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Introduction

Gabapentin has been used as one of the first-line treatments for chronic pain. In various pain
models in rodents, gabapentin is remarkably and uniformly effective [4; 7; 10; 16; 17; 29].
However, gabapentin often fails to provide sufficient analgesia in patients [5; 6] and the
mechanisms underlying this lack of uniformity in efficacy have not been addressed. We
hypothesize that the discrepancy between the clinical and preclinical efficacy of gabapentin
may relate in part to the timing of studies in rodents, typically 2—-3 weeks after injury.

Gabapentin interacts with a.28 subunits of voltage-gated calcium channels to reduce
neuronal excitation [12; 16; 17]. A focus on the spinal cord as a key site of pain transmission
and plasticity after nerve injury has led to the theory that gabapentin primarily acts on spinal
pain mechanisms. However, a recent clinical study questioned this theory by demonstrating
a complete lack of clinical efficacy of intrathecal gabapentin in patients with chronic pain
[22], despite the known efficacy of oral gabapentin in this patient population. We and others
have proposed a different gabapentin’s action on descending inhibition. As such,
systemically administered gabapentin activates descending noradrenergic pathways to
reduce hypersensitivity in rodents 2—3 weeks after peripheral nerve injury, and that
gabapentin increased lumbar cerebrospinal fluid noradrenaline in patients with chronic
orthopedic pain [7; 10; 29]. We and others have posited that gabapentin activates
noradrenergic neurons in the locus coeruleus (LC) to induce spinal noradrenaline release that
in turn stimulates a.2-adorenoceptors, leading to analgesia which relies in part on cholinergic
receptor activation [10; 11; 28].

Among various neurochemical inputs in the LC, glutamate is the primary excitatory
neurotransmitter on noradrenergic neurons [25]. Extracellular glutamate is classically
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regulated by two types of astroglial glutamate transporters, primarily glutamate transporter-1
(GLT-1), but also glutamate-aspartate transporter [23; 24]. We previously demonstrated that
gabapentin increases extracellular glutamate in the LC by GLT-1 dependent mechanisms to
stimulate descending noradrenergic inhibition in rats with normal or early stage neuropathic
pain (2-3 weeks after nerve injury) condition [27], suggesting a GLT-1 dependence of
gabapentin’s action in the LC at least in the first few weeks after nerve injury. However, we
recently demonstrated that GLT-1 is itself down-regulated in the LC 6 weeks after nerve
injury [15], leading to our hypothesis that this down-regulation of GLT-1 may result in
reduced gabapentin:s efficacy over time after nerve injury. We further propose that
restoration of GLT-1 expression by inhibition of histone deacetylase (HDAC) [13; 15; 31]
will restore gabapentin efficacy late after injury.

The purpose of this study was to address key gaps in our understanding about how resistance
to gabapentin develops in chronic pain after neuropathic injury, focusing on plasticity in
GLT-1-dependent gabapentin’s action on the LC, and to test pharmacologic approaches to
restore its efficacy. The current study also examined whether later time periods after
neuropathic injury also reduces efficacy of the target for norepinephrine release in the spinal
cord, a.2-adrenoceptors.

Materials and Methods

Animals

Surgeries

Male Sprague-Dawley rats (Harlan Industries, Indianapolis, IN), weighing 220 to 280 g,
were housed under a standard 12-hour light-dark cycle, with free access to food and water.
All experiments were approved by the Animal Care and Use Committee at Wake Forest
School of Medicine (Winston-Salem, NC).

Unilateral L5 and L6 spinal nerve ligation (SNL) was performed as described previously
[14]. Briefly, under anesthesia with 2.0% isoflurane, the right L5 and L6 spinal nerves were
tightly ligated using 5-0 silk suture. LC cannula implantation was performed as described
previously [10]. Briefly, under anesthesia with 2% isoflurane, a sterile stainless-steel guide
cannula (CXG-8 for microdialysis, Eicom Co., Kyoto, Japan, or C315G for small interfering
RNA [siRNA] injection, Plastic One, Roanoke, VA) was implanted into the right LC. The
coordinates for placement of the tip of the guide cannula were 9.8mm posterior and 1.4mm
lateral to the bregma, and 6.5 mm ventral from the surface of the dura mater. Animals were
allowed to recover from the surgery at least one week prior to the experiment. After the
experiment, all animals received an intra-LC injection of methylene blue (0.5 pl) and were
euthanized by an intravenous or intraperitoneal injection of pentobarbital (150 mg/kg). The
brain was removed and sectioned, and the placement of the cannula was verified visually.
This study included data from only animals (202 of 214 rats) with successful LC cannula
placement.
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Drugs and small interfering RNA (siRNA) treatments

