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H I G H L I G H T S

• α2 GABAARs are the predominant GABAAR isoform in the dorsal horn.

• Here, we investigated mice lacking these receptors from the spinal cord.

• We found reduced GABAergic inhibition and a lack of GABAAR-mediated analgesia.

• Unexpectedly, acute nociception was not altered in these mice.

• No compensatory up-regulation of glycinergic inhibition was detected.
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A B S T R A C T

Diminished synaptic inhibition in the superficial spinal dorsal horn contributes to exaggerated pain responses

that accompany peripheral inflammation and neuropathy. α2GABAA receptors (α2GABAAR) constitute the most

abundant GABAAR subtype at this site and are the targets of recently identified antihyperalgesic compounds.

Surprisingly, hoxb8-α2−/− mice that lack α2GABAAR from the spinal cord and peripheral sensory neurons

exhibit unaltered sensitivity to acute painful stimuli and develop normal inflammatory and neuropathic hy-

peralgesia. Here, we provide a comprehensive analysis of GABAergic neurotransmission, of behavioral pheno-

types and of possible compensatory mechanisms in hoxb8-α2−/− mice. Our results confirm that hoxb8-α2−/−

mice show significantly diminished GABAergic inhibitory postsynaptic currents (IPSCs) in the superficial dorsal

horn but no hyperalgesic phenotype. We also confirm that the potentiation of dorsal horn GABAergic IPSCs by

the α2-preferring GABAAR modulator HZ-166 is reduced in hoxb8-α2−/− mice and that hoxb8-α2−/− mice are

resistant to the analgesic effects of HZ-166. Tonic GABAergic currents, glycinergic IPSCs, and sensory afferent-

evoked EPSCs did not show significant changes in hoxb8-α2−/− mice rendering a compensatory up-regulation of

other GABAAR subtypes or of glycine receptors unlikely. Although expression of serotonin and of the serotonin

producing enzyme tryptophan hydroxylase (TPH2) was significantly increased in the dorsal horn of hoxb8-α2−/

− mice, ablation of serotonergic terminals from the lumbar spinal cord failed to unmask a nociceptive pheno-

type. Our results are consistent with an important contribution of α2GABAAR to spinal nociceptive control but

their ablation early in development appears to activate yet-to-be identified compensatory mechanisms that

protect hoxb8-α2−/− mice from hyperalgesia.

1. Introduction

Inhibitory interneurons of the spinal dorsal horn and their fast in-

hibitory neurotransmitters GABA and glycine play critical roles in

maintaining a physiological level of pain sensitivity. Local ablation or

silencing of inhibitory dorsal horn neurons through cell type-specific

expression of diphtheria toxin or tetanus toxin, evokes exaggerated

responses to acute nociceptive stimulation, abnormal withdrawal
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responses to light touch, and spontaneous aversive behaviors (Foster

et al., 2015). Earlier studies reported similar changes with GABAA or

glycine receptor blockers injected locally into the spinal canal of rats

(Beyer et al., 1985; Roberts et al., 1986; Yaksh, 1989; Sivilotti and

Woolf, 1994). Work from several laboratories has shown that a loss of

inhibitory neurotransmission occurs endogenously in neuropathic or

inflammatory pain states (Ahmadi et al., 2002; Moore et al., 2002; Coull

et al., 2003; Harvey et al., 2004; Zhang et al., 2011). A critical con-

tribution of diminished inhibition to exaggerated pain sensitivity in

inflammatory and neuropathic disease states is also supported by

pharmacological studies that have demonstrated antihyperalgesic effi-

cacy of compounds that facilitate dorsal horn inhibitory neuro-

transmission (Knabl et al., 2008; Huang et al., 2017) and by the anti-

hyperalgesic efficacy of GABAergic neuron precursor transplantation

into the spinal cord (Braz et al., 2012). Studies employing compounds

acting on GABAARs have pointed to a particularly relevant role for

GABAARs containing α2 subunits (α2GABAARs), which are enriched in

the superficial dorsal horn, i.e. in the termination area of nociceptive

fibers (Bohlhalter et al., 1994; Bohlhalter et al., 1996; Paul et al., 2012).

To demonstrate that the antihyperalgesic effect of α2GABAAR mod-

ulators originates from a spinal site and does not involve supraspinal

CNS areas, hoxb8-α2−/− mice have been generated, which lack

α2GABAARs from the spinal cord up to the spinal segment C4 (Paul

et al., 2014). These mice exhibited the expected reduction in GABAAR-

mediated membrane currents and, in line with this change, a reduced

antihyperalgesia by the α2-preferring GABAAR modulator HZ-166

(Rivas et al., 2009; Di Lio et al., 2011). An unexpected result of these

experiments was however the absence of a pronociceptive phenotype in

hoxb8-α2−/− mice.

To gain more insight into this paradox, we performed an in-depth

analysis of inhibitory GABAergic neurotransmission in the dorsal horn

of hoxb8-α2−/− mice and of potential compensatory mechanisms.

These experiments confirmed a reduction in the amplitude of

GABAergic IPSCs by about half and an almost complete loss of the

antihyperalgesic effects of HZ-166 in hoxb8-α2−/− mice. Our results

exclude increases in glycinergic inhibition and an up-regulation of other

GABAAR subtypes as likely compensatory mechanisms. Although our

immunohistochemical analyses revealed an increased abundance of

serotoninergic markers in the dorsal horn, ablation of serotonergic

terminals from the spinal dorsal horn failed to unmask a pronociceptive

phenotype. Our results thus confirm a critical role of α2GABAARs in

spinal nociceptive control. However, a loss of α2GABAAR expression

early in development appears to be compensated by a still unknown

process that prevents the development of a hyperalgesic phenotype.

2. Results

2.1. Hoxb8α2−/− mice lack α2GABAARs from the spinal cord and exhibit

reduced GABAergic synaptic inhibition but do not show a hyperalgesic

phenotype

We first verified that α2GABAARs were completely lost from the

lumbar spinal cord of hoxb8α2−/− mice. To this end, we quantified

expression of the GABAAR α2 subunits in transverse sections of lumbar

spinal cord of α2fl/fl, hoxb8α2−/− and global α2−/− mice (Fig. 1A,B).

α2fl/fl mice showed the previously observed expression of α2GABAAR

subunits in the dorsal horn with highest density in the superficial layers,

the main termination area of nociceptive fibers. α2GABAAR subunit

immunoreactivity in lumbar spinal cord sections from hoxb8α2−/−

mice was virtually indistinguishable from that of global α2−/− mice.

This result is in line with the reported expression pattern of hoxb8-cre

in spinal cord neurons and astrocytes, and in DRG neurons up to about

cervical level C4 (Witschi et al., 2010). The absence of any detectable

α2 subunit reactivity indicates that most, if not all, α2 subunits present

in the lumbar spinal cord are expressed by intrinsic spinal neurons or

peripheral sensory neurons and do not reside on axons descending from

supraspinal CNS areas.

In order to assess the consequences of α2GABAAR subunit ablation

for spinal inhibitory neurotransmission, we combined electro-

physiological whole-cell recordings and optogenetics in transverse

slices of the lumbar spinal cord. We crossed the vGAT::ChR2-YFP allele

(Zhao et al., 2011) into α2fl/fl and hoxb8-α2−/− mice. In spinal cord

slices of these double and triple transgenic mice, IPSCs were robustly

evoked by brief (4 ms) wide field illumination of the dorsal horn with

blue light (see also Foster et al., 2015). We restricted our analyses to

photocurrent negative, presumed excitatory, interneurons, which are

required for the full behavioral expression of pain behaviors (Wang

et al., 2013) and constitute critical elements of the dorsal circuitry in-

volved in different forms of pathological pain (Peirs et al., 2015). The

restriction of our analyses to photocurrent negative cells also allowed

avoiding possible contaminations of IPSCs with photocurrents. Slices

were continuously superfused with the glycine receptor antagonist

strychnine (0.5 µM) to isolate the GABAergic IPSC component. GA-

BAergic IPSC amplitudes were about 50% smaller in the hoxb8-α2−/−

mice (-151 ± 21 pA, n = 16 cells) compared to α2fl/fl mice

(-267 ± 51 pA, n = 17 cells) (Fig. 1C, D). Decay time constants (τdecay)

of GABAergic IPSCs showed a trend towards slower decay in neurons of

hoxb8-α2−/− mice (83.4 ± 9.0 ms) relative to α2fl/fl mice

(65.0 ± 8.2 ms) but the difference did not reach statistical significance

(Fig. 1E).

We also confirmed that baseline nociceptive sensitivity was un-

changed in hoxb8α2−/− mice. To this end, we compared the sensitiv-

ities of hoxb8α2-/− and α2fl/fl mice in a battery of somatosensory and

nociceptive tests including the von Frey test of light punctate me-

chanical sensitivity, the Hargreaves plantar test for heat sensitivity, the

pin-prick test for noxious mechanical stimulation and the cold plantar

test. We did not detect significant differences between hoxb8-α2−/−

and α2fl/fl mice in any of the four tests (Fig. 1F).

