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In the central nervous system, the inhibitory GABAB
receptor is the archetype of heterodimeric G protein-
coupled receptors (GPCRs). However, the regulation of
GABAB dimerization, and more generally of GPCR oligo-
merization, remains largely unknown. We propose a novel
mechanism for inhibition of GPCR activity through de-
dimerization in pathological conditions. We show here
that 14-3-3(, a GABABI1-binding protein, dissociates the
GABAB heterodimer, resulting in the impairment of
GABAB signalling in spinal neurons. In the dorsal spinal
cord of neuropathic rats, 14-3-3( is overexpressed and
weakens GABAB inhibition. Using anti-14-3-3{ siRNA or
competing peptides disrupts 14-3-3(/GABABI1 interaction
and restores functional GABAB heterodimers in the dorsal
horn. Importantly, both strategies greatly enhance the
anti-nociceptive effect of intrathecal Baclofen in neuro-
pathic rats. Taken together, our data provide the first
example of endogenous regulation of a GPCR oligomeric
state and demonstrate its functional impact on the patho-
physiological process of neuropathic pain sensitization.
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Introduction

G protein-coupled receptors (GPCRs) modulate a wide range
of physiological processes and new drug candidates
are continually being developed for selective GPCRs
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(Lagerstrom and Schioth, 2008; Panetta and Greenwood,
2008). Evidence indicate that a large variety of GPCRs exist
as oligomers (Bouvier, 2001; Szidonya et al, 2008), and that
GPCR function is highly dependent on their oligomeric state
(Gurevich and Gurevich, 2008). Furthermore, changes in GPCR
oligomerization are involved in pathophysiological conditions
such as psychosis (Gonzalez-Maeso et al, 2008). Functional
GABAB receptors are prototypical of dimeric class C GPCRs,
expressed as obligate heterodimers of the two subunits
GABAB1 (B1) and GABAB2 (B2) (Jones et al, 1998;
Kaupmann et al, 1998). In addition, core GABAB dimers can
also form higher order multimers in association with
themselves (Comps-Agrar et al, 2011), or with auxiliary
subunits (Schwenk et al, 2010). Because GABAB inhibitory
activity strictly depends on its dimeric state (Bowery, 2006),
it may be postulated that altered GABAB dimerization has
pathophysiological implications. Actually, aalthough the
GABAB agonist Baclofen has anti-nociceptive properties
(Malcangio and Bowery, 1996; Schuler et al, 2001; Bowery
et al, 2002), its effectiveness is limited in clinic (Loubser and
Akman, 1996) or in rat pain models (Franek et al, 2004; Wang
et al, 2007). But the limitation of Baclofen effects does not rely
on classical desensitization through ligand-induced endocytosis
since internalized GABAB receptors are constitutively sorted to
recycling endosomes for rapid reinsertion into the plasma
membrane (Perroy et al, 2003; Fairfax et al, 2004; Laffray
et al, 2007; Grampp et al, 2008; Vargas et al, 2008).

In this context, we demonstrate a novel alternative
mechanism accounting for GABAB dysfunction based on
the impairment of GABAB subunit association, triggered
by 14-3-3(, a Bl-interacting protein (Couve et al, 2001).
Moreover, we provide evidence for the involvement of such
a 14-3-3C-induced GABAB de-dimerization in spinal
sensitization to neuropathic pain. We show that 14-3-3C is
overexpressed in the dorsal horn of neuropathic rats and
impedes GABAB inhibition. We further show that GABAB
efficiency can be rescued by in-vivo application of either
anti-14-3-3C siRNA, or cell-penetrating peptides that reverse
B1/14-3-3( interaction.

Taken together, our findings demonstrate that regulating
the oligomeric state represents a novel process to modulate
GPCR activity, and is an endogenous mechanism occurring
in vivo in pathophysiological conditions. We show that
GABAB dissociation can be targeted to limit central sensitiza-
tion to pain, suggesting new therapeutical approaches.

