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Abstract

This study examined the distribution of y-aminobutyric acid (GABA)g receptors on
immunohistochemically identified neurons, and levels of GABAg(1) and GABAgz) MRNA, in the
L4 and L5 dorsal root ganglia (DRG) of the rat in the absence of injury and 2 weeks after L5
spinal nerve ligation. In uninjured DRG, GABAg 1) immunoreactivity colocalized exclusively
with the neuronal marker (NeuN) and did not colocalize with the satellite cell marker S-100. The
GABAg(1) subunit colocalized to >97% of DRG neurons immunoreactive (IR) for neurofilament
200 (N52) or calcitonin gene-related peptide (CGRP), or labeled by isolectin B4 (1B4).
Immunoreactivity for GABAg ) was not detectable. L5 spinal nerve ligation did not alter the
number of GABAg1)-IR neurons or its colocalization pattern in the L4 DRG. However, ligation
reduced the number of GABAg1)-IR neurons in the L5 DRG by ~38% compared with sham-
operated and naive rats. Specifically, ligation decreased the number of CGRP-IR neurons in the
L5 DRG by 75%, but did not decrease the percent colocalization of GABAgy) in those that
remained. In the few I1B4-positive neurons that remained in the L5 DRG, colocalization of
GABAg(1)-IR decreased to 75%. Ligation also decreased levels of GABAg(1) and GABAg )
MRNA in the L5, but not the L4 DRG compared with sham-operated or naive rats. These findings
indicate that the GABAGR receptor is positioned to presynaptically modulate afferent transmission
by myelinated, unmyelinated, and peptidergic afferents in the dorsal horn. Loss of GABAg
receptors on primary afferent neurons may contribute to the development of mechanical allodynia
after L5 spinal nerve ligation.

INDEXING TERMS
neuropathic pain; mechanical allodynia; primary afferent neuron

Loss of y-aminobutyric acid (GABA)-mediated inhibition in the dorsal horn of the spinal
cord has long been proposed to contribute to the development or maintenance of
spontaneous pain behaviors, mechanical allodynia, and thermal hyperalgesia after peripheral
nerve injury (reviewed by Hammond, 1997; Sandkuhler, 2009; Todd, 2010). Studies of the
disposition and release of GABA in the dorsal horn have yielded contradictory
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neuroanatomical (Ibuki et al., 1997; Eaton et al., 1998; Polgar et al., 2003; Scholz et al.,
2005) and neurochemical findings (Stiller et al., 1996; Somers and Clemente, 2002; Lever et
al., 2003). However, loss of GABA-mediated inhibition can occur independently of changes
in neurotransmitter release, e.g., by a decrease in the affinity, number, or function of the
receptors at which GABA acts. Of these, the heterodimeric GABAg receptor (Bettler and
Tiao, 2006; Padgett and Slesinger, 2010; Pinard et al., 2010) is particularly well situated to
modulate synaptic transmission in the dorsal horn. Activation of postsynaptic GABAg
receptors hyperpolarizes dorsal horn neurons (Kangrga et al., 1991; Yang et al., 2001) and
inhibits their responses to noxious stimuli (Willcockson et al., 1984), while activation of
presynaptic GABAg receptors (Price et al., 1987; Yang et al., 2002) inhibits the release of
peptide and excitatory amino acid neurotransmitters from the central terminals of primary
afferents in the dorsal horn (Go and Yaksh, 1987; Kangrga et al., 1991; Malcangio and
Bowery, 1993; Ataka et al., 2000; lyadomi et al., 2000; Wang et al., 2007).

Several observations support the proposal that a decrease in the number, affinity, or coupling
of the GABAGg receptor in the dorsal horn may underlie the allodynia and hyperalgesia that
occur after peripheral nerve injury. Pharmacological antagonism of spinal GABAg receptors
(Hao et al., 1994) produces mechanical allodynia. Deletion of the gene for either subunit of
the GABAg receptor (Schuler et al., 2001; Gassmann et al., 2004) produces hyperalgesia.
Conditional deletion of the GABARg 1) subunit in C and A8 primary afferent fibers results in
exacerbated responses of A fibers to mechanical stimuli, although this finding does not
translate to enhanced mechanical allodynia or hyperalgesia after nerve injury (Gangadharan
et al., 2009). Finally, streptozocin-induced diabetic neuropathy is associated with a loss of
mMRNA and protein for the GABAg 1) subunit in the dorsal horn (Wang et al., 2011), and a
diminution of the presynaptic inhibitory actions of baclofen on glutamatergic, but not
GABAergic or glycinergic afferents (Wang et al., 2007).

The present study therefore examined whether the number of primary afferent neurons that
express the GABAGg receptor is decreased after L5 spinal nerve ligation (SNL), a rodent
model of nerve injury that results in our hands in mechanical allodynia and spontaneous pain
behaviors (Engle et al., 2006). Indirect immunofluorescence methods were used to examine
the distribution of GABAg 1) subunit immunoreactivity among three different classes of
primary afferent neuron in the dorsal root ganglion (DRG) of naive rats and rats that
underwent sham surgery or L5 SNL. Myelinated afferents were identified by their
immunoreactivity for neurofilament 200 using the N52 monoclonal antibody (Robertson et
al., 1991), while unmyelinated afferents were identified by their labeling with isolectin B4
(1B4) from Griffonia simplicifonia (Kitchener et al., 1993; Wang et al., 1998) and
peptidergic afferents were identified by their immunoreactivity for calcitonin gene-related
peptide (CGRP). The optical fractionator method was used to obtain an unbiased estimate of
the number of GABAg 1)-immunoreactive (IR) neurons, while area measurements of
GABARg1)-IR profiles identified possible changes in the distribution of cell size among
treatment groups. The immunohistochemical analysis was restricted to the GABAgy)
subunit because levels of GABAg ) protein were below detectable limits in the DRG
(McCarson and Enna, 1999; Engle et al., 2006). Finally, quantitative real-time polymerase
chain reaction (RT-PCR) was used to determine levels of GABAg 1) and GABARg ) subunit
mMRNA in the L4 and L5 DRG of naive, sham-operated and ligated rats.