2.2. Hoxb8-α2−/− mice exhibit reduced potentiation of GABAergic IPSCs

by HZ-166 and diminished analgesia by HZ-166

The lack of an apparent baseline nociceptive phenotype in hoxb8-

α2−/− mice (Paul et al., 2014) contrasts with previous studies in GA-

BAAR receptor point-mutated mice that have suggested a critical role of

α2GABAARs in spinal pain control (Knabl et al., 2008). We therefore re-

addressed whether deletion of spinal α2GABAARs would have an im-

pact on the efficacy of α2-GABAAR-preferring benzodiazepine site li-

gands with known analgesic activity. For these experiments, we chose

the α2GABAAR-preferring and less sedating benzodiazepine site agonist

HZ-166 (Rivas et al., 2009; Di Lio et al., 2011). As a prerequisite for

these experiments, we analyzed the in vitro pharmacological profile of

HZ-166 in HEK 293 cells transiently transfected with different combi-

nations of GABAAR subunits (α1β2γ2, α2β3γ2, α3β3γ2 and α5β2γ2). In

agreement with a previous publication (Rivas et al., 2009), we found

that both potency and efficacy of GABA current (IGABA) potentiation by

HZ-166 were higher for α3GABAAR and α2GABAAR than for α1GA-

BAAR and α5GABAAR subtypes (Fig. 2A). We then characterized the

sensitivity of GABAergic IPSCs to HZ-166 in slices prepared from α2fl/fl

and hoxb8-α2−/− mice. We used a saturating concentration of HZ-166

(10 µM) and analyzed changes in τdecay. After application of HZ-166,

τdecay of light-evoked GABAergic currents increased by 94 ± 12%

(n = 17 cells) of control values in α2fl/fl mice. In hoxb8-α2−/− mice,

τdecay increased only by 57 ± 12% (n = 13) (Fig. 2B). Finally, we

employed a mouse pain model to test whether the decreased sensitivity

of GABAergic IPSCs to HZ-166 would translate to diminished analgesia.

In these experiments we included global α2R/R point-mutated mice in

addition to hoxb8-α2−/− and α2fl/fl mice. These mice carry a histidine

to arginine point mutation in the α2GABAAR gene (Gabra2) that ren-

ders α2GABAAR insensitive to most benzodiazepine site agonists in-

cluding HZ-166 (Benson et al., 1998; Paul et al., 2014). For these ex-

periments, we used the formalin model of tonic pain and injected 4%
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formalin into one hind paw and examined the analgesic effect of HZ-

166 in the three genotypes (Fig. 2C). HZ-166 (16 mg/kg, i.p.) sig-

nificantly reduced the number of formalin-induced nocifensive reac-

tions (assessed as time spent licking of the injected paw) in α2fl/fl mice,

but failed to do so in hoxb8α2−/− and α2R/R mice. In mice treated with

vehicle instead of HZ-166, no differences were found in the formalin-

induced pain behavior between the three genotypes. These experiments

confirm an important role of α2GABAARs in dorsal horn pain control.

Since these findings contrast with the apparent lack of a hyperalgesic

phenotype in hoxb8-α2−/− mice, we next sought to identify possible

Fig. 1. Baseline morphological, electrophysiological and behavioral analysis of hoxb8-α2−/− mice. A-B, α2GABAAR expression. A, Transverse lumbar spinal dorsal

horn sections stained for GABAAR α2 subunits in α2fl/fl, hoxb8-α2−/− and global α2−/− mice. d, dorsal; v, ventral; l, lateral; m, medial. B, Quantification of

immunoperoxidase intensities (n = 16 sections from 2 mice, unpaired t-test). C–E, GABAergic IPSCs. C, Example traces of light-evoked GABA-IPSCs (vertical blue

bars represent 4 ms light pulse) recorded in the presence of strychnine (500 nM). Hoxb8-α2−/− mice show reduced GABAergic IPSC amplitudes compared to α2fl/fl.

Decay time constants were determined from double exponential fits, shown in red. D, Amplitudes of light-evoked GABAergic IPSCs in hoxb8-α2−/− and α2fl/fl mice

(n = 17 cells from 14 mice, and n = 16 cells from 14 mice, for α2fl/fl and hoxb8-α2−/− mice, respectively, unpaired t-test). Data are presented as mean ± SEM. E,

Scatter plot shows no significant change in decay time constants between the two genotypes (unpaired t-test). F, Somatosensory and nociceptive response thresholds

of naïve α2fl/fl and hoxb8-α2−/− mice. Each data point indicates an individual mouse. Data are presented as mean ± SEM, n = 5 mice for all genotypes, P values

indicate α errors from unpaired t-tests.
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compensatory mechanisms explaining this apparent paradox.

2.3. Potential compensatory processes preventing a hyperalgesic phenotype

in hoxb8-α2−/− mice

In addition to GABA, glycine is a second fast inhibitory neuro-

transmitter in the spinal cord. An increase in glycinergic inhibition

might thus be a straightforward mechanism to compensate for dimin-

ished synaptic inhibition by GABA. We therefore compared the ampli-

tudes and charge tansfer of the total (mixed GABAergic/glycinergic)

IPSC in superficial dorsal horn neurons of hoxb8-α2−/− and α2fl/fl mice

(Fig. 3A,B). In these experiments, we relied again on the analysis of

light-evoked IPSCs in presumed excitatory (photocurrent-negative)

neurons. After recording of the total IPSCs for 1 min, we added

strychnine (500 nM) to the bath perfusion to determine (via subtraction

of the remaining amplitude) the amplitude of the glycinergic compo-

nent. In case of the amplitudes of light-evoked IPSCs, we found a trend

towards reduced IPSC amplitudes in hoxb8-α2−/− mice both for the

total IPSC (-1054 ± 200 pA, n = 8, versus −558 ± 154 pA, n = 10,

for α2fl/fl and hoxb8-α2−/− mice, respectively) and for its glycinergic

component (-633 ± 155 pA, n = 8, versus −374 ± 133 pA, n = 10).

When the total charge transfer was analyzed, a significant reduction

was observed both of the total IPSC (-100 ± 24 pC, n = 8, versus

-28.0± 3.4 pC, n = 8; P = 0.004, unpaired t-test) and for its glyci-

nergic component (-49.6 ± 13.8 pC, n = 8, versus -14.0 ± 4.0 pC,

n = 8, P = 0.027) clearly ruling out an increase in glycinergic synaptic

currents as a compensatory process.

Although α2GABAARs are primarily located at synapses (Sassoe-

Pognetto et al., 2000), they are also found at extrasynaptic sites, where

they may form a receptor reserve (Gouzer et al., 2014). GABAARs lo-

cated at extrasynaptic sites also underlie tonic membrane currents that

are found in a subpopulation of dorsal horn neurons, where they are

activated by ambient GABA (for review, see (Farrant and Nusser, 2005).

These tonic GABAergic currents are thought to be carried by high-af-

finity α5GABAAR or δ subunit-containing GABAARs (Delgado-Lezama

et al., 2013; Fritschy and Panzanelli, 2014). However, a possible con-

tribution of α2GABAAR to tonic currents, for example in situations of

increased ambient GABA concentrations, cannot be excluded. To ex-

amine tonic membrane currents in hoxb8-α2−/− mice, we performed

again whole-cell patch-clamp recordings from presumed excitatory

Fig. 2. Diminished analgesia by HZ-166 in hoxb8-α2−/− mice. A, GABA-evoked membrane currents were measured in HEK 293 cells transiently transfected with

recombinant α1β2γ2, α2β3γ2, α3β3γ2 and α5β2γ2 GABAARs. Example traces on top show current responses evoked by GABA before (light trace) and during

application of saturating concentrations of HZ-166 (10 µM, dark trace). Bottom graph representing dose–response curves of the four different GABAAR subtypes at

increasing HZ-166 concentrations. GABA was applied at EC10 (1 µM, 5 µM, 8 µM, and 1 µM for α1β2γ2, α2β3γ2, α3β3γ2 and α5β2γ2 GABAARs, respectively). B,

Potentiating actions of HZ-166 on light-evoked GABAergic IPSCs recorded from superficial dorsal horn neurons of α2fl/fl and hoxb8-α2−/− mice. Normalized

example traces recorded in the presence of strychnine (500 nM) in α2fl/fl and hoxb8-α2−/− mice before (black) and after (green) application of HZ-166 (10 µM). HZ-

166-evoked prolongation of IPSC decay kinetics was significantly smaller in hoxb8-α2−/− than in α2fl/fl mice (n = 17 and 13, for α2fl/fl and hoxb8-α2−/− mice,

respectively, unpaired t-test). C, HZ-166-mediated analgesia. Total number of licking bouts evoked by subcutaneous formalin injection into one hindpaw of α2fl/fl,

hoxb8-α2−/− and α2R/R mice treated wither with HZ-166 (16 mg/kg, i.p.) or vehicle.
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neurons. After 5 min of baseline holding current recording, we added

bicuculline (20 µM) to the bath perfusion to determine the GABAergic

contribution (Fig. 3C). Neurons recorded in slices obtained from hoxb8-

α2−/− mice had on average slightly larger holding currents

(−41.2± 4 pA, n = 12 cells) relative to neurons in slices from α2fl/fl

mice (-27 ± 2.0 pA, n = 9). This increase was likely due to larger

GABAergic tonic currents as the bicuculline-sensitive component was

also larger in hoxb8-α2−/− mice (-5.8 ± 2.8 pA, n = 12) than in α2fl/

(caption on next page)
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fl mice (α2fl/fl: −0.3 ± 1.1 pA, n = 9) (Fig. 3D,E).

