
optical density in the superficial (I-1l) and deep (lll-VI) lamina were
analyzed separately. For the ventral horn of the spinal cord, 1
optical density reading was recorded for the ipsilateral and
contralateral sides. Animals were only included in the immunohis-
tochemical analysis if 3 or more tissue sections could be quantified;
therefore, 2 males and 4 females were excluded from the spinal
cord analysis and 3 males and 1 female from the DRG analysis.

2.7. Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
(version 27; IBM, Armonk, NY). All statistics are reported as
mean *+ SEM. Muscle withdrawal threshold data were analyzed
with a 2-way analysis of variance (ANOVA) with fixed effects for
drug and sex at the 90-minute MWT timepoint. If a significant
interaction between drug and sex was found, data were separated
by sex, and a 1-way ANOVA with a Sidak post hoc test was
performed. Cohen’s d effect size was calculated for the 90-minute
MWT timepoint. Time spent in the pregabalin-paired chamber was
analyzed with a mixed model, repeated measures ANOVA for time,
group, and sex. For CPP change scores of time spent in the
pregabalin-paired chamber, data were analyzed using a 2-way
ANOVA. For rotarod, balance beam, gPCR, and protein data, a 2-
way ANOVA with Sidak multiple comparisons was used. If
a significant interaction between group and sex was found, data
were separated by sex, and a 1-way ANOVA with a Sidak post hoc
test was used. For all experiments, a P-value of <0.05 was

Primer design for quantitative PCR experiments.

Gene name Accession number Primer sequence Product size

CACNAZDT (o 5-7) NM_001110843.1 F CCCTTCGCCCGTCACTATCA 153 bp
R AGTTGGCGTGCATTGTTGGG

CACNATC (Ca,1.2) NM_009781.4 F CACCATTGCCTCCGAACATTAC 70 bp
R GGCTTTATTGGCTGTGTCTTGC

CACVATD (Ca,1.3) NM_001083616.2 F TGACGCCTGGAACACGTTTG 138 bp
R ACCAACCGCATCACTCGGAA

CACNATB (Ca,2.2) NM_001042528.3 F GACACCGAATGCCGGGAGTA 152 bp
R GTGTTGCCAGCCGCATCATT

CACNAZD? (e 5-2) NM_001174047 1 F CTGCCGCCTCTGTTGCTTTT 143 bp
R TGCACGCCTCCAAAAATCCG

36B4 (housekeeping) NM_007475.5 F GCAGGTGTTTGACAACGGCA 190 bp
R

CACAGACAATGCCAGGACGC
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Antibodies used in immunohistochemistry experiments.

Antibody Company Product Concentration
number
CACNA2D1 Invitrogen MA3-921 1:500
Biotin-goat anti-mouse Life B11027 1:500
lgG Technologies
Streptavidin Alexa Fluor  Invitrogen $11226 1:500
568

considered statistically significant. Sample sizes were determined
based on previously published data from our laboratory showing
significant differences between group and sex. 8262

3. Results

3.1. Experiment 1: acute injection of pregabalin alleviates
muscle hyperalgesia in males only

To determine whether pregabalin alleviated muscle hyperalgesia, we
induced CWP, administered pregabalin, and tested MWT 90 minutes
and 24 hours after treatment (Fig. 1A). There was a significant
interaction of drug by sex on the ipsilateral (F; 40 = 15.52, P < 0.01)
and contralateral (Fy 40 = 25.10, P < 0.01) limb; thus, MWT values
were analyzed separately for each sex. In males, there was
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a significant drug interaction on the ipsilateral (Fo o0 = 28.66, P <
0.01) and contralateral (Fz 20 = 39.6, P < 0.01) limb. In males, when
compared with vehicle administration, pregabalin increased MWT
values on the ipsilateral (30 mg/kg: P < 0.01, Cohen’s d = 2.76;
60 mg/kg: P < 0.01, Cohen’s d = 3.54) and contralateral limb
(30 mg/kg: P < 0.01, Cohen’s d = 3.51; 60 mg/kg: P < 0.01,
Cohen’s d = 4.06; Fig. 1B and C). There was no significant
difference in the MWT values between males receiving 30- and 60-
mg/kg pregabalin on either limb (P = 0.10-0.11). In females,
pregabalin showed no significant effect on the MWT values on the
ipsilateral (Fo 00 = 0.28, P = 0.76) and contralateral imb (Fp 20 =
0.48, P = 0.63; Fig. 1D and E). Thus, systemic doses of pregabalin
acutely reversed muscle hyperalgesia bilaterally in male mice only.

