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Abstract 

In the spinal cord dorsal horn, presynaptic GABAA receptors (GABAAR) in the 

terminals of nociceptors as well as postsynaptic receptors in spinal neurons regulate 

the transmission of nociceptive and somatosensory signals from the periphery. 

GABAAR are heterogeneous and distinguished functionally and pharmacologically by 

the type of α subunit variant they contain. This heterogeneity raises the possibility 

that GABAAR subtypes differentially regulate specific pain modalities. Here, we 

characterized the subcellular distribution of GABAAR subtypes in nociceptive circuits 

using immunohistochemistry with subunit-specific antibodies combined with markers 

of primary afferents and dorsal horn neurons. Confocal laser scanning microscopy 

analysis revealed a distinct, partially overlapping laminar distribution of the α1-3 and 

α5 subunit-immunoreactivity in laminae I-V. Likewise, a layer-specific pattern was 

evident for their distribution among glutamatergic, GABAergic, and glycinergic 

neurons (detected in transgenic mice expressing vGluT2-eGFP, GAD67-eGFP, and 

GlyT2-eGFP, respectively). Finally, all four subunits could be detected within 

primary afferent terminals. C-fibers predominantly contained either α2 or α3 subunit-

immunoreactivity, terminals from myelinated (Aβ/Aδ) fibers were co-labeled in 

roughly equal proportion with each subunit. Presence of axo-axonic GABAergic 

synapses was determined by co-staining with gephyrin and vesicular inhibitory amino 

acid transporter to label GABAergic postsynaptic densities and terminals, 

respectively. Co-localization of α2 or α3 subunit with these markers was observed in 

a subset of C-fiber synapses. Furthermore, gephyrin mRNA and protein expression 

was detected in dorsal root ganglia. Collectively, these results show that differential 

GABAAR distribution in primary afferent terminals and dorsal horn neurons allows 

for multiple, circuit-specific modes of regulation of nociceptive circuits. 
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Introduction 

Chronic pain is a frequent, strongly debilitating condition that is often resistant to 

pharmacotherapy and therefore a major socio-economic problem. Chronic pain can 

result from inflammation, nerve injury, or CNS lesion. Noxious stimuli evoking pain 

are detected by two major classes of nociceptors, Aδ and C nociceptors, whose cell 

bodies are located in dorsal root ganglia (DRG) and trigeminal ganglia. The central 

axons of DRG-residing nociceptors terminate mainly in the superficial layers of the 

spinal dorsal horn (laminae I and II) (Rexed, 1952), with peptidergic and non-

peptidergic C fibers being segregated in lamina II outer (IIo) and II inner (IIi), 

respectively (Hunt and Mantyh, 2001; Todd, 2010). The spinal cord dorsal horn 

processes nociceptive signals and relays them to higher brain centers, where 

conscious pain sensation arises. Chronic pain is a pathological condition involving 

altered function of primary nociceptors and of central pain circuits, manifesting in 

primary hyperalgesia (exaggerated pain sensations at the site of injury) and secondary 

hyperalgesia in uninjured healthy tissue.  

In 1965, Melzack and Wall proposed the gate control theory of pain attributing a 

critical contribution of inhibitory interneurons (GABAergic and glycinergic) of the 

spinal dorsal horn in regulating nociceptive signal strength and keeping nociceptive 

and non-nociceptive modalities apart (Melzack and Wall, 1965). Intrathecally-applied 

bicuculline and strychnine, blockers of GABAA receptors (GABAAR) and glycine 

receptors respectively, increase nociceptive reactions elicited by exposure to noxious 

stimuli (Roberts et al., 1986; Yaksh, 1989). Conversely, enhancing GABAAR function 

by spinal application of GABA or a positive allosteric modulator, such as midazolam, 

was shown to depress noxious stimulus-evoked activity in spinal cord neurons and to 

reverse neuropathic pain induced by nerve injury (Clavier et al., 1992; Eaton et al., 

1999; Knabl et al., 2008; Sumida et al., 1995).  

GABAARs are ligand-gated heteropentameric ion channels assembled from a 

repertoire of 19 subunits (α1-6, β1-3, γ1-3, δ, ε, θ, π, ρ1-3). The most common 

subtype in the CNS is composed of two α, two β, and one γ subunit (Möhler, 2006). 

GABAAR containing α1, α2, α3, or α5 subunits associated with the γ2 subunit are 

sensitive to diazepam (Wieland et al., 1992). In the spinal cord, morphological studies 

revealed a considerable heterogeneity in the distribution of GABAAR subunits. Thus, 
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in the rat, in situ hybridization studies detected strong signals for GABAAR α2, α3, 

β3 and γ2 subunit mRNA, weak expression for α1, α5, β1, β2, γ1 and γ3, and could 

not detect α6 and δ subunits (Ma et al., 1993; Persohn et al., 1991; Wisden et al., 

1991). Immunohistochemical analysis revealed distinct laminar distribution of major 

α subunit variants (Bohlhalter et al., 1996).  

GABAAR can modulate spinal nociceptive processing via at least two mechanisms. 

Postsynaptic GABAAR in spinal cord neurons directly reduce their excitability, while 

GABAAR located in afferent terminals of nociceptors cause presynaptic inhibition of 

transmitter release. Previous work has demonstrated that the α2 and α3 subunits are 

abundant in mouse dorsal horn neurons (Knabl et al., 2008), co-localized in part with 

substance P-positive terminals in lamina II and with NK1-receptor-positive lamina I 

neurons. In addition, there is extensive pharmacological and behavioral evidence 

indicating that both modes of inhibition contribute to physiological and pathological 

pain sensation (Jasmin et al., 2003; Knabl et al., 2008; Munro et al., 2011; Sastry, 

1980; Zeilhofer et al., 2012b). However, the precise site of action of the different 

GABAAR subtypes in various pain modalities is not known.  

These uncertainties are due, in large part, to insufficient knowledge about the cellular 

and subcellular distribution of GABAAR subtypes in circuits of spinal dorsal horn 

(Zeilhofer et al., 2012b). Therefore, the aim of this study was to analyze 

immunohistochemically the molecular organization of GABAAR in identified intrinsic 

dorsal horn neurons and primary afferents in layers I-III, using immunofluorescence 

staining combined with specific neuronal and axonal markers.  
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Materials and Methods 

Animals  

Experiments were performed with 6-8 week old C57BL/6J male and female mice. For 

identification of glutamatergic, GABAergic and glycinergic neurons, transgenic mice 

expressing vGlut2-eGFP (www.gensat.org, (Gong et al., 2003), GAD67-eGFP 

(Tamamaki et al., 2003; Wang et al., 2009) and GlyT2-eGFP (Zeilhofer et al., 2005) 

on C57BL/6J background were used. Mice were bred in the animal facility of Institute 

of Pharmacology and Toxicology under the approval of local authorities. They were 

maintained under standard conditions with 12 h day/night cycle and ad libitum supply 

of food and water. All experimental procedures were approved by the Cantonal 

Veterinary Office of Zurich.  