To complement these functional data with data on gene expression,

we performed quantitative RT-PCR of GABAA and glycine receptor

subunits (Fig. 3F, G). In a previous study (Paul et al., 2012), we already

reported that the expression of GABAAR α1 and α3 - α6 subunits was

unchanged in spinal cords and DRGs of hoxb8-α2−/−. In the present

study, we have complemented these previous results and investigated in

addition the expression of the GABAAR δ subunit, which together with

the α4 subunit is a part of many extrasynaptic GABAARs (Delgado-

Lezama et al., 2013), of the three GABAAR ρ subunits, which give rise to

atypical bicuculline-insensitive GABAARs previously also called GA-

BACRs (Bormann and Feigenspan, 1995), and of all five glycine receptor

subunits (glra1 - glra4 and glrb). Relative to the GABAAR α2 subunit, all

four GABAAR subunits analyzed here were expressed at much lower

levels both in the spinal cord and the DRGs. No significant differences

were found between α2fl/fl and hoxb8-α2−/− mice. In the spinal cord,

all glycine receptor subunits, with the exception of the α4 subunit

(glra4), were expressed at higher levels than the GABAAR α2 subunit

(gabra2). A minor, yet statistically significant, down-regulation in

hoxb8-α2−/− mice was obtained for glra2 and glrb. In DRGs, expression

of glycine receptor subunits was below the detection limit (glra2 –

glra4) or very low (glra1). In both α2fl/fl and hoxb8-α2−/− mice, a

relatively high expression was found for glrb, which is however in many

tissues not translated into protein despite high mRNA levels (Weltzien

et al., 2012).

In addition to mediating synaptic (phasic) and extrasynaptic (tonic)

inhibition via dendritic and somatic GABAARs, GABAARs contribute

also to presynaptic inhibition via receptors located on spinal axons and

terminals of peripheral sensory neurons, including nociceptors

(Rudomin and Schmidt, 1999; Willis, 1999). We therefore also in-

vestigated a possible impact of GABAAR α2 subunit deletion on ex-

citatory neurotransmission between primary sensory fibers and dorsal

horn second order neurons using optogenetics for presynaptic primary

afferent stimulation. Bilateral sciatic nerve injections of AAV1 ChR2-

mCherry virus were made into the sciatic nerve of α2fl/fl and hoxb8-

α2−/− mice. These injections led to the infection of dorsal root gang-

lion neurons of the lumbar segment L4 (Fig. 4A). Soma diameter ana-

lysis of the infected neurons indicated that the great majority of in-

fected cells had a soma diameter of approximately 20 µm (Fig. 4B,

n = 72 cells from 3 mice), in line with a preferred infection of noci-

ceptive (small diameter) neurons. Seven days after virus injection, we

prepared transverse spinal cord slices of the L4 segment for electro-

physiological recordings from neurons in the superficial dorsal horn

(laminae I and II). After establishing a whole-cell recording, we sti-

mulated the dorsal horn with blue light (λ = 473 nm, 4 ms, power

density: 20.4 mW/mm2) and recorded light-evoked EPSCs (Fig. 4C,D).

No statistically significant difference was observed between genotypes

for EPSC amplitude (α2fl/fl mice: −108.2 ± 34.7 pA, n = 11; hoxb8-

α2−/−: −117.8 ± 41.3 pA, n = 10), decay kinetics (α2fl/fl:

7.6 ± 1.6 ms; hoxb8-α2−/−: 8.5 ± 0.9 ms) or success rate (α2fl/fl:

94.2 ± 3.4%, hoxb8-α2−/−: 99 ± 1.0%) (Fig. 4E).

2.4. Other potential compensatory mechanisms preventing a pronociceptive

phenotype in hoxb8-α2−/− mice

Other potential mechanisms possibly counteracting a loss in

GABAergic inhibition include a compensatory weakening of glutama-

tergic transmission within the spinal dorsal horn or a strengthening of

descending inhibitory pain control. Vesicular glutamate transporters of

which three isoforms (vGluT1-3) exist are marker genes of glutama-

tergic neurons (El Mestikawy et al., 2011). They are localized to axon

terminals of glutamatergic neurons where they mediate glutamate up-

take into presynaptic storage vesicles. In the spinal cord, vGluT1 ex-

pression originates almost exclusively from peripheral non-nociceptive

touch-sensitive and proprioceptive sensory neurons (Oliveira et al.,

2003). vGluT2 is expressed by nociceptive sensory neurons, but most

vGluT2 protein in the spinal cord is found in interneurons. vGluT3 is

only weakly expressed in the dorsal horn but it is present in a small

band at the border between laminae II and III where it originates from

vGluT3 expression in the terminals of tyrosine hydroxylase positive

peripheral sensory neurons (Seal et al., 2009) and neurons descending

from the brainstem (Oliveira et al., 2003). To assess potential changes

in vGluT1-expression in the dorsal horn of hoxb8-α2−/− mice and α2fl/

fl mice, we performed quantitative (densitometric) im-

munohistochemical analyses (Fig. 5). Because of the differential ex-

pression of vGluTs in the superficial and deep dorsal horn, we analyzed

expression in the superficial and deep dorsal horn separately. While we

did not detect differences for vGluT1 and vGluT2, there was a small but

statistically significant difference in vGluT3 signal intensity in the su-

perficial dorsal horn. Because many of the descending neurons in this

area are serotonergic and co-express vGluT3 with markers of ser-

otonergic transmission (Oliveira et al., 2003), we analyzed potential

changes in the serotonergic system. We found a pronounced and highly

significant increase in immunoreactivity against both serotonin and

tryptophan hydroxylase 2 (TPH2) in hoxb8-α2−/− mice compared to

α2fl/fl mice (Fig. 5). As serotonergic input to the dorsal horn is generally

believed to contribute to endogenous pain control (Fields et al., 2006),

we hypothesized that this up-regulation may constitute a compensatory

mechanism possibly explaining the absence of a hyperalgesic pheno-

type in hoxb8-α2−/− mice.

2.5. Ablation of serotonergic axon terminals from the dorsal horn of hoxb8-

α2−/− mice fails to unmask a pro-nociceptive phenotype

To examine, whether the observed up-regulation of markers of the

dorsal horn serotonergic innervation underlies the absence of a pro-

nociceptive phenotype in hoxb8-α2−/− mice, we pharmacologically

ablated serotonergic axon terminals in the spinal cord through three

intraspinal injections of 5,7 dihydroxytryptamine (DHT; 2.5 µg in

500 nl) covering the left spinal segments L4-L6 (Fig. 6). Mice were

pretreated with desipramine (25 mg/kg, i.p.) to avoid ablation of nor-

adrenergic terminals, which are also present in the spinal dorsal horn.

Efficient ablation of serotonergic terminals was verified with serotonin

immunostaining for each mouse analyzed in the sensory tests (Fig. 6A).

Fig. 3. No compensatory increase in glycinergic IPSCs or tonic GABAergic currents in hoxb8α2−/− mice. A, Amplitudes (left) and charge transfer (right) of total

(mixed GABAergic/glycinergic) light-evoked IPSCs in α2fl/fl and hoxb8-α2−/− mice (n = 8 cells from 6 mice and n = 10 cells from 9 mice, for α2fl/fl and hoxb8-

α2−/− mice, respectively, unpaired t-test). B, Same as A, but for the glycinergic IPSC component (n = 8 cells from 6 mice and n= 10 cells from 9 mice, for α2fl/fl and

hoxb8-α2−/− mice, respectively). For 2 cells from the hoxb8-α2−/− group, no meaningful charge transfer value was obtained for the glycinergic IPSC component. C-

E, tonic GABAergic currents. C, Example traces of tonic currents in α2fl/fl and hoxb8-α2−/− mice before and during application of bicuculline (20 µM). Grey and red

bars indicate the areas that were analyzed for the all-point histograms of control and bicuculline conditions, respectively. The all-point histograms follow a Gaussian

distribution and depict the amplitude scattering in a 30 s range analyzed from the current recorded in control and bicuculline conditions, respectively. D, Plot

showing holding currents in baseline conditions (before application of bicuculline) in hoxb8-α2−/− mice (n = 7 cells) compared to α2fl/fl mice (n = 9 cells),

unpaired t-test. E, same as D, but GABAergic component (after application of bicuculline) (n = 12 cells from 7 mice and n = 7 cells from 4 mice, for α2fl/fl and hoxb8-

α2−/− mice, respectively, unpaired t-test. F,G, Quantitative expression of mRNAs encoding for certain GABAA (F) and glycine receptor subunit genes in the spinal

cord (top) and DRGs (bottom) of α2fl/fl mice and hoxb8-α2−/− mice. Expression gabra2 (encoding for the α2 GABAA receptor subunit) in α2fl/fl mice is shown for

comparison (grey column). Data on gabra2 are taken from Paul et al., 2012. Expression of glra2, glra3 and glra4 in DRGs was below the detection threshold (N.D., not

detectable). P values were obtained using unpaired two-tailed unpaired t-test. n = 6–7 mice per group.
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We then tested the sensitivity of the ipsilateral hindpaw to stimulation

with von Frey filaments, in the pin-prick test, the Hargreaves test and

the cold plantar test, to respectively assess sensitivity to innocuous and

noxious punctate mechanical stimulation, noxious heat and noxious

cold stimuli (Fig. 6B). In agreement with previous work, ablation of

serotonergic terminals did not sensitize naïve wild-type mice (Carr

et al., 2014). However, it also failed to induce sensitization in hoxb8-

α2−/− mice.

