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Abstract

Activation of pain (nociceptive) fibers can sensitize neural circuits within the spinal cord, inducing
an increase in excitability (central sensitization) that can foster chronic pain. The development of
spinally-mediated central sensitization is regulated by descending fibers and GABAergic
interneurons. In adult animals, the co-transporter KCC2 maintains a low intracellular
concentration of the anion CI™. As a result, when the GABA-A receptor is engaged, CI~ flows in
the neuron which has a hyperpolarizing (inhibitory) effect. Spinal cord injury (SCI) can down-
regulate KCC2 and reverse the flow of CI™. Under these conditions, engaging the GABA-A
receptor can have a depolarizing (excitatory) effect that fosters the development of nociceptive
sensitization. The present paper explores how SCI alters GABA function and provides evidence
that the loss of descending fibers alters pain transmission to the brain. Prior work has shown that,
after SCI, administration of a GABA-A antagonist blocks the development of capsaicin- induced
nociceptive sensitization, implying that GABA release plays an essential role. This excitatory
effect is linked to serotonergic (5HT) fibers that descend through the dorsolateral funiculus (DLF)
and impact spinal function via the 5SHT-1A receptor. Supporting this, blocking the 5SHT-1A
receptor, or lesioning the DLF, emulated the effect of SCI. Conversely, spinal application of a
5HT-1A agonist up-regulated KCC2 and reversed the effect of bicuculline treatment. Finally,
lesioning the DLF reversed how a GABA-A antagonist affects a capsaicin-induced aversion in a
place conditioning task; in sham operated animals, bicuculline enhanced aversion whereas in DLF-
lesioned rats biciculline had an antinociceptive effect.
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INTRODUCTION

It is commonly recognized that the neurotransmitter GABA regulates neural activity by
modulating neural excitability, an effect that is largely attributable to its action at the
ionotropic GABA-A receptor, which impacts neural function through the regulation of the
anion CI™ (Ben-Arri et al., 1989; Kuffler and Edwards, 1958). How the GABA-A receptor
affects cellular function depends upon the relative concentration of CI~ within the cell. In the
mature nervous system, membrane-bound proteins (the co-transporters KCC2 and NKCC1)
maintain a low intracellular CI~ concentration (Ben-Ari, 2002; Ben-Avri et al., 2012). Under
these conditions, engaging the GABA-A receptor allows CI~ to flow into the cell, which has
a hyperpolarizing (inhibitory) effect that dampens neural excitability (Ben-Ari et al., 2012).
Within the dorsal horn of the spinal cord, the inhibition of neural excitability modulates
afferent pain (nociceptive) signals, helping to prevent an over-excitation that can sensitize
nociceptive circuits (central sensitization) and lead to chronic pain (Gwak and Hulsebosch,
2011; Latremoliere and Woolf, 2009; Sivilotti and Woolf, 1994). This general view is
supported by studies demonstrating that the local [intrathecal (i.t.)] administration of a drug
agonist (e.g., muscimol) that engages the GABA-A receptor inhibits nociceptive reactivity
(antinociception) and the development of nociceptive sensitization (Hwang and Yaksh, 1997;
Kaneko and Hammond, 1997; Roberts et al., 1986). Conversely, i.t. administration of a drug
antagonist (e.g., bicuculline) that blocks the GABA-A receptor has a pronociceptive effect
that enhances nociceptive reactivity and promotes the development of nociceptive
sensitization (Baba et al., 2003; Dougherty and Hochman, 2008; Roberts et al., 1986;
Sivilotti and Woolf, 1994; Sorkin et al., 1998; Zhang et al., 2001).

What is less widely recognized is that how GABA affects neural circuits changes with
development and injury. Early in development, NKCC1 is expressed on the cellular
membrane before KCC2 (Ben-Ari, 2002; Ben-Avri et al., 2012; Delpire, 2000; Rheims et al.,
2009). This promotes the inward flow of CI~, which increases its intracellular concentration.
Under these conditions, administration of a GABA-A antagonist dampens, rather than
promotes, neural excitability (Ben-Avri et al., 1989). Development brings an increase in
membrane-bound KCC2, which promotes the transport of CI~ out of the cell and lowers its
intracellular concentration (Ben-Avi et al., 2012; Delpire, 2000), establishing the ionic
balance that causes GABA to have a hyperpolarizing effect. This shift in KCC2 appears
linked to the maturation of ascending/descending pathways. Supporting this, if the spinal
cord is transected early in development, KCC2 is not up-regulated and the developmental
shift in GABA function fails to occur (Jean-Xavier et al., 2006). At a functional level,
GABA-dependent neural excitation could foster the adaptive wiring of spinal circuits early
in development. An increase in GABA-dependent inhibition as the organism matures would
limit excitability/plasticity within the spinal cord, yielding a system that appears more
immutable/hardwired in adults.

Recent work suggests that the regulation of intracellular CI™ can also alter GABA function
in the mature nervous, modulating its relative inhibitory/excitatory effect, a concept known
as /onic plasticity (Rivera et al., 2005). A clear example of this is found after spinal cord
injury (SCI), which brings about a reduction in membrane-bound KCC?2 in tissue caudal to
injury, recapitulating the earlier developmental state wherein GABA has a depolarizing
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(excitatory) effect (Grau et al., 2017; Huang et al., 2017; Huang et al., 2016). This
transformation reverses how treatments that target the GABA-A receptor impact nociceptive
reactivity. For example, application of the irritant capsaicin is known to activate cellular
markers of nociceptive sensitization (e.g., the phosphorylation of ERK) and enhance
reactivity to mechanical stimulation (Gao and Ji, 2009). These indices of central
sensitization are blocked by pretreatment with a GABA-A antagonist (bicuculline or
gabazine), an outcome opposite to what is observed in uninjured animals (Huang et al.,
2016). The implication is that SCI can flip how GABA affects nociceptive circuits within the
dorsal horn, unleashing an excitatory effect that drives nociceptive sensitization. Under these
conditions, blocking the GABA-A receptor has an antinociceptive effect.

Here we explore why SCI transforms GABAergic function, relating this effect to the loss of
serotonergic (5HT) fibers within the dorsolateral funiculus (DLF). This link was suggested
by prior work exploring factors that modulate spinal cord plasticity (Crown and Grau, 2005).
Research has shown that afferent stimulation of nociceptive fibers can induce a form of
long-term potentiation (LTP) within the lower (lumbosacral) spinal cord in rats that have
undergone a rostral injury (transection) that cuts communication with the brain (Grau et al.,
2006). Likewise, we have shown that nociceptive stimulation applied in an uncontrollable/
unpredictable manner induces a form of maladaptive plasticity within the lumbosacral spinal
cord that enhances nociceptive behavioral reactivity to mechanical stimulation and interferes
with adaptive learning (Crown et al., 2002; Ferguson et al., 2006; Grau et al., 2014; Lee et
al., 2015). Interestingly, in the absence of spinal cord injury, nociceptive stimulation fails to
induce LTP or maladaptive plasticity. This implies that brain-dependent processes normally
regulate neural excitability within the spinal cord. This regulatory effect has been linked to
serotonergic (5HT) fibers that descend through the dorsolateral funiculus (DLF) (Crown and
Grau, 2005). Here we show that this pathway alters spinal excitability by impacting GABA
function and that this modification brings about a change in the motivational significance of
pain signals relayed to the brain.