Gabapentin (Toronto Research Chemicals, Ontario, Canada,) was dissolved in saline and
injected intraperitoneally (100 mg/kg) or intravenously (50 mg/kg). These doses of
gabapentin were determined from our previous studies [10; 26]. To examine the effect of
nerve injury on antihypersensitivity effect of gabapentin, animals received a single injection
of intraperitoneal saline or gabapentin (100 mg/kg) at 0, 1, 2, 4, 6, 8, and 10 weeks after
SNL surgery. Idazoxan hydrochloride (30 pg/10 pl, Tocris Bioscience, USA), clonidine (1-
15 ug/10 ul, Sigma-Aldrich, St. Louis, MO), and atropine (30 pg/10 ul, Sigma-Aldrich) were
dissolved in saline and injected intrathecally via the L5-L6 intervertebral space under brief
anesthesia using a 30-gauge needle as previously described [15]. Sodium valproate was
dissolved in water and orally administered twice a day by a feeding tube (200 mg/kg/day)
for 14 days beginning 6 weeks after SNL surgery. The dose of valproate was determined
from our previous study [13; 31]. Knock-down of GLT-1 in the LC was performed as
previously described [27]. A mixture of siRNAs for rat GLT-1 (SMARTpool #M-091209-02,
Thermo Fisher Scientific Inc., Pittsburgh, PA) or a non-targeting siRNA pool
(#D-001206-14, Thermo Fisher Scientific Inc.) was dissolved in double distilled water,
diluted with the transfection reagent (i-Fect; Neuromics, Edina, MN) to achieve a final
concentration of 8.3 pmol/0.5 pl, and injected daily through the LC guide cannula for 5
consecutive days. In all injection studies, animals were randomly allocated to treatment
groups.

Behavior test

The person performing the behavioral test (Masafumi Kimura) was blinded to drug and
dose. Nociceptive mechanical withdrawal thresholds in the hindpaw were measured with a
Randall-Selitto analgesimeter (Ugo Basile, Comerio, Italy) as previously described [21]. A
cutoff pressure of 250 g was used to avoid potential tissue injury. All animals were trained
for 3 days with this apparatus before baseline values were measured.

Western blotting for GLT-1 in the LC

Western blotting for GLT-1 in the LC was performed as previously reported [27]. Brainstem
slices (2 mm thickness) containing the LC were obtained using a precision brain slicer
(RBM-4000C, ASI Instruments, Inc.,Warren, MI) and the region of the right LC was
carefully dissected under the surgical microscope. The LC and adjacent tissue were
homogenized, lysed, and centrifuged for 10 min at 4 °C at 1000G. Protein content in each
supernatant was measured using a standard method [2]. Samples (25 g protein) were placed
on 10% gels (Criterion Tris-HCI Gel; Bio-Rad, Hercules, CA), run at 100 V for 1 h, and
transferred to nitrocellulose membrane (Bio-Rad). The membrane was blocked with 1%
bovine albumin serum in Tris-buffer saline containing 0.1% Tween 20 (TBST), and
incubated overnight at 4 °C with a guinea pig anti-GLT-1 (1:5000, AB1783; Millipore,
Billerica, MA) or a rabbit a-tubulin (1:5000, 2125S; Cell Signaling, Danvers, MA). After
washing with TBST, the membrane was incubated for 1 h at room temperature with a
corresponding horseradish peroxidase-conjugated secondary antibody (1:5000; anti-guinea
pig or 1:5000; anti-rabbit, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), treated for 1
min with West Pico hemiluminescence substrate (Thermo Fisher Scientific Inc.), and
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exposed to X-ray film (Kodak BioMax film, Sigma-Aldrich). The density of each specific
band was measured using a computer-assisted imaging analysis system (ImageJ, U. S.
National Institutes of Health, Bethesda, Maryland, USA).