3.2. Experiment 2: pregabalin does not impact nonreflexive
pain in males or females

Next, we used CPP to investigate the effects of pregabalin on
nonreflexive pain (Fig. 2A). Mice received CWP or were pain-free
and underwent 4 consecutive days of pairing after pregabalin
administration. A mixed effects repeated measures ANOVA
comparing time spent in pregabalin-paired chamber at baseline
and after pairing revealed a significant effect of time (Fy o7 =
50.88, P < 0.01) but not time by group (F+, o7 = 3.50, P = 0.07),
time by sex (Fy, o7 = 2.22, P = 0.15), or time by group by sex (F,
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o } 6 7
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i.p. 30 or 60 mg/kg
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c
s 1800 1800 E x% - Vehicle (n=10)
a 16004 1600  °d 5 -« Pregabalin (30 mg/kg; n=4)
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Sex differences in muscle withdrawal thresholds (MWT) at 90 minutes after injection of pregabalin (30 or 60 mg/kg, intraperitoneal [i.p.]). (A) Graphical
depiction of experimental protocol of testing analgesic effects of pregabalin on MWT in male and female mice after induction of chronic widespread pain. (B and C)
MWT for male mice. Injection of pregabalin (30 and 60 mg/kg) after induction of pain model significantly alleviates hyperalgesia on the ipsilateral (B) and

contralateral (C) limb when compared with animals receiving vehicle injections

. There was no significant difference in the MWT values between animals receiving

30- and 60-mg/kg doses of pregabalin. (D and E) MWT for female mice. Injection of pregabalin (30 and 60 mg/kg) after induction of pain model did not alter
hyperalgesia on the ipsilateral (D) or contralateral (E) limb when compared with animals receiving vehicle administration. **P < 0.01 compared with vehicle control;

graphs are mean *= SEM; images made on BioRender.
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Conditioned place preference testing with pregabalin after induction of chronic widespread pain. (A) Graphical depiction of experimental protocol testing
the analgesic effects of pregabalin using conditioned place preference. Mice received injection of vehicle (60 mg/kg volume, i.p.) in the morning and pregabalin
(60 mg/kg, i.p.) in the afternoon for 4 days during the pairing phase. (B) Time spent in the pregabalin-paired chamber at baseline and postpairing test. Males and
females in the pain condition increased the time spent in the pregabalin-paired chamber during the postpairing test compared with baseline. (C) Difference
between baseline and postpairing tests in the amount of time spent in the pregabalin-paired chamber. There are no significant differences in the baseline to
postpairing test change scores between group or sex. #P < 0.01 for effect of time; graphs are mean + SEM; images made on BioRender.

o7 < 0.01, P = 0.92) indicating an increase in time spent in the
pregabalin-paired chamber in all groups regardless of sex
(Fig. 2B). A 2-way ANOVA comparing the change score between
time spent in the pregabalin-paired chamber showed no
significant difference for sex, group, or sex by group (Fig. 2C),
suggesting that pregabalin did not alleviate nonreflexive pain.

3.3. Experiment 3: pregabalin produces motor deficits in
males and females

We used rotarod and balance beam behavioral assays to
examine motor deficits produced by pregabalin (Fig. 3A). For
rotarod, analysis of latency to first fall revealed a significant effect
of drug (F2,47 = 170.10, P < 0.01) and drug by sex (F» 47 = 3.79,
P = 0.03; Fig. 3B). Post hoc testing revealed that in males, the
latency to first fall was significantly different between animals
receiving both doses of pregabalin and those receiving vehicle
injection (P < 0.01); however, there was no difference between
animals receiving 30 and 60 mg/kg of pregabalin (P = 0.42). In
females, there was a significant difference between all 3
treatment conditions with both doses of pregabalin having
a quicker latency to first fall compared with those receiving
vehicle (P < 0.01) and a significant difference between animals
receiving 30 and 60 mg/kg of pregabalin (P < 0.01; Fig. 3B).
Similarly, analysis of the number of falls revealed a significant
effect of drug (Fo 47 = 45.95, P < 0.01) but not drug by sex
(Fo.47 = 1.10, P = 0.34; Fig. 3C). Post hoc testing revealed that
animals receiving both doses of pregabalin had a significantly
higher number of falls compared with vehicle treatment (P <

0.01); however, there was no significant difference between the
30 and 60 mg/kg of pregabalin groups (P = 0.06).

For the change score of time to cross the balance beam, there
was a significant main effect of drug (F 25 = 7.96, P < 0.01) but
not sex (Fy og = 0.02, P = 0.89) or sex by drug (F1 s = 1.45, P =
0.24; Fig. 3D). This suggests that pregabalin impaired motor
behavior equally in both sexes. Similarly, for the change score on
the number of foot slips, there was a significant main effect of
drug (F1,08 = 8.72, P < 0.01) and sex by drug interaction (F1 og =
5.84, P = 0.02) but not sex (F1 25 = 0.04, P = 0.84; Fig. 3E). Post
hoc testing showed pregabalin caused a significant increase in
number of foot slips in females (P < 0.01) but not in males
(P =0.71).