3. Discussion

α2GABAARs serve critical functions in the control of spinal noci-

ceptive circuits (Zeilhofer et al., 2012b; Zeilhofer et al., 2012a). Several

studies have shown that specific activation (via positive allosteric

modulation) of α2GABAARs reduces pain sensitivity in several rodent

pain models (Knabl et al., 2009; Reichl et al., 2012; Ralvenius et al.,

2015), and in human experimental pain models (van Amerongen et al.,

2019). Based on these findings one might expect that ablation of

α2GABAARs from the spinal cord would lead to an hyperalgesic phe-

notype or spontaneous pain behaviors as observed after ablation or

silencing of inhibitory dorsal horn neurons (Foster et al., 2015) or after

spinal blockade of GABAARs (Roberts et al., 1986; Sivilotti and Woolf,

1994). However, in a previous study, hoxb8-α2−/− mice, which lack

α2GABAARs from the spinal cord, showed no increased sensitivity to

acute noxious mechanical and thermal stimuli and no signs of sponta-

neous pain (Paul et al., 2014). This discrepancy may indicate the

Fig. 4. Excitatory input from primary nociceptive

fibers onto dorsal horn second order neurons. A,

Scheme illustrating the AAV1 ChR2-mCherry injec-

tion into the sciatic nerve of α2fl/fl or hoxb8-α2−/−

mice. Pseudo-coloured z-projection two-photon

image of virus-infected ganglion cells in DRGs of

lumbar segment L4. B, Histogram showing the dis-

tribution of infected dorsal root ganglion cell soma

diameters which could be fitted with a Gaussian

function (average diameter: 20.9 ± 0.4 µm; n = 72

cells from 3 mice). C, Epifluorescence (left) and

infra-red contrast images (right) of the superficial

dorsal horn in acute spinal cord slices prepared from

nerve-injected mice. Epifluorescence images show

punctate mCherry expression on the spinal terminals

of infected dorsal root ganglion neurons. D, Example

traces from the two genotypes showing the average

(black) of 7 (α2fl/fl) and 10 (hoxb8-α2−/−) EPSCs

(grey) after 4 ms blue light exposure (horizontal

blue bars) of primary afferent terminals. E,

Statistical comparisons of amplitude, success rate

and decay time constants (n = 11 cells and n = 10

cells, for α2fl/fl and hoxb8-α2−/− mice, respec-

tively, unpaired t-test).
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presence of compensatory mechanisms at the cellular and/or molecular

level, which may counteract the reduction in GABAergic inhibition.

Revealing such mechanisms might benefit the discovery of novel anti-

hyperalgesic drug targets.

In the present study, we have examined the functional consequences

of GABAAR α2 subunit deletion from the spinal cord on the cellular and

behavioral level. We confirmed that hoxb8-α2−/− mice show reduced

synaptic inhibition in the superficial dorsal horn but nevertheless ex-

hibit normal acute pain sensitivities. We then continued with an in-

depth analysis of GABAergic neurotransmission in hoxb8-α2−/− and

corresponding wild-type (α2fl/fl) mice. Our electrophysiological re-

cordings revealed a reduction in the amplitudes of light-evoked

GABAergic IPSCs without a compensatory increase in glycinergic in-

hibition. In fact, the total IPSC amplitude was reduced by a similar

percentage as the GABAergic IPSC component, suggesting that the loss

of α2GABAARs also reduced the glycinergic IPSC component. This

might suggest the presence of presynaptic α2GABAARs that facilitate

transmitter release (Kawaguchi and Sakaba, 2017). Alternatively, the

loss of GABAARs might impair the clustering of glycine receptors at

postsynaptic sites. Direct evidence for either of the two processes is

however missing.

In subsequent analyses we found a trend towards increased ampli-

tudes of tonic GABAergic membrane currents in hoxb8-α2−/− mice.

The absence of a pronociceptive phenotype in hoxb8-α2−/− mice

might hence be due to preserved tonic GABAergic inhibition mediated

by extrasynaptic GABAARs. Although this explanation cannot be fully

ruled out, it appears unlikely. Tonic GABAergic currents originate from

the activation of extrasynaptic GABAARs by ambient GABA. Since

GABA concentrations are low outside synaptic clefts, GABAARs med-

iating tonic GABAergic currents should have high affinities for GABA.

Previous work has shown that α4/δ and α5GABAARs fulfill these cri-

teria (Delgado-Lezama et al., 2013; Fritschy and Panzanelli, 2014). It

has been shown that α5GABAARs contribute to tonic currents in the

spinal dorsal horn, but α5 subunit-deficient mice exhibit normal acute

nociceptive pain behavior (Perez-Sanchez et al., 2016). Similar findings

have been made in case of α4GABAARs, which typically assemble with

δ GABAAR subunits to form benzodiazepine-insensitive extrasynaptic

GABAARs (Storustovu and Ebert, 2006). Mice lacking these δ subunits

exhibit reduced tonic GABAergic membrane currents but also show no

changes in acute nociceptive sensitivity (Bonin et al., 2011). Further-

more, tonic GABAergic currents in superficial dorsal horn neurons are

small and are present only in a subset of neurons (Mitchell et al., 2007)

consistent with the low abundance of GABAAR α4 subunits in the spinal

dorsal horn (Paul et al., 2012). These results argue against a major role

of extrasynaptic GABAAR and of tonic GABAergic currents in the reg-

ulation of nociception. On the other hand, gaboxadol (also known as

THIP), which enhances currents through α4/δ containing GABAAR

(Adkins et al., 2001), reduced acute nociception in wild-type but not in

δ subunit-deficient mice (Bonin et al., 2011). These results on acute

nociception are hence reminiscent of what was observed in the present

study with HZ-166 in chronic pain models.

An alternative and in our opinion more likely explanation for the

absence of a pronociceptive phenotype in hoxb8-α2−/− mice is the

presence of compensatory mechanisms that counteract diminished

GABAergic inhibition. In this context, it is interesting to note that hy-

peralgesia induced by ablation or silencing of inhibitory dorsal horn

Fig. 5. vGluT1-3 and serotonergic marker expression. A, Transverse sections of lumbar spinal cord dorsal horns of α2fl/fl and hoxb-8α2−/− mice stained for vesicular

glutamate transporter vGlT1 – vGluT3 and markers of serotonergic expression (5-HT and TPH2). 1, sdh; 2, ddh. B, Quantification of immunoperoxidase intensities in

stainings for vGluT1, vGluT2, vGluT3, 5-HT, and TPH2 (in α2fl/fl and hoxb8-α2−/− mice, n = 4, each). Separate analyses for the superficial and deep dorsal horn

(sdh, superficial dorsal horn; ddh, deep dorsal horn).
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neurons also shows some recovery over the course of a few weeks

(Foster et al., 2015). As the reduction in GABAergic IPSC amplitudes

was not compensated by an increase in glycinergic inhibition, we

speculated whether the loss in inhibition might be compensated by a

reduction in excitatory drive to the dorsal horn or an increased in-

hibitory control via descending antinociceptive fiber tracts. We did not

detect a reduction in nociceptive input strength from peripheral sensory

fibers onto dorsal horn second-order neurons, which is in line with

unaltered expression of vGluT1 and vGluT2 protein in the dorsal horn

of hoxb8-α2−/− mice. We found however a significant up-regulation of

the vGluT3 isoform which is found not only in low-threshold mechan-

oreceptive C fibers (Seal et al., 2009) but also serotonergic neurons of

the brainstem (Domonkos et al., 2016). This drew our attention to

possible changes in descending serotonergic inhibition. Serotonin is

synthesized in neurons of the nucleus raphe magnus, located in the

hindbrain, which is the main source of spinal 5-HT release (Hornung,

2003). Although spinally released serotonin can mediate both hyper-

algesia and antinociception, depending on which subtype of serotonin

receptors is activated (Yaksh and Wilson, 1979; Furst, 1999; Diniz et al.,

2015), most studies support an analgesic effect of descending ser-

otonergic input to the spinal dorsal horn. We demonstrated increased

levels of serotonin and TPH2 in both the superficial and deep dorsal

horn of the spinal cord in hoxb8-α2−/− mice. These results might

suggest an increased serotonergic tone in the spinal cord of hoxb8-α2−/

− mice as a possible compensatory mechanism. However, local and

nearly complete ablation of serotonergic terminals from one side of the

lumbar spinal cord segments L3-L5 failed to unmask a hyperalgesic

phenotype in hoxb8-α2−/− mice.

In summary, the results obtained with HZ-166 support an important

contribution of α2GABAARs to spinal nociceptive control. Their abla-

tion early in development appears to induce an up-regulation of dorsal

horn serotonergic innervation and a yet-to-be identified compensatory

mechanism that protects hoxb8-α2−/− mice from a hyperalgesic phe-

notype.

4. Methods and materials

4.1. Animals

All experimental procedures were approved by the Cantonal

Veterinary Office (licenses 126/2012, 74/2013, 86/2013, 031/2016).