Immunohistochemistry

Immunostaining for phosphorylated cyclic adenosine monophosphate response element
binding protein (pCREB) and dopamine-B-hydroxylase (DBH) was performed as previously
described [10]. One hour after intraperitoneal injection of gabapentin or saline, animals were
euthanized with an intraperitoneal injection of pentobarbital (150 mg/kg) and perfused with
0.01 M phosphate-buffered saline containing 1% sodium nitrite, followed by 4% formalin in
0.1 M phosphate-buffered saline. The brainstems were dissected out, postfixed in the same
fixative, cryoprotected with 30% sucrose in 0.1 M phosphate-buffered saline, and sectioned
at a 16 um thickness. After being pretreated with 1% normal donkey serum (Jackson
Immuno Research Laboratories, West Grove, PA), the sections were incubated with a rabbit
monoclonal anti-pCREB antibody (1:500, 06-519; Millipore, Billerica, MA) and a mouse
monoclonal anti-DRH antibody (1:500, MAB 308; Millipore) overnight. Subsequently, the
sections were incubated with Cy2 conjugated anti-mouse 1gG (1:200, Jackson Immuno
Research Laboratories) and Cy3 conjugated anti-rabbit IgG (1:600, Jackson Immuno
Research Laboratories). For quantification, four to five brainstem sections containing the
right LC were randomly selected from each rat and digital images were captured using a
Nikon Eclipse Ni fluorescent microscope system (Nikon, Tokyo, Japan). All images for each
experiment were taken at the same time with the same camera settings, and the persons
performing the image analysis (Masafumi Kimura) were blinded to treatment or group.
Positive immunostaining for pCREB was defined using a constant threshold across all
sections. DBH-immunoreactive (IR) cells with or without pPCREB were counted in the LC on
the 4-5 sections per rat and reported as % of total DBH-IR cells per rat.

Microdialysis for spinal noradrenaline

Microdialysis in the lumbar spinal dorsal horn was performed as previously described [10].
On the day of the experiment, anesthesia was induced with 2% isoflurane and then
maintained with 1.5% isoflurane during the study. A heating blanket was used to maintain
rectal temperature 36.5 £ 0.5 °C. The left femoral vein was cannulated for transfusion of
saline (1 ml/hr) and gabapentin injection, and the L3-L6 level of spinal cord was exposed by
the T13-L1 laminectomy. A microdialysis probe (CX-1-8-01, outer diameter = 0.22 mm,
inner diameter = 0.20 mm, length = 1 mm; EICOM Co.) was inserted into the spinal dorsal
horn 1 h prior to the experiment and perfused with Ringer’s solution (1.0 pl/min). Then,
after two 30-min baseline samples, gabapentin (50mg/kg) or saline was intravenously
injected. Noradrenaline content in the microdialysates was measured by high-pressure liquid
chromatography with electrochemical detection (HTEC-500, EICOM Co.), as previously
described [10].

Statistical Analysis

We determined the sample size for each experiment based on our previous experience and
power analysis was not conducted prior to the study to determine appropriate sample sizes.
Data are presented as mean + SD. When appropriate, behavioral and microdialysis data were
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analyzed by two-way repeated-measures analysis of variance (ANOVA) followed by Tukey
post hoc testing using Sigma Plot software (Systat Software Inc, Chicago, IL). Other data
from Western blotting, immunohistochemical, and some behavioral experiments were
analyzed by one-way or two-way ANOVA followed by Tukey post hoc testing. P < 0.05 was
considered significant. To depict likelihood of animals responding to gabapentin as a
function of time, we coded each animal at each time dichotomously as responding or not
responding to gabapentin and performed logistic regression analysis for likelihood that
gabapentin will produce an increase in mechanical withdrawal threshold separately at three
levels (Change from baseline: 10, 20, or 30 g), using the Origin 2015 (OriginLab
Corporation, Northampton, MA).

Impact of SNL on gabapentin analgesia

SNL significantly reduced pre-drug baseline withdrawal thresholds in the right hindpaw
ipsilateral to surgery and stable mechanical hypersensitivity was observed during the study
(Figure 1A - insert, p < 0.01). Animals received a single injection of intraperitoneal saline or
gabapentin (100 mg/kg) at 0, 1, 2, 4, 6, 8, and 10 weeks after SNL surgery. There were
significant main effects of treatment (F 1, 96 = 163.59; p < 0.01) and time (F 6, 96 = 12.79;
p <0.01), and the treatment x time interaction (F 6, 96 = 15.80; p < 0.01) between
gabapentin and saline injected groups (Figure 1A). Post hoc testing revealed that a single
intraperitoneal injection of gabapentin significantly increased withdrawal thresholds
compared to saline except 8 weeks after SNL (p < 0.05) and that the antihypersensitivity
effect of gabapentin was significantly reduced 4 to 10 weeks after SNL compared to 2 weeks
after SNL (p < 0.01). Using this time-course data from gabapentin treated SNL rats, we also
performed logistic regression analysis to examine likelihood that gabapentin will produce an
increase in mechanical withdrawal threshold of three levels (Change from baseline: 10, 20,
or 30 g) as a function of time after surgery (Figure 1B). For a large effect size (>30 g),
gabapentin uniformly lost antihypersensitivity effect around 5 weeks after injury (R2=0.73).
For middle (>20 g, R2=0.49)) and small (>10 g (R?=0.29)) effect sizes, gabapentin lost
antihypersensitivity effect in nearly half of the SNL rats 6 and 10 weeks after injury,
respectively.