EXPERIMENTAL PROCEDURES

Subjects

Male Sprague-Dawley rats were obtained from Envigo (Houston, TX, USA). Rats were
100-120 days old and weighed 350-400g at the time of surgery. Subjects were housed in
pairs and maintained on a 12 hour light-dark cycle. Food and water were available ad
libitum. All experiments were carried out in accordance with NIH standards for the care and
use of laboratory animals (NIH publications No. 80-23) and were approved by the
University Laboratory Animal Care Committee at Texas A&M University. Every effort was
made to minimize suffering and limit the number of animals used.

Surgery and intrathecal cannulization

Subjects were anesthetized with isoflurane gas, induced at 5%, and maintained at 2—3%.
Each subject’s head was rendered immobile in a stereotaxic apparatus with a small (5 x 4 x
2.5 cm) gauze pillow under the subject’s chest to provide support for respiration. An anterior
to posterior incision over the second thoracic vertebrae (T2) was made and the tissue just
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rostral to T2 was cleared using rongeurs until the cord was exposed. For spinal cord
transection, a cautery device was then used to transect the cord. Dorsolateral funiculus
(DLF) lesions were made under visual guidance at T2 using a scalpel blade (#11, Lance
Blades) as described in Crown & Grau (2005). Sham operated rats were treated the same,
except the spinal tissue was not transected/lesioned. Next, a 25-cm polyethylene cannula
(PE-10, VWR International, Bristol, CT, USA) for intrathecal (i.t.) drug administration was
threaded 7.5 cm down the vertebral column, into the subarachnoid space between the dura
and the white matter, and placed over the lumbar enlargement of the spinal cord. The wound
was closed with Michel clips (Fisher Scientific, Waltham, MA, USA) and animals were
given an intraperitoneal (i.p.) injection (3 mL) of 0.9% saline solution to prevent
dehydration. During the recovery period, rats were placed in a temperature-controlled
environment (25.5 °C) and monitored until awake. All rats were checked every six to eight
hours during the 18-24 hr post-surgical period. During this time, hydration was maintained
with supplemental injections of saline, and the rats’ bladders and colons were expressed as
necessary.

Drug preparation

Bicuculline (0.82 nmole, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% saline
(0.3ug in 1 pL). Sixty nmole of 8-Hydroxy-DPAT hydrobromide (8-OH-DPAT; Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in 6 pL of 0.9% saline. One hundred nmole of
WAY-100635 maleate salt (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 10 pL of
0.9% saline. All the drugs were administered i.t. and followed by a 20 uL saline (0.9%) flush
that was slowly infused over a period of 2 min.

Nociceptive stimulation

Nociceptive sensitization was induced using the irritant capsaicin. In the first three
experiments, 50 uL of 3% capsaicin (dissolved in Tween 20 [7%] and saline [93%]; Sigma-
Aldrich, St. Louis, MO, USA) was subcutaneously (s.c.) injected into the dorsal surface of a
hindpaw while the subject was loosely restrained in a Plexiglas tube. We applied capsaicin to
the dorsal surface of the hind paw. Capsaicin has both a local effect that induces a
homosynaptic potentiation in the stimulated pathway and a heterosynpatic facilitation that
produces an area of flare in the surrounding region. Because the latter is coupled to the
induction of central sensitization, mechanical reactivity was assessed by applying the stimuli
to the opposite (plantar) surface of the paw. In the last experiment, we sought a method that
could be used in a place conditioning procedure. For this purpose, it was important to
minimize the pain associated with the vehicle treatment. In humans, it has been shown that a
capsaicin cream can induce nociceptive sensitization (Petersen and Rowbotham, 1999). We
emulated this procedure by dissolving capsaicin in a mixture of ethanol (50%) and distilled
water. Capsaicin (2%) or the vehicle alone was applied to the dorsal surface of one hindpaw
using a cotton swab. A pilot experiment confirmed that topical capsaicin induces a robust
EMR in sham operated rats and that this effect lasts at least 3 hrs (£3, 18) = 58.76, p<
0.0005).
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Mechanical testing

Mechanical reactivity was assessed using von Frey filaments (Stoelting, Wood Dale, IL,
USA) that were applied while rats were loosely restrained in Plexiglas tubes. Sensitivity was
determined by stimulating the mid-plantar surface of each hindpaw by up-down method
until a flexion response was elicited. Stimuli were presented twice to each paw in an ABBA
counterbalanced fashion (A = left, B = right), with testing on the same leg separated by a 2
min interval. Filament thickness/force was related to behavior using the transformation
provided by the manufacturer: Intensity = log10 (10,000g). This transformation yields a
scale that is approximately linear and amenable to parametric analyses. Data were converted
to change from baseline scores for purposes of analysis. The experimenter performing the
behavioral tests was unaware of the subject’s treatment condition.

Place preference conditioning

The training and testing boxes used to assess place conditionings were the same as described
in Ferguson et al. (2004). Acclimation took place in gray plywood boxes [41 cm (length)x41
cm (height)x38 cm (width)] with wire grid floors. Capsaicin place conditioning training
occurred in plywood boxes [41 cm (1)x41 cm (h)x38 cm (w)] that were painted either white
or black. To assure that the two contexts could be easily discriminated, they also differed in
odor and type of flooring. The black boxes had smooth black Plexiglas floors and were
wiped clean with a mild (3%) vinegar solution. The floors of white boxes were covered with
cedar wood chips and were cleaned with the disinfectant Novalsan. Preference testing was
performed in another box that was 91 cm (I)x41 cm (h)x38 cm (w). The testing box had two
ends that were both 41 cm (1)x41 cm (h)x38 cm (w), each with the physical characteristics
of one of the training boxes. These distinct regions were separated by a narrow gray strip [9
cm (1)x41 cm (h)x38 cm (w)] with a 1-cm wire-grid floor similar to the acclimation boxes.

On days 1 and 2, rats were acclimated to being handled and placed in the gray boxes for 45
min (see Fig. 6A). On day 3, rats were placed in the test box for 15 min and the time in each
region was recorded to establish whether there was a preference/bias prior to conditioning.
The amount of time each rat spent in the three regions (white, black, and gray) of the testing
box was recorded by assessing the location of the rat every 6 second for 15 min. This testing
procedure yielded 150 evenly spaced observation points for each rat. Animals that had
strong baseline preference, defined as spending more than an 80% in a single region, were
eliminated from further testing. Following the pretesting phase, rats received a DLF lesion or
sham surgery. Conditioning was conducted on Days 4 and 5, with all of the subjects
receiving 0.3% bicuculline (i.t.) on one day and the vehicle on the other (counter-balanced
across conditions). On Day 4, 15 min after the drug injection, half of the DLF lesioned and
sham operated rats had capsaicin applied to one hind paw and were placed in one of the
conditioning chambers (black or white). On Day 5, these subjects received the alternative
drug treatment, followed by capsaicin (applied to the opposite paw), and were placed in the
alternative chamber. Which chamber was presented first, and whether subjects were treated
on the left or right paw on Day 4, was also counterbalanced. The remaining subjects were
treated the same except that they had the vehicle solution applied to the paw prior to being
placed in each training chamber. On day 6, animals were placed into the testing box and
their preference/aversion for black/white sides of the apparatus was assessed. To control for
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baseline preferences, test scores were calculated as a percentage of time spent in each region
relative to the pretesting period.