Results

14-3-3C expression is increased in the spinal dorsal horn
of neuropathic rats

Since GABAB is involved in the modulation of nociceptive
transmission (Bowery, 2006), we first studied 14-3-3(
expression in rats with spinal nerve ligation (SNL), i.e., rats
with neuropathic behaviour. With in-situ hybridization, a
marked increase was observed in the intensity of 14-3-3(
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Figure 1 Increased expression of 14-3-3( in the spinal cord of neuropathic rats. (A1) In-situ hybridization to 14-3-3 mRNA illustrated with
autoradiographic films showing an increase in ipsilateral dorsal horn of SNL rats (double arrowhead in (b)). Bar: 200 um. (A2) Quantification
of in-situ hybridization by densitometry (n =5 in each group). (B) qRT-PCR measurement of 14-3-3( mRNA (n =5 in each group). (C1) Mean
intensity of 14-3-3( immunoblot. (C2) Example of 14-3-3{ immunoblot. (B, C1) % £ s.e.m. of the reference value (sham) set to 100%, n=>5 in
each condition. (D1) Double immunohistochemistry for B1 (arrowheads in (a)) and 14-3-3( (arrow in (a)) in spinal cord sections of sham (a)
and SNL (b) rats. B1 subunit and 14-3-3( colocalization is enhanced after nerve injury (b, double arrow). (D2). Quantification of colocalization
between GABAB1 and 14-3-3{ (n=4 rats in each group). ***P<0.001; **P<0.01; NS=non-significant; Contra= Contralateral;

Ipsi = Ipsilateral to the nerve ligation.

mRNA labelling in the ipsilateral dorsal but not in ventral
horn of SNL rats (Figure 1A1; Supplementary Figure S1A1).
Quantification by densitometry and grain counting confirmed
this increased expression (Figure 1A2; Supplementary Figure
S1A2) that was further assessed with qRT-PCR (Figure 1B).
Upregulation was not found in dorsal root ganglia, or for
14-3-3n mRNA, the other isoform possibly interacting with
Bl (Couve et al, 2001; (Supplementary Figure S1B-E;
Supplementary data). Expression of 14-3-3{ protein was
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examined by western blotting in total extracts of ipsilateral
lumbar spinal cord. The quantification showed an increase of
protein level in the ipsilateral spinal cord of SNL animals
(Figure 1C1, P<0.001; Figure 1C2). GABAB subunits and
14-3-3¢ were found in most neuronal cell bodies of the spinal
cord; however, subcellular colocalization between Bl and
14-3-3C was increased in SNL as compared with sham
animals (Figure 1D1 and D2). 14-3-3{ was not found in
presynaptic nerve endings from primary afferents or local
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interneurons in Sham rats while it is located in postsynaptic
compartments (Supplementary Figure S2A, left panel). In
contrast, when overexpressed in SNL rats, 14-3-3( is seen
in both presynaptic and postsynaptic compartments
(Supplementary Figure S2A, right panel), indicating possible
interactions with both GABAB1a (pre-) and GABABI1b (post-)
subtypes of the GABABI subunit (Vigot et al, 2006). Taken
together, our results showed that (i) 14-3-3{ was specifically
overexpressed in dorsal horn neurons in neuropathic pain
conditions and (ii) 14-3-3( was colocalized with GABAB1 in
spinal neurons of SNL rats.

B1 interaction with 14-3-3( impairs GABAB subunits
association in cultured neurons

We used cultured spinal neurons to investigate cellular inter-
actions between tagged recombinant 14-3-3{ and GABAB
subunits (Flag-14-3-3(, myc-Blb and HA-B2). When Blb
and B2 were co-expressed, the immunostaining for both was
largely overlapping (Figure 2Aa-c). In contrast, the expres-
sion of 14-3-3( induced the loss of B2 staining in subcellular
domains where 14-3-3( was expressed (Figure 2Ad-g). The
colocalization between B1lb and B2 decreased from 58 £4%
in double transfected cells to 17 £3.1% in triple transfected
cells (Figure 2B; P<0.01). The quantification also showed
that 14-3-3( was preferentially colocalized with Blb, rather
than with B2 (Figure 2B; P<0.05). In addition, we demon-
strated that similar changes occur in the colocalization of
endogenous B1 and B2 upon Flag-14-3-3( overexpression in
cultured spinal neurons (Supplementary Figure S3A1-A3).