Behavioral experiments were performed in α2fl/fl; hoxb8::cre double

transgenic mice (short hoxb8-α2−/− mice) and in cre-negative α2fl/fl

mice. HoxB8-cre and GABAAR α2fl/fl mice have been described pre-

viously (Witschi et al., 2010; Witschi et al., 2011). For combined

electrophysiological/optogenetic experiments these two strains of mice

were crossed with vGAT::ChR2 BAC transgenic mice (Zhao et al., 2011)

to obtain α2fl/fl; vGAT::ChR2-YFP and α2fl/fl; hoxb8cre; vGAT::ChR2

double and triple transgenic mice. Electrophysiological/optogenetic

experiments were performed in 3–4 week old mice of either sex. In

immunohistochemical experiments global GABAAR α2 subunit-defi-

cient mice (α2−/− mice) were used in addition to hoxb8-α2−/− and

α2fl/fl mice. We observed occasional hoxb8-cre-mediated gene re-

combination in the germ line. In order to avoid confounding results

originating from the presence of non-conditional knock-out alleles, we

performed post-hoc PCR genotyping of brain and spinal cord tissue for

all mice included in our experiments. Mice were included in our ana-

lyses only when PCR genotyping of their brain tissue confirmed the

Fig. 6. Ablation of serotonergic axon terminals in the lumbar dorsal horn. A, Transverse spinal cord sections of α2fl/fl and hoxb8-α2−/− mice prepared on day 6 after

local spinal injection of 5,7-DHT (3 injections à 500 nl of 5 µg/µl) and stained for serotonin. B-F, Somatosensory and nociceptive responses in α2fl/fl and hoxb8-α2−/

− mice five days after 5,7-DHT injection (same doses as above; n = 7 mice per group, paired t-test).
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presence of a non-recombined floxed Gabra2 allele and the absence of a

recombined (“knock-out”) Gabra2 allele.

4.2. Drugs and chemicals

For electrophysiological experiments, (-)-bicuculline methochloride,

strychnine hydrochloride, and HZ-166 were dissolved in extracellular

solution. NBQX was dissolved in DMSO and diluted with extracellular

solution to a final concentration of 20 µM in 0.1% DMSO. All chemicals

except for HZ-166 were purchased from Tocris (Germany). HZ-166 was

synthesized as described earlier (Rivas et al., 2009). Desipramine hy-

drochloride was provided by Bio-Techne AG and 5,7-dihydroxy-

tryptamine creatinine sulphate was provided by ANAWA Trading SA.

4.3. Spinal cord slice preparation

Acute transverse 400 µm thick slices of the lumbar spinal cord were

prepared from 20 to 30 day old mice of either sex. Slices were cut in ice-

cold solution of the following composition in mM (Dugue et al., 2009):

130 K-gluconate, 15 KCl, 0.05 EGTA, 20 HEPES and 25 glucose titrated

to pH 7.4 with KOH and supplemented with 50 µM D-APV to prevent

glutamate excitotoxicity. Slices were then allowed to recover for 30 min

in a solution containing (in mM) 225 D-mannitol, 2.5 KCl, 1.25

NaH2PO4, 25 NaHCO3, 0.8 CaCl2 and 8 MgCl2 and 25 glucose (37 °C,

gassed with 95% O2, 5% CO2). In a final step, slices were transferred to

an artificial cerebrospinal fluid (aCSF), of the following composition (in

mM): 120 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 5 HEPES, 1

MgCl2, 2 CaCl2 and 14.6 glucose. Slices were transferred to the re-

cording chamber and continuously perfused with aCSF equilibrated

with 95% O2, 5% CO2 at a flow rate of 1 ml/min.

4.4. Electrophysiological recordings in spinal cord slices

Patch pipettes were prepared from borosilicate glass capillaries and

had an open tip resistance of 3–5 MΩ. Recording pipettes were filled

with an internal solution containing (in mM): 120 CsCl, 2 MgCl2, 10

HEPES, 0.05 EGTA, 2 MgATP, 0.1 NaGTP. CsCl was used to block

GABAB receptor-mediated K+ currents. QX-314 (5 mM) was added to

block voltage-activated Na+ channels in the recorded cell. Excitatory

postsynaptic currents (EPSCs) were recorded using a K-gluconate-based

internal solution containing (in mM): 130 K-gluconate, 20 KCl, 0.05

EGTA, 2 MgCl2, 2 MgATP, 0.1 NaGTP, 10Na-Hepes, 5 QX-314. Neurons

located less than 150 µm from the dorsal margin of the spinal cord

(laminae I and II) were visually identified with an iXON Ultra camera

(Andor Technology, Belfast, UK) equipped with infrared gradient con-

trast equipment (Zeiss Examiner A1, Göttingen, Germany). Whole-cell

voltage-clamp recordings were performed at room temperature at a

holding potential of −60 mV using a double patch-clamp EPC 9 am-

plifier controlled with Patchmaster acquisition software (both HEKA

Elektronik Dr. Schulze GmbH, Lambrecht/Pfalz, Germany).

All experiments on GABAAR-mediated and glycine receptor-medi-

ated currents were performed in α2fl/fl;vGAT::ChR2-YFP and α2fl/

fl;hoxb8cre;vGAT::ChR2 double and triple transgenic mice. Recordings

were exclusively made from presumed excitatory neurons, character-

ized by the absence of a blue light-induced photocurrent evoked by blue

light directly applied to the cell soma using a UGA-40 GEO laser system

(473 nm, 1 s, spot size 10 µm, 715.9 mW/mm2, RAPP OptoElectronic

GmbH, Hamburg, Germany). IPSCs were evoked by brief 4 ms blue light

stimuli applied in wide-field mode (473 nm, field of illumination ±

200–300 µm, 20.4 mW/mm2) with a monochromator (Polychrome V,

Thermo Fisher Scientific Munich GmbH, Germany) to evoke IPSCs.

IPSCs were evoked at a frequency of 4 stimulations per min using wide-

field illumination of the dorsal spinal cord. The GABAergic component

of the light-evoked IPSCs was isolated by bath-applied strychnine

(0.5 µM). A steady-state block by strychnine was usually reached after

2–3 min of continuous application. At the end of the experiment, the

GABAAR antagonist bicuculline was bath-applied to verify that the re-

corded IPSC was exclusively mediated by GABAARs.

During whole-cell recording, access resistance was continuously

monitored using short hyperpolarizing voltage steps (-5 mV) applied at

regular intervals. Recordings were discarded if the access resistance

changed > 20% or if recovery to baseline currents before GABA ap-

plication was less than 85–90% in the case of tonic currents. Electrical

signals were sampled either at 20 kHz (light-induced IPSCs) or 5 kHz

(tonic currents) and filtered at 2.9 kHz. Data was analyzed using

IgorPro (WaveMetrics, Inc.,USA).

Primary afferent-evoked EPSCs were recorded from unidentified

(excitatory and inhibitory) neurons in slices prepared from hoxb8-α2−/

− and α2fl/fl mice one week after these mice had been injected into both

sciatic nerves with a non-cre dependent AAV1 expressing a ChR2-

mCherry fusion protein under the chicken β-actin (CAG) promoter.

Intraneural AAV injections (titer 2.96x1013 GC/ml, approximately 2 µl

each side) were performed in 15–28 day-old mice. mCherry-expressing

infected dorsal root ganglion (DRG) cells at lumbar segment L4 were

visualized using a two-photon microscope for a gross morphological

characterization in situ (excitation wavelength λ = 1040 nm). The

soma diameter of the cells (72 cells from 3 animals) was determined

from a series of projected z-stacks using the 2-axis average diameter

method (Scroggs and Fox, 1992). In a few recordings, NBQX (20 µl of

20 mM stock solution) was added to the recording chamber at the end

of the experiment to verify that the recorded EPSCs were mediated by

AMPA receptors.

4.5. Electrophysiological recordings in HEK293 cells

The effects of HZ-166 on currents through recombinant GABAARs

were studied in HEK293 cells transiently expressing GABAARs. HEK293

cells were transfected using lipofectamine LTX28. To ensure expression

of the γ2 subunit (required for modulation of GABAARs by benzodia-

zepines) in all recorded cells, we transfected cells with a plasmid ex-

pressing the γ2 subunit plus eGFP from an IRES, and only selected

eGFP-positive cells for recordings. The transfection mixture contained

(in µg): 1 αx, 1 β2, 3 γ2/eGFP (in case of α1 and α5) or 1 αx, 1 β3, 3 γ2/

eGFP (in case of α2 and α3). Recordings were made 18–36 hrs after

transfection. Whole-cell patch-clamp recordings of GABA-evoked cur-

rents were made at room temperature (20–24 °C) at a holding potential

of −60 mV. Recording electrodes were filled with solution containing

(in mM): 120 CsCl, 10 EGTA, 10 HEPES (pH 7.40), 4 MgCl2, 0.5 GTP

and 2 ATP. The external solution contained (in mM): 150 NaCl, 10 KCl,

2.0 CaCl2, 1.0 MgCl2, 10 HEPES (pH 7.4), and 10 glucose. GABA was

applied to the recorded cell using a manually controlled pulse (4–6 s) of

a low sub-saturating GABA concentration (EC10). EC10 values of GABA

were determined individually for all subunit combinations analyzed.