MATERIALS AND METHODS

These experiments were approved by the University of lowa Animal Care and Use
Committee and were conducted in accordance with the Guide for Care and Use of
Laboratory Animals published by the National Institutes of Health and the ethical guidelines
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of the International Association for the Study of Pain. Every effort was made to reduce the
number and suffering of animals used in this study.

Animals and surgical preparation

Male Sprague—-Dawley rats (Charles River, Portage, IN) were housed in pairs on a reverse
12-hour light cycle (lights off at 9:00 AM) with water and soy-free food (Harlan Teklad
1026; Madison, WI) provided ad libitum. The rats were maintained for at least 7 days on the
new diet and light conditions before they were used. Tight ligation of the L5 spinal nerve
was performed as described by Kim and Chung (Kim and Chung, 1992; Choi et al., 1994).
Briefly, under halothane anesthesia the L6 transverse process was exposed and removed
using aseptic surgical technique. The L4 and L5 spinal nerves were gently separated using a
blunt probe and the L5 spinal nerve was tightly ligated with 6-0 silk. The muscle and fascia
were closed in layers using Vicryl sutures and the skin was closed with surgical staples.
Sham surgeries were performed in an identical manner, including placement of the glass
hook under the L5 spinal nerve, except that the L5 spinal nerve was not ligated. Naive rats
did not undergo surgery, but were housed, transported, and handled in an identical fashion.
For the stereological analysis, eight rats underwent SNL, seven rats underwent sham
surgery, and six rats were allocated to the naive group. For the RT-PCR experiments, seven
rats underwent SNL, seven rats underwent sham surgery, and six rats were allocated to the
naive group.

Behavioral testing

Two weeks after surgery, rats were transported to the behavioral testing facility and were
allowed to acclimate for 30 minutes. Rats were then placed in elevated Plexiglas testing
chambers with mesh flooring and allowed to acclimate for a further 30 minutes. The
mechanical withdrawal threshold was then determined for both hindpaws of each rat using
calibrated von Frey monofilaments (Smith & Nephew, Germantown, WI) and the up-and-
down method of Dixon as described by Chaplan et al. (1994). The von Frey monofilaments
were applied to the webbing between the third and fourth digit of the rat hindpaw. The
maximum filament used was 28.8 g. Rats that did not respond to this filament were assigned
this value. The tester was blinded to treatment condition except for naive rats, which did not
have a surgical scar. Measurements of thermal hyperalgesia were not made because a
previous study failed to demonstrate a consistent reduction in thermal response latencies
(Engle et al., 2006). This finding concurs with another report (Hogan et al., 2004) using the
same strain of rat, similar stimulus intensity, and observers who were also unaware of the
surgical status of the rats.

Immunohistochemistry

One day after behavioral testing, rats were deeply anesthetized with sodium pentobarbital
(75 mg/kg intra-peritoneally). A catheter was then inserted into the proximal ascending aorta
and the rat was perfused with 150 ml of 0.05 M phosphate buffer pH 7.4 at 37°C followed
by 500 ml of ice-cold 4% paraformaldehyde in phosphate buffer, pH 7.4. The ipsilateral L4
and L5 DRG were removed and placed in 30% sucrose phosphate buffer overnight at 4°C
for cryoprotection.

DRG from three to six rats from each treatment group were selected for inclusion in this
study. The length of each DRG was measured and the number of transverse 80-pum sections
that could be obtained through the DRG was determined. The total number of possible slices
was then divided by the number of desired disectors (8—10) to establish the sampling
interval (k). The start number for the first disector was assigned using a table of random
integers between the number 1 and k. Each disector comprised three serial sections. The first
section in the set was processed for GABAg(1)-IR and N52-IR, the second section for
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GABARg(1)-IR and labeling by 1B4, and the third section for GABAg(1)-IR and CGRP-IR.
Hence, sections were obtained through the DRG in accordance with stereological principles
(Coggeshall, 1992; Coggeshall and Lekan, 1996; West, 1999).

All immunohistochemistry was performed using free-floating techniques. The DRGs were
frozen in OCT mounting media, cut transversely at 80 um on a cryostat, and collected into
0.1 M phosphate-buffered saline (PBS) pH 7.4. Sections were first incubated in 50%
methanol to increase tissue permeability and rinsed four times in 0.1 M PBS. Sections were
then incubated for 1 hour in 6% normal donkey serum (Lampire, Pipersville, PA) with 0.3%
Triton X-100 prepared in 0.1 M PBS pH 7.4, which was also used as the diluent for all
antibody solutions. The sections were then incubated in primary antibody solutions for 3
days at 4°C on an orbital shaker. The first section of each set of disectors was labeled with
guinea pig anti-GABAg 1) (1:2,000; Chemicon AB1531; Temecula, CA) and mouse anti-
N52 (1:4,000; Sigma N0142; St. Louis, MO). The second section of each set was labeled
with guinea pig anti-GABAg 1) and biotinylated 1B4 (1:4,000; Vector B-1105; Burlingame,
CA). The third section of each set was labeled with guinea pig anti-GABAg 1) and rabbit
anti-CGRP (1:4,000; Peninsula T-4032, San Carlos, CA). After six washes in 0.1 M PBS,
the sections were incubated in secondary antibody solutions for 1 hour at room temperature.
Secondary antibodies used were donkey antiguinea pig Cy3, donkey antimouse Cy2 and
donkey antirabbit Cy2. 1B4 labeling was visualized with streptavidin-Cy2. All secondary
antibodies were highly cross-absorbed for minimal species crossreactivity (Jackson
ImmunoResearch, West Grove, PA) and used at a dilution of 1:200. Following incubation in
secondary antibodies, the sections were washed with 0.1 M phosphate buffer six times,
mounted from distilled water onto slides, and allowed to dry overnight at room temperature.
Sections were cleared in xylenes for 1 minute and cover-slipped with DPX.

An ancillary experiment ascertained whether GABAg 1) subunit expression was restricted to
neurons, or was also expressed by satellite cells in the DRG. The GABAgy) subunit was
visualized as described above. Neurons were identified by their labeling with mouse anti-
neuronal nuclei (NeuN) (1:2,000; Chemicon MAB377), while satellite cells were identified
by their labeling with mouse anti-S100 (1:1,000; Chemicon MAB079-1) using the
procedures outlined above.