Western blot analysis 

Mice (n=3) deeply anaesthetized by intraperitoneal administration of sodium 

pentobarbital (50 mg/kg) were decapitated and DRG were quickly dissected out, snap-

frozen with dry ice, and stored at -80
◦
C until further processing. 30-40 DRG were 

homogenized in ice-cold solubilization buffer (1 mM EDTA, 10 mM Tris Cl, 150 mM 

NaCl, 0.02% NaN3) followed by sonication. The protein content of the sonicated 

sample was determined by Bradford’s assay and was then denatured using 10% 

mercaptoethanol. The samples were then serially diluted to achieve the required 

protein concentration in 20 µL loading volume. 7.5% SDS-polyacrylamide gels were 

used for electrophoresis and a wet-blot was developed on nitrocellulose acetate 

membrane. The membrane was then blocked using 5% western blocking reagent 

(Roche Diagnostics GmbH, Mannheim, Germany, Cat No. 11 921 673 001) in Tris 

buffered saline-Tween 20 followed by overnight incubation in mouse monoclonal 

antibody 7a against gephyrin (Table 1). Following washing, the membrane was 

treated with secondary antibody goat anti-mouse conjugated to horseradish peroxidase 

(1:300 dilution) and the signal was enhanced using freshly prepared 

chemiluminescent mix (Super signal West Pico chemiluminescent substrate, Thermo, 

3747N, Rockford, Cat No. 34087). The images were captured using Fujifilm scanner 

using the software Fujifilm-image reader LAS 100 Pro V2.51. Mouse crude brain 

homogenates were included in the test as positive control for gephyrin detection and 

albumin as a negative control. 
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Real-time PCR 

Lumbar DRG from adult mice were removed following decapitation and collected in 

a tube containing a lysis solution. Total RNA was isolated by using GenElute
TM

 

Mammalian Total RNA Miniprep Kit (RTN70, Sigma-Aldrich). Genomic DNA was 

removed and cDNA was generated in a reaction mixture using QuantiTect® Reverse 

Transcription Kit (Qiagen® GmbH, Hilden, Germany, Cat. No. 205311), real-time 

quantitative PCR (qPCR) was performed and analyzed using TaqMan® gene 

expression master mix (Applied Biosystems International, Inc., Rotkreuz, 

Switzerland, Part No. 4369016) with generated cDNA in a total reaction volume of 10 

µL in 384-well arrays with 7900HT fast real-time PCR system and software (Applied 

Biosystems). mRNA expression of gephyrin was quantified using pre-designed 

coding assays (FAM™ dye-labeled TaqMan® MGB probes; Applied Biosystems) 

(glyceraldehyde-3-phosphate dehydrogenase (GAPDH), cytoplasmic reference gene: 

assay ID: Mm99999915_g1, context sequence: 

GAACGGATTTGGCCGTATTGGGCGC; gephyrin: assay ID: Mm01297308_m1**, 

context sequence: AGAAAGGATC TCAGGAATGCTTTCA). The real-time qPCR 

cycling program consisted of 95°C for 10 min, followed by 40 cycles of 95°C for 15 s 

and 60°C for 1 min. The expression level of gephyrin gene was normalized to that of 

the GAPDH gene, which was used as a reference. All qPCR reactions were carried 

out in triplicate. Relative quantification of transcript was determined using the 

comparative CT method (2
−∆CT

) calibrated to β-actin. 

Immunohistochemistry 

Immunohistochemistry was performed using well characterized primary antibodies 

described in table 1. The distribution of α subunit variants in the lumbar spinal cord 

was analyzed in sections processed for immunoperoxidase staining. Mice were deeply 

anaesthetized with pentobarbital (nembutal, 50 mg/kg, i.p.) followed by transcardiac 

perfusion of saline (20 mL) and 70 mL ice-cold fixative containing 4% 

paraformaldehyde (PFA) and 15% saturated picric acid solution in 0.15 M sodium 

phosphate buffer, pH 7.4. The spinal cords were extracted immediately after the 

perfusion and post-fixed in the same solution for 5 h. Tissue was then processed for 

antigen retrieval as described (Kralic et al., 2006), cryo-protected with 30% sucrose in 

phosphate-buffered saline (PBS), and cut coronally at 40 µm from frozen blocks with 

a sliding microtome. Sections were collected in PBS and stored at -20°C in antifreeze 
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solution (15% glucose and 30% ethylene glycol in 50 mM sodium phosphate buffer, 

pH 7.4) prior to use. Sections were incubated free-floating overnight at 4°C with 

primary antibodies against GABAAR subunits (Table 1) in Tris buffer pH 7.7 

containing 2% normal goat serum and 0.2% Triton X-100. Sections were then washed 

and incubated for 30 min at room temperature with biotinylated secondary antibodies 

(1:300; Jackson ImmunoResearch, West Grove, PA), followed by incubation in 

avidin-biotin complex (1:100 in Tris buffer, Vectastain Elite Kit; Vector Laboratories, 

Burlingame, CA), for 30 min, washed again and finally visualized with 

diaminobenzidine tetrahydrochloride (DAB; Sigma, St Louis, MO) in Tris buffer (pH 

7.7) containing 0.015% hydrogen peroxide. The color reaction was stopped after 5–15 

min with ice-cold PBS. Sections were then mounted on gelatin-coated slides and air-

dried followed by dehydration with ethanol. The slides were then cleared in xylol and 

cover-slipped with Eukitt (Erne Chemie, Dallikon, Switzerland).  

The distribution of GABAAR α subunits in identified spinal cord neurons were 

analyzed by immunofluorescence staining on coronal sections of transgenic eGFP-

expressing mice. The sections were prepared from 2-3 male mice as described above. 

For staining, the sections were incubated overnight at 4°C with a mixture of primary 

antibodies diluted in Tris buffer containing 2% normal goat serum. Sections were 

washed extensively and incubated for 1h at room temperature with the corresponding 

secondary antibodies conjugated to Cy3 (1:500), Cy2 (1:200) (Jackson 

ImmunoResearch) and or Alexa488 (1:1000, Molecular Probes, Eugene, OR). 

Sections were washed again and cover-slipped with fluorescence mounting medium 

(DAKO, Carpinteria, CA). 