Protein extraction and Western blotting

Tissue was collected for Western blotting immediately following mechanical testing.
Subjects were deeply anesthetized with a lethal dosage of pentobarbital (100 mg/kg) and a
1-cm portion of the spinal cord containing the lumbosacral enlargement was removed and
rapidly frozen. The spinal cord was further subdivided into dorsal and ventral portions. Total
protein was extracted using the QIAzolTM lysis reagent protocol (Hummon et al., 2007) for
isolation of genomic DNA and/or proteins from fatty tissue, as described in a previous report
from our laboratory (Huang et al., 2016). After determining the protein concentration using
a Bradford Assay (BioRad, Hercules, CA), protein samples were diluted in Laemmli sample
buffer and were stored at —80°C at known concentrations (usually 2-5ug/ul). Western
blotting was used for the protein quantification of ERK1/2 and pERK1/2 (~ 44/42 kDa).
Equal amounts (30ug) of total protein were subjected to SDS-PAGE with 12% Tris-HEPES
precast gels (Pierce, Rockford, IL). After transferring onto PVDF membranes (Millipore,
Bedford, MA) by Bio-Rad Semi-dry transfer apparatus, the blots for ERK1/2 and other non-
phosphorylated proteins (see below) were blocked for one hour in 5% blotting grade milk
(BioRad, Hercules, CA) in Tris-Buffered Saline Tween-20 (TBST), while blots for pERK1/2
were blocked in 5% BSA in TBST. After blocking, the P\VDF membranes were incubated
overnight at 4° C in one of the following primary antibodies generated in rabbit: ERK1/2
(1:2000; #06-182 - Millipore, Temecula, CA; AB_310068), pERK1/2 (1:500; #07-467 -
Millipore, Temecula, CA; AB_310640). B-actin (1:2500; #Ab8227 - Abcam, Cambridge,
MA; AB_2305186) served as the control. All primary antibodies were diluted in blocking
solution. The following day, PVDF membranes were washed in TBST (3 x 5 min) at room
temperature and incubated in HRP-conjugated goat anti-rabbit or anti-mouse secondary
antibodies (1:5,000; #31460 or 31430, respectively; Pierce, Rockford, IL) for 1 hour at room
temperature. After another 3 x 5 min series of washes, the blots were incubated with ECL
(Pierce, Rockford, I1L) and were imaged with Fluorchem HD2 (ProteinSimple, Santa Clara,
CA). The protein expression for each gene of interest was normalized to -actin expression
and presented as a fold change relative to the sham controls. Other targets of interest
including KCC2, phospho-Ser940KCC2, and N-cadherin were assessed in the same fashion.

Fractionation

To assess KCC2 (1:500; #07-432 - Millipore, Temecula, CA; AB_310611) and phospho-
Ser940K CC2 (1:1000; p1551-940 - PhosphoSolutions, Aurora, CO; AB_2492213)
expression, spinal cord specimens were homogenized with dounce homogenizer (Kontes),
followed by 5 passes through a 22 gauge needle in ice-cold buffer, pH 7.5, containing 10
mm Tris, 300 mm sucrose, and a complete mini protease inhibitor mixture (Roche). Crude
homogenates were centrifuged at 5000 RCF for 5 min at 4° C. Supernatant was further
fractionated at 13,000 RCF for 30 min. After centrifugation, supernatant was collected as
cytoplasmic fraction. A membrane rich fraction was then obtained by resuspending the
pellet in PBS (50 pl) containing protease inhibitor. All samples were sonicated and stored at
—80° C for later processing (Western blotting). N-cadherin (1:1000; #4061 - Cell Signaling,
Danvers, MA; AB_2077426) was used to confirm plasma membrane enrichment.
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All data were analyzed using repeated measures analysis of variance (ANOVA) or analysis
of covariance (ANCOVA). Differences between group means were assessed using Duncan’s
New Multiple Range post hoc tests when necessary.

We controlled for individual variability in mechanical reactivity in two ways: (1) By
analyzing the test data using an ANCOVA, entering the baseline score as a covariate; and (2)
By computing a change from baseline score and analyzing the data using an ANOVA. An
advantage of the latter is that our index of variability [the standard error of the mean (SE)] is
computed after we adjust for individual differences. Because this simplifies the assessment
of group differences, and because an ANCOVA performed on the raw scores and an ANOVA
conducted on the change from baseline values yielded the same pattern of statistical
significance across experiments, we present just the change from baseline scores. In all
cases, p< .05 was used to determine statistical significance.

Experiment 1: Blocking serotonergic transmission emulates the effect of spinal cord injury

In the absence of SCI, blocking GABAergic transmission enhances nociceptive sensitization
(Reeve et al., 1998; Roberts et al., 1986; Sorkin et al., 1998). After SCI, GABA-A
antagonists have the opposite effect (Boulenguez et al., 2010; Huang et al., 2016), implying
that the loss of descending fibers has induced a shift in function, wherein GABA
transmission potentiates the development of central sensitization. We have suggested that
this shift is due to the loss of descending serotonergic fibers, which normally quell over-
excitation by engaging the SHT-1A receptor. If this is how SCI alters GABA function, then
blocking 5SHT-1A receptors within the spinal cord with the drug antagonist WAY-100635
should have the same effect as injury and reverse how a GABA-A antagonist (bicuculline)
affects nociceptive sensitization. The 5HT-1A receptor is expressed predominantly in the
dorsal horn, especially laminae | and Il (Marlier et al., 1991). Some expression is also
observed on primary afferent fibers within dorsal horn and initial axon segment (Otoshi et
al., 2009).

Sham operated rats underwent a laminectomy, but the spinal cord was not injured (see Fig.
1A). An intrathecal (i.t.) catheter was inserted and, 24 hrs later, animals were microinjected
with 10 pl of WAY-100635 (100 nmole, i.t.) or its vehicle (n=6 per group). Fifteen minutes
after drug delivery, subjects received an i.t. injection of bicuculline (0.3 pg in 1 pl saline) or
its vehicle. These doses were chosen on the basis of past work implicating 5SHT and GABA
in the regulation of maladaptive plasticity (Crown and Grau, 2005; Ferguson et al., 2003;
Huang et al., 2016). Fifteen minutes later, the irritant capsaicin was applied to the left or
right hind paw (counter-balanced across subjects). This yielded a 2 (WAY-100635 vs.
vehicle) x 2 (bicuculline vs. vehicle) factorial design. Mechanical reactivity was assessed on
each paw prior to drug delivery (baseline), after drug treatments, and again 0, 1, 2, 3 hr
following capsaicin treatment. A change from baseline score was calculated to assess the
impact of the experimental manipulations. Immediately after the last behavior test, subjects
were sacrificed. One centimeter of spinal cord around the lumbar enlargement (L3-L5)
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region was rapidly removed for cellular assays. ERK1/2 and pERK1/2 protein expression
were measured using Western blotting.