Antibody characterization

Table 1 provides details about the antibodies and lectin used in this study. The antibody
against the GABAg 1) subunit was raised against a sequence common to both the 1a and 1b
isoforms of the receptor. As expected, this antibody labeled two bands at ~100 and ~130
kDa in western blots of rat brain (Martin et al., 2004). Its specificity was further confirmed
by loss of staining in the central nervous system (CNS) of GABARgq) null mice (Fritschy et
al., 2004) and medulla of rats after preabsorption with an excess of antigen (Pinto et al.,
2008). Its presence in the DRG is consistent with both in situ hybridization (Poorkhalkali et
al., 2000) and RT-gPCR analyses (this study).

The N52 antibody is derived from a hybridoma produced by fusion of mouse myeloma cells
and splenocytes obtained from a mouse immunized with the carboxyterminal tail segment of
enzymatically dephosphorylated pig neurofilament H subunit. This clone recognizes both
phosphorylated and dephosphorylated forms of the 200-kDa neurofilament protein (Perry et
al., 1991) as demonstrated by labeling of a band of appropriate molecular weight in
immunoblots of untreated and alkaline phosphatase-treated lysates of rat spinal cord
(manufacturer’s data sheet). As expected, the N52 antibody labeled medium and large-
diameter DRG neurons (this study; Hammond et al., 2004).
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The antibody against a-CGRP was raised using an antigen that corresponds to a-CGRP in
the rat and mouse (amino acids 83-119 of the CGRP precursor protein). This antibody
labeled a band of appropriate molecular weight (=4 kDa) on a western blot of commercial
a-CGRP, as well as a band at 4 kDa and a higher molecular weight band that corresponds to
the 128 amino acid precursor of CGRP in lysates of mouse trigeminal ganglia. In both
instances the bands were absent when the primary antiserum was preabsorbed with an
excess of the peptide antigen (Kosaras et al., 2009). The specificity of this antiserum was
also demonstrated by a loss of staining in the rat DRG (Hammond et al., 2004) when the
primary antiserum was preabsorbed with an excess of the peptide antigen.

The A60 clone of the NeuN antibody has been used extensively to identify neurons (Mullen
et al., 1992). This clone labeled a triplet of bands of 46-48 kDa in western blots of mouse
brain nuclear protein (Mullen et al., 1992). In agreement with Wolf (1996), it labeled the
nuclei and less intensely the cytoplasm of DRG neurons; no labeling of satellite cells was
observed.

At the high dilutions used in this study, the antibody to S-100 labeled satellite cells
exclusively in agreement with others (Cocchia and Michetti, 1981; Stefansson et al., 1982;
Yan and Keast, 2008). This antibody recognizes intact alpha and beta subunits of S-100. On
western blots of PC12 cells it labeled a single band of ~10 kDa (manufacturer’s data sheet).
It also gave the same pattern of labeling as a polyclonal antibody raised in rabbit against
bovine S-100 protein (Yan and Keast, 2008).

The lectin 1B4 binds to a-D-galactose residues in unmyelinated axons (Streit et al., 1986).
As expected, it produced the characteristic labeling of Golgi apparatus in soma of small-
diameter DRG neurons (this study; Hammond et al., 2004). Additional specificity controls in
this study included loss of labeling after omission of the primary antibodies or lectin and
upon sequential serial dilution of primary antibodies. In colocalization studies, labeling was
absent when secondary antibodies were swapped between the primary antibodies.

All antibodies were established to uniformly penetrate the full thickness of each section. A
Nikon E800 epifluorescence microscope and Stereoinvestigator software (MicroBrightField,
Colchester, VT) were used to estimate the number of GABAg1)-IR neurons in each DRG.
The microscope was equipped with a Nikon 60x oil Planapoachromat lens (N.A. 1.4), which
afforded sufficient resolution to identify tops of individual neurons as they came into focus
as the focal plane descended through the tissue. The average tissue thickness was 20.9 + 0.4
pum in the z-axis after processing. The optical fractionator method of neuronal estimation
was used with a minimum disector height of 14.5 um for each section in addition to 2 um
guard zones on both the top and bottom of the disector. A counting frame of 75 x 75 pm on
agrid of 125 x 125 um was used because it consistently yielded a Gundersen coefficient of
error that was less than 6%. On average, 750 + 43 neurons were sampled per DRG.
Individual DRG were not included in the study if more than two sections were lost in
processing, or if more than one central section was missing. On average, 0.5 sections were
lost per DRG, and most of those were either the first or last section that rarely contained
neuronal profiles. The number of GABAg1)-IR neurons reported is based on weighted total
estimates, which accommodates variation in the thickness of individual sections.

Size measurements of neuronal profiles were performed using Neurolucida software
(MicroBrightField). For each DRG, the first disector in the series with >200 neuronal
profiles was chosen for measurement of cell area. At 60x magnification, the perimeters of
all neurons in the section were traced at the z-axis plane where the nucleus was present.
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Intense staining occasionally obscured the nucleus, in which case the neuron was traced at
the z-axis depth where its diameter was maximal.

The percentage of N52-IR, 1B4-positive, and CGRP-IR neurons that colocalized GABAg 1)
was determined by systematically sampling a single disector through the middle of the L4
and L5 DRG in each rat. The total number of N52-IR, 1B4-positive, or CGRP-IR neurons in
the visual field was determined. By manually toggling back and forth between Cy3 and Cy2
filters it was possible to determine if the neuron was also immunoreactive for GABAg y).
The Cya3 filter (Chroma Technology, Rockingham, VT) has a very narrow bandwidth that
eliminates spectral bleedthrough of Cy2.