Next, we addressed whether these colocalized proteins
belong to the same complex. Therefore, we developed a
method to analyse in parallel the colocalization and correla-
tion of staining intensities (see Supplementary data).
In double transfected cells, variations in labelling intensities
for B1b and B2 appeared strongly correlated as expected for
heterodimers (Figure 2C; + 0.64). In triple transfected cells,
only labelling intensities for B1b and 14-3-3( were positively
correlated indicating their association (Figure 2C; + 0.46). In
contrast, B1b and B2 staining intensities varied randomly,
although the two subunits remained partially colocalized
(Figure 2C; —0.13). In summary, 14-3-3{ overexpression
resulted in a decreased colocalization and correlation
between B1lb and B2, but an increased correlation between
B1b and 14-3-3C.

Then, we confirmed the interaction between Blb and
14-3-3 that was originally demonstrated by Couve et al
(2001) (Supplementary Figure S3B-D; Supplementary data).
Subsequently, we used biochemical (co-immunoprecipita-
tion, co-IP) and biophysical (two-photon fluorescence life-
time imaging measurement, 2P-FLIM) methods to test
possible dissociation of the GABAB heterodimer by 14-3-3(.
(i) COS cells were transfected with myc-B1b and HA-B2,
with or without Flag-14-3-3C (Figure 2D). As expected, we
found co-IP of B2 and Blb in the absence of 14-3-3( (left
panel). In contrast, when 14-3-3( was also expressed, B2 did
not co-precipitate with B1b (right panel), and was detected in
the supernatant only at low levels. Inhibition of lysosomal
activity increases the amount of B2 in protein extracts from
COS cells after 14-3-3C overexpression (Supplementary Figure
S3E). This indicates that B2 subunit is trafficked towards the
lysosomes for degradation after 14-3-3¢-induced heterodimer
dissociation. The loss of B2 subunit at the membrane where
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14-3-3/B1 complexes are formed is consistent with the de-
creased stability of B2 alone at the membrane in cultured
cells (Galvez et al, 2001). Since the ASA mutation does not
impede GABAB heterodimerization (Brock et al, 2005) but
inhibits the interaction between B1 and 14-3-3( (Supplemen-
tary Figure S3D), we used the Blasy mutant as a negative
control of 14-3-3(-induced effects (Figure 2E). We showed
that B2 remained associated with Blass in the presence of
14-3-3¢ (right panel), indicating that the heterodimer was not
disrupted when 14-3-3 protein was unable to bind a mutant
B1 subunit. (ii) In neuronal cultures, we used 2P-FLIM to
calculate Fluorescence or Forster Resonance Energy Transfer
(FRET) efficiency between GFP-Blb and t-dimer DsRed-B2
(Figure 2F). The co-expression of Blb and B2 triggers FRET
interactions with a mean efficiency of around 20%, showing
their association in a heterodimer (Figure 2F, ‘Blb/B2’).
Expression of 14-3-3( induced a decrease in FRET efficiency
by >50% (Figure 2F, ‘Blb/B2/14-3-3(’ versus ‘Blb/B2’;
P<0.05). The same effect of 14-3-3( was noticed on hetero-
dimers made of the GABABI1a splice variant (Supplementary
Figure S3F). To ensure the specificity of 14-3-3-induced
dissociation of the heterodimer, we developed an anti-14-3-3(
siRNA strategy (Supplementary Figure S4; Supplementary data).
We incubated triple transfected cells with this anti-14-3-3¢ siRNA
(Figure 2F, ‘B1b/B2/14-3-3(/siRNA’). FRET efficiency was not
significantly different from double transfected cells (‘B1b/B2’),
indicating that 14-3-3( effects were suppressed. In contrast,
control RNA (mismatch, mmRNA) did not modify 14-3-3C-
induced inhibition of B1b/B2 interaction (Figure 2F, ‘B1b/B2/
14-3-3/mmRNA).

