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Abstract

It has been recently proposed that α5-subunit containing GABAA receptors (α5-GABAA receptors) 

that mediate tonic inhibition might be involved in pain. The purpose of this study was to 

investigate the contribution of α5-GABAA receptors in the loss of GABAergic inhibition and in 

formalin-, Complete Freund’s adjuvant (CFA)- and L5/L6 spinal nerve ligation-induced long-

lasting hypersensitivity. Formalin or CFA injection and L5/L6 spinal nerve ligation produced long-

lasting allodynia and hyperalgesia. Moreover, formalin injection impaired the rate-dependent 

depression (RDD) of the Hofmann reflex. Peripheral and intrathecal pre-treatment or post-

treatment with the α5-GABAA receptor antagonist, L-655,708 (0.15–15 nmol) prevented and 

reversed, respectively, these long-lasting behaviors. Formalin injection increased α5-GABAA 

receptors mRNA expression in the spinal cord and dorsal root ganglia (DRG) mainly at 3 days. α5-
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GABAA receptors were localized in the dorsal spinal cord and DRG co-labeling with NeuN, 

CGRP and IB4 suggesting their presence in peptidergic and non-peptidergic neurons. These 

receptors were found mainly in small- and medium-size neurons. Formalin injection enhanced α5-

GABAA receptors fluorescence intensity in spinal cord and DRG at 3 and 6 days. Intrathecal 

administration of L-655,708 (15 nmol) prevented and reversed formalin-induced impairment of 

RDD. These results suggest that α5-GABAA receptors play a role in the loss of GABAergic 

inhibition and contribute to long-lasting secondary allodynia and hyperalgesia.
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 Introduction

The role of GABAA receptors in chronic pain is a matter of debate. Activation of neuronal γ-

amino butyric acid (GABA) receptors leads to hyperpolarization, and thus GABA is 

considered the main inhibitory neurotransmitter in the mature central nervous system. 

Interestingly, GABAA receptors activation also leads to depolarization [38,61]. Under 

normal conditions, GABAA receptor agonists produce antinociception while antagonists 

elicit pronociception [5,65,72]. However, tissue or nerve injury appears to switch GABAA 

receptors function with GABAA receptors agonists promoting nociception whereas 

antagonists produce antinociception [3,19,55]. This switch has been attributed to a loss of 

GABAA receptors-mediated spinal inhibition (central disinhibition). The loss in inhibition 

has been explained by a depolarizing shift of GABA reversal potential (EGABA) produced by 

an increased expression of the Na+-K+-2Cl− co-transporter 1 (NKCC1) and/or reduced 

expression of K+-Cl− co-transporter 2 (KCC2) or by the participation of extrasynaptic 

GABAA receptors [56,70,73].

GABAA receptors are heteropentameric ligand-gated chloride channels [51]. To date, several 

subunits have been cloned including α (1–6), β (1–3), γ (1–3), δ, ε, θ, π and ρ (1–3) [25]. 

The GABAA receptors mediate both phasic and tonic inhibition. The subunit composition of 

the GABAA receptors determines whether the receptors are more likely to participate in the 

generation of transient post-synaptic or pre-synaptic inhibition or a form of tonic inhibition 

[25]. Tonic inhibition is generated by extrasynaptic α5 subunit-containing GABAA receptors 

(α5-GABAA receptors), among others, in the brain [7,25,32,62,63] and particularly in the 

spinal cord [14,21,41]. It has been demonstrated that tonically active α5-GABAA receptors 

modulate dorsal root reflexes by affecting excitability via tonic depolarization, suggesting 

that they might play an important role in pain [21,41,62]. Consistent with this hypothesis, 

we previously demonstrated that α5-GABAA receptor blockade leads to antinociception in 

the rat formalin test [11]. Notably, α5-GABAA receptors have been localized at the dorsal 

horn in mice and rats [43,53] and are also found in DRG and peripheral nerve fibers in 

turtles [41], making them well placed to modulate the nociceptive process. However, the role 

of α5-GABAA receptors in chronic inflammatory or neuropathic pain is unclear. Here we 

used formalin-, Complete Freund’s adjuvant (CFA)- and spinal nerve ligation-induced long-
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lasting hypersensitivity to assess the possible involvement of α5-GABAA receptors in central 

disinhibition and chronic pain.

 Materials and Methods

 Animals

These experiments were carried out in female Wistar rats. We did not find significant 

differences between formalin- and CFA- (unpublished data) or spinal nerve injury [12]-

induced responses between male and female rats. For the evaluation of formalin- and CFA-

induced long-lasting hypersensitivity, rats at 8–10 weeks of age (body weight 180–200 g) 

were used. In the case of the L5/L6 spinal nerve ligation model, rats of 6 weeks (140–160 g) 

were used. Animals had free access to food and drinking water before the experiments. All 

experiments followed the Guidelines of Ethical Standards for Investigation of Experimental 

Pain in Animals [76] and were approved by our local Ethics Committee (Cinvestav, Mexico 

City) and by the Institutional Animal Care and Use Committees of the University of 

California, San Diego. Efforts were made to minimize the number of animals used.

 Induction and assessment of long-lasting secondary allodynia and hyperalgesia

Rats were restrained gently in order to inject formalin (0.5% or 1%) or Complete Freund’s 

adjuvant (CFA) subcutaneously (s.c.) into the dorsal surface or the plantar surface on the 

right hind paw, respectively. Formalin-induced mechanical secondary allodynia and 

hyperalgesia starts 1 day after injection and lasts at least 12 days [1,15,28,30]. CFA-induced 

tactile allodynia starts at 6 h [44] and lasts at least 18 days [33]. Formalin-induced 

sensitization was assessed 3 and 6 days after injection [1,2,44]. CFA- or spinal nerve 

ligation-induced tactile allodynia was assessed at 3, 7 and 14 days later. At the end of the 

experiment, rats were sacrificed in a CO2 chamber.

In order to assess mechanical secondary allodynia and hyperalgesia or tactile allodynia, rats 

were placed into testing cages on a wire mesh bottom and allowed to acclimate for 30 min. 