The individual who performed the counting, measurements of cell area, and percent
colocalization studies was blinded to the treatment group and identity of each DRG. The
number of GABAg1)-IR neurons was determined in disectors colabeled for N52 because the
number of N52-IR neurons was only subtly changed after spinal nerve ligation. Disector sets
colabeled for 1B4 were only viewed during calculation of the percent colocalization of
GABAg(1)-IR on I1B4-positive neurons. I1B4 staining is greatly decreased in the L5 DRG
after spinal nerve ligation (Hammond et al., 2004) and its prior visualization would have
effectively unblinded the investigator.

Confocal image acquisition

A Zeiss 510 laser confocal microscope with sequential single line scanning was used to
acquire digital images. For each fluorescent label, image acquisition was performed with the
pinhole set to 1 airy unit and the gain set to 1. Digital images were then transferred to Adobe
Photoshop CS2 (San Jose, CA) to generate figures. Only minor changes in contrast and
levels were made.

Real-time PCR

Another set of rats underwent L5 SNL or sham surgery and were housed with a cohort of
naive rats for 2 weeks. After determination of paw withdrawal threshold (PWT), the rats
were euthanized by CO» inhalation followed by thoracotomy and the L4 and L5 DRG
rapidly removed and stored in RNAlater (Ambion, Austin, TX).

Individual DRG were transferred to Trizol reagent (Ambion) and homogenized with a
Tissue Tearor for isolation of total RNA according to the manufacturer’s directions.
Genomic DNA was a concern due to anticipated low levels of RNA in the DRG. Samples
were therefore first treated with DNAse | (TURBO DNAfree; Ambion) as directed by the
manufacturer, after which the pellet was reconstituted with Buffer RTL and 100% ethanol
and further purified using a RNAeasy spin column (Qiagen, Valencia, CA) as directed by
the manufacturer. The concentration and quality of the RNA were determined by
spectrometry.

Reverse transcription was performed using a High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, CA) with 0.6 pg RNA, 1x reverse transcriptase buffer, 1x
dNTP, 1x random primers, and 210 units of MultiScribe reverse transcriptase 50 U/ul in
20.5 pl at 25°C for 10 minutes, 37°C for 120 minutes, and 85°C for 5 seconds. The samples
were then divided into three aliquots and TagMan gene expression assays (Applied
Biosystems) were used to quantitate GABAg(1) (Rn00578911_m1), GABAg )
(Rn01486490_m1), and GAPDH (Rn99999916_sl) mRNA. For each reaction, 50 ng cDNA
was mixed with 10 pl of TagMan gene expression master mix and 0.1 pul of each primer in a
20 pl reaction volume. The cycle conditions were 50°C for 2 minutes, 95°C for 10 minutes,
followed by 40 cycles of 95°C for 15 seconds, and annealing/extension at 60°C for 1
minute, 95°C for 1 minute, and 55°C for 1 minute using an AB 7000 Real Time PCR
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System (Applied Biosystems). Reactions were performed in triplicate and included control
reactions with no reverse transcriptase, no template, or no primers. The PCR products were
run on an agarose gel to verify the presence of a single band. In addition, the PCR products
were cloned into a pSC-A-amp/kan plasmid using the Strata PCR cloning kit (Agilent
Technologies, Santa Clara, CA) according to the manufacturer’s directions and sequenced to
confirm amplification of gabbr1 and gabbr2.

Levels of GAPDH mRNA in the different surgical conditions were compared for the L4 and
the L5 DRG using the 2-2C+ method (Livak and Schmittgen, 2001). Values were 1.03 +
0.13(n=5),119+0.2(n=4),and 0.90 £ 0.10 (n=7) inthe L4 DRG and 1.04 £ 0.14 (n=
6), 1.18 £ 0.11 (n=7), and 1.10 £ 0.10 (n = 6) in the L5 DRG of naive, sham-operated and
L5 ligated rats, respectively. These values did not differ among surgical conditions or DRG
(P>0.3). Therefore, threshold cycle (Ct) values for GABAg 1) and GABAgz) subunits
were normalized to GAPDH as a housekeeping gene. To compare the relative amounts of
mRNA for the two subunits, Cy values were transformed to linear values using the equation
27C; (Livak and Schmittgen, 2001). To compare values among the different surgical groups,
the data were expressed as a fold-change relative to levels in naive rats using the 272AC
method (Livak and Schmittgen, 2001).

Statistical analyses

RESULTS

The mechanical withdrawal thresholds were not normally distributed and were analyzed by
a Kruskal-Wallis one-way analysis of variance (ANOVA) with Dunn’s post-hoc test.
However, to facilitate comparison with the literature the data are presented as mean and
standard error of the mean (SEM). The number of GABAgy1)-IR neurons was normally
distributed and was analyzed using a one-way ANOVA with Student Newman-Keul’s post-
hoc test. Measurements of profile area were not normally distributed and were analyzed
using a Kruskal-Wallis one-way ANOVA with Dunn’s post-hoc test. A two-sample
Kolmogorov-Smirnov test was also applied to the cumulative distribution of profile
measurements to identify differences in neuron size among treatment groups. All statistical
tests compared ipsilateral data among treatment groups rather than comparing ipsilateral to
contralateral within a treatment group because the contralateral side is not necessarily an
appropriate control (Koltzenburg et al., 1999).

For the RT-PCR experiments, Student’s t-test was used to compare relative amounts of
mRNA for the two subunits. One-way ANOVA was used to compare 2-22C+ values among
surgical conditions. Post-hoc comparisons of mean values for the different treatments were
made by Newman—Keuls test. P < 0.05 was considered significant.