Prior to drug treatment, mechanical reactivity scores ranged from 5.68 + 0.04 to 5.73 + 0.06
(mean = standard error of the mean [SE]) across groups. These differences were not
statistically significant (£, 20y < 1, p> 0.05). The administration of WAY-100635 alone
(Post Drug, Fig. 1B) did not have a significant effect (A1, 209) = 2.32, p> 0.05).
Administration of bicuculline induced an EMR in the vehicle treated (\Veh->Bic), but not
WAY-100635 treated (WAY->Bic), rats. An ANOVA confirmed that the main effect of
WAY-100635 and bicuculline, as well as their interaction, were statistically significant (all
F5>13.89, p <0.05). Post hoc comparisons confirmed that the group that received
bicuculline alone (Veh->Bic) differed from the other groups (p <0.05). No other group
comparison was significant (o >0.05).

As in prior studies (Huang et al., 2016), rats exhibited a greater EMR when tested on the
treated leg (all /5 > 14.28), but the overall effect of our experimental treatments remained
the same. For this reason, we collapsed the results across test leg and present the mean
values (Fig. 1B). Capsaicin treatment (Post Cap) induced a lasting EMR (Veh->Veh) that
was enhanced by bicuculline treatment (Veh->Bic; £ g0y = 39.95, p < 0.0001).
Pretreatment with WAY-100635 (WAY->Bic) transformed how bicuculline affected
capsaicin-induced EMR, unveiling an antinociceptive- like effect that attenuated capsaicin-
induced EMR. An ANOVA showed that the main effect of WAY-100635 and its interaction
with bicuculline were statistically significant (both /5 > 13.63, p <0.005). Post hoc
comparisons of the group means confirmed that the group that received WAY-100635 and
bicuculline (WAT->Bic) differed from the other groups (p <0.05). In addition, the group that
received bicuculline alone (Veh->Bic) differed from the group that did not receive
bicuculline (Veh->Veh, WAY->Veh). No other group comparison was significant (p >0.05).

Seeking converging evidence that drug treatment affected the development of nociceptive
sensitization, we also assessed the activation (phosphorylation) of ERK1/2 (44/42) within
the lumbosacral dorsal horn (Fig. 1C & D). Protein expression for each target was
normalized to B-actin expression level and the impact of drug treatment was computed
relative to the vehicle treated controls. ERK activation was then derived by computing the
ratio of pERK to ERK for both isoforms. In both cases, bicuculline alone (Veh->Bic)
increased pERK expression and this effect was reversed by pretreatment with WAY-100635
(Way->Bic). An ANOVA confirmed that the interaction between WAY-100635 and
bicuculline treatment was statistically significant (all /5 > 4.88, p <0.05). Post hoc
comparisons of the group means showed that the group that received WAY-100635 before
bicuculline (WAT->Bic) differed from the group that received vehicle before bicuculline
(Veh->Bic) and this was true for both ERK isoforms (p <0.05).

In summary, we found that bicuculline alone enhanced reactivity to mechanical stimulation
and augmented the development of nociceptive sensitization (at both a behavioral and
cellular level). Blocking the 5HT-1A receptor with WAY-100635 had an effect analogous to
SCl, eliminating the EMR induced by bicuculline and inverting the drug’s effect on
capsaicin-induced EMR.

Exp Neurol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang and Grau

Page 9

Experiment 2: Pretreatment with a 5SHT-1A agonist restores the inhibitory effect of GABA

after SCI

The results imply that SCI transforms GABAergic function because it disrupts descending
serotonergic fibers that regulate nociceptive processing through the SHT-1A receptor. If this
is how SCI affects GABA function, then administratio n of a 5SHT-1A agonist could have a
restorative effect after SCI and reinstate GABA-dependent inhibition. We tested this
hypothesis by pretreating spinally transected rats with a 5SHT-1A agonist (8-OH-DPAT) prior
to bicuculline. We predicted that engaging the 5SHT-1A receptor will substitute for the loss of
descending fibers and restore GABAergic inhibition. Behaviorally, this should reverse the
effect of bicuculline; when 5SHT-1A receptors are artificially driven, bicuculline should
promote, rather than inhibit, nociceptive reactivity.

To test these predictions, rats (n=6 per group) were spinally transected and an i.t. catheter
was implanted. The next day, animals were microinjected with either vehicle or 8-OH-DPAT
[DPAT; 60 nmol, i.t.; see Fig. 2A]. This dose was chosen because it has previously been
shown to block the development of maladaptive plasticity in spinally transected rats (Crown
& Grau, 2005). Fifteen minutes after drug delivery, rats received either the vehicle (saline) or
bicuculline (0.3 pg, i.t.). Fifteen minutes later, capsaicin was applied to the left or right hind
paw (counterbalanced across animals). Mechanical reactivity was assessed on each paw
prior to drug delivery (baseline), after drug (DPAT and Bic) injection, and again 0, 1, 2, 3 hr
following capsaicin treatment. A change from baseline score was calculated to assess the
impact of the experimental manipulations.

Average baseline mechanical reactivity scores ranged from 6.12 + 0.04 to 6.28 £+ 0.06 (mean
+ standard error of the mean [SE]) across groups. These differences were not statistically
significant (A1, 20) = 1.78, p> 0.05). Prior to bicuculline treatment (DPAT, Fig. 2B), 8-OH-
DPAT inhibited mechanical reactivity (Fq, 20) < 17.77, p< 0.001). Administration of
bicuculline (Bic) enhanced mechanical reactivity in rats that had received 8-OH-DPAT
(DPAT->Bic). An ANOVA showed that the main effects of 8-OH-DPAT and bicuculline, as
well as their interaction, were statistically significant (all /& >5.99, p <0.05). Post hoc
comparisons confirmed that the group that received 8-OH-DPAT and bicuculline (DPAT-
>Bic) differed from the other groups (p <0.05).

Capsaicin treatment (Post Cap) induced a robust EMR in vehicle treated (Veh->\eh) rats.
Bicuculline blocked the development of nociceptive sensitization (\Veh->Bic) and
pretreatment with 8-OH-DPAT (DPAT->Bic) eliminated this effect. An ANOVA showed that
the main effect of 8-OH-DPAT and bicuculline, as well as their interaction, were statistically
significant (all /> 22.85, p <0.0001). Also, the main effect of time, and the Time x 8-OH-
DPAT x Bicuculline three-way interaction, were significant (both /& > 7.98 p <0.0001). Post
hoc comparisons of the group means confirmed that the group that received bicuculline
alone (Veh->Bic) differed from the other groups (p <0.05).

Experiment 3: Pretreatment with a 5SHT-1A agonist up-regulates KCC2 expression

We have previously shown that acute SCI down-regulates membrane-bound KCC2 in the
lumbosacral spinal cord (Huang et al., 2016), which would explain why GABA has an
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excitatory effect after injury. The results reported above show that pretreatment with a
serotonergic agonist can reverse the effect of bicuculline on nociceptive reactivity and
sensitization, restoring a pattern of results that mirror the drug’s effect in uninjured animals.
Administration of 8-OH-DPAT could have this effect by increasing the levels of membrane-
bound KCC2 within the spinal cord, which would increase intracellular CI~ concentrations
and the hyperpolarizing effect of GABA. The present experiment evaluates this possibility
by separating the membrane enriched and cytoplasmic fractions and assessing KCC2
expression in each using Western blotting.

Spinally-transected and cannulized rats (n=6 per group) were microinjected with either
vehicle or 8-HO-DAPT (DPAT; 60 nmole, i.t.). Thirty minutes after drug delivery, subjects
were euthanized and a one-centimeter section of the spinal cord containing the lumbar
enlargement (L3-L5) region was collected. Samples were hemi-dissected into dorsal and
ventral halves, and went through fractionation for Western Blotting.