Distribution of GABAAR α subunits within primary afferent terminals was studied 

using a protocol developed for detection of postsynaptic proteins (Schneider Gasser et 

al., 2006). Mice were deeply anaesthetized with pentobarbital (nembutal, 50 mg/kg, 

i.p.) and perfused with Ringer’s solution. Spinal cords were rapidly collected by 

pressure ejection and placed in oxygenated ice-cold artificial cerebrospinal fluid. 300 

µm thick parasagittal slices were prepared from the lumbar spinal cord with a 

vibrating microtome and incubated for 45 min at 34°C. They were then fixed in 4% 

paraformaldehyde in 0.1 M sodium phosphate buffer for 10 min, extensively washed, 

and stored overnight in 30% sucrose in Tris buffer for cryo-protection. Slices were 

then flat-frozen and sections were cut at 14 µm with a cryostat, mounted on gelatin-
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coated glass slides and air-dried at room temperature for 45 min. Immunofluorescence 

staining was performed as described above.  

Image acquisition and analysis 

The regional distribution of α subunit-immunoreactivity (-IR) analyzed by 

immunoperoxidase staining was visualized in sections from four mice with bright 

field microscopy (Axioplan; Zeiss) using MCID Elite 6.0 software (Imaging 

Research, GE Healthcare Bio-Sciences AB, Uppsala, Sweden) for image acquisition. 

Images were cropped to the desired dimensions in Adobe Photoshop CS. Minimal 

adjustments of contrast and brightness were applied to entire images, if needed.  

Double and triple-immunofluorescence signals were visualized by confocal 

microscopy (LSM 710; Zeiss AG, Jena, Germany) using a 63× Plan-Apochromat 

objective (N.A. 1.4). The pinhole was set to 1 Airy unit for each channel and separate 

color channels were acquired sequentially. The acquisition settings were adjusted to 

cover the entire dynamic range of the photomultipliers. Typically, stacks of confocal 

images (1024×1024 pixels) spaced by 0.3 µm were acquired at a magnification of 56-

130 µm/pixel. For display, images were processed with the image analysis software 

Imaris (Bitplane; Zurich, Switzerland). Images from all channels were overlaid 

(maximal intensity projection) and background was subtracted, when necessary. A 

low-pass filter was used for images displaying α subunit staining.  

Analysis of the distribution of α subunit-IR in eGFP-positive neurons and dendrites 

was performed in single confocal sections from 2-3 mice per genotype  acquired at a 

magnification of 78 nm/pixel in 8-bit gray scale images, using a threshold 

segmentation algorithm (minimal intensity, 90–130; area >0.08 µm
2
). All structures 

with >70% overlap between both channels (co-localized area >0.056 µm
2
, 

corresponding to 9 pixels) was apparent were considered as "colocalized" (Image J 

imaging software, NIH, Bethesda, MD).  

Quantification of colocalization of α subunit-IR within primary afferent terminals was 

likewise performed by confocal laser scanning microscopy in sections from five adult 

mice. The analysis was done in high magnification images acquired at the Nyquist 

rate (56 nm/pixel; 150 nm spacing). To minimize false-positive results, additional 

criteria were applied: (a) The α subunit staining is completely inside the axon 

terminal staining; (b) the area of colocalization >20 pixels (>0.063 µm
2
); (c) co-
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localization was visible in three consecutive confocal sections. The data were 

acquired in six sections per animal and analyzed statistically using non-parametric 

tests (Kruskal–Wallis followed by Dunn’s multiple comparison test; Prism, GraphPad 

Software, San Diego, CA, USA). All files were randomized and individual terminals 

were identified as isolated objects and counted automatically (Imaris; Bitplane).  
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Results 

Differential distribution of GABAAR αααα subunits in mouse spinal dorsal horn 

The distribution of α subunit variants was examined in transverse sections of the 

lumbar spinal cord using immunoperoxidase staining with subunit-specific antibodies. 

In order to visually enhance the differences in staining intensity across layers, images 

are displayed in false-colors ranging from dark blue for weak signals to red, pink, 

orange, yellow and white for maximal intensity (Fig. 1A-E). For each antibody, 

signals were normalized to display the strongest signals in white, except for the α4 

subunit, where only background was detected. Higher magnification images of the 

dorsal horn are also shown in color photomicrographs of immunoperoxidase staining 

(Fig. 1F-I). At the macroscopic level, α1, α2, α3, and α5 subunit immunoreactivity 

showed a widespread but differential laminar distribution pattern, whereas the α4 

subunit was not detectable although a strong signal was observed in specific forebrain 

regions (e.g., thalamus) using the same staining conditions (not shown). As described 

previously in rat (Bohlhalter et al., 1996), IR was restricted to the grey matter except 

for dendrites extending radially into the white matter. In lamina I, mainly the α2 and 

α3 subunits were detected, along with a few α1 subunit-positive cells. Staining for the 

α2 and α3 subunits was most intense in lamina II, along with a moderate α5 subunit-

IR. In addition, the α1 subunit was detected in the innermost lamina II. In lamina III, 

all four subunit variants were present with a peak staining intensity for the α3 and α5 

subunit, a moderate α2 subunit staining and weak α1 subunit-IR. The latter was 

stronger in laminae IV-V in which α2, α3, and α5 subunit-IR was also detected at 

moderate levels. A distinct gradient of intensity was evident medio-laterally, 

culminating with intense staining of lamina X, around the central canal, notably for 

the α1, α2, and α3 subunit. In summary, a roughly complementary distribution 

pattern was observed between the α1 and α2 subunit in laminae I-III, whereas the α3 

and α5 subunit largely overlapped in lamina III. The overall strong IR of these four α 

subunits (which all contribute to assembly of diazepam-sensitive GABAAR) in the 

superficial dorsal horn compared with the intermediate zone and ventral horn 

underscores the relevance of GABAAR for processing of nociceptive inputs in the 

spinal cord. 
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Neuron-specific expression of αααα subunit variants 

To determine whether these differential distribution patterns reflect possible neural 

circuit specificity, we investigated the distribution of the four α subunit variants in 

neurons identified by their transmitter phenotype (glutamatergic, GABAergic, 

glycinergic) using transgenic mice expressing vGluT2-eGFP, GlyT2-eGFP, and 

GAD67-eGFP, respectively. To unambiguously determine the laminar distribution of 

these neuronal populations, CGRP was used as a marker to differentiate lamina I from 

lamina IIo (Fig. 2A) and IB4 for separating lamina IIo from lamina IIi. In preliminary 

experiments, we confirmed that IB4 labeling is limited to the outer part of lamina IIi 

(Fig. 2A), using PKCγ as a specific marker of lamina II-III boundary (Neumann et al., 

2008). Figure 2B-C illustrates in fluorescence microscopy the three classes of 

interneurons with respect to IB4 labeling. Both vGluT2-eGFP- and GAD67-eGFP-

positive neurons were distributed evenly in laminae IIo, IIi and III, whereas GlyT2-

eGFP-positive neurons were mainly located in laminae III-IV and scarcely in lamina 

IIo at the border with lamina I.  