3.4. Experiment 4: widespread muscle pain does not affect
as6-1 subunit mRNA in either sex

Next, we examined mRNA expression of CACNA2D1 (ax6-1)
subunit of calcium channels in the DRG and dorsal horn of the
spinal cord after induction of CWP (Fig. 4A). There was no
significant difference in mMRNA expression of CACNA2D1 (ax8-1)
in the ipsilateral or contralateral DRG or in the dorsal horn when
explored for group, sex, or group by sex interactions (Fig. 4B;
statistics in Table 3). Because the a58-1 subunit is known to
increase trafficking of calcium channels, we also examined
specific calcium channels in the DRG and expression of another
calcium channel subunit (a3-2) as a control.#%4%48 Again, there
were no significant differences in MRNA expression of CAC-
NA2D2 (ap8-2), CACNA1C (Cay1.2), CACNA1D (Cay,1.3), or
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Figure 3. Motor behavior testing using rotarod (30 or 60 mg/kg, i.p.) and balance beam (60 mg/kg) 90 minutes after injection of pregabalin (i.p.). (A) Graphical
depiction of experimental protocol testing the motor deficits of pregabalin with rotarod and balance beam. (B) Latency to first fall on rotarod 90 minutes after
injection of pregabalin or vehicle. Pregabalin (30 and 60 mg/kg) significantly increased the latency to first fall in both males and females compared with vehicle
control. In females, there was a significant increase in latency to first fall between animals receiving 30- and 60-mg/kg pregabalin. (C) Number of falls on rotarod
90 minutes after injection of pregabalin or vehicle. Pregabalin (30 and 60 mg/kg) significantly increased number of falls in both males and females compared with
vehicle control. (D) Difference in time to cross the balance beam between before and after injection of pregabalin. Pregabalin significantly increased the amount of
time to cross the balance beam in both sexes. (E) Difference in number of foot slips before and after injection of pregabalin. Pregabalin significantly increased the
number of foot slips in female but not male mice. **P < 0.01, **P < 0.001 compared with vehicle control; graphs are mean + SEM; images made on BioRender.

CACNAT1B (Ca\2.2) for group, sex, or group by sex interaction
(Fig. 4C; statistics in Table 3). Thus, induction of CWP did not
alter ax8-1 subunit or calcium channel mRBNA in the DRG or
spinal cord.

3.5. Experiment 5: widespread muscle pain does not affect
protein expression in the DH of the spinal cord in either sex

We further examined protein expression of a»8-1 subunit of calcium
channels in the ipsilateral DRG and spinal cord after induction of
CWP (Fig. 5A). In the ipsilateral DRG, a 2-way ANOVA revealed
a significant effect of sex (F105 = 9.07, P < 0.01), suggesting
females have greater expression of the ax8-1 subunit. However,
there was no significant effect observed for group or group by sex
interaction (Fig. 5B; statistics in Table 4). In the ipsilateral and
contralateral dorsal and ventral horn, there was no significant effect
of group, sex, or group by sex in protein expression of the axd-1
subunit (Fig- 5C and D; statistics in Table 4).

4. Discussion

This study demonstrated that pregabalin exhibits sex-specific,
analgesic effects on muscle hyperalgesia, observed exclusively in
male mice. It is unknown whether pregabalin alleviated non-
reflexive pain, as all animals displayed a preference for the
pregabalin-paired chamber, suggesting the presence of
rewarding-like behavior with pregabalin administration. Prega-
balin impaired motor behaviors in both male and female mice, as
indicated by increased falls and decreased latency to first fall on
the rotarod and increased time to cross and foot slips on the
balance beam for females. The current study also found no
changes in mRNA or protein expression of the a8-1 subunit of
voltage-gated calcium channels in the DRG or dorsal horn of the
spinal cord after induction of CWP, suggesting that these factors
do not explain the sex differences of pregabalin analgesia.

Our study replicated previous findings in a chronic muscle
pain model, showing reduced muscle hyperalgesia in male
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Figure 4. Quantitative PCR analysis of mRNA expression of a»3-1 subunit in the ipsilateral and contralateral dorsal root ganglia (DRG) and dorsal horn of the spinal
cord and expression of ap8-2, Ca, 1.2, Ca,1.3, and Ca,2.2 in the ipsilateral DRG. (A) Graphical depiction of the experimental protocol testing the mRNA expression
of different calcium channels ax8-1 and ax8-2 subunit in the DRG and dorsal horn of the spinal cord. (B) mRNA expression of ax8-1 subunit in the ipsilateral and
contralateral DRG and dorsal horn of the spinal cord. There was no significant difference in expression in the different regions between group or sex. (C) mMRNA
expression of a»8-2, Ca, 1.2, Ca,1.3, and Ca,2.2 in the ipsilateral DRG. There was no significant difference in expression of a»8-2, Ca,1.2, Ca,1.3, and Ca,2.2 in
DRG ipsilateral to the muscle insult. This is consistent between males and females. Graphs are mean *= SEM, n = 8 for all groups; images made on BioRender.

animals after acute administration of pregabalin or mirogaba-
in.%54280 By contrast, no sex differences in pregabalin
analgesia were found when it was injected directly into the
central nucleus of the amygdala after chronic muscle pain;
however, this study did not disaggregate or analyze the data by
sex.3! Consistent with our results, a previous study observed
sex differences in sciatic cuff-induced neuropathic pain with
male, but not female, rats exhibiting analgesia after pregabalin
treatment.*” By contrast, no sex differences in pregabalin
analgesia were found after induction of neuropathic pain.??