EC50 values of HZ-166 and Hill coefficients (nH) were obtained from fits

of normalized concentration–response curves to the equation

IGABA = Imax [GABA]
nH/([GABA]nH + [EC50]

nH). Imax was determined

as the average maximal current elicited by a concentration of 1 mM

GABA. HZ-166 was dissolved in DMSO, subsequently diluted with re-

cording solution, and was co-applied together with GABA without

preincubation.

4.6. Immunohistochemistry

Adult α2fl/fl and hoxb8-α2−/− mice were injected i.p with 0.25 ml

pentobarbital and perfused through the ascending aorta with 50 ml ice-

cold ACSF at room temperature for 2 min (Paul et al., 2012). Spinal

cord and brain were then removed and fixed in cold 4% PFA for

90–120 min before being transferred to 30% sucrose in phosphate

buffer saline (PBS) at 4 °C overnight for cryoprotection (Notter et al.,

2014). Twenty to thirty µm thick coronal sections were made from

frozen blocks and mounted onto Superfrost Plus microscope slides

(Thermo Scientific, Zurich, Switzerland).
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The distribution of the GABAAR α2 subunit, vesicular glutamate

transporter 1–3 (vGluT1 - vGluT3), serotonin (5-HT) and tryptophan

hydroxylase 2 (TPH2) was visualized on 20 µm thick lumbar spinal cord

cryosections using diaminobenzidine tetrahydrochloride (DAB, Sigma,

St. Louis, MO) staining. In brief, sections from α2fl/fl and hoxb8-α2−/−

mice were mounted on the same slide and incubated overnight at 4 °C

in primary antibodies diluted in Tris triton (pH 7.4) containing 4% NGS

and 0.2% Triton X-100. Sections were washed three times with PBS and

incubated with the avidin–biotin complex (ABC) immunoperoxidase

method according to specifications of the manufacturer. DAB hydro-

chloride, diluted 0.05% in Tris saline (pH 7.7) with 0.01% hydrogen

peroxide was used as a chromogen. The staining reaction was carried

out for 2–5 min at room temperature and stopped by transferring the

sections to ice-cold buffer. Sections were air-dried, dehydrated with an

ascending series of ethanol and xylene and coverslipped with Eukitt

(Erne Chemie, Dallikon, Switzerland) (Paul et al., 2012). The dilutions

of antibodies were: guinea-pig anti-GABAAR α2 subunit, 1:1000 (Paul

et al., 2012); rabbit anti-vGluT1, 1:12′000 (Synaptic systems; RRID:

AB_2336884); rabbit anti-vGluT2, 1:2000 (Synaptic systems; RRID:

AB_2336885); guinea-pig anti-vGluT3, 1:3000 (Chemicon; RRID:

AB_2336888); rabbit anti-5-HT antibody (ImmunoStar; RRID:

AB_572263), 1:500, rabbit anti-TPH2, 1:500 (Novus Biologicals; ver-

traulich). ImageJ was used for quantifying the intensity of the staining.

For this, ROIs were drawn in the superficial and deep spinal dorsal horn

and the mean intensity was measured. Mean background intensity was

subtracted from the ROI mean intensity values. Immunofluorescence

staining for the detection of serotonergic axon terminals was performed

on 30 µm thick spinal cord sections on glass slides using a 5-HT rabbit

primary antibody (ImmunoStar; RRID: AB_572263), 1:500, and Cy3

donkey anti-rabbit secondary antibody (Jackson ImmunoResearch La-

boratories; RRID: AB_2307443), 1:800.

4.7. Quantitative RT-PCR

Lumbar spinal cords and lumbar DRGs were rapidly removed from

euthanized adult hoxb8-α2−/− mice and α2fl/fl littermates (n = 6–7

mice per genotype). mRNA was transcribed into cDNA using the

QuantiTect Reverse Transcription Kit (Qiagen no.205311). Expression

of GABAAand glycine receptor subunits was assessed using β-actin as

reference gene (for details of the assays see Witschi et al. (2011)).

4.8. Behavioral testing

All behavioral experiments were performed in 8–10 week mice of

either sex during the light phase (ZT 2–9). Experiments were conducted

by an experimenter blinded either to the genotype of the mice or to

their treatment with drug or vehicle. Mice were randomly assigned to

treatment groups. Mechanical withdrawal thresholds and thermal

withdrawal latencies were assessed using an electronic von Frey an-

esthesiometer and Hargreaves test apparatus with a temperature con-

trolled glass platform (30 °C) (both from IITC, Woodland Hills, CA).

Responses to noxious cold were determined following the protocol by

(Brenner et al., 2012) using a 5 mm thick borosilicate glass platform

and applying dry ice below the paw of the animal with a 5 ml syringe.

Pin-prick tests were performed using a blunt syringe that did not per-

forate the skin, as described in (Foster et al., 2015). Six to ten mea-

surements were made for each time point per animal for both me-

chanical and heat tests. Sensitivity of the mice to chemically evoked

pain was assessed in the formalin test. Formalin (4%, 20 μl) was in-

jected subcutaneously into the dorsal surface of the left hind paw.

Licking bouts of the injected paw were counted for 60 min in 5 min

intervals starting immediately after formalin injection (Hösl et al.,

2006). HZ-166 was suspended in 0.5% methyl cellulose and injected at

a dose of 16 mg/kg body weight (Paul et al., 2014) intraperitoneally

(i.p.) one hour before formalin injection. Nocifensive responses were

quantified as licking bouts of the injected paw.

4.9. Serotonergic terminal ablation

Desipramine (25 mg/kg, i.p.) was administered 45 min prior to

intraspinal injection of 5,7-dihydroxytryptamine (5,7-DHT; 5 µg/µl,

3 × 500 nl). 5,7- DHT was dissolved in saline, sonicated and filtered

before the use. Intraspinal injections were performed in isoflurane-an-

esthetized mice on a motorized stereotaxic frame to target lumbar

spinal cord segments L3 - L5 as previously described (Haenraets et al.,

2018). von Frey, pin-prick, Hargreaves and noxious cold tests were

performed on day 4 and 5 after 5,7-DHT administration (Yesilyurt et al.,

2015).

4.10. Data analysis

Average amplitudes and decay time constants of light-induced IPSCs

were calculated from 10 consecutive current traces in control, strych-

nine, or strychnine with HZ-166 conditions. Total charge transfer per

IPSC (Q) was calculated by integrating an IPSC current averaged over

10 consecutive traces (I) over time (from the peak of the IPSC until the

end of the recording). The resulting trace (∫ I(t) dt) was fitted to the

double-exponential function Q = y0 + A1*exp(-k1*t) + A2*exp(-k2*t).

The value of Q(t) for t → ∞ (i.e., y0) was used as a measure of the total

charge transfer. To analyze decay kinetics of the light-evoked IPSCs, a

weighted τ obtained from double exponential fits (Labrakakis et al.,

2014) was determined. For tonic current measurement, an all-points

histogram was plotted for a 30 s period immediately preceding drug

application (i.e., baseline condition) and at the end of a 5–7 min drug

application. Gaussian function was fitted to the side of the distribution

not skewed by synaptic events, and the peak was used to determine the

mean baseline holding current required to maintain the cell’s mem-

brane voltage at −60 mV. Tonic currents in the presence of bicuculline

were determined by repeating the fitting procedure after drug appli-

cation and measuring the difference in mean baseline holding currents

before and after application of bicuculline. All P values indicate α errors

obtained from paired or unpaired t-tests.

Author contributions

LT, EN and HCJ performed and analyzed the electrophysiological

experiments in slices and the morphological experiments, LS performed

the RT-PCR experiments. WTR performed and analyzed the behavioral

experiments on the baseline nociceptive sensitivities, MAA performed

and analyzed the electrophysiological experiments in HEK 293 cells,

GWA did the experiments involving serotonergic terminal ablation, MP

and JCC provided reagents and suggested experiments, LT, HCJ and

HUZ designed research and wrote the manuscript, all authors com-

mented on the manuscript.

Acknowledgements

The authors thank Isabelle Kellenberger for genotyping and

breeding of the mice. This work was supported in part by grants from

the Swiss National Science Foundation to HUZ (116064) and by the

National Institutes of Health to JMC (MH096463 and NS076517). It

was also supported by the Milwaukee Institute of Drug Discovery and

the Shimadzu Laboratory of Southeastern Wisconsin at UW-Milwaukee.

EN has been supported by a fellowship of the Deutsche

Forschungsgemeinschaft (DFG, NE 2126/1-1).

References

Adkins, C.E., Pillai, G.V., Kerby, J., Bonnert, T.P., Haldon, C., McKernan, R.M., Gonzalez,

J.E., Oades, K., Whiting, P.J., Simpson, P.B., 2001. α4β3δ GABAA receptors char-

acterized by fluorescence resonance energy transfer-derived measurements of mem-

brane potential. J. Biol. Chem. 276, 38934–38939.

Ahmadi, S., Lippross, S., Neuhuber, W.L., Zeilhofer, H.U., 2002. PGE2 selectively blocks

inhibitory glycinergic neurotransmission onto rat superficial dorsal horn neurons.

L. Tudeau, et al. Brain Research 1741 (2020) 146889

11



Nat. Neurosci. 5, 34–40.

Benson, J.A., Löw, K., Keist, R., Mohler, H., Rudolph, U., 1998. Pharmacology of re-

combinant γ-aminobutyric acidA receptors rendered diazepam-insensitive by point-

mutated α-subunits. FEBS Lett. 431, 400–404.