We analyzed systematically each neuronal population to determine which proportion 

of them was immunopositive for the α2/α3 subunits (most abundant in layer II) and 

α1/α5 subunits (most abundant in layers III-IV). Data are pooled from 2-3 mice per 

genotype, with ≈50 randomly selected eGFP-positive neurons per mouse being 

assessed in each lamina for colocalization with α subunit-IR. This analysis was 

performed in perfusion-fixed tissue, in which eGFP signals are optimally preserved, 

notably in thin dendritic profiles. Under these conditions, staining was rather uniform 

and diffuse in the neuropil and it was not possible to distinguish postsynaptic from 

extrasynaptic GABAAR subunit staining (Fritschy et al., 1998). Double-labeled 

dendrites were also seen, but were not quantified, as they could not be allocated to 

identified cells. Therefore, quantitative analysis was restricted to double-labeled cell 

bodies. Further, we could not determine whether multiple α subunit variants were 

present in the same cell; however, this information is inferred when the total 

percentage of colocalization exceeds 100%. Representative examples of each 

colocalization pattern are shown in Figure 2D-O and the quantitative results are 

provided in Figure 3A-C.  
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vGluT2-eGFP-positive glutamatergic neurons 

Considerable laminar specificity was observed in the distribution of α subunit variants 

in vGluT2-eGFP-positive cells, with α2/α3 subunit-IR being each present in about 

40% of cells in lamina IIo, along with the α5 subunit in a small fraction of cells, 

whereas in lamina IIi, almost all eGFP-positive cells were double-labeled for the α3 

subunit and >50% for the α2 subunit. In lamina III, vGluT2-eGFP-positive cells 

likely expressed more than one α subunit variant, the proportion of co-localization 

ranging from 25% for the α2 subunit to 70% for the α3 subunit, with a significant 

contribution of α1 and α5 subunit, as well (Fig. 3A). These percentages of 

colocalization well matched the fraction of dendritic profiles immunoreactive for each 

subunit in the various laminae (Fig. 2D, G, J, M), suggesting overall a somato-

dendritic localization of GABAAR in glutamatergic dorsal horn interneurons and a 

major influence of α3-GABAAR, notably in lamina IIi. 

GAD67-eGFP-positive GABAergic interneurons 

In contrast to the pattern shown by excitatory interneurons, only around 5% GAD67-

eGFP-positive cells in lamina IIo had α2 subunit-IR, along with 72% of cells in 

lamina IIi. Besides, α2 subunit-IR was present in around 40% cells located at the 

lamina IIi-III border. α3 subunit-IR was observed in 37 and 85% of GAD67-eGFP-

positive cells in lamina IIo and IIi respectively. Therefore, in lamina IIi most of these 

cells have both α2- and α3-GABAAR. In lamina III, α3 subunit-IR was observed in 

50% of GAD67-eGFP-positive cells and the α5 subunit-IR in 60% of them, 

suggesting possible co-occurrence of these subunits in individual neurons. As seen for 

vGluT2-eGFP neurons, a large fraction of GAD67-eGFP-positive dendritic profiles 

were double-labeled for the α2 or α3 subunits in these experiments (Fig. 2E, H, K, 

N), suggesting that GABAergic synapses are distributed onto both dendritic and 

perisomatic areas. 

GlyT2-eGFP-positive glycinergic neurons 

GlyT2-eGFP-positive glycinergic cell somata were strikingly rare lamina II (absent in 

lamina IIi) and were more frequently detected in laminae III-V. The majority of the 

few cells in lamina IIo contained both α2 and α3 subunits and almost all GlyT2-

eGFP-positive neurons in deeper laminae were positive for the α3 subunit-IR. The α1 
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and α5 subunits were detected in a few fluorescent cells of lamina IIo, (around 10-

15%) and about 25% in lamina III (Fig. 3C). The dendrites of glycinergic neurons 

were only occasionally labeled for a GABAAR subunit (Fig. 2F, I, L, O), suggesting a 

concentration of inputs in the perisomatic area. 

GABAAR subunit distribution in primary afferent terminals  

A large fraction of the neuropil staining seen for the various α subunit variants was 

not colocalized with dendritic profiles. Therefore, we investigated whether this pattern 

reflects the presence of GABAAR in primary afferent fiber terminals. CGRP and IB4 

labeling were used to reveal peptidergic and non-peptidergic C-fibers, respectively. 

The specificity of these markers was confirmed by double labeling with antibodies 

against substance P to label peptidergic fibers and against the extracellular matrix 

proteoglycan versican 2, an identified IB4-binding glycoconjugate (Bogen et al., 

2005; Gibbins et al., 1987) (data not shown). Myelinated fibers in the dorsal horn 

were labeled by transganglionic tracing of cholera toxin subunit B (CTB) injected into 

the sciatic nerve (Fig. 4A), as well as by immunofluorescence against vGluT1 (data 

not shown) (Todd et al., 2003). Triple labeling experiments performed using 

antibodies against CGRP and CTB along with either anti-PKCγ or fluorescently-

tagged IB4 to confirm the distinct laminar distribution of these markers in primary 

afferent terminals in the dorsal horn (Fig. 4B-B'). CGRP, IB4 and CTB were then 

analyzed separately for colocalization of α subunit-immunofluorescence. 

 

For all α subunit variants, we observed at high magnification that the punctate 

staining of the neuropil was partially colocalized with each of the three markers of 

primary afferents. For quantification, colocalization was defined by an intensity 

threshold algorithm using stringent criteria (see Materials and Methods). It is of note, 

however, that the region containing the presynaptic active zone could not be identified 

in primary afferent profiles, because neither vGluT1 nor vGluT2 are detectable in the 

terminals of C-fibers. Quantitative results are presented in Fig. 3D-E, representing 

average data (± SD) from 5 mice per group. 

In lamina IIo, a large fraction of CGRP-positive profiles, 28% and 59%, respectively, 

contained α2 and α3 subunit-IR (Fig. 4A-J). Likewise, 43% and 46% of IB4-labeled 

profiles in lamina IIi, and 18% and 21% of CTB-positive profiles in lamina III were 

colocalized with α2 and α3 subunit-IR (Fig. 3D). The density of puncta 
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immunoreactive for each subunit was also analyzed (Fig. 3E). Lamina IIo showed a 

density of 38 and 85 α2 and α3 subunit puncta, respectively, colocalized with CGRP-

IR per 1000 µm
2
. In lamina IIi and III, 56 α2 subunit and 58 α3 subunit puncta were 

co-localized with IB4 labeling, and 28 and 40 with CTB-IR.  

The α1 subunit was scarcely detected in CGRP- and IB4-positive profiles in lamina 

II, suggesting that it is not associated with C-fibers (Fig. 3D, E), in spite of the 

moderate staining intensity for this subunit in lamina IIi (Fig. 1). In contrast, α1 

subunit-IR was detected in 13% CTB-positive profiles in lamina III, representing 15 

puncta per 1000 µm
2
 (Fig. 3E). 