Baseline measurements were recorded by applying two von Frey filaments (Stoelting Co, 

Wood Dale, IL, USA, bending forces of 10 mN [1 g] and 250 mN [26 g]) to the base of the 

third toe on the plantar surface of both paws 10 times during each testing period to 

determine the response frequency for each filament. Three trials were completed to 

determine the paw response frequency [10,27]. A force of 10 mN does not activate 

cutaneous nociceptors in naïve rats [40]; therefore, it does not lead to a paw withdrawal. 

Responses to the 10 mN filament are therefore a clear indicator of the presence of secondary 

allodynia. On the other hand, a force of 250 mN or more is considered a noxious stimulus 

[40] and hyperalgesia occurs when there is an increased response to these stimuli. Formalin-

induced allodynia and hyperalgesia were considered secondary, as stimuli with the von Frey 

filaments were applied in a site different from that of the formalin injection.

Assessment of tactile allodynia in spinal nerve ligated or CFA treated rats was carried out 

using a previously reported method [17].
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 Intrathecal catheterization

Spinal catheterization was performed 5 days before injection of formalin, CFA or L5/L6 

spinal nerve ligation by using a previously reported method [42]. Briefly, rats were 

anesthetized with a ketamine/xylazine mixture (45:12 mg/kg, i.p.). Then, they were placed 

in a stereotaxic head holder, the atlanto-occipital membrane exposed and pierced in order to 

insert a polyethylene catheter (PE-10, 7.5–8 cm length) and moved towards the 

thoracolumbar region. Rats were housed and allowed to recover for 5 days before drug 

administration and testing.

 Drugs

L-655,708 (ethyl(S)-11,12,13,13a-tetrahydro-7-methoxy-9-oxo-9H-imidazo[1,5-

a]pyrrolo[2,1-c][1,4]benzodiazepine-1-carboxylate) and CFA were purchased from Sigma-

Aldrich (St. Louis, MO). L-838,417 (3-(2,5-difluorophenyl)-7-(1,1-dimethylethyl)-6-[(1-

methyl-1H-1,2,4-triazol-5-yl)methoxy]-1,2,4-triazolo[4,3-b]pyridazine) was purchased from 

Tocris Bioscience (Elisville, MO). All drugs were diluted in 20% dimethyl sulfoxide 

(DMSO). Formaldehyde (37%) was purchased from Merck Mexico, S.A. (Naucalpan, 

Mexico) and diluted in saline.

The drugs were chosen based on the availability, selectivity and efficacy as follows: i) 

L-655,708, a selective α5-GABAA receptors antagonist (pKi 9.3) [57] and ii) L-838,417, an 

α2-, α3- and α5-GABAA receptors partial agonist with a pKi 8.6 for α5-GABAA receptors 

[46].

 Quantitative reverse transcription PCR (RT-qPCR)

Rats were sacrificed by decapitation, the dorsal spinal cord of the lumbar section was 

divided by a scalpel incision to enable the ipsilateral (injured) and contralateral (uninjured) 

sides to be identified. The ipsilateral L4-L6 DRGs were also excised. Total RNA was 

isolated with TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was quantified by 

spectrophotometry using an absorbance of 260 nm (ThermoSpectronic, Genesys 10 UV, 

Madison, WI) and the sample purity ratios were calculated (260/280 nm). For cDNA 

synthesis, 5 μg of total RNA was subjected to reverse transcription with random 

hexanucleotides and the M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA), according 

to manufacturer’s instructions. The qPCR were carried out using the TaqMan Universal PCR 

Master Mix in a total volume of 25 μl, containing 900 nM of each oligonucleotide, 250 nM 

of the Gabra 5 predesigned probe (TaqMan®, Applied Biosystems®, Foster City, CA) and 

10 μl of cDNA (dilution 1:4). Amplification was performed in the CFX96 real-time PCR 

detection system equipment (Bio-Rad, Hercules, CA) as follows: an initial step of 50°C for 

2 min and 95°C for 10 min, followed by 60 cycles of 92°C for 15 s and a final step of 60°C 

for 1 min. The messenger RNA (mRNA) expression was quantified by the 2ΔΔct method 

normalized to r18S (Applied Biosystems® TaqMan® Ribosomal RNA Control Reagents, 

Foster City, CA).

 Immunohistochemistry

Rats were euthanized with CO2 and perfused intra-aortically with 300 mL of ice-cold, 

oxygenated artificial cerebrospinal fluid (ACSF) [containing (mM): NaCl 125, KCl 2.5, 
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CaCl2 2.5, MgCl2 2, NaHCO3 26, NaH2PO4 1.25, and glucose 25], pH 7.4, at a flow rate of 

18–25 mL/min. Animals were decapitated, the spinal cord obtained by hydro-extrusion with 

ice-cold ACSF and the ipsilateral L5 DRGs were excised. The lumbar section and the DRGs 

were dropped into ice-cold freshly prepared fixative [4% paraformaldehyde dissolved in 

0.15 M sodium phosphate buffer, pH 7.4] and post-fixed during 60 min, rinsed with 

phosphate buffer (PBS), cryoprotected by 72 h in 30% sucrose in PBS, embedded in OCT 

compound (Tissue-Tek; Sakura Finetek, Torrance, CA), frozen with dry ice and stored at 

− 80°C [49].

Sections were cut from frozen blocks with a cryostat at a thickness of 30 μm for the spinal 

cord and 12 μm for the DRGs. The sections were mounted onto gelatin-coated slides. Pap-

pen (Super Pap-Pen, Cat. # h2802, EB Sciences, East Granby, CT) was used to draw a 

hydrophobic ring around the sections and the slides were allowed to air-dry overnight at 

room temperature. Sections were first washed 3 times with TBS + 0.2% TX-100 pH 7.4, 

followed by 2 washes of 5 min each with 0.5% of sodium borohydride (NaBH4, Cat. # 

102894, MP Biomedicals, Santa Ana, CA), followed by a blocking step with 4% normal 

donkey serum in TBS + 0.2% TX-100 for 1 h. Finally, the sections were incubated in 

blocking solution with the primary antibodies overnight at 4°C. Immunodetection of α5-

GABAA receptors in the spinal cord was performed using an antibody generously provided 

by Dr. Jean-Marc Fritschy (dilution 1:3000) raised against extracellular epitopes located on 

the N-terminal segment of proteins in guinea pig serum [26]. Specificity of this antibody has 

been recently reported using conditional Gabra5 knock-out mice [60].