Whether SNL alters spinal noradrenergic dependency of intraperitoneal gabapentin
analgesia was examined in rats 2 to 10 weeks after SNL, using an intrathecal a.2-
adrenoceptor antagonist idazoxan (Figure 1C). There were significantly main effects of
treatment (F 1, 39 = 36.54; p < 0.01) and time (F 2, 39 = 16.47; p < 0.01), and the treatment
x time interaction groups (F 2, 39 = 11.73; p < 0.01) between intrathecal saline and idazoxan
injected groups. Post hoc testing revealed that the antihypersensitivity effect of gabapentin
was significantly reduced 6 and 10 weeks after SNL compared to 2 weeks after SNL in
saline treated groups (p < 0.01), but no difference was observed among 2, 6 and 10 weeks
after SNL in idazoxan treated groups (p > 0.81), and that intrathecal idazoxan significantly
reduced the antihypersensitivity effect from gabapentin 2 (p < 0.01) and 6 (p = 0.03) weeks
but not 10 (p = 0.41) weeks after SNL compared to saline. These results suggest that SNL
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time-dependently impairs the antihypersensitivity effect of gabapentin which relies in part
on descending noradrenergic inhibition.

Expression of GLT-1 and gabapentin-induced neuronal activation in the LC

Figure 2A depicts representative immunoblotting images of GLT-1 and a-tubulin in the
branstem tissues containing the right LC from normal and SNL rats. Quantitatively,
expression of GLT-1 protein in the LC was reduced 6 weeks (SNL 6W, ratio to a-tubulin:
0.43 £ 0.13, n=8, p = 0.03) but not 2 weeks (SNL 2W, ratio to a-tubulin: 0.60 + 0.20, n = 8,
p = 0.67) after SNL surgery compared to normal rats (ratio to a-tubulin: 0.68 + 0.20, n = 8).

Photomicrographs in Figure 2B-2G depict pPCREB-IR in noradrenergic neurons, identified
by DBH-IR, in the right LC from normal and SNL rats one hour after an intraperitoneal
injection of saline or gabapentin. There were significant main effects of group (F2, 75 =
164.09; p < 0.01) and treatment (F1, 75 = 143.82; p < 0.01), and the group x treatment
interaction (F2, 75 = 23.83; p < 0.01) (Figure 2H). Post hoc testing revealed that SNL 6W
rats showed an increase in pPCREB-IR in LC neurons compared with normal and SNL 2W
rats (p < 0.01) in saline treated groups, and that gabapentin increased pCREB-IR in LC
neurons compared to saline in normal and SNL 2W rats (p < 0.01), whereas no such increase
occurred in SNL 6W rats (p = 0.16).

Role of GLT-1 expression in the LC for antihypersensitivity from gabapentin

Figure 3A depicts representative immunoblotting images of GLT-1 and a-tubulin in the
branstem tissues containing the right LC from SNL 2W rats treated with repeated intra-LC
injections of the GLT-1 selective siRNA or non-targeting siRNA (Control) for 5 days
beginning 9 days after surgery. Quantitatively, GLT-1 siRNA treatment significantly reduced
expression of GLT-1 in the LC (ratio to a-tubulin: 0.37 £ 0.17, n = 8) compared to the
control (ratio to a-tubulin: 0.57 £ 0.18, n=8, p = 0.04). GLT-1 siRNA did not alter
mechanical withdrawal thresholds in the right hindpaw (80 £ 7 g) compared to the control
(85 + 8 g, p=0.17), but significantly reduced the antihypersensitivity effect of
intraperitoneal gabapentin (Figure 3B, p < 0.01), suggesting that expression of GLT-1 in the
LC is essential to antihypersensitivity action of systemic gabapentin in the early phase (2
weeks after nerve injury) of neuropathic pain.