Since siRNA knocks down all 14-3-3 proteins, they may
induce unwanted side effects. For this reason, we also devel-
oped 14-3-3( competing peptides as short peptidergic analo-
gues of the B1 C-terminus (Supplementary Figures S5 and S6;
Supplementary data). As compared with siRNA, competing
peptides mimic only a subclass of binding partners among
>300 possible (Pozuelo Rubio et al, 2004), which confers
higher selectivity to the peptides. Thus, we investigated with
2P-FLIM the role of these peptides to inhibit 14-3-3Z-induced
changes in GABAB dimeric state. Co-transfection with 14-3-3(
induced significant decrease in FRET interactions between
B1b and B2 (Figure 2G; ‘B1b/B2/14-3-3(’ versus ‘Blb/B2’;
P<0.05). Incubation of triple transfected neurons with pVEC-
Bl (922-930) restored a similar FRET efficiency to that
observed in double transfected cells (Figure 2G; ‘+ pVEC-
B1 (922-930) versus ‘Blb/B2/14-3-3(’; P<0.05).

The transfection of 14-3-37, another member of the 14-3-3
family, was used as a control. It showed no change in B1 and
B2 interaction (Supplementary Figure S7A and B), demon-
strating the specificity of 14-3-3( effects.

Then, we explored the subcellular compartment where
GABAB dissociation occurred. We measured the effect of
14-3-3C overexpression on FRET efficiency in three distinct
regions of interest delineated with appropriate markers (see
Supplementary data), i.e., the endoplasmic reticulum,
Golgi Apparatus and plasma membrane (Figure 3Al).
Decrease of FRET efficiency was detectable at the plasma
membrane, but not in the endoplasmic reticulum or Golgi
(Figure 3A2), suggesting that de-dimerization affects only
GABAB heterodimers already inserted at the plasma
membrane. Surprisingly, FRET efficiency was even increased
in the endoplasmic reticulum, probably due to indirect effects
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of 14-3-3( overexpression. An additional experiment was
performed according to a protocol of double immunoprecipi-
tation derived from Holman and Henley (2007). COS cells
were first transfected with B1b and B2, and either GFP or
14-3-3¢. They were then treated with sulfo-NHS-SS-biotin for
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surface biotinylation. After lysis, total cell extracts were
incubated with an anti-myc antibody and the GABAB
complexes were pull down with Protein G Sepharose beads.
Membrane fraction was then retrieved by a second
immunoprecipitation with Streptavidin Agarose beads.
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Figure 2 14-3-3( dissociation of the GABAB heterodimer in cultured spinal neurons. (A) (a-c) Double transfected cells (B1b/B2) showing
myc-B1b (a, red) and HA-B2 (b, blue) colocalization at the plasma membrane (double arrowheads). Bar: 20 um. (d-g) Triple transfected cells
(B1b/B2/14-3-3() showing that B1b (d, red) and 14-3-3( (f, green) colocalize in domains lacking B2 (double arrows) while B1b and B2 (e, blue)
remain colocalized in the absence of 14-3-3( (double arrowhead). Bar: 10 pum. (B) Colocalization in double (B1b/B2; n=18) and triple (B1b/
B2/14-3-3(; n = 16) transfected neurons. *P<0.05; **P<0.01. (C) Correlation of labelling intensity in double (B1b/B2; n = 18) and triple (B1b/
B2/14-3-3(; n=16) transfected neurons. (D) In double transfected COS-7 cells, HA-B2 co-precipitates with myc-B1b (left panel). In triple
transfected cells, the interaction between B1 and B2 subunits is abolished (right panel) (n =3 independent experiments). (E) In double and