The α5 subunit showed high colocalization rate with CGRP-positive profiles (15%), 

but less than 3% with IB4-labeled profiles (Fig. 3D). The highest colocalization rate 

for the α5 subunit was detected in CTB-IR profiles, reaching 44%. The density 

analysis showed 17, 1 and 22 puncta per 1000 µm
2
 in CGRP, IB4 and CTB staining, 

respectively (Fig. 3E). 

These data reveal a clear specificity in the occurrence of GABAAR subtype markers in 

primary afferent terminals of the superficial dorsal horn, with peptidergic and non-

peptidergic fibers being associated mainly with the α3 and α2 subunits; in addition, 

some peptidergic fibers contain α5-GABAAR, whereas CTB-positive profiles, 

representing myelinated fiber terminals, are associated with the four diazepam-

sensitive α subunit variants.  

Identification of putative GABAergic synapses on primary afferent terminals 

The presence of GABAAR in primary afferent suggests a major role for filtering 

incoming nociceptive sensory information. To determine whether this function is 

assumed by GABAergic synapses, we carried our analysis further to visualize 

postsynaptic α2 and α3 subunit clusters, apposed to presumptive presynaptic 

terminals identified by staining for vesicular inhibitory transporter (VIAAT) and 

colocalized with gephyrin within labeled primary afferent terminals. These two 

markers allow for a selective discrimination of pre- and postsynaptic components of 

inhibitory synapses. These experiments were performed in weakly fixed tissue to 

maximize the detection of postsynaptic proteins (see Materials and Methods). As a 

prerequisite, double immunofluorescence experiments showed a systematic apposition 

of VIAAT-positive profile to gephyrin clusters, indicating the presence of 
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postsynaptic GABAAR (Fig. 5A). While a large fraction of these gephyrin clusters 

likely are located postsynaptically in dendrites and neuronal somata, confocal laser 

scanning microscopy analysis showed gephyrin clusters also in a subset of peptidergic 

and non-peptidergic C-fibers in laminae I-II, as well as myelinated fibers in laminae 

III-V (data not shown). A substantial fraction (≈30%) of these gephyrin clusters was 

colocalized with the α2 and α3 subunit-IR.  

Quadruple immunohistochemistry was performed eventually with the combination of 

VIAAT, gephyrin, a primary afferent marker and α2 or α3 subunit antibody (Fig. 5C-

G), using primary antibodies raised in different species. We detected gephyrin along 

with either α2 or α3 subunit-IR in individual primary afferent terminal profiles from 

all three classes apposed to a VIAAT-profile, suggestive of a synaptic contact. A 

representative example is shown for the α3 subunit in IB4-positive terminals (Fig. 

5C-G). These observations provide a proof-of-principle for the presence of  α2- and 

α3-GABAAR associated with gephyrin in axo-axonic synapses onto primary afferent 

terminals.  

Gephyrin mRNA and protein expression in DRG neurons 

To validate the presence of gephyrin-IR inside primary afferent terminals, we verified 

that gephyrin is expressed in the DRG using qRT-PCR and Western blotting. Thus, 

qPCR analysis using Taqman assays using β-actin as reference confirmed the 

detection of gephyrin mRNA in DRG lysate. Relative to GAPDH, gephyrin mRNA 

copy number detected was 2.25±1.1%.  Likewise, Western blot analysis of gephyrin 

in crude extracts of lumbar DRG and adult mouse brain homogenate as control 

confirmed the presence of gephyrin protein in both preparations, detected as a band 

with apparent molecular weight of 95 kDa (Fig. 5B). 
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Discussion 

The present results demonstrate that the differential laminar distribution of GABAAR 

subtypes in the dorsal horn, distinguished by their α subunit variant, corresponds to a 

complex cell-specific and primary afferent-specific expression pattern. These findings 

provide a framework to investigate how GABAAR subtypes differentially regulate 

sensory processing and pain by controlling the activity of different neuronal networks. 

The highest degree of GABAAR heterogeneity occurs in lamina III, suggesting the 

existence with multiple parallel circuits controlled by distinct GABAAR, as well as 

convergence of circuits impinging onto spinal cord neurons that express multiple 

GABAAR subtypes. GABAAR in glutamatergic primary afferents and neurons likely 

mediate inhibition by controlling transmitter release and postsynaptic excitation, 

respectively. In contrast, GABAA-mediated inhibition of GABAergic interneurons 

might be of particular relevance for disinhibition of specific neuronal circuits 

(Labrakakis et al., 2009). Pharmacologically, GABAAR heterogeneity in spinal cord 

circuits is of immediate relevance for the treatment of distinct pain modalities with 

subtype-selective ligands. 

Methodological considerations 

Compelling evidence from morphological, functional, and pharmacological studies 

indicates that the six α subunit variants correspond to distinct GABAAR subtypes 

(Fritschy and Brunig, 2003; Olsen and Sieghart, 2008; Rudolph et al., 2001; Sieghart, 

2006) and, therefore, can be used as subtype markers for immunohistochemistry. 

Importantly, because an α subunit is required for assembly and cell surface expression 

of most GABAAR (Kralic et al., 2006; Panzanelli et al., 2011; Studer et al., 2006; Sur 

et al., 2001; Vicini et al., 2001), their detection by immunofluorescence implies the 

presence of β and γ subunit variants in the same cells. However, one cannot 

distinguish in neurons expressing two different α subunit variants whether they are 

part of the same receptor complex or correspond to two receptor subtypes 

intermingled within the same synapse (Panzanelli et al., 2011). Therefore, it is not 

possible to define morphologically or functionally all neuronal circuits controlled by a 

given GABAAR subtype. 

Despite the importance of inhibitory neurotransmission for nociception, there is only 

limited information available on the cellular and subcellular distribution of GABAAR 
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in the spinal cord dorsal horn, in part due to technical limitations. First, the small size 

of neurons and thin diameter of their dendrites, combined with their high packing 

density and the presence of numerous immunopositive primary afferent terminals, 

makes it very difficult to assign an immunopositive profile to an identified cell. In 

particular, the distinction between postsynaptic and extrasynaptic GABAAR, which in 

brain sections can be achieved in mildly-fixed tissue (Schneider Gasser et al., 2006), 

is obscured in the spinal cord by the extensive labeling of primary afferent terminals. 

Furthermore, using transgenic mouse lines, which express eGFP in a 

neurotransmitter-specific manner, it is not certain that all neurons using this 

neurotransmitter are labeled. In particular, GABAergic neurons expressing only 

GAD65-only are not visible in GAD67-eGFP mice (Tamamaki et al., 2003; Wang et 

al., 2009). Likewise, while vGluT2-eGFP is expressed selectively in glutamatergic 

neurons, it is not known which fraction of these cells express this marker. A further 

limitation of the method is that it did allow us to quantify double labeled cells only on 

the basis of somatic, but not dendritic labeling. 