For immunodetection in DRGs, we used an antibody for the α5-GABAA receptors (rabbit 

anti-α5-GABAA, Cat. # SAB2100878; dilution 1:200, Sigma-Aldrich, St. Louis, MO) [41]. 

In order to determine the specific cellular and subcellular distribution of the α5-GABAA 

receptors in the spinal cord and DRG, we performed double staining with the following 

markers: NeuN was used as a specific neuronal marker (chicken anti-NeuN, Cat. # ABN91, 

dilution 1:1000, Millipore, Bilerica, MA); CGRP was used as a specific marker of 

peptidergic neurons (goat anti-CGRP, Cat. # Ab36001, dilution 1:1000, Abcam, Cambridge, 

MA); Lectin IB4 conjugated to AlexaFluor 647 (anti-IB4-AlexaFluor 647, Cat. # I32450, 

dilution 1:2000, Molecular Probes, Eugene, OR) was used to label non-peptidergic neurons; 

Iba1 was used to identify microglia (rabbit anti-Iba1, Cat. # 019-19741, dilution 1:1000, 

Wako, Richmond, VA), and GFAP was used to identify astrocytes (mouse anti-GFAP, Cat. # 

C9205, dilution 1:2000, Sigma Aldrich, St. Louis, MO). Sections were washed in TBS 

+ 0.2% TX-100 and incubated for 60 min at room temperature with the corresponding 

secondary antibodies conjugated to Cy3 (Cy™3 AffiniPure Donkey Anti-Guinea Pig IgG [H

+L], Cat. # 706-165-148, dilution 1:1000, Jackson ImmunoResearch, West Grove, PA) 

and/or Alexa 488 (Donkey anti-Goat IgG (H+L) secondary antibody, Alexa Fluor 488 

conjugate, Cat. # A-11055, dilution 1:1000, Invitrogen, Carlsbad, CA), and/or Alexa 549 

(Donkey anti-Rabbit IgG [H+L] secondary antibody, Alexa Fluor 594 conjugate, Cat. # 

A-21207, dilution 1:1000, Invitrogen, Carlsbad, CA). Sections were washed again and 

cover-slipped with ProLong® Gold antifade reagent with DAPI (Life technologies, 

Carlsbad, CA).
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 Immunofluorescence and confocal microscopy

Fluorescence images were captured using an immunofluorescence microscope (Zeiss 

AxioImager M2 Microscope, Irvine, CA) at the same exposure settings and fluorescent lamp 

intensity using 10x and 20x objectives and with the use of Stereo investigator software 

(MBF Bioscience, Williston, VT). Mosaic images were captured from dorsal spinal cord at 

the desired wavelength/spectrum of light from each independent channel in order to obtain 

the best focal plane. Image J was used to perform the desired merge for each double-

staining. Confocal images were taken using an Olympus FV1000 microscope (Olympus 

FluoView FV1000 Confocal Microscope, Melville, NY) with 63X oil immersion. In all 

cases sequential scanning with the 488, 543, and 647 nm laser lines was used to capture a 

random scan field (2–17 optical layers, z-separation 0.2–0.5 μM) and visualized in FV10-

ASW, version 4 software (Olympus, Tokyo). Image J was used to construct images from 1 

optical layer to show co-localization between the structures of interest in the respective 

double-staining.

To determine percentages of DRG neuron subpopulations, five randomly selected sections 

were counted for the number of labeled neurons as a percentage of the total (NeuN) neurons. 

Neuron sizes were determined manually using Image J software. For histological 

quantification of immunostained DRG and spinal cord sections, 5 sub-serial L4-L6 segments 

of spinal cord and L5 DRG sections were used. Mean fluorescence intensity and positively-

stained elements were determined using Image J software [50, 69].

 Rate-dependent depression of the Hoffmann reflex

The Hoffmann reflex was recorded as previously described [9,35]. Briefly, under ketamine 

anesthesia (100 mg/kg/h, i.m.), the right hind limb of the animal was secured and a pair of 

stimulating needle electrodes were inserted transcutaneously into the surroundings of the 

tibial nerve. For recording, a pair of silver needle electrodes was inserted into the 

interosseous muscles between the fourth and the fifth, or the first and the second metatarsal 

muscles of the right hind paw, and a grounding electrode was placed into the tail. The tibial 

nerve was stimulated using square pulses with increasing intensity (0.1–10 mA in 0.5 mA 

increments, 0.1 Hz, 0.2 ms, Isostim A320, WPI Inc., Sarasota, FL). Responses were 

recorded with an A/C-coupled differential amplifier (Model DB4; DPI, Sarasota, FL) and 

used to determine the intensity necessary to obtain a maximal M and H response. Then, we 

used this intensity to apply trains of 20 pulses at 0.1, 0.5, 1, 5 and 10 Hz in order to measure 

rate-dependent depression (RDD) of the Hoffmann reflex and changes in RDD at different 

stimulation frequencies. We used the 1 Hz stimulation frequency for data analysis. This 

frequency was chosen because it was associated with an approximately 40% decrease in the 

amplitude of the H-wave between the first and second stimulus in normal rats [39]. These 

allow detection of subsequent increase or attenuation in response to drug administration. 

RDD of the Hoffmann reflex was calculated as the percent change in the amplitude of the H-

wave (% Baseline H reflex) evoked by the second stimulation (H2) compared to the H-wave 

amplitude evoked by the first stimulus (H1).