We then examined whether increasing GLT-1 expression in the LC by HDAC inhibition can
increase gabapentin’s efficacy later (>6 weeks) after nerve injury. Figure 4A depicts
representative immunablotting images of GLT-1 and a-tubulin in the right LC from normal
and SNL rats treated with repeated oral administration of the HDAC inhibitor valproate or
vehicle for 2 weeks beginning 6 weeks after nerve injury. Quantitatively, expression of
GLT-1 protein in the LC from vehicle-treated SNL rats 8 weeks after nerve injury (SNL 8W,
ratio to a-tubulin: 0.20 + 0.09, n = 9) was significantly lower than that of normal rats (ratio
to a-tubulin: 0.57 £ 0.29, n = 8, p < 0.01) and valproate significantly increased GLT-1
expression (ratio to a-tubulin: 0.42 £ 0.17, n=9, p< 0.01) compared to the vehicle in SNL
8W rats, consistent with our previous observation that reduced GLT-1 expression in the LC
after SNL was reversed by HDAC inhibition [15]. Oral valproate treatment also significantly
increased mechanical withdrawal thresholds in the right hindpaw (102 + 14 g, n =9)
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compared to the vehicle (86 + 7 g, n =9, p < 0.01) and restored the antihypersensitivity
effect of gabapentin, which was abolished by intrathecal injection of idazoxan, in SNL 8W
rats (Figure 4B). Figure 5A depicts representative immunoblotting images of GLT-1 and a-
tubulin in the right LC from valproate treated SNL 8W rats with repeated intra-LC injections
of the GLT-1 or control siRNA for 5 days. Quantitatively, GLT-1 siRNA treatment
significantly reduced expression of GLT-1 in the LC (ratio to a-tubulin: 0.52 £ 0.15,n =7)
compared to the control (ratio to a-tubulin: 0.69 £ 0.13, n =7, p = 0.046). GLT-1 siRNA did
not affect withdrawal thresholds in the right hindpaw (90 £ 10 g) compared to the control
(93 £ 9 g, p = 0.50), but significantly reduced gabapentin efficacy after valproate treatment
in SNL 8W rats (Figure 5B, p < 0.01). These results suggest that repeated oral
administration of valproate increased GLT 1 in the LC to restore the impaired
antihypersensitivity effect of gabapentin which relies in part on descending noradrenergic
inhibition.

Photomicrographs in Figure 6A depict pCREB-IR in noradrenergic neurons in the right LC
from oral vehicle or valproate treated SNL 8W rats one hour after an intraperitoneal
injection of saline or gabapentin. Quantitatively, valproate significantly decreased pCREB-
IR in the LC neurons compared to the vehicle in saline groups (p < 0.01) and gabapentin
increased pCREB-IR in LC neurons compared to saline in valproate treated groups (p <
0.01) (Figure 6B). Based on this result, we examined whether the effects of valproate on
basal and gabapentin-induced LC activity reflects to noradrenaline release in the spinal cord
(Figure 6C). In microdialysates from the right lumbar spinal dorsal horn, valproate treatment
significantly reduced basal noradrenaline concentrations (1.3 = 0.6 pg/30 pl) compared to
the vehicle (2.1 £ 0.9 pg/30 pl, p = 0.048). Animals received a single intravenous injection
of saline or gabapentin (50 mg/kg). For gabapentin-induced spinal noradrenaline release,
there were significant main effects of group (F1, 48 = 8.00, p = 0.01) and time (F3, 48 =
7.63, p <0.01), and the group x time interaction (F3, 48 = 3.49, p = 0.02), consistent with
current behavioral and LC pCREB results.

Impact of SNL on spinal a2-adrenoceptor-mediated antihypersensitivity

Lastly, we examined whether nerve injury affects the efficacy and cholinergic dependency of
a2-adrenoceptor-mediated spinal analgesia by comparing the effects of the intrathecal a2-
adrenoceptor agonist clonidine with or without the muscarinic antagonist atropine in SNL
2W and 6W rats (Figure 7). There was a significant main effect of group (F1, 48 =8.34; P <
0.01) and dose (F2, 48 = 29.05; P <0.01), but not the group x dose interaction (F2, 48 =
1.29; P = 0.29) between clonidine alone groups (Figure 7). In both SNL 2W and 6W rats,
intrathecal atropine significantly reduced the antihypersensitivity effect of clonidine (p <
0.01). These results suggest that nerve injury did not affect cholinergic dependency but time-
dependently reduced the efficacy of a2-adrenoceptor-mediated antihypersensitivity in the
spinal cord after nerve injury.