Although pain assessment for pregabalin has primarily relied on
stimulus-evoked responses, our study was unable to demon-
strate a clear analgesic effect of pregabalin on nonreflexive pain.
This ambiguity arises from the observation that animals,
regardless of muscle pain, displayed a preference for the
pregabalin-paired chamber, making it challenging to determine
whether this preference is due to analgesic effects or reward-
like behavior. It has previously been shown that the CWP model
produces spontaneous pain behavior as shown by increases in
facial grimace and CPP after pairing with clonidine.?*2® In

Statistical results of quantitative PCR experiments.

Effect for group

Effect for sex

Effect for group x sex

Gene name Location
CACNAZDT (e 5-7) Left DRG
Right DRG

Left dorsal horn
Right dorsal horn

Fias = 002, P=0.88
A28 = 0.00, 7= 0.99
Fg =009, P=0.76
5.28 = 011, P=0.74

Fi26 = 0.06, P= 0.81
/_;,28 = 292, P=0.10
Fisg =015, =070
/_;,28 = 198, P=0.17

Fiag =021, P= 064
Fiog = 2.76, P= 011
Fiag = 022, P= 064
Fiag =142, P= 023

Fizs =003, P=086

Fizs = 0.07, P=0.79

5‘28 = 016, P=0.69

/q_zg = 003, P=0.85

/ﬁygg = 008, P=1078

Fizg = 015, P= 070

Fi2s = 0.04, P=0.85

Fize =008, P=0.78

Fios =014, P=0.72

CACNATE (Ca2.2) Left DRG
CACNATD (Ca,1.3) Left DRG
CACNVAZDZ (e 6-2) Left DRG
CACNATC (Ca,1.2) Left DRG

Fizs = 004, P=085

Fize = 0.08, P=0.78

Fizg =014, P=070
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A CWP model or Tissue removal: Immunohistochemistry,
control: DRG, spinal cord imaging, and quantification:
2 2apr l
— — ¥
\\p
Day 0 and 5: .

i.m. injection of pH4 or pH7 saline

B a,5-1 pro}"ein in DRG C
0.08

0.06

0.04

Density

0.02

a,d-1 protein in spinal cord

Male pH7
Male pH4
Female pH7

Female pH4

0.00
Left Dorsal Horn

Pain model (pH4) Control (pH7)

Female

Male

Left DRG

T
Right Dorsal Horn

il

Left Ventral Horn

i
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Left Dorsal Horn

Immunohistochemistry analysis of protein expression of a3-1 subunit in the ipsilateral dorsal root ganglia (DRG) and dorsal and ventral horn of the spinal
cord. (A) Graphical depiction of the experimental protocol examining the protein expression of ax8-1 subunit in the ipsilateral DRG and dorsal and ventral horn of
the spinal cord. (B) a28-1 subunit expression in the ipsilateral DRG. There was a significant main effect of sex but no significant difference in pain condition or sex by
pain condition interaction. (C) a»8-1 subunit expression in the spinal cord. There was no difference in ax8-1 subunit protein expression in ipsilateral or contralateral
dorsal or ventral horn between pain condition or sex. (D) Representative images of the left DRG and dorsal horn of the spinal cord in both sexes and groups. *P <
0.05 for a significant effect of sex; graphs are mean + SEM; images made on BioRender.

agreement with our findings, in the absence of pain, pregabalin
produces rewarding behavior in both sexes at a similar dose
(60 mg/kg, i.p.).?

A systematic review highlighted a significant underrepresen-
tation of female rodents in preclinical research of pregabalin with
only 16.2% of experiments testing both sexes of 532 experiments

Statistical results of immunohistochemistry experiments.