With regard to primary afferent terminals, colocalization analysis is limited by the 

resolution of confocal microscopy, in particular along the z-axis. We have taken a 

conservative approach based on stringent criteria for assessing the presence of α 

subunit-IR inside labeled primary afferent terminals (see Materials and Methods). The 

validity of this approach was confirmed recently by the analysis of the α2 subunit in 

mice carrying a conditional deletion of Gabra2 selectively in nociceptors (Witschi et 

al., 2011). However, in the absence of a marker of the presynaptic active zone or 

presynaptic vesicles in primary afferent terminals, it was not possible to determine the 

localization of α subunit-IR relative to these structures. To overcome this problem, 

we attempted to determine the presence of axo-axonic GABAergic synapses onto 

primary afferent terminals, using VIAAT and gephyrin as markers. This approach 

provided strong evidence that such synapses exist in principle, in line with 

ultrastructural evidence for the presence of axo-axonic GABAergic synapses on 

primary afferent glomeruli (Ribeiro-da-Silva and Coimbra, 1982; Ribeiro-da-Silva et 

al., 1985; Todd, 1996). However, although our approach did not allow a reliable 

quantification of their abundance, only a minority of profiles immunopositive for 

CGRP or IB4, as well as those labeled with CTB appeared to contain a gephyrin 

cluster. Such negative results may not be fully conclusive, especially when 
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presynaptic terminals cannot be distinguished from preterminal axons, but they still 

suggest that in the majority of cases, GABAAR in C-fiber terminals or in myelinated 

nociceptor terminals are activated by GABA spillover in the extracellular space, 

rather than by phasic GABA release.  

Organization of GABAAR subtypes in intrinsic spinal dorsal horn neurons 

Despite these limitations, our results clearly show that the four α subunit variants 

contributing to the assembly of diazepam-sensitive GABAAR (Rudolph and Mohler, 

2006) are present in the spinal cord dorsal horn with distinct laminar, cellular and 

subcellular distributions. Therefore, modulation of distinct pain modalities and/or 

functional alterations of GABAergic inhibition in specific neuronal circuits in the 

dorsal horn can be expected from our results in models of chronic pain. Moreover, the 

failure to detect the α4 subunit indicates that this diazepam-insensitive GABAAR 

subtypes likely plays only a minor role in the spinal cord.  

We observed a distinct laminar distribution of the α1, α2, α3, and α5 subunit-IR with 

considerable overlap within individual laminae. These findings imply that some 

neurons express multiple α subunit variants (notably α2/α3 in lamina IIo), whereas 

others have a single α subunit (notably in lamina IIi and III). A striking overall 

feature is the prominent α2 subunit staining in lamina II − also observed in the rat 

(Bohlhalter et al., 1996), which contrasts with the lack of α2 subunit mRNA 

expression reported in the dorsal horn (Persohn et al., 1991; 1992; Wisden et al., 

1991). However, our present data demonstrate the presence of eGFP-positive cells 

immunoreactive for the α2 and α3 subunit in lamina II, with a predominance of the 

α3 subunit-IR (Knabl et al., 2008). Therefore, in situ hybridization with radiolabeled 

oligonucleotides might lack sensitivity for detecting α2 subunit mRNA in lamina II 

neurons. Nevertheless, most α2 subunit-IR was located in the neuropil, presumably 

on primary afferent terminals and possibly also on dendrites from neurons located in 

deeper layers.  

Glutamatergic neurons identified by vGluT2-eGFP expression likely express different 

α subunits in lamina IIo (either α2 or α3 subunit) and III (α1, α5, α3), and both 

α2/α3 subunits in lamina IIi, providing a clear example of differential control by 

distinct GABAAR subtypes. The implications of such observations are that subtype-

selective GABAAR ligands would produce distinct effects on glutamatergic neuronal 
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circuits in these three laminae, which are innervated by different subpopulations of 

primary afferent terminals. 

It is most remarkable that at least 40% GAD67-eGFP neurons apparently lack 

labeling for any GABAAR subunit on their soma in lamina IIo (Figure 3), despite the 

abundant α2 and α3 subunit-IR in this sublamina, suggesting that these GABAergic 

neurons receive only limited perisomatic GABAergic inhibitory input. As noted 

above, our study provides no data on cells selectively expressing GAD65 in the spinal 

cord. Such cells are rare in the forebrain, where GAD67-eGFP labels the vast majority 

of GABAergic cells (Tamamaki et al., 2003). In case of spinal cord, GAD65 has been 

shown to be expressed in a specific GABAergic interneuronal population, which is 

specifically presynaptic to the proprioceptive terminals (Betley et al., 2009; Hughes et 

al., 2005).  

Glycinergic neurons, which are rare in lamina IIo but abundant in lamina III, widely 

express the α3 subunit, along with either α2 in lamina IIo, or, in equal proportion α1, 

α2 or α5 subunit in lamina III. These features provide a substrate for possible cross-

talk between the two inhibitory systems.  

Functional organization of GABAA receptor subtypes on primary afferent 

terminals 

Primary afferent depolarization is well known to occur in spinal cord, and GABAAR 

have been shown long ago to mediate the inhibition of potassium-stimulated CGRP 

release in spinal cord tissue (Bourgoin et al., 1992). Overall, the presence of 

presynaptic GABAAR in major brain regions, including cerebral cortex, hippocampus, 

and cerebellum, is undisputed (Hutcheon et al., 2000; Trigo et al., 2010; Vautrin et al., 

1994). However, immunohistochemical studies have largely failed so far to reveal 

their distribution and subunit composition. Therefore, the spinal cord appears to be 

unique for the prominent labeling of multiple GABAAR subunits in terminals of both 

myelinated and non-myelinated sensory afferents. The present study confirms our 

previous observations (Knabl et al., 2008; Witschi et al., 2011) and provides proof-of-

principle evidence that these GABAAR correspond, at least in part, to axo-axonic 

synapses, with a postsynaptic density containing the scaffolding protein gephyrin. 

Moreover, our results show an IR pattern of the various α subunit variants compatible 

with a complementary distribution (one GABAAR subtype per afferent terminal); C-

fiber terminals containing either α2- or α3-GABAAR, whereas myelinated terminals 
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in layer III containing in roughly equal proportion one of the four diazepam-sensitive 

GABAAR subtypes. These results are compatible with the notion that distinct 

GABAAR subtypes modulate the function of primary afferent carrying specific pain 

modalities and/or being differentially involved in various forms of chronic pain 

(Zeilhofer et al., 2012a; Zeilhofer et al., 2009). Moreover, while diazepam can be 

expected to potentiate the action of GABAAR in primary afferents, subtype-selective 

ligands would potentially exert more selective effects. 