Discussion

Despite being one of the first choice treatments for chronic pain, many patients with chronic
pain fail to receive analgesic benefit from gabapentin [5; 6]. In past two decades, pain
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research has primarily focused on the mechanisms of clinical efficacy of gabapentin, but less
attention has paid to understand why all rodents, but only some patients respond to
gabapentin. From a public health significant perspective, understanding mechanisms of this
heterogeneity in response and how efficacy might be improved is arguably as important as
understanding therapeutic mechanisms.

Drawing parallels between behavioral responses in animals, in this case withdrawal
responses reflecting hypersensitivity with pressure, to analgesic responses in humans with
chronic pain is difficult. Nonetheless, one is struck by the large and homogeneous effect size
in response to rats receiving gabapentin after nerve injury compared to the modest
proportion of patients with chronic neuropathic pain who receive analgesic benefit from the
drug. Although many factors which are different between humans and animals could explain
the poor analgesic efficacy of gabapentin, it is conceivable that differences in timing after
injury, associated with expression of GLT-1 in the LC, explains in part this discrepancy, and
our responder analysis (Figure 1B) suggests that the early uniform effect to gabapentin in
rats after injury is lost as time progresses. For a large effect size (>30 g), this is uniformly
lost around 5 weeks after injury, and for smaller effect sizes (>10 g), it is lost in nearly half
of the animals 10 weeks after injury. We speculate that the heterogeneity in response to
gabapentin at later times reflects differences in neurobiological processes of dysfunction at
sites of gabapentin action, an hypothesis that could lead to new approaches to restore or
uncover gabapentin efficacy in patients. Additionally, these results question the relevance of
much of the previously published literature, at least as regards gabapentin, since most of
these were performed within the first 2 weeks of surgical injury, and suggest that future
studies aimed to better understand individual lack of response to gabapentin should focus on
times more remote than 2—4 weeks after injury. Since the current study examined only acute
efficacy of gabapentin, further studies are required to clarify whether difference in acute
treatment in rodent models and chronic treatment in patients contribute to the discrepancy in
gabapentin’s antihypersensitivity effect.

Although gabapentin reduces afferent traffic and response of projection neurons in the spinal
cord via interactions with a.28 subunits of voltage-gated calcium channels [12; 16; 17], it is
unlikely that gabapentin relies exclusively on spinal actions for its analgesic efficacy. A
recent clinical trial failed to show efficacy of intrathecal gabapentin in patients with chronic
non-cancer pain [22], in contrast to documented efficacy with systemic administration. We
previously suggested that systemic gabapentin acts primarily to produce analgesia by
increasing descending noradrenergic inhibition, as witnessed by increased noradrenaline
concentration in cerebrospinal fluid in patients with chronic orthopedic pain who received
gabapentin compared to placebo [7]. We and others demonstrated in rodents 2—-3 weeks after
peripheral nerve injury that activation of noradrenergic descending inhibition is essential to
antihypersensitivity from gabapentin, by demonstrating that systemic administered
gabapentin activates noradrenergic neurons in the LC and induces spinal noradrenaline
release to stimulate a2-adorenoceptors and subsequent release of acetylcholine for analgesia
[10; 11; 29], consistent with the current results in behavior and LC neuronal activity 1-2
weeks after nerve injury. Surprisingly, this state of affairs is altered beyond the first few
weeks after injury, a time rarely studied in rodent experiments.
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The current study confirmed our previous observations [15] that basal release of
noradrenaline in the spinal cord increased many weeks after nerve injury, yet
hypersensitivity remained. Gabapentin, which normally excites LC neurons and leads to a
transient increase in noradrenaline release in the spinal cord, did so to a much lesser extent
many weeks after neuropathic injury, associated with decreased antihypersensitivity efficacy.
These paradoxical findings are consistent with the adaptive gain concept of LC tonic and
phasic activity[1], supported by the previous work in animals that, as basal LC activity
increases, LC phasic response and its influence on cortical responses to non-noxious sensory
stimuli are reduced [3]. However, in contrast to the current pCREB results, our previous
study showed no effects of nerve injury on basal and gabapentin-evoked c-fos activity of LC
neurons in SNL rats 6 weeks after surgery [26]. This discrepancy in LC neuronal activity
may be due to the difference between c-fos and pCREB as different measures of cell
activation. The current study did not directly examine whether increased basal LC activity
affects gabapentin-evoked LC activity. Future studies should examine neuronal activity more
directly via electrophysiological recording in the LC.