 Data analysis and statistics

Behavioral data are expressed as mean ± SEM (n≥6) of the hind paw withdrawal response.
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qPCR data are expressed as α5-GABAA receptors mRNA relative expression normalized 

with r18S. mRNA data are expressed as the mean ± SEM of 3 independent animals.

The histological data are expressed as the mean ± SEM of the α5 or NeuN positive neurons 

plotted as % of total DRG L5 neurons depending of the size or as the α5 mean fluorescence 

intensity.

RDD of the Hoffmann reflex and the effect of treatment are expressed as the mean ± SEM of 

5 independent animals and plotted as % of baseline H reflex.

Statistical differences between groups were determined by one- or two-way analysis of 

variance (ANOVA), followed by the Student–Newman–Keuls test for post-hoc comparison. 

P values less than 0.05 (P<0.05) were considered significant.

 Results

 Peripheral and spinal α5-GABAA receptors are involved in formalin-induced secondary 
allodynia and hyperalgesia

Local peripheral ipsilateral, but not contralateral, pre-treatment with the α5-GABAA 

receptors partial agonist L-838,417 increased 0.5% formalin-induced secondary 

hyperalgesia (F7,44=17.323, P=0.001) (Fig. 1A). In contrast, the same treatment did not 

modify secondary allodynia. In order to investigate if the peripheral pronociceptive effect of 

L-838,417 was due to activation of α5-GABAA receptors, we studied the effects of this 

agonist in presence of the α5-GABAA receptors antagonist L-655,708. L-655,708 (0.5 nmol/

paw) completely prevented L-838,417-induced increase in secondary hyperalgesia 

(F4,28=27.433, P=0.001) (Fig. 1B). The above dose of antagonist, which did not affect 

formalin-induced secondary allodynia and hyperalgesia per se (Fig. 1B), is supposed to 

completely block α5-GABAA receptors [66].

In order to investigate whether the α5-GABAA receptors are involved in development of 

formalin-induced mechanical secondary allodynia and hyperalgesia, we assessed the effect 

of pre-treatment with L-655,708. Ipsilateral, but not contralateral, local peripheral pre-

treatment with L-655,708 (0.15–15 nmol/paw) prevented 1% formalin-induced secondary 

allodynia (F5,30=6.553, P=0.001) and hyperalgesia (F5,30=10.733, P=0.001) at 6 days post-

formalin injection (Fig. 2A). Moreover, intrathecal (10 μl, into the subarachnoid space) pre-

treatment with L-655,708 (0.15–15 nmol/rat), but not vehicle (20% DMSO), prevented 

secondary allodynia (F4,31=8.388, P=0.001) and hyperalgesia (F4,31=14.906, P=0.001) at the 

days post-formalin injection (Fig. 2B). Interestingly, ipsilateral, but not contralateral, 

peripheral pre-treatment with the greatest dose of L-655,708 (15 nmol/paw) also prevented 

formalin-induced secondary allodynia (F2,16=23.969, P=0.001) and hyperalgesia 

(F2,16=34.592, P=0.001) at 3 days post-formalin injection (Supplementary Fig. 1A). 

Likewise, intrathecal pre-treatment with L-655,708 (15 nmol/rat) avoided formalin-induced 

secondary allodynia, (F2,16=14.039, P=0.001) and hyperalgesia (F2,15=11.575, P=0.001) at 3 

days post-formalin injection (Supplementary Fig. 1B).

Bravo-Hernández et al. Page 7

Pain. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In order to investigate whether the α5-GABAA receptors are involved in maintenance of 

formalin-induced mechanical secondary allodynia and hyperalgesia, we studied the effect of 

L-655,708 (0.15–15 nmol) as post-treatment (6 days after formalin injection). The effect was 

assessed 1 h after drug injection. In these conditions, local peripheral (Fig. 3A, allodynia: 

F5,28=11.933, P=0.001; hyperalgesia: F5,28=21.018, P=0.001) or intrathecal (Fig. 3B, 

allodynia: F4,22=7.283, P=0.001; hyperalgesia: F4,22=10.698, P=0.001) administration of 

L-655,708 reversed formalin-induced long-lasting secondary allodynia and hyperalgesia. 

Furthermore, local peripheral (Supplementary Fig 2A, allodynia, F3,20=13.375, P=0.001; 

hyperalgesia, F3,20=17.863, P=0.001) or intrathecal (Supplementary Fig 2B, allodynia, 

F2,15=41.155, P=0.001; hyperalgesia, F2,15=54.076, P=0.001) post-treatment, at 3 days after 

formalin injection, with the greatest dose of L-655,708 (15 nmol) reversed formalin-induced 

secondary allodynia and hyperalgesia. Neither vehicle nor contralateral treatment, at the 

greatest dose used, modified formalin-induced long-lasting nociceptive behaviors, 

suggesting a drug-specific effect as well as a local peripheral effect, respectively. Also, 

intrathecal pre-treatment (Supplementary Fig. 3A) or post-treatment (Supplementary Fig. 

3B) with L-655,708 (15 nmol) did not have any effect in naïve rats.

To further demonstrate that α5-GABAA receptors participate in chronic nociception, we 

determined the effects of post-treatment with L-655,708 in rats injected with CFA or 

subjected to spinal nerve ligation at different times. As in the formalin model, the effect was 

assessed 1 h after drug injection. Intraplantar injection of CFA or L5/L6 spinal nerve ligation 

diminished withdrawal threshold from ~14 to ~3 g, which was interpreted as tactile 

allodynia. Intrathecal injection of L-655,708 (15 nmol) at 3, 7 and 14 days after CFA 

injection reversed tactile allodynia (Fig. 4, F3,25=47.81, p=0.0001). This intrathecal dose 

was also able to reverse spinal nerve ligation-induced tactile allodynia at the same time 

points after nerve injury (Fig. 5, F4,24=222.6, p=0.001).

 Expression of α5-GABAA receptors in spinal cord and DRG

Pharmacological data suggest the presence of α5-GABAA receptors in DRG and spinal cord. 