There is increasing evidence for the existence of segregated circuits mediating 

specific pain-related modalities in the dorsal horn (Neumann et al., 2008; Todd, 2010; 

Zylka et al., 2005). For instance, a differential distribution of  µ- and δ-opioid 

receptors in subsets of peptidergic and non-peptidergic nociceptors, respectively, 

regulating distinct pain modalities (heat and mechanical pain) has been reported 

(Scherrer et al., 2009). TRPV1 receptors, critical for the development of thermal 

hyperalgesia, also have been found to be restricted to a subset of peptidergic 

nociceptors in lamina IIo (Cavanaugh et al., 2011) whereas TRPV2, which is 

expressed non-peptidergic and myelinated nociceptors terminating in lamina IIi and in 

deeper laminae was conclusively shown to be dispensable for progression of thermal 

hyperalgesia (Park et al., 2011). In line with these observations, we have shown that 

mice lacking α2-GABAAR specifically in primary nociceptors (sns-α2
−/−

 mice) 

exhibit reduced potentiation of dorsal root potentials and impaired thermal and 

mechanical anti-hyperalgesia by diazepam in a model of inflammatory pain (Witschi 

et al., 2011).  

The role of α3-GABAAR in lamina II neurons and primary afferents for the control of 

hyperalgesia is less well established. They contribute in part to thermal and 

mechanical hyperalgesia in models of inflammatory and neuropathic pain, possibly 

along with a contribution by α5-GABAAR (Knabl et al., 2008; Munro et al., 2011). 

Finally, based on their distribution on myelinated fibers and lamina III neurons, α5-

GABAAR could have a major role in regulation of allodynia.  

The relevance of our finding possibility extends beyond pain control, notably if 

primary afferent depolarization were involved in other pathological sensory 

modalities, such as itch. Both C-fibers and Aδ-fibers have been shown to convey this 

sensation elicited by histamine (Andrew and Craig, 2001; Potenzieri and Undem, 

2012; Schmelz et al., 1997). In addition, decreased inhibitory synaptic input to 
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nociceptive terminals in lamina I-II elicits itch (Ross et al., 2010), in line with our 

findings.  

Conclusions 

Collectively, the present results show that GABAAR distribution in the primary 

afferent terminals and intrinsic dorsal horn neurons of the dorsal horn allows for 

multiple, circuit-specific modes of regulation of neuronal networks. This conclusion 

confirms previous evidence for a differential contribution of α2- and α2/α3/α5-

GABAAR for thermal and mechanical anti-hyperalgesia, respectively (Knabl et al., 

2008). The likely existence of parallel and serial connections involving GABAergic 

neurons allows for both inhibition and disinhibition in a pain modality-specific 

manner. This organization pattern of GABAARs in the adult spinal cord might be 

altered morphologically and functionally in chronic pain conditions. Identifying these 

alterations in mouse models of chronic inflammatory and neuropathic pain, will 

facilitate the design of novel therapeutic avenues based on GABAAR subtype-

selective ligands.  
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Figure legends 

Figure 1 

Differential distribution of GABAAR α subunit variants in adult mouse lumbar spinal 

cord. A-E: Each panel shows a color-coded photomicrograph of a coronal hemi-

section processed for immunoperoxidase staining with subunit specific antibodies. 

The intensity of pixel was normalized using a custom-made look-up table showing the 

strongest signal in white and the background in dark blue, except for the α4 subunit, 

where only background staining was detected. Comparisons between antibodies are 

not relevant. Immunoreactive dendrites penetrating into the white matter are indicated 

with arrows. Notice the intense α2- (B) and α3 subunit (C) IR in lamina I and II, and 

α1 (A), α3 and α5 subunit-IR (E) in lamina III-V, whereas α4 subunit-IR (D) was not 

detectable. In addition, the α1, α2, and α3 subunit-IR was prominent around the 

central canal (lamina X). F: Schematic representation of spinal cord laminae.  G-J: 

Color photomicrographs of the dorsal horn, depicting the cellular distribution of the 

α1, α2, α3, and α5 subunit in the superficial laminae. Scale bars, 100 µm. 

 

Figure 2 

Layer-specific allocation of α subunit variants in identified subpopulations of eGFP-

positive dorsal horn neurons. A-C: Images depicting vGluT2-eGFP (A-A’), GAD67-

eGFP (B) and GlyT2-eGFP (C) neurons (green) in laminae I-III distinguished by IB4 

(blue) labeling of non-peptidergic primary afferents, as well as PKCγ (red, panel A 

only). D-O: Double fluorescence labeling with antibodies to the α1, α2, α3, and α5 

subunit (magenta) and eGFP (green), depicting colocalized voxels in white. Each 

image represents a stack of 13 confocal layers spaced by 0.3 µm. Each column 

represents a different neuronal marker; the lamina from which each image was taken 

is indicated in the lower right corner; neurons identified as double-labeled are shown 

with arrows, whereas arrowheads point to examples of double-labeled dendrites. Note 

that the majority of α subunit immunoreactive puncta are not associated with eGFP-

positive dendrites; even in those cases when most somata are double-labeled (e.g., 

panels E or H). Scale bars: A-C 20 µm; D-O 10 µm. 
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Figure 3 

Quantitative analysis of the distribution of α subunit variants in dorsal horn eGFP-

positive neurons and in primary afferent terminals. A-C: Colocalization frequency of 

α subunit IR in vGluT2-eGFP (A), GAD67-GFP (B) and GlyT2-eGFP (C) neurons, 

subdivided by lamina. The data are pooled from 2-3 mice per genotype. D: Percentage 

colocalization (mean ± SD) of CGRP- (lamina IIo), IB4- (lamina IIi), and CTB- 

(lamina III) positive primary afferent profiles with α subunit variants in C57BL/6J 

mice. E: Density of α subunit immunoreactive clusters (mean ± SD; n=3 mice/group) 

colocalized with CGRP-, IB4-, and CTB-positive profiles. Colocalization was 

quantified in six sections per mouse.  

Figure 4 

Immunohistochemical identification of α subunit-IR inside primary afferent 

terminals.  A: Illustration of transganglionic and retrograde transport of CTB injected 

into the sciatic nerve. Note the extensive labeling of axons in the ipsilateral dorsal 

horn and neuronal somata in the ventral horn. B: Lamina-specific distribution of the 

three classes of primary afferents in the superficial dorsal horn, demonstrated by triple 

labeling for CGRP (peptidergic fibers; blue) in lamina IIo, IB4 (non-peptidergic 

fibers; green) in lamina Iii, and CTB-positive myelinated fiber terminals (magenta) in 

lamina III. B’: Triple labeling for CGRP (green), IB4 (blue) and PKCγ (magenta) 

confirmed the localization of non-peptidergic afferents in the outer part of lamina IIi. 

C-F: Representative images for double staining experiments depicting with high 

resolution the punctate distribution of α subunit IR (magenta) relative to afferent 

terminals (green), as well as their colocalization (white). Framed areas are enlarged in 

panels G-J. Scale, A, 200 µm; B: 20 µm; C-F: 5 µm; G-I: 0.5 µm.  