Beyer, C., Roberts, L.A., Komisaruk, B.R., 1985. Hyperalgesia induced by altered glyci-

nergic activity at the spinal cord. Life Sci. 37, 875–882.

Bohlhalter, S., Mohler, H., Fritschy, J.M., 1994. Inhibitory neurotransmission in rat spinal

cord: co-localization of glycine- and GABAA-receptors at GABAergic synaptic contacts

demonstrated by triple immunofluorescence staining. Brain Res. 642, 59–69.

Bohlhalter, S., Weinmann, O., Möhler, H., Fritschy, J.M., 1996. Laminar compartmenta-

lization of GABAA-receptor subtypes in the spinal cord: an immunohistochemical

study. J. Neurosci. 16, 283–297.

Bonin, R.P., Labrakakis, C., Eng, D.G., Whissell, P.D., Koninck, Y.D., Orser, B.A., 2011.

Pharmacological enhancement of delta-subunit-containing GABAA receptors that

generate a tonic inhibitory conductance in spinal neurons attenuates acute nocicep-

tion in mice. Pain 152, 1317–1326.

Bormann, J., Feigenspan, A., 1995. GABAC receptors. Trends Neurosci. 18, 515–819.

Braz, J.M., Sharif-Naeini, R., Vogt, D., Kriegstein, A., Alvarez-Buylla, A., Rubenstein, J.L.,

Basbaum, A.I., 2012. Forebrain GABAergic neuron precursors integrate into adult

spinal cord and reduce injury-induced neuropathic pain. Neuron 74, 663–675.

Brenner, D.S., Golden, J.P., Gereau, R.W., 2012. A novel behavioral assay for measuring

cold sensation in mice. PLoS One 7, e39765.

Carr, F.B., Geranton, S.M., Hunt, S.P., 2014. Descending controls modulate inflammatory

joint pain and regulate CXC chemokine and iNOS expression in the dorsal horn. Mol

Pain 10, 39.

Coull, J.A., Boudreau, D., Bachand, K., Prescott, S.A., Nault, F., Sik, A., De Koninck, P., De

Koninck, Y., 2003. Trans-synaptic shift in anion gradient in spinal lamina I neurons as

a mechanism of neuropathic pain. Nature 424, 938–942.

Delgado-Lezama, R., Loeza-Alcocer, E., Andres, C., Aguilar, J., Guertin, P.A., Felix, R.,

2013. Extrasynaptic GABAA receptors in the brainstem and spinal cord: structure and

function. Curr. Pharm. Des. 19, 4485–4497.

Di Lio, A., Benke, D., Besson, M., Desmeules, J., Daali, Y., Wang, Z.J., Edwankar, R., Cook,

J.M., Zeilhofer, H.U., 2011. HZ166, a novel GABAA receptor subtype-selective ben-

zodiazepine site ligand, is antihyperalgesic in mouse models of inflammatory and

neuropathic pain. Neuropharmacology 60, 626–632.

Diniz, D.A., Petrocchi, J.A., Navarro, L.C., Souza, T.C., Castor, M.G., Perez, A.C., Duarte,

I.D., Romero, T.R., 2015. Serotonin induces peripheral mechanical antihyperalgesic

effects in mice. Eur. J. Pharmacol. 767, 94–97.

Domonkos, A., Nikitidou Ledri, L., Laszlovszky, T., Cserep, C., Borhegyi, Z., Papp, E.,

Nyiri, G., Freund, T.F., Varga, V., 2016. Divergent in vivo activity of non-serotonergic

and serotonergic VGluT3-neurones in the median raphe region. J. Physiol. 594,

3775–3790.

Dugue, G.P., Brunel, N., Hakim, V., Schwartz, E., Chat, M., Levesque, M., Courtemanche,

R., Lena, C., Dieudonne, S., 2009. Electrical coupling mediates tunable low-frequency

oscillations and resonance in the cerebellar Golgi cell network. Neuron 61, 126–139.

El Mestikawy, S., Wallen-Mackenzie, A., Fortin, G.M., Descarries, L., Trudeau, L.E., 2011.

From glutamate co-release to vesicular synergy: vesicular glutamate transporters.

Nat. Rev. Neurosci. 12, 204–216.

Farrant, M., Nusser, Z., 2005. Variations on an inhibitory theme: phasic and tonic acti-

vation of GABAA receptors. Nat. Rev. Neurosci. 6, 215–229.

Fields, H.L., Basbaum, A.I., Heinricher, M.M., 2006. In: Central nervous system me-

chanisms of pain modulation. In: Textbook of Pain (McMahon SB. Elsevier, pp.

125–142.

Foster, E., Wildner, H., Tudeau, L., Haueter, S., Ralvenius, W.T., Jegen, M., Johannssen,

H., Hosli, L., Haenraets, K., Ghanem, A., Conzelmann, K.K., Bösl, M., Zeilhofer, H.U.,

2015. Targeted ablation, silencing, and activation establish glycinergic dorsal horn

neurons as key components of a spinal gate for pain and itch. Neuron 85, 1289–1304.

Fritschy, J.M., Panzanelli, P., 2014. GABAA receptors and plasticity of inhibitory neuro-

transmission in the central nervous system. Eur. J. Neurosci. 39, 1845–1865.

Furst, S., 1999. Transmitters involved in antinociception in the spinal cord. Brain Res.

Bull. 48, 129–141.

Gouzer, G., Specht, C.G., Allain, L., Shinoe, T., Triller, A., 2014. Benzodiazepine-depen-

dent stabilization of GABAA receptors at synapses. Mol. Cell. Neurosci. 63, 101–113.

Haenraets, K., Albisetti, G.W., Foster, E., Wildner, H., 2018. Adeno-associated virus-

mediated transgene expression in genetically defined neurons of the spinal. Cord. J.

Vis. Exp. 135.

Harvey, R.J., Depner, U.B., Wassle, H., Ahmadi, S., Heindl, C., Reinold, H., Smart, T.G.,

Harvey, K., Schütz, B., Abo-Salem, O.M., Zimmer, A., Poisbeau, P., Welzl, H., Wolfer,

D.P., Betz, H., Zeilhofer, H.U., Müller, U., 2004. GlyR α3: an essential target for spinal

PGE2-mediated inflammatory pain sensitization. Science 304, 884–887.

Hornung, J.P., 2003. The human raphe nuclei and the serotonergic system. J. Chem.

Neuroanat. 26, 331–343.

Hösl, K., Reinold, H., Harvey, R.J., Müller, U., Narumiya, S., Zeilhofer, H.U., 2006. Spinal

prostaglandin E receptors of the EP2 subtype and the glycine receptor α3 subunit,

which mediate central inflammatory hyperalgesia, do not contribute to pain after

peripheral nerve injury or formalin injection. Pain 126, 46–53.

Huang, X., Shaffer, P.L., Ayube, S., Bregman, H., Chen, H., Lehto, S.G., Luther, J.A.,

Matson, D.J., McDonough, S.I., Michelsen, K., Plant, M.H., Schneider, S., Simard,

J.R., Teffera, Y., Yi, S., Zhang, M., DiMauro, E.F., Gingras, J., 2017. Crystal structures

of human glycine receptor α3 bound to a novel class of analgesic potentiators. Nat.

Struct. Mol. Biol. 24, 108–113.

Kawaguchi, S.Y., Sakaba, T., 2017. Fast Ca2+ buffer-dependent reliable but plastic

transmission at small CNS Synapses revealed by direct bouton recording. Cell Rep 21,

3338–3345.

Knabl, J., Zeilhofer, U.B., Crestani, F., Rudolph, U., Zeilhofer, H.U., 2009. Genuine an-

tihyperalgesia by systemic diazepam revealed by experiments in GABAA receptor

point-mutated mice. Pain 141, 233–238.

Knabl, J., Witschi, R., Hösl, K., Reinold, H., Zeilhofer, U.B., Ahmadi, S., Brockhaus, J.,

Sergejeva, M., Hess, A., Brune, K., Fritschy, J.-M., Rudolph, U., Möhler, H., Zeilhofer,

H.U., 2008. Reversal of pathological pain through specific spinal GABAA receptor

subtypes. Nature 451, 330–334.

Labrakakis, C., Rudolph, U., De Koninck, Y., 2014. The heterogeneity in GABAA receptor-

mediated IPSC kinetics reflects heterogeneity of subunit composition among in-

hibitory and excitatory interneurons in spinal lamina II. Front. Cell. Neurosci. 8, 424.

Mitchell, E.A., Gentet, L.J., Dempster, J., Belelli, D., 2007. GABAA and glycine receptor-

mediated transmission in rat lamina II neurones: relevance to the analgesic actions of

neuroactive steroids. J. Physiol. 583, 1021–1040.

Moore, K.A., Kohno, T., Karchewski, L.A., Scholz, J., Baba, H., Woolf, C.J., 2002. Partial

peripheral nerve injury promotes a selective loss of GABAergic inhibition in the su-

perficial dorsal horn of the spinal cord. J. Neurosci. 22, 6724–6731.

Notter, T., Panzanelli, P., Pfister, S., Mircsof, D., Fritschy, J.M., 2014. A protocol for

concurrent high-quality immunohistochemical and biochemical analyses in adult

mouse central nervous system. Eur. J. Neurosci. 39, 165–175.