Thus, we measured their expression in rats at 1 h and 1, 3 and 6 days after 1% formalin 

injection by qPCR. α5-GABAA receptors mRNA was detected in the ipsilateral dorsal spinal 

cord and L4-L6 DRGs (Fig. 6). In addition, formalin injection increased α5-GABAA 

receptors mRNA levels mainly at 3 days after formalin injection in dorsal spinal cord 

(F4,15=10.26, P=0.001) and DRG (F4,15=4.07, P=0.02) (Fig. 6).

 Distribution of α5-GABAA receptors in dorsal horn, DRG and peripheral afferent fibers

Based on our pharmacological and molecular results, we decided to investigate the 

distribution of α5-GABAA receptors in dorsal horn spinal cord, DRG and peripheral axons. 

In agreement with previous reports [9,53], we found α5-GABAA receptors immunoreactivity 

mainly in lamina II, III, IV of the dorsal horn (Fig. 7A). Furthermore, histological analysis 

revealed the presence of α5-GABAA receptors in neuronal bodies and neuropil suggesting 

their presence in specific subsets of neurons and in primary afferent fibers (Figs. 7A/7B). As 

reported in turtles [41], there was α5-GABAA receptors immunoreactivity in DRG (Figs. 

7C/7D) and peripheral afferent fibers of the rat (Figs. 7E/7F). Of note, 1% formalin 

enhanced α5-GABAA receptors fluorescence intensity in dorsal spinal cord (Figs. 8A–B, 
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F2,6=17.42, P=0.001) and L5 DRG (Figs. 8C–D, F2,12=30.19, P=0.001) at 3 and 6 days after 

injection.

 Expression pattern of α5-GABAA receptors in dorsal horn

In order to investigate the expression pattern of α5-GABAA receptors, we performed 

multiple immunolabeling experiments in defined cellular compartments of the dorsal horn. 

These included neuronal bodies (NeuN), peptidergic (CGRP) and non-peptidergic (IB4) 

small afferent terminals as well as astrocytes (GFAP) and microglia (Iba1). The specificity 

of the primary antibodies was confirmed through the immunostaining in the absence of the 

respective primary antibodies (data not shown). We observed specific neuronal staining for 

NeuN in the dorsal horn that co-localized with that of α5-GABAA receptors (Figs. 9A–D). 

We did not observe co-localization of α5-GABAA receptors with CGRP suggesting that 

these receptors are absent in peptidergic terminals (Figs. 9E–H). In contrast, α5-GABAA 

receptors co-localized with IB4 suggesting their presence in non-peptidergic afferent 

terminals (Figs. 9I–L). α5-GABAA receptors did not co-localize with GFAP (Figs. 9M–P) 

nor Iba1 (Figs. 9Q–T) suggesting their absence in astrocytes and microglia, respectively.

 Expression pattern of α5-GABAA receptors in DRG and axons

The same staining combinations were performed in DRG. Consistently with the dorsal horn 

co-labeling, α5-GABAA receptors were observed in small- and medium-sized body neurons 

(Figs. 10A–D), peptidergic (Figs. 10E–H, 54.7% ± 4.6) and non-peptidergic (Figs. 10I–L, 

77.3% ± 4.6) neurons. α5-GABAA receptors did not co-localize with GFAP suggesting that 

these receptors are absent in satellite cells (Figs. 10M–P). α5-GABAA receptors 

immunoreactivity was mainly found in small- and medium-size DRG neurons (Fig. 11).

 Formalin injection produces GABAergic disinhibition

It has been proposed that RDD, mediated by GABAA receptors in normal rats, may be used 

as a maneuver to investigate alterations in pre- and post-synaptic GABAergic inhibition 

produced during neuropathic pain [34,35,39]. We, therefore, decided to determine whether 

RDD of the Hoffmann reflex is modified by formalin injection and the involvement of α5-

GABAA receptors in this action. RDD of the Hoffmann reflex was determined at 1, 3 and 6 

days after formalin injection. In order to avoid the effect of repetitive electrode insertions, 5 

independent groups were used. M-waves were unchanged by stimulation in both vehicle- 

and formalin-treated rats (data not shown). In contrast, formalin injection impaired the 

reduction of the RDD of the Hoffmann reflex 6 days after injection, compared to the control 

group (Figs. 12A–B, F3,130=10.41, P=0.0001). As reported earlier [2], long-lasting 

secondary allodynia and hyperalgesia was well established at this time after formalin 

injection. Amplitude of the Hoffmann reflex (H1) was not significantly modified by the 

formalin injection at any day, suggesting that formalin did not alter the intrinsic excitability 

of motor neurons (Fig 12C). In contrast, formalin clearly induced a time-dependent 

impairment of RDD of the Hoffmann reflex (Fig. 12D, F4,40=21.6, P=0.001).
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 L-655,708 restores RDD of the Hoffmann reflex in formalin-treated rats

Formalin-treated rats showed long-lasting secondary allodynia/hyperalgesia and impairment 

of the RDD of the Hoffmann reflex 6 days post-injection. This phenotype is similar to that 

observed after spinal cord injury or neuropathic pain in rats [39,58]. Since the selective α5-

GABAA receptors antagonist L-655,708 prevented and reversed long-lasting formalin-

induced secondary allodynia and hyperalgesia, we investigated its effect on RDD of the 

Hoffmann reflex in formalin-treated rats (Fig. 13). Both intrathecal pre-treatment 

(F3,14=5.97, P=0.008, Fig. 13B) and post-treatment (F3,17=10.05, P=0.001, Fig. 13C) with 

L-655,708 prevented and reversed, respectively, formalin-induced alteration of RDD of the 

Hoffmann reflex.