Gene name Location

Effect for group

Effect for sex

Effect for group x sex

Left dorsal horn
Right dorsal horn
Left ventral horn
Right ventral horn

CACMAZDT f5-1)

A6 =032, P=0.58
Foe =321, P=0.09
/q‘gg = 250, P=013
A6 = 3.02, = 0.09

A6 = 016, = 0.69
Fos = 0.25, P=0.62
5,26 = 034, P=057
Fos = 027, P=0.61

fio =089, P=0.35
o =017, P= 0.69
Fios = 0.74, P= 040
Fios =051, P= 048

Left DRG

F0 =3.21, P=0.08

Fg =9.07, < 0.01

A8 = 0.03, A= 0.87
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across 204 articles.’® Although the meta-analysis found that
pregabalin was analgesic regardless of pain model, assessment
method, or sex, it was constrained by the limited inclusion of
mixed-sex (12) and female-only (5) experiments because of
inadequate reporting elements.'® Furthermore, the review was
unable to compare the diverse characteristics of these studies by
sex such as species, age, administration schedule, pain etiology,
or pain measure, and none of these mixed-sex studies explored
chronic muscle pain.’ In human research, systematic reviews
indicate the efficacy of pregabalin in treating fibromyalgia with
30% to 50% of individuals in these trials experiencing >30%
reduction in pain and 20% to 30% achieving a 50% reduction in
pain.’® However, the predominance of females with fibromyalgia
hinders comparisons between the sexes with >90% of partic-
ipants in clinical trials being women, limiting the ability to evaluate
potential sex differences in treating chronic muscle pain in the
clinical setting. Our study reveals a potential unique sex-specific
pain alleviation response to pregabalin treatment for muscle pain,
which requires further research.

Both male and female mice displayed equal motor deficits on the
rotarod, whereas only females displayed a motor deficit on the
balance beam. Interestingly, we observed qualitative differences in
the performance on the balance beam between males and females
that suggest sexual dimorphism in coping strategies for the motor
impairment. Specifically, male mice demonstrated a unique com-
pensatory strategy for managing motor impairments, resting their
posterior body on the balance beam and dragging themselves
across, thus avoiding the need for precise foot placement and hind
limb weight-bearing. This strategy likely reflects the sex differences in
balance beam motor behavior because of the greater adaptive
demand for males because of their larger size. Regardless,
nonsignificant differences before and after pregabalin administration
in both time to cross and number of foot slips in males were a function
of increased stability obtained because of their compensatory
strategy. Previous preclinical studies have lacked reporting of motor
deficits after pregabalin administration, which limits the interpretation
of its analgesic efficacy as these motor deficits could create a false
positive during pain testing that requires a motor response.'® Future
studies should include the use of motor behavior tests to further tease
out the analgesic vs sedative effects of pregabalin. Overall, the similar
motor deficits induced by pregabalin between the sexes suggest that
the sex differences observed in muscle hyperalgesia are more likely
due to mechanistic differences in pain mechanism rather than
differences in the pharmacokinetics of pregabalin between the
sexes. We have repeatedly shown that muscle pain has mechanistic
sex differences further supporting this hypothesis. 18:26:27

Pregabalin, by antagonizing voltage-gated calcium channels
through its binding to as8 auxiliary subunits (a28-1 and «sd-2),
reduces Ca®"-mediated neurotransmitter release at presynaptic
terminals in the dorsal hom of the spinal cord. '®'® Knockdown of the
a0-1 subunit reduces sensitivity to mechanical stimuli and delays
onset of neuropathic injury, whereas its overexpression in healthy
mice induces neuropathic pain phenotypes.*2%8 Our study found
no differences in MRNA or protein of the CACNAZ2D (a56-1) subunit
of voltage-gated calcium channels after induction of CWP in the
DRG. This contrasts with studies of neuropathic injury, which exhibit
increased MRNA expression in the DRG and protein expression in
both the DRG and dorsal horn of the spinal cord.* 1028864951 Thg
ad-1 subunit associates with the pore-forming Caya; subunit and
enhances the localization of Cay1 and Cay2 channels to the plasma
membrane. In our study, mMRNA of CACNATC (Ca\1.2), CACNA1D
(Ca\1.3),and CACNAT1B (Ca\2.2) were not increased after induction
of CWP. We have previously shown heightened glutamate release in
the spinal cord after CWP and an NMDA glutamate receptor
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antagonist reduces muscle hyperalgesia.**** Since pregabalin has
been shown to decrease glutamate release, future studies should
investigate whether pregabalin administration affects glutamate
release in the spinal cord after induction of CWP.2% Such research
may provide insight into the potential mechanism underlying the
behavioral sex differences shown in this model.

Overall, these findings contribute to our understanding of
pregabalin’s analgesic effects on muscle pain and highlight the
importance of considering sex differences in pain research and
clinical practice. Over the past decade, preclinical pain studies
have increased the use of both sexes; however, both clinical and
preclinical research lack reporting of data disaggregated by
sex.®® This omission limits meta-analyses to explore sex differ-
ences in treatment outcomes in preclinical research. A limitation
of this work is the lack of mechanistic insight surrounding
pregabalin’s sex-specific effects; thus, further research using
unbiased approaches is necessary to explore the underlying
mechanisms behind the observed sex-specific effects. This
knowledge could lead to more tailored and effective pain
management strategies that address sex-based differences.

Disclosures

The authors have no conflicts of interest to declare.