GABAg(y)-IR is predominantly expressed by neurons, and not satellite cells

GABAg(1)-IR profiles in the DRG exhibited a strong punctate labeling of the cytoplasm
(Fig. 1A,D). The antibody to NeuN produced strong labeling of nuclei with no labeling of
the nucleoli and only faint cytoplasmic labeling of DRG neurons (Fig. 1B). Consistent with
its predominant labeling of satellite cells (Gonzalez-Martinez et al., 2003; Rezajooi et al.,
2004), S100-IR was confined to small profiles that ringed larger, presumably neuronal
profiles in the DRG (Fig 1E). The GABAg 1) subunit colocalized extensively with NeuN-IR
profiles (Fig. 1C), but rarely colocalized with S100-IR profiles in the DRG (Fig. 1F). Of a
total of 316 NeuN-IR profiles sampled in single sections in the DRG of three different rats,
314 or 99.4% were immunoreactive for the GABAg y) subunit. These data suggest that
virtually every DRG neuron expresses the GABAg 1) receptor and that GABAg(1)-IR
profiles in the DRG are principally, if not exclusively, neuronal.
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Size distribution of GABAg(1)-IR profiles and colocalization with N52-IR, IB4-positive, and
CGRP-IR neurons in the DRG

Figure 2 illustrates the size distribution of GABAg1)-IR profiles in the L4 and L5 DRG.
Small-, medium-, and large-sized DRG neurons were immunoreactive for the GABAg 1)
subunit. The median size of GABAg1)-IR profiles in the L4 and L5 DRG of naive rats was
594 um? and 575 pm2, respectively. Thus, the majority of GABAg1)-IR profiles
corresponded to small- and medium-sized neurons. Figure 3 illustrates the colocalization of
GABARg1)-IR with immunohistochemical markers for myelinated, unmyelinated, and
peptidergic afferents in the L4 and L5 DRG. As previously reported (Goldstein et al., 1987;
Hammond et al., 2004), N52-IR was largely confined to medium- and large-sized DRG
neurons (Fig. 3B) that give rise to myelinated A8 and Ap fibers, respectively. Nearly every
(>98%) N52-IR profile in the DRG of naive rats also exhibited GABAg1)-IR (Fig. 3C;
Table 2). Neurons positive for 1B4, a marker for unmyelinated fibers, exhibited the
characteristic staining of the Golgi apparatus (Fig. 3E) (Streit et al., 1986). More than 98%
of all IB4-positive neurons in the DRG of naive rats were also immunoreactive for the
GABARq) subunit (Fig. 3F; Table 2). Consistent with previous reports, CGRP-IR was
predominantly confined to small- or medium-sized neurons in the DRG; a smaller
proportion of large-sized neurons was also labeled less strongly (Fig. 3H) (Hammond et al.,
2004). GABAg(1)-IR was present in >99% of all CGRP-IR neurons in the DRG of naive rats
(Fig. 31; Table 2). Together, these results indicate that the GABAgq) subunit is extensively
expressed by all major classes of neurons in the DRG as characterized by
immunohistochemical properties or cell size.

Effect of spinal nerve ligation on the number of GABAg(1)-IR neurons in the L4 and L5 DRG

Tight ligation of the L5 spinal nerve significantly decreased the mechanical threshold of the
ipsilateral hindpaw (5.5 = 0.5 g; n = 8) compared with thresholds in the ipsilateral hindpaw
of either sham-operated (27.9 + 1.0 g; n=7) or naive (25.9 = 1.9 g; n = 6) rats (P < 0.001).
Mechanical thresholds for the ipsilateral hindpaw did not differ between sham and naive rats
(P > 0.2). Mechanical thresholds for the contralateral hindpaw were 24.8 + 1.9, 26.4 £ 1.7,
and 23.2 £ 2.5 g for the naive, sham, and ligated treatment groups, respectively (P > 0.8).

Two weeks after tight ligation of the L5 spinal nerve, the number of GABAg(1)-IR neurons
in the ipsilateral L4 DRG was unchanged relative to either sham-operated or naive rats (P >
0.4; Fig 4). In contrast, the number of GABAg 1)-IR neurons in the ipsilateral L5 DRG was
significantly decreased in ligated rats compared with sham-operated (P < 0.03) and naiive (P
<0.03) rats. Figure 5 illustrates the intensity of GABAg1)-IR in DRG neurons from naive,
sham-operated, and ligated rats. The intensity and density of GABAg(1)-IR in neurons of the
L5 DRG of ligated rats was often less than that in naive or sham-operated rats. The number
of GABAg(1)-IR neurons in the ipsilateral L5 DRG of naive and sham-operated rats did not
differ (P = 0.5). In the L5 spinal nerve ligation group, a single DRG had a larger number of
GABAg(1)-IR neurons than others in that treatment group. However, the mechanical
threshold of this rat was consistent with its cohort (Fig. 4), as was the reduction in 1B4-
positive neurons in the L5 DRG (data not shown). Similarly, in the L5 sham-operated group,
asingle DRG had a larger number of GABAg1)-IR neurons than others in that treatment
group. The mechanical threshold of this rat was also consistent with its cohort. Further,
neither data point fulfilled Grubb’s test for detection of an outlier and therefore did not
warrant exclusion from the analysis. If these two data points were excluded from the
analysis, the statistical significance of the differences was even more robust. These data
support the contention that a reduction in GABAg) receptors on L5 DRG neurons mediates
mechanical allodynia after nerve injury.
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L5 spinal nerve ligation changed the size distribution of GABAg(1)-IR neurons in both the
L4 and L5 DRG

The size distribution of GABAg(1)-IR profiles in the L4 DRG of naive (median: 594 pm?)
and sham-operated (median: 616 xm?) rats did not differ. The median size of GABAg(1)-IR
profiles in the L4 DRG of spinal nerve ligated rats (646 pm?) was slightly larger compared
with either sham-operated or naive rats (Fig. 2; P < 0.05 both comparisons). The biological
relevance of this increase is unclear, and statistical significance is most likely due to the
large numbers sampled.

The size distribution of GABAg1)-IR profiles in the L5 DRG of naive (median: 575 pm?2)
and sham-operated (median: 575 pm?) rats also did not differ. In contrast, the size
distribution of GABAg1)-IR neurons in the L5 DRG after spinal nerve ligation (median:
547 pm?) was significantly different from that of either sham-operated or naive rats (Fig. 2
and inset; P < 0.05 both comparisons). This shift could be attributed to an apparent loss of
large-sized (>1,200 pm?2) GABARg(1)-IR neurons (Fig. 2), which comprised about 10% of the
total population, and an increase in the percentage of medium-sized neurons (600-900 um?2)
that were immunoreactive for GABAgy) (P < 0.05, Kolmogorov-Smirnoff test).