 Discussion

 Role of α5-GABAA receptors in formalin-induced secondary allodynia and hyperalgesia

Here we show that α5-GABAA receptors, located at peripheral and spinal sites, are involved 

in formalin-induced long-lasting secondary allodynia and hyperalgesia. This conclusion is 

based on the following observations: i) local peripheral injection of L-838,417 (α2-, α3- and 

α5-GABAA receptor partial agonist) increased formalin-induced long-lasting secondary 

hyperalgesia; ii) local peripheral L-655,708 (selective α5-GABAA receptor antagonist) 

diminished the pronociceptive effect of L-838,417; iii) local peripheral or intrathecal 

injection of L-655,708 prevented and reversed long-lasting formalin-induced 

hypersensitivity; and iv) local peripheral or intrathecal injection of L-655,708 was effective 

at 3 and 6 days after formalin injection. To our knowledge, this is the first report showing 

that peripheral and spinal α5-GABAA receptors play a role in the development and 

maintenance of the long-lasting secondary hypersensitivity. Our data extend previous 

observations showing that local peripheral GABAA receptors agonists increase formalin-

induced acute nociception and those effects are prevented by the peripheral injection of 

bicuculline or L-655,708 [11]. In contrast, it has been reported that L-838,417 reduces 

incision-induced mechanical and thermal hyperalgesia [59]. Though the reason for this 

discrepancy is unknown, the antinociceptive effect induced by L-838,417 could be mediated 

via the α2 and/or α3 subunits [23,36,37,52,59], whereas the pronociceptive effect may be 

mediated via the α5 subunit (this study). In support of our data, intrathecal administration of 

L-655,708 reversed CFA- or nerve injury-induced tactile allodynia at 3, 7 and 14 days. 

These data suggest that α5-GABAA receptors are also involved in the development and 

maintenance of other chronic inflammatory and neuropathic pain models.

The role of GABAA receptors in chronic pain is a matter of debate. In naïve animals, 

GABAA receptors agonists and antagonists produce antinociception and pronociception, 

respectively [5,24,65]. However, tissue or nerve injury appears to switch GABAA receptors 

function [18,19,55]. Our results indicate that the α5-GABAA receptors antagonist L-655,708 

produces antinociception implying that GABAergic inhibition might be switched to 

excitation and/or loss of inhibition [16,55,74,75]. It is worth noting that extrasynaptic α5-

GABAA receptors are present in DRG and axons [20,22,48]. In those sites, these receptors 

could be tonically activated by low extracellular GABA concentrations [25] leading to a 

tonic state of excitability and lowering the threshold for activation of the dorsal root reflex 
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[41]. In such conditions, the α5-GABAA receptors antagonist L-655,708 could diminish 

dorsal root reflexes [41] or restore GABAergic inhibition. The net effect could be a reduced 

excitability of the primary afferents. In support of this, there is evidence that dorsal root 

reflexes that follow GABAA receptors activation in the spinal cord also occur in the 

periphery [13].

 Expression of α5-GABAA receptors

Besides the pharmacological evidence, our study demonstrates that α5-GABAA receptors 

mRNA is expressed in the dorsal spinal cord and DRG of naïve rats (Fig. 6). This result 

agrees with previous observations showing expression of α5-GABAA receptors in those sites 

[11,54,41,45]. Further, formalin injection increased α5-GABAA receptors mRNA expression 

in the dorsal spinal cord and DRG of rats mainly at 3 days post-injury. Other studies have 

reported that peripheral axotomy also enhances α5-GABAA receptors expression but at 

longer times (14 and 28 days) [71,73]. Differences in the time to increase α5-GABAA 

receptors mRNA expression could be due to the model (formalin test versus nerve axotomy). 

Our results suggest that the transient modulation of α5-GABAA receptors could be required 

for the initiation but also for maintenance of the hypersensitivity. In support of this, 

behavioral data showed that α5-GABAA receptors play a role in development and 

maintenance of chronic nociception.

Immunofluorescence studies reveal that α5-GABAA receptors are localized in laminae II–IV, 

DRG and primary afferent fibers. Their presence in DRG has been reported previously 

[6,29,41,53,54,64]. Interestingly, formalin increased fluorescence intensity in dorsal spinal 

cord and DRG at 3 and 6 days after injection. These data agree with the enhancement of α5-

GABAA receptors mRNA expression and suggest that these receptors are important in the 

development and maintenance or formalin-induced hypersensitivity.

We observed immunoreactivity in multipolar neurons that were NeuN-positive and neuropil 

within non-peptidergic fibers in the dorsal horn. A similar pattern was obtained in DRGs 

confirming that α5-GABAA receptors are present in small- to medium-size non-peptidergic 

neurons. We also observed co-localization of α5-GABAA receptors with CGRP, suggesting 

that these receptors are present in some peptidergic neurons. To our knowledge, this is the 

first report describing the presence of extrasynaptic α5-GABAA receptors in non-peptidergic 

and, at a lesser extent, peptidergic neurons in dorsal spinal cord and DRG.

 Contribution of α5-GABAA receptors to formalin-induced loss of the RDD of the 
Hoffmann reflex

In order to address how GABAergic signaling was participating in the development and 

maintenance of long-lasting secondary allodynia and hyperalgesia, we used the RDD of the 

Hoffmann reflex as a paradigm. Interestingly, formalin injection impaired, in a time-

dependent fashion, the RDD of the Hoffmann reflex. A similar effect has been reported in 

spinal cord injured and diabetic rats [34,58] and it has been attributed to the inversion of the 

GABAA receptors function [35,39]. It has been reported that extrasynaptic GABAA 

receptors mediate tonic inhibition in substantia gelatinosa neurons [67,68] and in primary 

afferents terminals [41]. The most likely subunit composition of GABAA receptors in 

Bravo-Hernández et al. Page 11

Pain. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



substantia gelatinosa neurons mediating tonic inhibition may be α5βxγ2 [4,67]. Furthermore, 

the charge transfer by the GABAergic tonic current in substantia gelatinosa neurons has 

been estimated to be 6 times of that carried by phasic inhibition [4], which is similar to that 

reported in hippocampus and cerebral neurons [25] and suggests a role for tonic inhibition in 

modulation of neuron excitability. The switch from tonic inhibition to excitation and/or loss 

of function could disrupt neuronal network activity involved in the control of nociceptive 

information. Our finding that blockade of α5-GABAA receptors restores the RDD of the 

Hoffmann reflex suggest that these receptors contribute to GABAA receptors-mediated tonic 

inhibition switching to excitation and/or loss of function in the long-lasting nociception 

induced by formalin and, likely, CFA or nerve injury.