We previously demonstrated that gabapentin increases co-transport of Na* ions and
glutamate via glutamate transporters, enhances the glutamate-induced intracellular Ca2*
response via the reverse mode of Na*/Ca?* exchange, and by this mechanism facilitates
glutamate release in cultured astrocytes [30]. Blockade or knock-down of GLT-1 abolishes
gabapentin-induced glutamate release in the LC in vivo [27], indicating the role of GLT-1-
dependent mechanisms for gabapentin’s action in the LC to stimulate descending inhibition.
Consistently, the current study shows that knock-down of GLT-1 in the LC reduces the
antihypersensitivity effect of gabapentin in SNL rats 2 weeks after surgery. Similar to the
results from exogenous knock-down, GLT-1 expression in the LC decreases 6 weeks after
SNL surgery, also resulting in the reduced antihypersensitivity effect of gabapentin. Oral
administration of the HDAC inhibitor valproate restores down-regulated GLT-1 expression
in the LC, gabapentin-induced LC neuronal activation and subsequent spinal noradrenaline
release, and antihypersensitivity effect of gabapentin, and these effects of valproate are
reversed by the knock-down of GLT-1 in the LC. These results strongly suggest not only a
causal relationship between GLT-1 expression in the LC and the antihypersensitivity effect
of gabapentin, but also a possible treatment strategy to restore the impaired gabapentin
analgesia using HDAC inhibitors in chronic neuropathic pain. In addition, we recently
demonstrated that down-regulation of GLT-1 in the LC also impairs pain-evoked endogenous
analgesia in SNL rats 6 weeks after nerve injury [15]. Taken together, these observations
suggest that down-regulation of GLT-1 in the LC dysregulates descending noradrenergic
inhibition, which is important to endogenous and exogenous analgesia.

Although noradrenergic inhibition exists in the normal state, peripheral nerve injury induces
a reliance of a2-adrenoceptors-stimulated analgesia on spinal cholinergic neurons. In the
spinal dorsal horn, activation of a2-adrenoceptors, which inhibits acetylcholine release in
the normal state, facilitates acetylcholine release after peripheral nerve injury viaG protein-
mediated mechanisms [8; 9; 18]. This facilitation of spinal acetylcholine release after nerve
injury is critical for cholinergic dependent analgesia from activation of a2-adrenoceptors [8;
18-20]. The current results demonstrate that increase in basal descending noradrenergic tone
did not affect stable hypersensitivity after SNL injury and that the antihypersensitivity effect
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of intrathecal clonidine, which is reversed by intrathecal atropine, decreases with time after
SNL injury. These results suggest that analgesic efficacy from activation of spinal a.2-
adrenoceptors but not its cholinergic dependency reduces at chronic phase of neuropathic
hypersensitivity. In addition to the LC dysfunction, this reduced spinal noradrenergic
inhibition may contribute to in part of impaired gabapentin’s efficacy and may explain in
part the paradox of increased basal descending noradrenergic tone yet ongoing
hypersensitivity. Further studies should examine whether this reduced a.2-adrenoceptor-
mediated antihypersensitivity effect is due to the reduction in expression or sensitivity of
a2-adrenoceptors.

In summary, the current study demonstrates that down-regulation of astroglial GLT-1 in the
LC, occurring more than a month after peripheral nerve injury, is critical to reduced
antihypersensitivity efficacy from gabapentin in rats and that reduced spinal noradrenergic
inhibition may also contribute to in part of the impaired gabapentin’s efficacy. Oral valproate
increases GLT-1 expression in the LC, possibly via HDAC inhibition, to restore the impaired
antihypersensitivity effect of gabapentin. Given clinical availability and established safety
profiles, valproate should be tested to rescue gabapentin poor-responders.
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Figure 1.
(A) Effects of SNL on antihypersensitivity effects of gabapentin (GBP). Withdrawal