Changes in colocalization of GABAg(1)-IR after spinal nerve ligation

Counts of the numbers of N52-IR, CGRP-IR, and 1B4-positive profiles in single sections
taken through the L4 and L5 DRG yielded findings consistent with an earlier stereological
analysis (Hammond et al., 2004). Specifically, L5 spinal nerve ligation did not alter the
number of N52-IR, CGRP-IR, or IB4-positive profiles in the L4 DRG compared with sham-
operated or naive rats. It also did not alter the percentage of N52-IR, CGRP-IR, or 1B4-
positive profiles in the L4 DRG that colocalized GABAgy1)-IR compared with sham-
operated or naive rats (Table 2). In contrast, L5 spinal nerve ligation decreased the number
of CGRP-IR profiles by 75% and those of 1B4-positive neurons by 87% in the L5 DRG. Of
the CGRP-IR neurons that remained, >97% continued to express GABAg1)-IR. Of the few
IB4-positive profiles that remained, only 74.9 + 4.1% were immunoreactive for the
GABARq) subunit (Table 2). This percentage was significantly less than the percentage
determined for the L5 DRG in sham-operated and naive rats (P < 0.05 both comparisons).
Neither the numbers of N52-IR neurons nor the percentage of N52-IR neurons that
colocalized GABAg1)-IR in the L5 DRG were altered by L5 spinal nerve ligation.

Effect of SNL on levels of GABAg(1) and GABAg () mMRNA in the L4 and L5 DRG

Levels of GABAg(1) MRNA, normalized to GAPDH, were ~2-fold higher than GABAg )
mRNA in both the L4 (0.097 + 0.008; n=5 vs. 0.052 + 0.005; n=5) and L5 (0.096 + 0.003;
n=6vs. 0.046 £ 0.002; n = 6) DRG of naive rats. Levels of GABAg(1) or GABAg(2)
mRNA in the L4 DRG did not differ among naive, sham-operated, or ligated rats (P > 0.25
both transcripts; Fig. 6A). However, levels of GABAg 1) and GABARg2) subunit mMRNA
were significantly decreased in the L5 DRG of ligated rats compared with sham-operated or
naive rats (P < 0.01 both transcripts; Fig. 6B). The reduction in the GABAg ) subunit was
proportionately greater than the loss of GABARgy) subunit.

DISCUSSION

GABAg(1) subunit is expressed by virtually every neuron in the DRG

The functional GABAg receptor is a heterodimer composed of a GABAg 1) subunit that
contains the ligand binding site and a GABAg ) subunit that couples to Gj/, (Couve et al.,
2000; Bettler and Tiao, 2006; Padgett and Slesinger, 2010). The GABAg ) subunit is
largely undetectable in the DRG by western blotting (Engle et al., 2006) or
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immunohistochemical methods (data not shown), consistent with the low levels of
GABAB(2) MRNA present in the DRG (this study; Durkin et al., 1999; McCarson and Enna,
1999; Towers et al., 2000). This study therefore used an antibody that recognizes the
GABAR;q) subunit to identify the neuronal populations that express the GABAg receptor.
The number of GABAg(1)-IR neurons in the L5 DRG of naive rats ranged between 10,358
and 18,571, similar to the range of cresyl-violet stained DRG neurons reported by Carlton
and Hargett (2002) and other estimates of 14,000 to 18,000 neurons (Schmalbruch, 1987;
Tandrup, 1993; Popken and Farel, 1997; Vestergaard et al., 1997; Schionning et al., 1998).
Moreover, every NeuN-IR profile colocalized GABAg1)-IR. These data suggest that >98%
of DRG neurons that give rise to myelinated, unmyelinated, and peptidergic afferents
express the GABAGg receptor, consistent with the ability of baclofen to activate GABAg
receptors on all major classes of primary afferent neurons (Schlichter et al., 1987). This
receptor is therefore well situated to presynaptically regulate the transmission of both
innocuous and noxious sensory information in the spinal cord dorsal horn.

Loss of GABARg(y) receptors on primary afferent neurons is likely to contribute to
mechanical allodynia after spinal nerve ligation

Tight ligation of the L5 spinal nerve resulted in a 38% decrease in the number of GABAg 1)-
IR neurons in the L5 DRG. It also resulted in an ~240% decrease in levels of GABAgy)
MRNA and a 70% decrease in levels of GABAg) MRNA. These results support the
conclusion that a loss of GABAg 1) receptors on primary afferent neurons in the injured
spinal nerve contributes to the occurrence of mechanical allodynia after spinal nerve
ligation. Afferents in the L5 DRG are not rendered quiescent as a result of the ligation or
transection of their peripheral processes. Rather, A-fiber afferents in the L5 DRG begin to
discharge spontaneously (Liu et al., 2000a,b; Ma et al., 2003; Djouhri et al., 2006). This
activity can be measured in the corresponding dorsal root and is presumably the source of
continuous input that contributes to an increased excitability of dorsal horn neurons and the
facilitation of (normally) subliminal inputs from intact afferents in the L4 DRG. Indeed,
tactile allodynia produced by L5 SNL can be eliminated or obtunded by subsequent
rhizotomy of the L5 dorsal root or application of low concentrations of local anesthetic to
the L5 DRG (Sukhotinsky et al., 2004, and references therein). These data point to a key
role of the injured L5 DRG neurons in the generation of tactile allodynia. In this context, a
loss of presynaptic inhibition mediated by GABAGRg receptors on the central terminals of L5
afferents may enhance the synaptic efficacy of this spontaneous drive and contribute to the
allodynia or spontaneous pain behaviors that arise after injury.