Figure 5 

Evidence for axo-axonic GABAergic synapses on primary afferent terminals. A: 

Postsynaptic distribution of gephyrin clusters (green) in the mouse spinal dorsal horn 

demonstrated by extensive apposition to presynaptic terminals positive for VIAAT 

(blue; arrow). B: Western blot analysis of gephyrin in crude mouse brain extracts and 

dorsal root ganglia. All bands, loaded with three different protein amounts, are from a 

single blot. C-G: Representative image showing the postsynaptic localization of α3 

subunit and gephyrin clusters in primary afferent terminals apposed to a VIAAT-
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positive terminal. Quadruple labeling was performed in fresh-frozen tissue to 

optimize detection of postsynaptic proteins. C: Quadruple staining for the α3 subunit 

(red), gephyrin (green), IB4 (blue) and VIAAT (orange); the stack of confocal images 

is displayed in the 3 Cartesian planes, with arrowheads pointing to axo-axonic 

synapses and the arrow to a terminal containing the α3 subunit, but not gephyrin, 

shown in 3D. D: Distribution of pixels depicting α3 subunit/gephyrin (yellow) and α3 

subunit-IB4 (magenta) co-localization relative to primary afferents and VIAAT-

positive terminals, showing quadruple labeling of axo-axonic synapses (white; 

arrowheads). E-G: Patterns of colocalization between pairs of markers depicted in 

color-separated panels, as indicated. Scale, A: 5 µm; C-G: 3 µm. 
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Table 1: Primary antibodies used 

Target  Immunogen Species Source Characterization References 

α1 
subunit 

Rat N-terminal synthetic  
peptide 1–16 (pGluPSQDE 

LKDNTTVFTR) 

Guinea pig 
serum 

In house 
 

Antibody and immunohistochemistry  protocol 
were verified in mutant mice lacking the 
respective subunit 
 
 

(Fritschy et al., 1997; 
Panzanelli et al., 2011; 
Schneider Gasser et al., 2007; 
Studer et al., 2006) 
 

α2 
subunit 

Rat N-terminal synthetic 
peptide 1–9 

(NIQEDEAKN) 

Guinea pig 
affinity 
purified 

α3 
subunit 

Rat N-terminal synthetic 
peptide 1–15 

(pGluGESRRQEPGDFVK
Q) 

Guinea pig 
serum 

α5 
subunit 

Rat N-terminal synthetic 
peptide 1–10 

(QMPTSSVQDE) 

Guinea pig 
serum 

α4 
subunit 

Rat N-terminal synthetic 
peptide 1–14 

(LNESPGQNSKDEKL) 

Rabbit affinity 
purified 

Phosphosolutions, Aurora, 
CO; cat. no. 844-GA4N 

Antibody and immunohistochemistry  protocol 

were verified in  α4-/- mice 

(Bencsits et al., 1999; Peng et 
al., 2002); Fritschy, 
unpublished 

CGRP 
Synthetic calcitonin gene 

related peptide 
Rabbit 

polyclonal 
Chemicon, Temecula, CA; cat 
no. AB15360 

By immunohistochemistry both antibodies react 
with peptidergic primary afferent terminals. 
Specific reactivity of these antisera is eliminated 
by pre-incubation with excess peptide antigens 

(Chang et al., 2004; Dirmeier 
et al., 2008) 

Substance 
P 

Substance P conjugated to 
BSA 

Rat 
monoclonal 

Bachem, St.Helen, UK; cat. no. 
T-1609 

Cholera 
toxin B 
 

cholera toxin B 
subunit (cholerogenoid) 

Goat serum 
List Biological Laboratories, 
Campbell, CA; cat. no. 7032A6 

immunoprecipitation of cholera toxin B subunit; 
selective detection of CTB injected into 
peripheral nerves; co-localization with vGluT2 
in primary afferent terminals 

(Todd et al., 2003) 

Gephyrin 
Affinity-purified rat 
glycine receptors 

Mouse 
monoclonal, 
clone 7a 

Synaptic Systems (Gottingen, 
Germany); cat. no. 147011 

Selective detection of gephyrin in inhibitory 
synapses; detection of recombinant gephyrin 
expressed in neurons 

(Pfeiffer et al., 1984; Sassoè-
Pognetto et al., 2000) 

GFP 
Purified recombinant 

green fluorescent protein 

Chicken IgY 
fraction from 

yolks 

Aves laboratories, Portland, 
OR; cat. no. GFP-1020 

Western blot analysis;  immunohistochemistry 
using transgenic mice expression the GFP gene 
product. 

(Encinas et al., 2006) 

Protein 

kinase Cγ 

Synthetic peptide 676-689 

of human PKCγ 

(VNPDFVHPDARSPT) 

Mouse 
monoclonal, 
clone 20 

BD Transduction laboratories; 
cat no.  611158 

Western blot analysis; immunohistochemistry (Neumann et al., 2008) 

Versican 

recombinant protein 

fragment of GAG-α 
domain of mouse versican 

Rabbit affinity 
purified 

gift from Prof. Dieter 
Zimmermann 

Immunoblotting of the fusion protein and crude 
mouse brain extracts; co-localization with IB4 in 
primary afferent terminals 

(Schmalfeldt et al., 1998; 
Zimmermann et al., 1994) 

VIAAT 
Synthetic peptide 75-87 of 

rat VIAAT 
(AEPPVEGDIHYQR) 

Rabbit affinity 
purified 

Synaptic Systems; cat. no. 
131003 

Specific for the mammalian vGAT demonstrated 
by Western blotting and immunohistochemistry; 
selective detection of GABAergic terminals in 

(Brünig et al., 2002; Fritschy 
et al., 2006; Panzanelli et al., 
2009) 
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The non-peptidergic fibers were identified by the marker Isolectin B4-alexa 488 conjugate from Molecular probes, Eugene, OR, USA, cat no. 121411. 
 
 

brain sections and primary neuron cultures 

vGluT1 

Recombinant GST-fusion 
protein containing amino 
acid residues 456-561 of 

rat vGluT1 

Rabbit serum 
Synaptic Systems; cat. no. 
135002 

Specific for the mammalian vGluT1 
demonstrated by Western blotting and 
immunohistochemistry 

(Bellocchio et al., 2000; 
Fujiyama et al., 2001; Todd 
et al., 2003) 

vGluT2 

Recombinant GST-fusion 
protein containing amino 
acid residues 510-582of rat 
vGluT2 

Rabbit serum 
Synaptic Systems; cat. no. 
135102 

Specific for the mammalian vGluT2 
demonstrated by Western blotting and 
immunohistochemistry; selective detection of a 
subset of glutamatergic axon terminals in brain 
sections 

(Fremeau et al., 2004; 
Nahmani and Erisir, 2005) 
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