Both KCC2 and phospho-KCC2 (pKCC2) expression were normalized to -actin expression
level. To determine whether our experimental treatment affected the distribution of each
ligand across the membrane and cytoplasmic fractions, we divided the values observed
within the membrane fraction by those from the cytoplasmic component, providing a ratio
(fold change) measure of each. N-cadherin was used in Western blotting to verify the
fractionation procedure and confirm plasma membrane enrichment.

8-OH-DPAT treatment increased the ratio of membrane-bound to cytoplasmic KCC2 and
pKCC2 (Fig. 3) within the dorsal region. As illustrated in the accompanying blots, this effect
was evident from an increase within the membrane component. An ANOVA confirmed that
the main effect of drug treatment on both forms of KCC2 was statistically significant (both
F5>29.6, p<0.0001). 8-OH-DPAT treatment did not have a significant effect on KCC2 or
pKCC2 expression within the ventral horn (data not shown).

Experiment 4: Lesions limited to the DLF down-regulate KCC2 expression

Our results imply that the transformation in GABAergic function observed after SCI is
linked to a loss of descending serotonergic fibers and the SHT-1A receptor. Blocking the
5HT-1A receptor in intact rats with WAY-100635 had the same effect as SCI, reversing how
a GABA-A antagonist affects nociceptive sensitization; in the presence of WAY-100635,
bicuculline not only failed to promote nociceptive reactivity (pro-nociception), it blocked the
development of central sensitization (antinociception). Conversely, in spinally transected
rats, administration of a 5SHT-1A receptor agonist (8-OH-DPAT) had a restorative effect, that
increased membrane bound KCC2 and reversed the effect of bicuculline, causing it to
enhance rather than diminish nociceptive sensitization. The majority of descending
serotonergic fibers are found within the DLF (Davies et al., 1983). If these fiber pathways
regulate GABA function in the lumbosacral spinal cord, lesions limited to the DLF should
be suffic ient to down-regulate membrane-bound KCC2.

Rats were randomly assigned to receive a DLF lesion at T2 or a sham-operation (n=10 per
group). Twenty-four hours later, animals were sacrificed and a one-centimeter section of the
spinal cord containing the lumbar enlargement (L3-L5) region was rapidly removed.
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Samples were hemi-dissected into dorsal and ventral halves, and went through fractionation
for Western Blotting. Both KCC2 and phospho-KCC2 (pKCC2) expression were normalized
to B-actin expression level, and are presented as a fold change relative to the vehicle group.
To assess how DLF lesions affected the distribution of KCC2/pKCC2, we then calculated
the membrane-bound to cytoplasmic ratio. N-cadherin was used in Western Blotting to
verify fractionation procedure and confirm plasma membrane enrichment. The extent of
damage produced by the DLF lesions is illustrated in Fig. 4A. Bilaterally lesioning the DLF
at T2 reduced KCC2 and pKCC2 protein within the membrane fraction (Fig. 4B). An
ANOVA confirmed that these effects were statistically significant (both /5 > 4.83, p< 0.05).

Experiment 5: Lesioning just the DLF reverses the effect of bicuculline on nociceptive

sensitization

Lesions limited to the DLF had the same effect on KCC2 as a complete spinal transection,
down-regulating expression in the membrane fraction. Given this, we anticipated that DLF
lesions would also reverse how bicuculline affects nociceptive reactivity.

Rats received DLF lesions at T2 or underwent a sham surgery (see Fig. 5A). Baseline
behavioral reactivity was tested using von Frey stimuli 24 hr later. Half of the rats from each
group (n=6 per group) were then microinjected with of bicuculline (0.3 pg, i.t.) or vehicle.
Fifteen minutes after drug delivery, all subjects were treated with 2% topical capsaicin
applied to the dorsal surface of the left or right hind paw (counter-balanced across animals).
Mechanical reactivity was assessed on each paw prior to drug delivery (baseline), prior to
topical capsaicin administration, and again 0, 1, 2, 3 hr following capsaicin treatment.

Prior to drug treatment, mechanical reactivity scores ranged from 5.38 + 0.08 to 5.59 + 0.07
(mean = standard error of the mean [SE]) across groups. Lesioning the DLF, per se, did not
have a significant effect (£, 20) = 1.57, p> 0.05). Prior to capsaicin treatment (Post Drug),
bicuculline enhanced mechanical reactivity in sham operated, but not DLF lesioned, rats (see
Fig. 5B). An ANOVA confirmed that the Surgery X Bicuculline interaction was statistically
significant (Fp, 20) < 17.27, p< 0.0005). Post hoc comparisons showed that sham-operated
rats that received bicuculline (Sham->Bic) and DLF lesioned rats that received vehicle
(DLF->Veh) differed from other groups (p < 0.05).

After capsaicin treatment (Post Cap), bicuculline inhibited capsaicin-induced EMR in DLF
lesioned. In sham-operated rats, bicuculline appeared to exacerbate the capsaicin-induced
EMR. An ANOVA revealed that the main effect of surgery, and its interaction with
bicuculline, were statistically significant (both /& > 7.14, p< 0.05). Also, the main effect of
time, and the Time x Surgery x Bicuculline three-way interaction were significant (both /5 >
4.09, p<0.05). Post hoc comparisons of the group means confirmed that DLF lesioned rats
that received bicuculline (DLF->Bic) differed from the other groups (p < 0.05).

Experiment 6: Spinally-mediated alterations in GABA function impact place conditioning

Our results show that SCI down-regulates KCC2 expression within the lumbosacral spinal
cord and that this transforms how GABA affects nociceptive processing, inducing a state
wherein GABA appears to drive rather than inhibit nociceptive sensitization (Huang et al.,
2016). In this state, blocking the GABA-A receptor with bicuculline attenuates nociceptive
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sensitization and this conclusion is supported by both behavioral and cellular data. The
results reported above have extended these observations by demonstrating that the change in
GABA function is linked to 5HT fibers within the DLF. What is missing is evidence that
these alterations within the lumbosacral spinal cord affect pain transmission to the brain. The
last experiment addresses this issue by examining the impact of DLF lesions and bicuculline
on topical capsaicin-induced motivated behavior using a place conditioning procedure (King
et al., 2009). In this task, rats are exposed to two distinct environments (contexts) across
days. Suppose that rats are treated with topical capsaicin before they are placed in each
conditioning chambers, but in one case they are pretreated with i.t. bicuculline. In intact rats,
we would expect biciculline to enhance pain (pro-nociceptive) and increase the aversion to
the paired context. In contrast, the current study suggests that i.t. bicuculline blocks
nociceptive sensitization in DLF lesioned rats. If this transformation affects the transmission
of pain signals to the brain, DLF lesioned rats given bicuculline prior to capsacin should feel
less pain (antinociception), which would reduce the aversion to the paired context. To
evaluate the impact of our experimental treatments, rats are then allowed to choose between
the two contexts. The prediction is that sham operated rats will prefer the vehicle-paired
context whereas DLF lesioned rats will choose the context where they received bicuculline
prior to capsaicin treatment.