thresholds in the ipsilateral hindpaw to spinal nerve ligation (SNL) were measured prior to
(baseline, upper right graph) and one hour after an intraperitoneal injection of saline (SAL)
or GBP (100 mg/kg) in rats 0-10 weeks after SNL. Data (mean = SD) are presented as
change from baseline.*P < 0.05 vs. 2 weeks after SNL. #P < 0.05 vs. SAL. (B) Likelihood
that gabapentin will produce an increase in mechanical withdrawal threshold of three levels
(Change from baseline: 30 g, 20 g, or 10 g) as a function of time after SNL injury. Data are
logistic regression analyses of 9 animals. (C) Idazoxan (30 ug/10 ul) or SAL (10 pl) was
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intrathecally injected 30 minutes after GBP injection (100 mg/kg) in rats at 2, 6, and 10
weeks after SNL. Data (mean + SD) are presented as change from baseline.*P < 0.01 vs. 2
weeks after SNL.
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Figure 2.
(A) Representative Western blotting images of GLT-1 and a-tubulin in the right LC from

normal, SNL 2W, and SNL 6W rats. (B—G) Photomicrographs and (H) quantification of
DBH-IR (green) and pCREB-IR (red) in the right LC collected from normal, SNL 2W, and
SNL 6W rats one hour after an intraperitoneal injection of saline (SAL) or gabapentin (GBP,
100 mg/kg). Scale bar = 100 um. Data (mean + SD) are presented as the percentage of
pCREB-IR in DBH-IR neurons. *P < 0.01 vs. saline. #P < 0.01 vs. normal and SNL 2W.
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Figure 3.
(A) Representative western blotting images and quantification of GLT-1 and a-tubulin in the

right LC from SNL 2W rats treated with repeated intra-LC injections of control (8.3
pmol/0.5 pl) or GLT-1 (8.3 pmol/0.5 pl) siRNA for 5 days. Data (mean + SD) are presented
as ratio to a-tubulin. (B) Control and GLT-1 siRNA treated rats received an intraperitoneal
injection of gabapentin (100 mg/kg). Withdrawal thresholds in the right hindpaw were
measured prior to (baseline) and one hour after gabapentin. Data (mean + SD) are presented
as change from baseline.
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Figure 4.
(A) Representative western blotting images and quantification of GLT-1 and a-tubulin in the

right LC from normal and SNL rats treated with vehicle or valproate (200 mg/5 mL/kg/day)
for 14 days starting from 6 weeks after SNL surgery. Data (mean + SD) are presented as
ratio to a-tubulin. (B) Animals received intraperitoneal gabapentin (GBP, 100 mg/kg) alone
or followed by an intrathecal idazoxan (30 pg/10 pl) or saline (SAL, 10 pl). Withdrawal
thresholds in the right hindpaw were measured prior to (baseline) and one hour after
gabapentin administration. Data (mean + SD) are presented as change from baseline. *P <
0.01 vs. vehicle. #P < 0.01 vs. GBP alone and GBP + SAL.
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Figure5.
(A) Representative western blotting images and quantification of GLT-1 and a-tubulin in the

right LC from vehicle or valproate treated SNL rats (see Figure 4) with repeated intra-LC
injections of the control (8.3 pmol/0.5 pl) or GLT-1 (8.3 pmol/0.5 pl) siRNA for last 5 days.
Data (mean + SD) are presented as ratio to a-tubulin. (B) SNL rats treated with valproate
and siRNA received intraperitoneal gabapentin (100 mg/kg). Withdrawal thresholds in the
right hindpaw were measured prior to (baseline) and one hour after gabapentin
administration. Data (mean + SD) are presented as change from baseline.
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(A) Photomicrographs and (B) quantification of DH-IR (green) and pCREB- IR (red) in the
right LC collected from vehicle or valproate treated SNL rats (see Figure 4) one hour after
an intraperitoneal injection of saline (SAL) or gabapentin (GBP, 100 mg/kg). Data (mean +
SD) are presented as the percentage of pPCREB-IR in DBH-IR neurons. *P < 0.01 vs.
vehicle. #P < 0.01 vs. SAL. Scale bar = 100 um. (C) Microdialysis in the right lumbar spinal
dorsal horn was performed in vehicle or valproate treated SNL rats. Changes in
noradrenaline concentrations in microdialysates from the right spinal cord following an
intravenous GBP injection (50 mg/kg) are presented over the time as percentage of baseline.
Data are presented as mean + SD.
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Figure7.
Clonidine (1, 5, or 15 pg/10 ul) was intrathecally injected with or without atropine (30 ug) in

SNL 2W and 6W rats. Withdrawal thresholds in the right hindpaw were measured prior to
(baseline) and one hour after clonidine injection. Data (mean £ SD) are presented as change
from baseline. *P < 0.01 vs. clonidine alone in SNL 2W. #P < 0.01 vs. clonidine alone in
SNL 6W.
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