Acknowledgements

This work was supported by the National Institutes of Health
AR073187. NIH NS045549 (A. N. Plumb), NIH GM144636-01
and NIH NS007421-23 (A. F. Smith), Foundation for Physical
Therapy Research Promotion of Doctoral Studies (PODS) | (J. B.
Lesnak, A. J. Janowski), NIH GM067795 (J. B. Lesnak), and
Japan Society for the Promotion of Science (K. Hayashi). The
study and its contents are the authors’ sole responsibility.

Data availability: All data are available upon request.

Article history:

Received 15 March 2024

Received in revised form 5 August 2024
Accepted 29 August 2024

Available online 20 November 2024

References

[11 FDA Center for Drug Evaluation and Research Approval package for
application number 21-446.

[2] Alsaab HO, Altowairgi E, Alzahrani N, Alzahrani R, Alshehri FS, Almalki
AH, Alsanie WF, Gaber A, Alkhalifa T, Aimalki A, Shah ZA, Althobaiti YS.
Sex differences in pregabalin-seeking like behavior in a conditioned place
preference paradigm. Saudi Pharm J 2020;28:1749-55.

[38] Bartley EJ, Fillingim RB. Sex differences in pain: a brief review of clinical
and experimental findings. Br J Anaesth 2013;111:52-8.

[4] Bauer CS, Nieto-Rostro M, Rahman W, Tran-Van-Minh A, Ferron L,
Douglas L, Kadurin I, Sri Ranjan Y, Fernandez-Alacid L, Millar NS,
Dickenson AH, Lujan R, Dolphin AC. The increased trafficking of the
calcium channel subunit ax8-1 to presynaptic terminals in neuropathic pain
is inhibited by the a.x8 ligand pregabalin. J Neurosci 2009;29:4076-88.

[6] Cassidy JS, Ferron L, Kadurin I, Pratt WS, Dolphin AC. Functional
exofacially tagged N-type calcium channels elucidate the interaction with
auxiliary «a23-1 subunits. Proc Natl Acad Sci U S A 2014;111:8979-84.

[6] Cavalli E, Mammana S, Nicoletti F, Bramanti P, Mazzon E. The neuropathic
pain: an overview of the current treatment and future therapeutic
approaches. Int J Immunopathol Pharmacol 2019;33:2058738419838383.

[7] Cieza A, Causey K, Kamenov K, Hanson SW, Chatterji S, Vos T. Global
estimates of the need for rehabilitation based on the Global Burden of
Disease study 2019: a systematic analysis for the Global Burden of
Disease Study 2019. Lancet 2021;396:2006-17.

[8] Cohen-Biton L, Buskila D, Nissanholtz-Gannot R. Review of fibromyalgia
(FM) syndrome treatments. Int J Environ Res Public Health 2022;19:12106.


www.painreportsonline.com

10 AN. Plumb et al. 9 (2024) e1207

[9] Costigan M, Befort K, Karchewski L, Griffin RS, D’Urso D, Allchorne A,
Sitarski J, Mannion JW, Pratt RE, Woolf CJ. Replicate high-density rat
genome oligonucleotide microarrays reveal hundreds of regulated genes
in the dorsal root ganglion after peripheral nerve injury. BMC Neurosci
2002;3:16.

[10] Crofford LJ, Rowbotham MC, Mease PJ, Russell IJ, Dworkin RH, Corbin
AE, Young JP Jr, LaMoreaux LK, Martin SA, Sharma U; Pregabalin 1008-
105 Study Group. Pregabalin for the treatment of fioromyalgia syndrome:
results of a randomized, double-blind, placebo-controlled trial. Arthritis
Rheum 2005;52:1264-73.

[11] Cunningham MO, Woodhall GL, Thompson SE, Dooley DJ, Jones RS.
Dual effects of gabapentin and pregabalin on glutamate release at rat
entorhinal synapses in vitro. Eur J Neurosci 2004;20:1566-76.

[12] DeSantana JM, da Cruz KML, Sluka KA. Animal models of fioromyalgia.
Arthritis Res Ther 2013;15:222.

[13] Dooley DJ, Donovan CM, Meder WP, Whetzel SZ. Preferential action of
gabapentin and pregabalin at P/Q-type voltage-sensitive calcium
channels: inhibition of K+-evoked [3H]-norepinephrine release from rat
neocortical slices. Synapse 2002;45:171-90.

[14] Errante LD, Petroff OAC. Acute effects of gabapentin and pregabalin on
rat forebrain cellular GABA, glutamate, and glutamine concentrations.
Seizure 2003;12:300-6.

[15] Federico CA, Mogil JS, Ramsay T, Fergusson DA, Kimmelman J. A
systematic review and meta-analysis of pregabalin preclinical studies.
PAIN 2020;161:684-93.