Thirty-two rats went through the place preference conditioning procedure (see Fig. 6A) and
were randomly assigned to receive bilateral lesions of the DLF or a sham-surgery after
Pretesting on Day 3 (baseline). Conditioning occurred over the next two days. Half of the
subjects in each condition (n=8 per group) had capsaicin applied topically to one paw prior
to being placed in the each training context. The remaining rats had the vehicle applied to
the paw. Fifteen min before rats were placed in one context, they received an injection of
bicuculline (0.3 pg, i.t.). Prior to the other context, they received an injection of the vehicle.
Rats were treated on different paws across days and the paw treated, context presented first,
and whether bicuculline or vehicle was given first, were counter-balanced across animals.
On Day 6, animals were placed into the test chamber and their relative preference/aversion
to each context was assessed. For each subject, the relative aversion/preference for the
bicuculline paired context was computed by subtracting the time spent in the bicuculline
paired context from the time spent in the vehicle paired context. On this scale, negative
scores reflect an aversion while positive scores represent a preference.

Sham operated rats exhibited an aversion to the bicuculline paired context whereas DLF
lesioned rats exhibited a preference for this context (Fig. 6B). The latter effect was evident
in DLF lesioned animals that received bicuculline prior to capsaicin treatment (DLF->Cap).
An ANOVA confirmed that there was a significant effect of surgery (£, 2g) = 14.5, p< .001.
Post hoc comparisons of the group means showed that DLF lesioned rats treated with
capsaicin differed from both of the sham operated groups (p < 0.05).

As predicted, sham operated rats exhibited an aversion to the context where they had
received i.t. bicuculline, implying that blocking the GABA-A receptor increased pain.
Bicuculline had the opposite effect in DLF lesioned rats, inducing a conditioned preference,
which suggests that the drug had an antinoiceptive effect.
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DISCUSSION

Prior work has shown that SCI can transform how GABA affects nociceptive circuits within
the spinal cord, reversing the effect of drugs that target the GABA-A receptor (Boulenguez
et al., 2010; Ferguson et al., 2003; Huang et al., 2016). The experiments reported here were
designed to address two key issues: 1) Is the alteration in GABA function linked to the loss
of a particular fiber pathway; and 2) Does the change in nociceptive processing within the
spinal cord impact pain transmission to the brain?

Serotonin Regulates GABA Function within the Spinal Cord

In the uninjured system, blocking the GABA-A receptor enhances nociceptive reactivity and
the development of central sensitization (Baba et al., 2003; Dougherty and Hochman, 2008;
Roberts et al., 1986; Sivilotti and Woolf, 1994; Sorkin et al., 1998; Zhang et al., 2001), an
outcome consistent with the idea GABAergic interneurons normally inhibit neural
excitability. But after SCI, local application of the GABA-A antagonist bicuculline has an
antinociceptive effect that counters the development of nociceptive sensitization and this is
evident from its effect at both a behavioral and molecular level (Huang et al., 2016). The
implication is that SCI does more than remove a source of tonic inhibition—it reverses how
GABA acts, so that it now drives the development of sensitization. After SCI, engaging
GABA-A receptors appears essential (necessary) to central sensitization.

We proposed that SCI brings about an alteration in GABA function because it disrupts
descending fibers within the DLF that regulate neural excitability within the dorsal horn
through the SHT-1A receptor (Crown and Grau, 2005; Gjerstad et al., 2001; Sandkuhler and
Liu, 1998). After spinal cord injury, noxious stimulation can induce a form of long-term
potentiation (LTP) (Sandkuhler, 2000). If prolonged, this can saturate NMDA-receptor
dependent plasticity and impair adaptive learning (Grau et al., 2014). These effects are not
observed if the same amount of stimulation is applied to awake (unanesthetized) animals
prior to SCI (Washburn et al., 2007), which suggests that descending fibers normally exert a
dampening force that quells the development of nociceptive sensitization. Further work
linked these effects to fibers that descend through the DLF (Crown & Grau, 2005).
Pharmacological studies examining the relative contribution of 5SHT and noradrenergic fibers
implicated 5SHT and the 5HT-1A receptor (Crown and Grau, 2005; Garraway and Hochman,
2001).

While past studies indicated that a loss of 5HT fibers and/or damage to the DLF can set the
stage for nociceptive sensitization, it was not known how this transformation occurred. The
present study fills this gap by demonstrating that descending 5HT fibers impact GABA
function, inducing an increase in neural excitability through a biological switch linked to the
regulation of GABA. To show that descending 5HT fibers play an essential role, we tested
whether blocking the 5SHT-1A receptor with WAY-100635 alters GABA function. As
expected, in the absence of WAY-100635, i.t. bicuculline had a pronociceptive effect that
enhanced reactivity to mechanical stimulation and the development of capsaicin-induced
central sensitization (Baba et al., 2003; Dougherty and Hochman, 2008; Sivilotti and Woolf,
1994; Sorkin et al., 1998; Zhang et al., 2001). Blocking just the SHT-1A receptors reversed
how bicuculline affected nociceptive reactivity, unveiling an antinociceptive effect that
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attenuated the development of nociceptive sensitization at both the behavioral and molecular
level. We then attempted a form of substitution, by driving the 5SHT-1A receptors after spinal
cord injury with 8-OH-DPAT. After spinal cord injury, application of 8-OH-DPAT increased
the membrane expression of KCC2 and reversed the effect of bicuculline; now, instead of
blocking capsaicin- induced nociceptive sensitization (antinociception), bicuculline had a
pronociceptive effect. This outcome implies that engaging the SHT-1A receptor was
sufficient to reinstate GABA-dependent inhibition.

Fibers within the DLF Impact GABA and Pain Transmission to the Brain

We posited that an essential fiber pathway descended through the DLF. If this is true, then
bilaterally lesioning the DLF should have the same effect as a complete spinal cord
transection. We first showed that lesions limited to the DLF were sufficient to induce a
down-regulation in membrane-bound KCC2. DLF lesions also reversed how i.t. bicuculline
affected nociceptive sensitization—in DLF lesioned animals, bicuculline blocked, rather
than facilitated, the development of central sensitization.

Because DLF lesions preserve ascending pathways, this manipulation provided a means to
address a key issue: Does the alteration in GABA function within the spinal cord affect pain
transmission to the brain? We addressed this issue using a place conditioning procedure
(King et al., 2009), wherein subjects received topical capsaicin before they were placed in
one of two distinctive contexts. Prior to one context, rats received an i.t. injection of
bicuculline, which we predicted would enhance pain and conditioned aversion in uninjured
rats (Sivilotti and Woolf, 1994; Sorkin et al., 1998). As expected, when subsequently
allowed to choose between the two capsaicin-paired chambers, uninjured rats showed an
aversion to the context where they received bicuculline. If i.t. bicuculline has an
antinociceptive effect in DLF lesioned rats, the drug should reduce pain and the development
of a conditioned aversion. The unique prediction is that DLF lesioned rats given bicuculline
should prefer the bicuculline-paired context, and this is what we found. The implication is
that an injury- induced alteration in spinal GABA function affects both local nociceptive
processing within the spinal cord and pain transmission to the brain.