L5 spinal nerve ligation and the number of GABAg(1)-IR neurons in the L4 DRG

Tight ligation of the L5 spinal nerve alters the expression of a number of channels,
receptors, growth factors, and neurotransmitters in neurons of the adjacent L4 DRG
(Fukuoka et al., 1998, 2001, 2002; Hudson et al., 2002; Ma et al., 2003; Nagano et al., 2003;
Schéfers et al., 2003; Zhang et al., 2004). These changes are attributed to exposure of the
axons of L4 DRG neurons to substances released within the sciatic nerve from the axons of
injured L5 DRG neurons that undergo Wallerian degeneration. In contrast, ligation of the L5
spinal nerve did not alter the number or expression pattern of GABAg1)-IR neurons or the
levels of GABAg 1) or GABAg(2) MRNA in the L4 DRG. However, the variance of these
measurements was greatly increased in contrast to the uniformity of neuron counts in the
naive and sham-operated rats, with some rats showing an increase and others a decrease in
number of GABAg1)-IR neurons. The mechanism and importance of this increase in
variance is unknown. However, it provides further evidence that afferents in the adjacent L4
DRG are not immune to injury of the L5 spinal nerve.
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GABAGg receptor downregulation in the L5 DRG occurs predominantly in peptidergic and
unmyelinated afferents

Analysis of the size distribution of GABAg1)-IR neurons in the L5 DRG after spinal nerve
ligation provides additional insight. Spinal nerve ligation was previously reported to cause a
decrease in the percentage of large-sized N52-IR neurons with a concomitant increase in the
percentage of medium-sized N52-IR neurons in the L5 DRG in the absence of a change in
the total number of N52-IR neurons (Hammond et al., 2004). In this study, spinal nerve
ligation caused a similar shift in the size distribution of GABAgy)-IR profiles such that the
percentage of large-sized (>1,200 pm?) profiles was decreased while the percentage of
medium-sized (600-900 1m?) profiles was increased. Given that virtually every N52-IR
neuron colocalized the GABAg 1) subunit, a similar change in the distribution of medium-
and large-sized GABARg1)-IR neurons was not unexpected. Neither the number of N52-IR
profiles nor the percent colocalization of GABAg(1)-IR with N52-IR neurons changed in the
L5 DRG after spinal nerve ligation. The shift in cell size distribution may be an artifact of
cell shrinkage, which has been documented for Type A DRG neurons after nerve injury
(Vestergaard et al., 1997; Degn et al., 1999; Sapunar et al., 2005). However, an alternate
interpretation is that there is small subpopulation of injured large myelinated fibers (~11%)
that express few GABAGg receptors after ligation (Fig. 2, arrow). It is notable that a similar
percentage of A fibers in the injured L5 DRG (6-8%) exhibit increased excitability and
spontaneous activity after spinal nerve ligation (Liu et al., 2000a,b; Ma et al., 2003; Djouhri
et al., 2006). Loss of GABAg receptor-mediated inhibition on these fibers could enhance
excitatory transmission in the spinal cord.

In line with a previous stereological analysis (Hammond et al., 2004), the numbers of
CGRP-IR profiles and 1B4-positive profiles decreased by 75% and 87% in the L5 DRG after
spinal nerve ligation, respectively. IB4-positive neurons represent about 40% of the total
population in the DRG. If there was a concomitant complete loss of GABAg ) subunit on
these neurons, a 35% loss (87% of 40%) in the number of GABAg1)-IR neurons in the L5
DRG would be expected. Similarly, CGRP-IR neurons represent about 30% of the total
population. If there was a complete loss of GABAg 1) subunit on these neurons, a 22% (75%
of 30%) decrease in the number of GABAg1)-IR neurons in the L5 DRG would be
expected. Of note, the distribution of small-sized GABAgy)-IR neurons was unchanged,
consistent with a generalized downregulation of the receptor on the soma of both
unmyelinated and peptidergic afferents rather than complete loss in a subset of afferents.
Given that C fibers in the L5 DRG do not exhibit ectopic or spontaneous firing after spinal
nerve ligation (Liu et al., 2000a,b; Boucher et al., 2000; Ma et al., 2003; Djouhri et al.,
2006), the loss of GABAg1)-IR on IB4-positive neurons in the L5 DRG after spinal nerve
ligation is unlikely to be biologically significant. Interestingly, conditional deletion of
GABAg(y) subunit in C fibers does not result in an exacerbated response to mechanical
stimuli, whereas it does exacerbate the responsiveness of Ad fibers (Gangadharan et al.,
2009).

Loss of GABAg(1)IR and GABAg receptor mRNA in the L5 DRG

There are four possible explanations for the loss of GABAg(y)-IR neurons in the L5 DRG.
Vestergaard et al. (1997) reported a 22% reduction in the number of neurons in the L5 DRG
after L5 spinal nerve transection 2 weeks after injury compared with naive rats. To ascertain
whether neuronal death contributed to the decrease in GABAg1)-IR neurons, disectors were
stained for NeuN. However, marked alterations in the cellular localization and intensity of
NeuN-IR in the DRG of ligated rats precludes its use for counting purposes. Nonetheless,
we consider it unlikely that the loss is secondary to cell death in the DRG. Although the
number of 1B4-positive and CGRP-IR neurons is decreased 2 weeks after L5/6 spinal nerve
ligation, by 20 weeks the number of these neurons does not differ from values in sham or
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naive rats. Furthermore, the number of N52-IR neurons is unchanged between 2 and 20
weeks after injury (Hammond et al., 2004). Thus, in this model in which the spinal nerve is
tightly ligated, but not transected, there is no clear evidence for neuronal death (Hammond
etal., 2004). It is more likely that the decrease in number of GABAg1)-IR neurons is the
result of a decrease in the expression of the GABAg 1) subunit to levels below the limit of
immunohistochemical detection. Although not quantitated, the intensity and density of
GABARg1)-IR in many, but not all, neurons in the L5 DRG of ligated rats often appeared
less than that in neurons of sham-operated or naive DRG that were processed concurrently
with these tissues. Moreover, RT-PCR analysis revealed a 40% decrease in levels of
GABARg(1) MRNA and 70% decrease in those of GABAg 7). A third possibility is that injury
results in an increased trafficking of GABAgy) subunit to the central or peripheral terminals
of L5 afferents, which could masquerade as a downregulation of subunit in the soma. This
possibility is unlikely given the decrease in mMRNA for both subunits. Finally, it is possible
that the loss is limited to a reserve of GABAg (1) subunits and of no consequence to
functional receptors. Although difficult to exclude, the very large reduction in the GABAg )
subunit mRNA, which couples the receptor to Gy, proteins and traffics GABAg 1) subunits
to the plasma membrane from the endoplasmic reticulum, makes this possibility unlikely.
We previously concluded on the basis of western blotting of dorsal horn and DRG as well as
densitometric measurements of GABAg receptor IR in the dorsal horn that spinal nerve
ligation did not alter the levels of the GABARg receptor (Engle et al., 2006). In retrospect,
these methods lacked the necessary sensitivity to detect the relatively modest reduction in
number of GABARg-IR primary afferent neurons, which represent a subset of the neuronal
elements in the dorsal horn that express the GABAg receptor (Yang et al., 2002).