[16] Field MJ, Cox PJ, Stott E, Melrose H, Offord J, Su TZ, Bramwell S,
Corradini L, England S, Winks J, Kinloch RA, Hendrich J, Dolphin AC,
Webb T, Wiliams D. Identification of the alpha2-delta-1 subunit of
voltage-dependent calcium channels as a molecular target for pain
mediating the analgesic actions of pregabalin. Proc Natl Acad Sci U S A
2006;103:17537-42.

[17] Forte ML, Butler M, Andrade KE, Vincent A, Schousboe JT, Kane RL.
AHRQ comparative effectiveness reviews: treatments for fibromyalgia in
adult subgroups. Rockville: Agency for Healthcare Research and Quality
(US), 2015.

[18] Hayashi K, Lesnak JB, Plumb AN, Rasmussen LA, Sluka KA. P2X7-
NLRP3-Caspase-1 signaling mediates activity-induced muscle pain in
male but not female mice. PAIN 2023;164:1860-73.

[19] Hendrich J, Bauer CS, Dolphin AC. Chronic pregabalin inhibits synaptic
transmission between rat dorsal root ganglion and dorsal horn neurons in
culture. Channels (Austin) 2012;6:124-32.

[20] Hoeger-Bement MK, Sluka KA. Phosphorylation of CREB and
mechanical hyperalgesia is reversed by blockade of the cAMP pathway
in a time-dependent manner after repeated intramuscular acid injections.
J Neurosci 2003;23:5437-45.

[21] Kim SH, Song J, Mun H, Park KU. Effect of the combined use of tramadol
and milnacipran on pain threshold in an animal model of fibromyalgia.
Korean J Intern Med 2009;24:139-42.

[22] Kremer M, Yalcin I, Nexon L, Wurtz X, Ceredig RA, Daniel D, Hawkes RA,
Salvat E, Barrot M. The antiallodynic action of pregabalin in neuropathic
pain is independent from the opioid system. Mol Pain 2016;12:
1744806916633477.

[23] Kumar N, Cherkas PS, Varathan V, Miyamoto M, Chiang CY, Dostrovsky
JO, Sessle BJ, Coderre TJ. Systemic pregabalin attenuates facial
hypersensitivity and noxious stimulus-evoked release of glutamate in
medullary dorsal horn in a rodent model of trigeminal neuropathic pain.
Neurochem Int 2013;62:831-5.

[24] Lenert ME, Gomez R, Lane BT, Dailey DL, Vance CGT, Rakel BA,
Crofford LJ, Sluka KA, Merriwether EN, Burton MD. Translating outcomes
from the clinical setting to preclinical models: chronic pain and
functionality in chronic musculoskeletal pain. Pain Med 2022;23:
1690-707.

[25] Lenert ME, Szabo-Pardi TA, Burton MD. Regulatory T-cells and IL-5
mediate pain outcomes in a preclinical model of chronic muscle pain. Mol
Pain 2023;19:174480692211106.

[26] Lesnak JB, Hayashi K, Plumb AN, Janowski AJ, Chimenti MS, Sluka KA.
The impact of sex and physical activity on the local immune response to
muscle pain. Brain Behav Immun 2023;111:4-20.

[27] Lesnak JB, Inoue S, Lima L, Rasmussen L, Sluka KA. Testosterone
protects against the development of widespread muscle pain in mice.
PAIN 2020;161:2898-908.

[28] LiCY, Song YH, Higuera ES, Luo ZD. Spinal dorsal horn calcium channel
alpha2delta-1 subunit upregulation contributes to peripheral nerve injury-
induced tactile allodynia. J Neurosci 2004;24:8494-9.

[29] Li CY, Zhang XL, Matthews EA, Li KW, Kurwa A, Borouijerdi A, Gross J,
Gold MS, Dickenson AH, Feng G, Luo ZD. Calcium channel alpha2deltal
subunit mediates spinal hyperexcitability in pain modulation. PAIN 2006;
125:20-34.

PAIN Reports®

[30] Li KW, Yu YP, Zhou C, Kim DS, Lin B, Sharp K, Steward O, Luo ZD.
Calcium channel «231 proteins mediate trigeminal neuropathic pain
states associated with aberrant excitatory synaptogenesis. J Biol Chem
2014;289:7025-37.

[31] LinYL, Yang ZS, Wong WY, Lin SC, Wang SJ, Chen SP, Cheng JK, Lu H,
Lien CC. Cellular mechanisms underlying central sensitization in a mouse
model of chronic muscle pain. eLife 2022;11:e78610.

[32] Luong TN, Carlisle HJ, Southwell A, Patterson PH. Assessment of motor
balance and coordination in mice using the balance beam. J Vis Exp
2011;49:2376.

[383] Miranda A, Peles S, McLean PG, Sengupta JN. Effects of the 5-HT3
receptor antagonist, alosetron, in a rat model of somatic and visceral
hyperalgesia. PAIN 2006;126:54-63.

[34] Miranda A, Peles S, Rudolph C, Shaker R, Sengupta JN. Altered visceral
sensation in response to somatic pain in the rat. Gastroenterology 2004;
126:1082-9.