Regulation of Neural Excitability Through KCC2

The present results are consistent with past work demonstrating that SCI can cause a
reduction in membrane-bound KCC2 at and caudal to the site of injury that reduces GABA-
dependent inhibition (Boulenguez et al., 2010; Cramer et al., 2008; Huang et al., 2016;
Lavertu et al., 2014). This modification has been linked to both the development of chronic
pain and spasticity. The hypothesis is supported by studies demonstrating that blocking
KCC2 at the level of the spinal cord in uninjured rats (with the drug DIOA) has the same
effect as SCI, inducing physiological signs of spasticity and reversing how bicuculline
affects nociceptive sensitization (Boulenguez et al., 2010; Huang et al., 2016). Conversely,
blocking the inward flow of CI~ through NKCC1 with the drug bumetanide, which should
lower intracellular CI~ concentrations and restore GABAergic inhibiton, blocks the effect of
SCI on nociceptive processing and spasticity (Cramer et al., 2008; Hasbargen et al., 2010;
Huang et al., 2016).
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The regulation of KCC2 and intracellular CI~ provides a cellular process (ionic plasticity)
that can modulate neural excitability. Interestingly, other signal pathways known to regulate
plastic potential (metaplasticity) appear to act, in part, by affecting KCC2. Of particular
interest to injury, pain, and recovery is brain derived neurotrophic factor (BDNF). In
uninjured animals, local application of BDNF down-regulates KCC2 within the spinal cord,
inducing an increase in neural excitability that fosters the development of nociceptive
sensitization (Coull et al., 2005; Huang et al., 2017; Merighi et al., 2008). This maladaptive
plasticity has been linked to the release of BDNF from activated microglia (Coull et al.,
2005). In contrast, after SCI, BDNF inhibits the development of nociceptive sensitization
and promotes adaptive plasticity (Huang et al., 2017; Huie et al., 2012; Khaing et al. 2016).
BDNF appears to do so by restoring GABA-dependent inhibition through an increase in
membrane-bound KCC2. Thus, BDNF can affect KCC2 in opposite ways, depending upon
the overall level of neural excitability (Shulga et al., 2008). This fits with the more general
view that BDNF has a homeostatic function that helps to maintain an optimal level of neural
excitability (Wenner, 2014).

Regulation of Spinal Nociceptive Circuits by Serotonin

The present results are consistent with prior work implicating 5HT, and the 5SHT-1A
receptor, in the regulation of nociceptive circuits within the dorsal horn (Crown and Grau,
2005; Garraway and Hochman, 2001; Gjerstad et al., 2001; Sandkuhler and Liu, 1998). Here
we showed that drugs targeting this receptor impact GABA function and the expression of
KCC2. Other work suggests that 5SHT can also regulate KCC2 within the ventral region (Bos
et al., 2013). However, this effect appears to depend on the 5SHT-2A receptor (Bos et al.,
2013).

Other work suggests that dysfunction in descending pain modulatory circuits contribute to
pain “chronification” (Ossipov et al., 2014). This may be due to a disruption in the balance
of descending modulatory circuits that favors facilitation over inhibition, and thereby
impacts nociceptive sensitization. Supporting this, as in models of inflammation, descending
inhibition generally predominates over descending facilitation in the primary pain circuits
with input from the inflamed tissue; while in the secondary pain circuit, descending
facilitation predominates over descending inhibition with input from neighboring tissues
(Millan, 2002). Also, the inhibitory descending control from the PAG-RVM system
preferentially suppresses nociceptive inputs mediated by C-fibers, preserving sensory-
discriminative information conveyed by more rapidly conducting A-fibers (Heinricher et al.,
2009; Suzuki and Dickenson, 2005; Suzuki et al., 2004; Vanegas and Schaible, 2004).
Combined with the present results, it appears that descending serotoninergic fibers normally
inhibit neural excitability within the spinal cord. SCI can disrupt this source of inhibition
and contribute to hyperexcitation by changing how GABA affects spinal cord circuits,
resulting in the facilitation of nociceptive reflexes.

Our findings are also consistent with past studies indicating that increasing serotonergic
input through drug application or cell engraftment can counter the development of central
sensitization and neuropathic pain after SCI (Bardin et al., 2000; Bruce et al., 2002; Hains et
al., 2002; Horiuchi et al., 2003). Here too, research has implicated the 5SHT1A receptor
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(Gjerstad et al., 1996; Hains et al., 2003; Otoshi et al., 2009). BDNF has also been shown to
play a role in this process. For example, Hains et al. (2001) showed that engraftment of
serotonergic neurons following SCI restores spinal serotonin, increases BDNF tissue
content, and reduces central pain in rat. Further, work suggests that BDNF release from
serotonergic precursors transplanted into the spinal cord contributes to the amelioration of
chronic pain (Eaton et al., 1998), and this effect too has been related to a change in GABA
function (Eaton et al., 1998; Kato et al., 2006; Stubley et al., 2001). Likewise, the
antinociceptive effect of serotonin has been tied to GABA and the 5SHT1A receptor
(Bonnefont et al., 2005; Huo et al., 2008). Taken together, these data suggest that descending
serotonergic input, partly through SHT1A receptor, determines how BDNF affect KCC2
expression and GABA-dependent ionic plasticity.

Serotonergic input has also been implicated in other neuropathies. For example, research has
shown that serotonergic transmission plays a pivotal role in spasticity post SCI (Dentel et al.,
2013; Elbasiouny et al., 2010; Nardone et al., 2015). Other work has shown that increasing
serotonergic transmission can enhance locomotor recovery post SCI (Ghosh and Pearse,
2014; Hains et al., 2001). Research has also shown that serotonergic transmission and KCC2
play a role in spasticity associated with Amyotrophic lateral sclerosis (Modol et al., 2014)
and neuropathic pain post SCI (Sanchez-Brualla et al., 2017). Here too, changes in spinal
function have been related to alterations in KCC2 expression and GABA-dependent
inhibition (Boulenguez et al., 2010; Chopek et al., 2015; Gackiere and Vinay, 2014; Tashiro
et al., 2015). Other work has shown that serotonergic processes and alterations in GABA
function contribute to brain-dependent processes, including stress, epilepsy, and seizures
(Miller & Maguire, 2014; Buchanan et al., 2014; Kahle et al., 2016; Maguire, 2014; Silayeva
et al., 2015). These findings support a more nuanced view of how GABA affects neural
excitability in adult animals, a view that assumes a bidirectional effect and allows for both
the inhib ition and facilitation of neural excitability. While these effects are especially
evident after trauma, ionic plasticity may play a more general role, to dynamically shift
neural systems from a hard-wired state to one that is malleable (Grau & Huang, 2018).

lonic Plasticity Enables Nociceptive Sensitization

Early pain theorist viewed the spinal cord as a more-or-less hard-wired system and assumed
that variation in pain was largely attributable to the top-down regulation of incoming pain
signals through descending fibers (Basbaum and Fields, 1984). Work over the last two
decades has challenged this view, providing evidence that noxious input can sensitize
nociceptive circuitry within the dorsal horn to enhance behavioral reactivity and pain
transmission to the brain (Latremoliere and Woolf, 2009; Sandkuhler, 2009; Willis, 2001).
This, and other work, suggests a very different view of spinal function—that it is a dynamic
system that regulates nociceptive signals on the basis of environmental relations and past
experience (Grau et al., 2012; Ji et al., 2003; Sandkuhler, 2000).