At the pre-synaptic level, extrasynaptic α5-GABAA receptors may contribute to these 

behaviors by tonically depolarizing the axonal membrane, without altering the primary 

afferent depolarization [41] and facilitating the dorsal root reflex activity which might be 

reinforced with an over-expression of NKCC1 [31,47]. At the post-synaptic level, 

extrasynaptic α5-GABAA receptors would tonically depolarize second order neurons 

contributing to long-lasting nociception. An alternative hypothesis would be that α5-GABAA 

receptors, on primary afferents, drive increased spinal input and brain derived neurotrophic 

factor (BDNF) release. Elevated synaptic BDNF drives depression of post-synaptic KCC2 

expression and thus the switch to GABA-driven excitation [34]. In support of this, our 

immunofluorescence studies showed a broad presence of this receptor in dorsal horn neurons 

and DRG while formalin injection increased α5-GABAA receptors fluorescence intensity.

In conclusion, our study shows that peripheral and spinal extrasynaptic α5-GABAA 

receptors play an important role in formalin-induced GABAergic disinhibition and long-

lasting secondary hypersensitivity. Spinal extrasynaptic α5-GABAA receptors also 

participate in the maintenance of chronic nociception induced by CFA or spinal nerve 

ligation.
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Figure 1. 
Peripheral α5-GABAA receptors are involved in the development of formalin-induced long-

lasting secondary hyperalgesia. Effect of pre-treatment (10 min) with the α2-, α3- and α5-

GABAA receptors partial agonist L-838,417 (panel A) and effect of L-655,708 (0.5 nmol/

paw) on the pronociceptive effect produced by L-838,417 (15 nmol/paw) in 0.5% formalin-

induced mechanical secondary allodynia and hyperalgesia (panel B). Data are expressed as 

the mean (n=6) ± SEM of paw withdrawal ipsilateral response to the applications of von 

Frey filaments (10 and 250 mN) to the plantar surface of rat paws before (control, C) and 

after formalin plus vehicle (Veh) or drug injection. *P<0.05 versus control group, #P<0.05 

versus Veh group, and &P<0.05 versus L-838,417 group, by one-way ANOVA followed by 

the Student–Newman–Keuls post-hoc test.
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Figure 2. 
Local peripheral and spinal α5-GABAA receptors are involved in the development of 

formalin-induced long-lasting secondary allodynia and hyperalgesia. Effect of local 

peripheral (panel A) and intrathecal (panel B) pre-treatment (10 min) with the selective α5-

GABAA receptors antagonist L-655,708 (0.15–15 nmol/rat) on 1% formalin-induced 

mechanical secondary allodynia and hyperalgesia. Data are expressed as the mean (n=6) ± 

SEM of paw withdrawal ipsilateral response to the application of von Frey filaments (10 and 

250 mN) to the plantar surface of rat paws before (control, C) and after formalin plus vehicle 

(Veh) or drug injection. *P<0.05 versus C group, #P<0.05 versus Veh group, by one-way 

ANOVA followed by the Student–Newman–Keuls post-hoc test. CL: Contralateral.
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Figure 3. 
Peripheral and spinal α5-GABAA receptors are involved in the maintenance of formalin-

induced long-lasting secondary allodynia and hyperalgesia. Effect of peripheral (panel A) 

and intrathecal (panel B) post-treatment (6 days after 1% formalin injection) with the 

selective α5-GABAA receptors antagonist L-655,708 (0.15–15 nmol/rat) on 1% formalin-

induced mechanical secondary allodynia and hyperalgesia. Data are expressed as the mean 

(n=6) ± SEM of paw withdrawal ipsilateral response to the applications of von Frey 

filaments (10 and 250 mN) on the plantar surface of rat paws before (control, C) and after 

formalin plus vehicle (Veh) or drug injection. *P<0.05 versus C group, #P<0.05 versus Veh 

group, by one-way ANOVA followed by the Student–Newman–Keuls post-hoc test. CL: 

Contralateral.
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Figure 4. 
α5-GABAA receptors are involved in the development and maintenance of CFA-induced 

tactile allodynia. Time-course of the 50% withdrawal threshold in naïve and CFA-treated 

rats (panel A). Effect of intrathecal administration of the selective α5-GABAA receptors 

antagonist L-655,708 on CFA-induced tactile allodynia (panel B). Withdrawal threshold was 

assessed 1 h post-drug administration at 3, 7 and 14 days after CFA injection. Data are 

presented as the 50% withdrawal threshold for 6 animals ± SEM. *P<0.05 versus sham 

group, #P<0.05 versus Veh group, by one- or two-way ANOVA followed by the Student–

Newman–Keuls post-hoc test. CFA: Complete Freund’s adjuvant); Veh: Vehicle.
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Figure 5. 
α5-GABAA receptors are involved in the development and maintenance of neuropathic pain 

in rats. Time-course of the 50% withdrawal threshold in sham and spinal nerve ligated rats 

(panel A). Effect of intrathecal administration of the selective α5-GABAA receptors 

antagonist L-655,708 on spinal nerve ligated-induced tactile allodynia (panel B). Withdrawal 

threshold was assessed 1 h post-drug administration at 3, 7 and 14 days after spinal nerve 

ligation. Data are presented as the mean withdrawal threshold for 6 animals ± SEM. *P<0.05 

versus sham group, #P<0.05 versus Veh group, by one- or two-way ANOVA followed by the 

Student–Newman–Keuls post-hoc test. SNL: L5/L6 spinal nerve injury (SNL); S: Sham (S); 

Veh: Vehicle.
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Figure 6. 
Expression of α5-GABAA receptors mRNA is modulated by formalin injection. qPCR data 

for mRNA relative expression of the α5-GABAA receptors in the dorsal spinal cord and L4-