CONCLUSION

This study provides the first direct demonstration that the GABAgy) subunit is expressed by
the vast majority (>98%) of myelinated, unmyelinated, and peptidergic primary afferent
neurons. It further demonstrates that the number of GABAg1)-IR neurons in the L5 DRG,
but not the L4 DRG, is significantly decreased after L5 spinal nerve ligation. As there
appears to be no permanent loss of neurons in this model (Hammond et al., 2004), it is most
likely that this loss represents a decrease in levels of receptor protein in the soma of these
neurons. These data are consistent with the hypothesis that a loss of GABAgy) receptors in
neurons of the L5 DRG contributes to the development of mechanical allodynia in this
model of peripheral nerve injury. The proportionately greater loss of GABAg ;) MRNA is
consistent with the loss of functional receptor, and further suggests that reliance on
GABARg1)-IR may have underestimated the magnitude of the loss. Together, these findings
provide important anatomical evidence to complement the results of embryonic gene
deletion (Schuler et al., 2001; Gassmann et al., 2004), intrathecal antagonist (Hao et al.,
1994), and conditional deletion of subunit in AS fibers (Gangadharan et al., 2009) in which
allodynia or hyperalgesia occur after antagonism or deletion of the GABARg receptor.
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Figure 1.

Cglocalization of GABAg(y)-IR with NeuN-IR, but not S100-IR profiles in the DRG. The
top row illustrates that GABA g(1)-IR profiles in the DRG (A) colocalize extensively with
profiles immunoreactive for the neuronal marker, NeuN (B). The merged image is shown in
panel (C). Images are the composite projections of two sections obtained taken at 0.45 pm
intervals. The bottom row illustrates that GABA g(1)-IR profiles (D) do not colocalize with
profiles immunoreactive for the satellite cell marker, S-100 (E). Images are the composite
projection of four sections obtained at 0.45 pm intervals. The merged image is shown in
panel (F). Scale bars = 10 pm.
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Figure2.

Size distribution of GABAg(1)-IR profiles in the (A) L4 or (B) L5 DRG of naive (solid
circle), sham-operated (open circle), or L5 spinal nerve ligated (solid squares) rats. The
histogram was generated in bins of 100 um?2. Ordinate: percentage of the total number of
profiles. Abscissa: Cross-sectional area of the soma in pm2. Dashed vertical line identifies
profiles = 1,200 pm? in size. Insets are box-and-whisker plots of the data. The box defines
the 25th and 75th percentiles; horizontal line within the box identifies the median. Vertical
error bars indicate the 5th and 95th percentiles. Number of profiles measured in the L4 DRG
ranged from 764 to 1,846 and in the L5 DRG from 876 to 1,289 and were sampled from
single sections taken from the ipsilateral L4 or L5 DRG of six naive rats, seven sham-
operated, and six ligated rats.
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Figure 3.

Immunoreactivity for the GABAg 1) subunit (A,D,G) colocalizes to several different
populations of neurons in the rat dorsal root ganglion. N52 immunoreactivity (B), a marker
for myelinated afferents, was predominantly confined to medium- and large-sized neurons.
IB4-positive neurons (E) exhibited characteristic labeling of the Golgi apparatus and were
uniformly of small size as expected of unmyelinated afferents. CGRP-immunoreactivity
(H), indicative of peptidergic afferents, was predominantly localized to small- or medium-
sized, with some labeling of large neurons. Arrows identify examples of double-labeled
neurons. Arrowheads identify examples of GABAg 1)-IR profiles that did not colocalize the
designated marker. C,F,I: Merged images. Each image is the composite projection of 3—4
sections obtained at intervals of 0.44 pm. Scale bars = 20 pum.
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Figure4.

Scatterplot of the number of GABAg1)-IR neurons in the ipsilateral L4 or L5 DRG of naive
rats or rats that underwent sham surgery or L5 spinal nerve ligation. Spinal nerve ligation
caused a significant decrease in the number of GABAg(1)-IR neurons in the L5 DRG of both
sham-operated and ligated rats compared with values in naive rats. The numbers of
GABARg1)-IR neurons were unchanged in the adjacent L4 DRG. Each symbol is the number
of neurons estimated from 8 or 10 optical disectors taken through the DRG of a single rat.
Numbers adjacent to the symbol show the mechanical threshold of the ipsilateral hindpaw.
Horizontal lines indicate the mean value. Ordinate: number of GABAg1)-IR neurons.
Abscissa: Treatment condition. NS: not significant. *P < 0.05; one-way ANOVA.
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Figurebs.

Representative photomicrographs of the intensity of GABAgy)-IR in the L5 DRG of (A)
naive, (B) sham-operated, and (C) ligated rats. Images were obtained by first setting optimal
gain and contrast for the naive tissue. ldentical setting were then used to image tissue from
sham-operated and ligated rats. Note that the intensity of labeling of many (arrows), but not
all, neurons in the tissue from ligated rats is reduced relative to that in sham-operated or
ligated rats. Arrowheads identify two examples of neurons with marginal staining intensity.
Scale bar = 20 pm for all images.
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Levels of mMRNA for GABAg(1) and GABAgy) in the ipsilateral L4 (A,B) and L5 (C,D)
DRG of rats that underwent sham surgery or L5 spinal nerve ligation 2 weeks earlier and a
cohort of time- and age-matched naive rats. Cycle thresholds (Ct) were normalized to
GAPDH in the same DRG and expressed relative to values in naive rats using the equation
27AAC Numbers in the columns are the number of rats. VValues are the mean + SEM. *P <
0.05, **P < 0.01.
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