To demonstrate plasticity within the spinal cord, researchers have typically used procedures
that inhibit brain function (e.g., anesthesia, decerebration) or curtail communication with
rostral systems (spinal cord transection) (e.g., Grau et al., 1998; Patterson, 1976; Sandkuhler
and Liu, 1998; Woolf, 1983). While these procedures have yielded definitive evidence that
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neurons within the spinal cord can adapt in the absence of brain input (Grau et al., 2014), the
procedures themselves alter the neural context in which plasticity develops, releasing caudal
systems from potential inhibitory forces. As we have seen, interfering with just 5SHT
transmission can flip how GABA affects spinal circuits, to recapitulate an earlier
developmental state that fosters neural plasticity. Likewise, inflammation and the activation
of microglia can lead to the release of BDNF, which in the uninjured system down-regulates
KCC2 and promotes nociceptive sensitization (Coull et al., 2005; Merighi et al., 2008). In
both cases, ionic plasticity appears to set the stage for nociceptive sensitization and chronic
pain. From this view, a shift in GABA function shifts the central gray from a state that seems
hard-wired to one that is malleable. The corollary to this analysis is that, in the presence of
GABAergic inhibition, spinally- mediated nociceptive sensitization cannot develop. This
supports the more general view that promoting GABAergic inhibition can counter the
development of nociceptive sensitization (Gwak and Hulsebosch, 2011; Latremoliere and
Woolf, 2009). The caution is that simply enhancing GABA release may not achieve this end,
because its action is regulated by ionic plasticity. A more reliable approach may involve
targeting the processes that control how GABA acts, by focusing upon the co-transporters
that regulate CI~ flow or the neurochemical systems (e.g., 5HT) that regulate their trafficking
and activation.
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BDNF Brain-derived neurotrophic factor
Bic Bicuculline

BSA Bovine serum albumin

Cap Capsaicin

CNS Central nervous system

DPAT 8-OH-DPAT

DLF Dorsolateral funiculus

EMR Enhanced mechanical reactivity
ERK Extracellular signal-regulated kinases

GABA Gamma-aminobutyric acid

8-OH-DPAT 8-Hydroxy-2-dipropylaminotetralin hydrobromide
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it Intrathecal
KCC2 K*-CI~ cotransporter 2
LTP Long-term potentiation

N-CAD N-cadherin
NKCC1 Na*-K*- ClI~ cotransporter 1
pERK Phosphorylated ERK

pKCC2 Phospho-KCC2

SCI Spinal cord injury
S5HT Serotonin

T2 Second thoracic
Veh Vehicle

WAY WAY 100635
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Highlights

After SCI, blocking GABA-A receptor prevents, rather than enhances, the
development of nociceptive sensitization.

Transformation in GABA function is linked to the loss of serotonergic fibers
descend through DLF.

Serotonin alters GABA function via the 5HT-1A receptor.

GABA-A antagonist treatment has an antinociceptive effect in rats (place
conditioning) with DLF lesion.
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Fig. 1.

WgAY—100635 switches how bicuculline affects nociceptive sensitization in intact rats. (A)
The experimental design is illustrated at the top of the figure. A day after surgery, rats
received WAY-100635 (WAY; black) or vehicle (\Veh; white). Fifteen min later, rats received
bicuculline (Bic; squares) or its vehicle (Veh; circles). Another fifteen min later, capsaicin
was applied to the dorsal surface of one hind paw. (B) Mechanical reactivity after drug and
capsaicin treatment. The y-axis depicts the linearized mechanical scores [log 10 (10,000g)]
as a change from baseline after WAY-100635 and bicuculline treatment (Post Drug), and 0,
1, 2, 3 hr after capsaicin treatment (Post Cap). (C) Ratio of pERK1 to ERK1 (44 kDa) and
pPERK2 to ERK2 (42 kDa) expression in subjects that had previously received vehicle or
WAY-100635. (D) Representative Western blots for ERK1/2 and pERK1/2 expression. Error
bars depict + SEM
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Fig. 2.
8-OH-DPAT switches how bicuculline affects nociceptive sensitization in spinally-transected

rats. (A) The experimental design is illustrated at the top of the figure. A day after surgery,
rats received 8-OH-DPAT (DPAT; black) or vehicle (Veh; white). Fifteen min later, rats
received bicuculline (Bic; squares) or its vehicle (Veh; circles). Anaother fifteen min later,
capsaicin was applied to the dorsal surface of one hind paw. (B) Mechanical reactivity after
drug and capsaicin treatment. The y-axis depicts the linearized mechanical scores [log 19
(10,0009)] as a change from baseline after 8-OH-DPAT and bicuculline treatment (Post
Drug), and 0, 1, 2, 3 hr after capsaicin treatment (Post Cap).
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8-OH-DPAT upregulates KCC2 and phopho-KCC2 expression in spinally transected rats. A
day after spinal transection, rats were given 8-HO-DPAT (black) or its vehicle (white) and
tissue was collected 30 min later. Upper panel represents the fold change of membrane-
bound/cytoplasmic KCC2 ratio; the lower panel represents the fold change of membrane-
bound/cytoplasmic phospho-KCC2 ratio. Representative Western blots are provided to the
right of each panel. The error bars depict + SEM.
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Fig. 4.
DLF lesions down-regulate KCC2 expression. (A) Samples were selected to illustrate the

range of DLF lesions, from deep through medium to slight (n=4, 6, and 3, respectively). (B)
The fold change in the membrane-bound/cytoplasmic KCC2 and phosphor-KCC2 ratio in
DLF lesioned (black) and sham-operated (white) rats. Representative Western blots are
provided to the right of each panel. The error bars depict + SEM.
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Fig. 5.

DEF lesions switch how bicuculline affects nociceptive sensitization. (A) The experimental
design used to examine how DLF lesions affect GABA function. Subjects received either
DLF lesion (DLF; black) or sham surgery (Sham; white). A day after surgery, rats received
either bicuculline (Bic; squares) or vehicle (Meh; circles). Fifteen min later, capsaicin was
applied to the dorsal surface of one hind paw. (B) The impact of DLF lesions and drug
treatment on mechanical reactivity in capsaicin-treated rats. The y-axis depicts the linearized
mechanical scores [log 19 (10,000g)] as a change from baseline after bicuculline treatment
(Post Drug), and 0, 1, 2, 3 hr after capsaicin treatment (Post Cap). Error bars depict + SEM.
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Fig. 6.

DEF lesions alter how bicuculline affects place conditioning. (A) The experimental design is
illustrated at the top of the figure. After acclimation and a pretest of baseline preferences,
rats received bilateral DLF lesions or a sham surgery. Over the next two days (D1 & D2),
they received bicuculline (i.t.) or its vehicle prior to being placed in one of two distinctive
contexts (A and B). On both days, half of the rats had topical capsaicin applied after the i.t.
injection. The relative aversion to each set of contextual cues was then assessed in a
preference test. (B) The left and right panel depicts sham-operated and DLF lesioned groups,
respectively. Each subject had received vehicle (Veh; white bar) on one conditioning day and
bicuculline (Bic; black bar) on the other. The adjoining white and black bars indicate the
relative preference for each context within a group. The four groups differed in whether they
had received a sham surgery (left) or DLF lesions (right) and in whether or not they were
treated with capsaicin prior to context exposure. The y-axis depicts the change from baseline
preferences. Error bars depict £ SEM.
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