L6 DRGs at 1 h and 1, 3 and 6 days after 1% formalin injection. Data are expressed as mean 

± SEM of 3 independent animals. *P<0.05 versus control (C), by one-way ANOVA followed 

by the Student–Newman–Keuls post-hoc test.
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Figure 7. 
α5-GABAA receptors are expressed in the dorsal horn and DRG. Representative images of 

the transverse section of the spinal dorsal horn (panels A and B), sagittal sections of DRG 

(panels C and D) and primary afferent fibers (panels E and F) showing the distribution of α5-

GABAA receptors immunoreactivity (scale bar: 50 μm).
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Figure 8. 
Formalin injection modulates α5-GABAA receptors immunoreactivity. Representative 

staining of α5-GABAA on the dorsal spinal cord (panel A) and L5 DRG (panel C) from 

naïve (left) and formalin-treated rats at 3 (middle) and 6 days (right) after injection. 

Quantification of immunofluorescence signals for α5-GABAA receptors in naïve and 3 and 6 

days after 1% formalin injection (5 sections from 3 independent animals) in the dorsal spinal 

cord (panel B) and L5 DRG (panel D). *P<0.05 versus naïve, by one-way ANOVA followed 

by the Student–Newman–Keuls post-hoc test.
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Figure 9. 
Distribution of α5-GABAA receptors in dorsal horn spinal cord. Panels A, B, C and D: 

NeuN (green), α5-GABAA receptors (red) and its co-expression (yellow) in dorsal horn 

neurons. Of note, α5-GABAA receptors immunoreactivity is present on the membrane and 

along the axon. Panels H E, F, G and: CGRP (green) and α5-GABAA receptors (red) 

immunoreactivity is distributed in two different populations of fibers in the dorsal horn. I, J, 

K, L and L’: IB4 (green), α5-GABAA receptors (red) and their co-expression (yellow) in 

non-peptidergic fibers. Panels M, N, O and P: GFAP (green) is expressed in astrocytes 

throughout the spinal cord and α5-GABAA receptors (red) are localized in specific primary 

afferents fibers and second order neurons. Panels Q, R, S and T: Iba1 (green) is expressed in 

microglia throughout the spinal cord and α5-GABAA receptors (red) are localized in specific 

primary afferents fibers and second order neurons. Some α5-GABAA receptors 

immunoreactive fibers are in close contact with Iba1 microglia (panels Q and T). Scale bar: 

50 μm. Confocal images: one optical section 0.2 μM.
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Figure 10. 
Distribution of α5-GABAA receptors in DRG. Panels A, B, C and D: NeuN (green), α5-

GABAA receptors (red) and their co-localization (yellow) in small-to medium size neurons. 

Panels E, F, G and H: CGRP (green) and α5-GABAA receptors (red) immunoreactivity are 

distributed in small to medium size neurons, some neurons are immuoreactive for both. 

Panels I, J, K and L: IB4 (green), α5-GABAA receptors (red) and their co-expression 

(yellow) in non-peptidergic small to medium size neurons. Panels M, N, O and P: GFAP 

(green) is expressed in satellite glial cells and α5-GABAA receptors (red) are localized in 

specific non-peptidergic small to medium size neurons. Scale bar: 50 μm. Confocal images: 

one optical section 0.2 μM.
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Figure 11. 
Size distribution data of α5-GABAA receptors + and NeuN + neurons in L5 DRG. Data were 

obtain from 5 sections of 3 naïve animas using imageJ software to manually measure cross-

sectional area of neurons in 12 μm-thick sections. Data are plotted as % of total number of 

neurons.
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Figure 12. 
Formalin-induced impairment of the rate dependent depression (RDD) of the Hofmann 

reflex. Panel A: % Baseline of the Hofmann reflex showing the presence (control rats) and 

loss (1, 3 and 6 days after 1% F) of RDD induced by the increment of stimulation frequency 

(0.1–10 Hz). Note the significant impairment of RDD at 1 Hz measured 6 days after 

formalin treatment, as compared to control rats. Panel B: Representative recording in one 

control rat (top, control) and 6 days post-formalin injection (bottom, 6 days, post 1%F) 

comparing the first stimulus (H1) versus the second stimulus (H2) at a 1 Hz. Note that the 

amplitude of H2 was not different from that of H1 in the formalin-treated rats. Panel C: 

Response amplitude comparing (H1) versus (H2) in rats treated with vehicle or 1, 3, 6 days 

after formalin injection (1%F). Note that H1 does not change with time or formalin 

treatment while H2 is restored in a time-dependent manner. Panel D: Time-dependent 

impairment of the RDD of the Hofmann reflex (H reflex) in H2 compared to % Baseline H 

reflex normalized to H1 in rats treated with vehicle or 1, 3, 6 days after formalin injection. 

Data are expressed as the mean (n= 7 rats) ± SEM. *P<0.05 versus vehicle (Veh), by one-

way ANOVA followed by the Student Newman Keuls post-hoc test.
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Figure 13. 
L-655,708 restores RDD of the Hofmann reflex in formalin-treated rats. Panel A: 

Representative recordings of RDD of the Hofmann reflex in naïve (first row), 6 days post-

formalin injection (second row), pre-treated with L-655,708 + 1% formalin (third row) and 

post-treated with L-655,708 + 1% formalin (last row) rats. Panel B: Intrathecal L-655,708, 

delivered as a pre-treatment (10 min), significantly prevented the loss of RDD of the 

Hofmann reflex 6 days after 1% formalin administration. Panel C: Intrathecal L-655708, 

delivered as a post-treatment, reversed the loss of RDD of the Hofmann reflex 6 days after 

1% formalin administration. Data are expressed as the rate dependent depression of the 

Hofmann reflex (% baseline H reflex) comparing the H1 versus H2 at 1 Hz for 5 animals per 

group *P<0.05 versus naïve, #P<0.05 versuss Vehicle (Veh), by one-way ANOVA followed 

by the Student Newman Keuls post-hoc test.
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