Oliveira, A.L., Hydling, F., Olsson, E., Shi, T., Edwards, R.H., Fujiyama, F., Kaneko, T.,

Hokfelt, T., Cullheim, S., Meister, B., 2003. Cellular localization of three vesicular

glutamate transporter mRNAs and proteins in rat spinal cord and dorsal root ganglia.

Synapse 50, 117–129.

Paul, J., Zeilhofer, H.U., Fritschy, J.M., 2012. Selective distribution of GABAA receptor

subtypes in mouse spinal dorsal horn neurons and primary afferents. J. Comp.

Neurol. 520, 3895–3911.

Paul, J., Yevenes, G.E., Benke, D., Di Lio, A., Ralvenius, W.T., Witschi, R., Scheurer, L.,

Cook, J.M., Rudolph, U., Fritschy, J.M., Zeilhofer, H.U., 2014. Antihyperalgesia by

α2-GABAA receptors occurs via a genuine spinal action and does not involve su-

praspinal sites. Neuropsychopharmacology 39, 477–487.

Peirs, C., Williams, S.P., Zhao, X., Walsh, C.E., Gedeon, J.Y., Cagle, N.E., Goldring, A.C.,

Hioki, H., Liu, Z., Marell, P.S., Seal, R.P., 2015. Dorsal horn circuits for persistent

mechanical pain. Neuron 87, 797–812.

Perez-Sanchez, J., Lorenzo, L.E., Lecker, I., Zurek, A.A., Labrakakis, C., Bridgwater, E.M.,

Orser, B.A., De Koninck, Y., Bonin, R.P., 2016. α5GABAA receptors mediate tonic

inhibition in the spinal cord dorsal horn and contribute to the resolution of hyper-

algesia. J. Neurosci. Res. 95, 1307–1318.

Ralvenius, W.T., Benke, D., Acuña, M.A., Rudolph, U., Zeilhofer, H.U., 2015. Analgesia

and unwanted benzodiazepine effects in point-mutated mice expressing only one

benzodiazepine-sensitive GABAA receptor subtype. Nature Commun 6, 6803.

Reichl, S., Augustin, M., Zahn, P.K., Pogatzki-Zahn, E.M., 2012. Peripheral and spinal

GABAergic regulation of incisional pain in rats. Pain 153, 129–141.

Rivas, F.M., Stables, J.P., Murphree, L., Edwankar, R.V., Edwankar, C.R., Huang, S., Jain,

H.D., Zhou, H., Majumder, S., Sankar, S., Roth, B.L., Ramerstorfer, J., Furtmuller, R.,

Sieghart, W., Cook, J.M., 2009. Antiseizure activity of novel gamma-aminobutyric

acidA receptor subtype-selective benzodiazepine analogues in mice and rat models. J.

Med. Chem. 52, 1795–1798.

Roberts, L.A., Beyer, C., Komisaruk, B.R., 1986. Nociceptive responses to altered

GABAergic activity at the spinal cord. Life Sci. 39, 1667–1674.

Rudomin, P., Schmidt, R.F., 1999. Presynaptic inhibition in the vertebrate spinal cord

revisited. Exp. Brain Res. 129, 1–37.

Sassoe-Pognetto, M., Panzanelli, P., Sieghart, W., Fritschy, J.M., 2000. Colocalization of

multiple GABAA receptor subtypes with gephyrin at postsynaptic sites. J. Comp.

Neurol. 420, 481–498.

Scroggs, R.S., Fox, A.P., 1992. Calcium current variation between acutely isolated adult

rat dorsal root ganglion neurons of different size. J. Physiol. 445, 639–658.

Seal, R.P., Wang, X., Guan, Y., Raja, S.N., Woodbury, C.J., Basbaum, A.I., Edwards, R.H.,

2009. Injury-induced mechanical hypersensitivity requires C-low threshold me-

chanoreceptors. Nature 462, 651–655.

Sivilotti, L., Woolf, C.J., 1994. The contribution of GABAA and glycine receptors to central

sensitization: disinhibition and touch-evoked allodynia in the spinal cord. J.

Neurophysiol. 72, 169–179.

Storustovu, S.I., Ebert, B., 2006. Pharmacological characterization of agonists at delta-

containing GABAA receptors: Functional selectivity for extrasynaptic receptors is

dependent on the absence of γ2. J. Pharmacol. Exp. Ther. 316, 1351–1359.

van Amerongen, G., Siebenga, P.S., Gurrell, R., Dua, P., Whitlock, M., Gorman, D.,

Okkerse, P., Hay, J.L., Butt, R.P., Groeneveld, G.J., 2019. Analgesic potential of PF-

06372865, an α2/α3/α5 subtype-selective GABAA partial agonist, in humans. Br. J.

Anaesth. 123, e194–e203.

Wang, X., Zhang, J., Eberhart, D., Urban, R., Meda, K., Solorzano, C., Yamanaka, H., Rice,

D., Basbaum, A.I., 2013. Excitatory superficial dorsal horn interneurons are func-

tionally heterogeneous and required for the full behavioral expression of pain and

itch. Neuron 78, 312–324.

Weltzien, F., Puller, C., O'Sullivan, G.A., Paarmann, I., Betz, H., 2012. Distribution of the

glycine receptor β-subunit in the mouse CNS as revealed by a novel monoclonal

antibody. J. Comp. Neurol. 520, 3962–3981.

Willis Jr., W.D., 1999. Dorsal root potentials and dorsal root reflexes: a double-edged

sword. Exp. Brain Res. 124, 395–421.

Witschi, R., Johansson, T., Morscher, G., Scheurer, L., Deschamps, J., Zeilhofer, H.U.,

2010. Hoxb8-Cre mice: A tool for brain-sparing conditional gene deletion. Genesis 48,

596–602.

Witschi, R., Punnakkal, P., Paul, J., Walczak, J.-S., Cervero, F., Fritschy, J.-M., Kuner, R.,

Keist, R., Rudolph, U., Zeilhofer, H.U., 2011. Presynaptic α2-GABAA receptors in

primary afferent depolarization in spinal pain control. J. Neurosci. 31, 8134–8142.

Yaksh, T.L., 1989. Behavioral and autonomic correlates of the tactile evoked allodynia

produced by spinal glycine inhibition: effects of modulatory receptor systems and

excitatory amino acid antagonists. Pain 37, 111–123.

Yaksh, T.L., Wilson, P.R., 1979. Spinal serotonin terminal system mediates

L. Tudeau, et al. Brain Research 1741 (2020) 146889

12



antinociception. J. Pharmacol. Exp. Ther. 208, 446–453.

Yesilyurt, O., Seyrek, M., Tasdemir, S., Kahraman, S., Deveci, M.S., Karakus, E., Halici, Z.,

Dogrul, A., 2015. The critical role of spinal 5-HT7 receptors in opioid and non-opioid

type stress-induced analgesia. Eur. J. Pharmacol. 762, 402–410.

Zeilhofer, H.U., Wildner, H., Yevenes, G.E., 2012a. Fast synaptic inhibition in spinal

sensory processing and pain control. Physiol. Rev. 92, 193–235.

Zeilhofer, H.U., Benke, D., Yevenes, G.E., 2012b. Chronic pain states: pharmacological

strategies to restore diminished inhibitory spinal pain control. Annu. Rev. Pharmacol.

Toxicol. 52, 111–133.

Zhang, Z., Cai, Y.Q., Zou, F., Bie, B., Pan, Z.Z., 2011. Epigenetic suppression of GAD65

expression mediates persistent pain. Nat. Med. 17, 1448–1455.

Zhao, S., Ting, J.T., Atallah, H.E., Qiu, L., Tan, J., Gloss, B., Augustine, G.J., Deisseroth,

K., Luo, M., Graybiel, A.M., Feng, G., 2011. Cell type-specific channelrhodopsin-2

transgenic mice for optogenetic dissection of neural circuitry function. Nat. Meth. 8,

745–752.

L. Tudeau, et al. Brain Research 1741 (2020) 146889

13


	Mice lacking spinal α2GABAA receptors: Altered GABAergic neurotransmission, diminished GABAergic antihyperalgesia, and potential compensatory mechanisms preventing a hyperalgesic phenotype
	Introduction
	Results
	Hoxb8α2−/− mice lack α2GABAARs from the spinal cord and exhibit reduced GABAergic synaptic inhibition but do not show a hyperalgesic phenotype
	Hoxb8-α2−/− mice exhibit reduced potentiation of GABAergic IPSCs by HZ-166 and diminished analgesia by HZ-166
	Potential compensatory processes preventing a hyperalgesic phenotype in hoxb8-α2−/− mice
	Other potential compensatory mechanisms preventing a pronociceptive phenotype in hoxb8-α2−/− mice
	Ablation of serotonergic axon terminals from the dorsal horn of hoxb8-α2−/− mice fails to unmask a pro-nociceptive phenotype

	Discussion
	Methods and materials
	Animals
	Drugs and chemicals
	Spinal cord slice preparation
	Electrophysiological recordings in spinal cord slices
	Electrophysiological recordings in HEK293 cells
	Immunohistochemistry
	Quantitative RT-PCR
	Behavioral testing
	Serotonergic terminal ablation
	Data analysis

	Author contributions
	Acknowledgements
	References