[35] Murasawa H, Pawlak A, Kobayashi H, Saeki K, Yasuda S, Kitano Y.
Mirogabalin, a novel ligand for a28 subunit of voltage-gated calcium
channels, improves cognitive impairments in repeated intramuscular
acidic saline injection model rats, an experimental model of fioromyalgia.
Biomed Pharmacother 2021;139:111647.

[36] Newton RA, Bingham S, Case PC, Sanger GJ, Lawson SN. Dorsal root
ganglion neurons show increased expression of the calcium channel
alpha2delta-1 subunit following partial sciatic nerve injury. Brain Res Mol
Brain Res 2001;95:1-8.

[37] Nielsen AN, Mathiesen C, Blackburn-Munro G. Pharmacological
characterisation of acid-induced muscle allodynia in rats. Eur J
Pharmacol 2004;487:93-103.

[38] Patel R, Bauer CS, Nieto-Rostro M, Margas W, Ferron L, Chaggar K,
Crews K, Ramirez JD, Bennett DL, Schwartz A, Dickenson AH, Dolphin
AC. a23-1 gene deletion affects somatosensory neuron function and
delays mechanical hypersensitivity in response to peripheral nerve
damage. J Neurosci 2013;33:16412-26.

[39] Plumb AN, Lesnak JB, Berardi G, Hayashi K, Janowski AJ, Smith AF,
Bailey D, Kerkman C, Kienenberger Z, Martin B, Patterson E, Van Roekel
H, Vance CGT, Sluka KA. Standing on the shoulders of bias: lack of
transparency and reporting of critical rigor characteristics in pain
research. PAIN 2023;164:1775-82.

[40] Roca-Lapirot O, Radwani H, Aby F, Nagy F, Landry M, Fossat P. Calcium
signalling through L-type calcium channels: role in pathophysiology of
spinal nociceptive transmission. Br J Pharmacol 2018;175:2362-74.

[41] Sabharwal R, Rasmussen L, Sluka KA, Chapleau MW. Exercise prevents
development of autonomic dysregulation and hyperalgesia in a mouse
model of chronic muscle pain. PAIN 2016;157:387-98.

[42] Saeki K, Yasuda SI, Kato M, Kano M, Domon Y, Arakawa N, Kitano Y.
Analgesic effects of mirogabalin, a novel ligand for «(2)8 subunit of
voltage-gated calcium channels, in experimental animal models of
fioromyalgia. Naunyn Schmiedebergs Arch Pharmacol 2019;392:723-8.

[43] Skyba DA, King EW, Sluka KA. Effects of NMDA and non-NMDA
ionotropic glutamate receptor antagonists on the development and
maintenance of hyperalgesia induced by repeated intramuscular injection
of acidic saline. PAIN 2002;98:69-78.

[44] Skyba DA, Lisi TL, Sluka KA. Excitatory amino acid concentrations
increase in the spinal cord dorsal horn after repeated intramuscular
injection of acidic saline. PAIN 2005;119:142-9.

[45] Sluka KA, Kalra A, Moore SA. Unilateral intramuscular injections of acidic saline
produce a bilateral, long-lasting hyperalgesia. Muscle Nerve 2001;24:37-46.

[46] Sluka KA, Rohlwing JJ, Bussey RA, Eikenberry SA, Wilken JM. Chronic
muscle pain induced by repeated acid Injection is reversed by spinally
administered mu- and delta-but not kappa-opioid receptor agonists.
J Pharmacol Exp Ther 2002;302:1146-50.

[47] Ungard RG, Zhu YF, Yang S, Nakhla P, Parzei N, Zhu KL, Singh G.
Response to pregabalin and progesterone differs in male and female rat
models of neuropathic and cancer pain. Can J Pain 2020;4:39-58.

[48] Vink S, Alewood PF. Targeting voltage-gated calcium channels:
developments in peptide and small-molecule inhibitors for the
treatment of neuropathic pain. Br J Pharmacol 2012;167:970-89.

[49] Wang H, Sun H, Della Penna K, Benz RJ, Xu J, Gerhold DL, Holder DJ,
Koblan KS. Chronic neuropathic pain is accompanied by global changes
in gene expression and shares pathobiology with neurodegenerative
diseases. Neuroscience 2002;114:529-46.

[50] Yokoyama T, Maeda Y, Audette KM, Sluka KA. Pregabalin reduces
muscle and cutaneous hyperalgesia in two models of chronic muscle pain
in rats. J Pain 2007;8:422-9.

[51] Yusaf SP, Goodman J, Gonzalez IM, Bramwell S, Pinnock RD, Dixon AK, Lee
K. Streptozocin-induced neuropathy is associated with altered expression of
voltage-gated calcium channel subunit mRNAs in rat dorsal root ganglion
neurones. Biochem Biophys Res Commun 2001;289:402-6.