triple transfected cells, HA-B2 co-precipitates with B1,s4-GFP that does not interact with 14-3-3( (see Supplementary Figure S3B and C) (n=3
independent experiments). IP lanes: co-IP; S lanes: supernatant. (F, G) FRET efficiency (mean % *s.e.m., n =31 or 21 cells) between N-ter GFP
(B1b), and t-dimer DsRed (B2) in primary cultures transfected with GFP-B1b and t-dimer DsRed-B2 alone (B1b/B2), or together with
Flag-14-3-3C (B1b/B2/14-3-3(). Cultures are further incubated with iFect (veh), anti-14-3-3 siRNA (+ siRNA), or mismatch RNA (+ mmRNA)
(F) or competing peptides (+ pVec-B1 919-927 or 922-930) (G). *P<0.05. NS = non-significant.
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Figure 3 Dissociation of the GABAB heterodimer at the plasma membrane. (A1) FRET analysis in regions of interest identified with a mask
(delineated with a purple line) drawn over areas positive for anti-calreticulin (a, ER marker), anti-mannosidase II (b, Golgi marker) or DiD (c,
lipophilic carbocyanine used as a marker for the plasma membrane). (A2) FRET efficiency between GFP-Blb and t-dimer DsRed-B2 is
decreased at the plasma membrane (right). No changes are found in the Golgi, and an increase in FRET efficiency is even detected in the ER
(n=15 cells in each conditions). (B) COS-7 cells were transfected and processed for double immunoprecipitation. The surface fraction of the
GABAB complexes was then isolated and probed on western blot with an anti-B2 antibody. The association between B2 and B1 at the plasma
membrane was reduced after 14-3-3( overexpression (right panel). (C) In control COS-7 cells (myc-B1b/HA-B2/GFP), B1/B2 co-IP is
independent of the Brefeldin A treatment (left panel). In Flag-14-3-3( overexpressing cells, the interaction between Bl and B2 subunits is
abolished in the absence of Brefeldin A, but remains intact upon treatment with Brefeldin A (right panel). As a control, B1/B2 interaction
decreases when Brefeldin A is washed out, thus allowing proteins to be properly retargeted to the plasma membrane (third band in right panel)
(n=3 independent experiments).

Western blotting for the B2 subunit revealed that Blb/B2
association was lost at the cell membrane after 14-3-3(
overexpression (Figure 3B). Finally, when membrane target-
ing of the B1/B2 dimer was prevented with Brefeldin A, the
GABAB dimeric state was not altered, as monitored with co-
IP in COS cells. This suggests that de-dimerization occurs
only when GABAB heterodimers are targeted to the plasma
membrane, thus confirming that 14-3-3( disrupts already
formed heterodimers at the cell surface (Figure 3C).

Altogether, biochemical and biophysical approaches de-
monstrated that 14-3-3( dissociates the GABAB heterodimer.
This structural modification can be blocked by disrupting B1/
14-3-3( interaction by the mean of siRNA or competing
peptides.

©2012 European Molecular Biology Organization

GABAB signalling to potassium channels is impaired by
14-3-3( in vitro

We investigated functional implications of 14-3-3(-mediated
dissociation of the GABAB heterodimer. Membrane currents
induced by application of Baclofen were analysed in cultures
of spinal neurons using a voltage ramp and a subtraction
procedure (Figure 4A1 and A2). Superfusion of Baclofen
(25 uM) activated an outward current at membrane potentials
near the resting potential (Figure 4A2) that became
inward around the K% equilibrium potential (—95.8mV)
(Figure 4A1, red trace; and Figure 4A2, mean reversal poten-
tial Ejey = — 96.32 £1.13mV). The Baclofen-induced current
was blocked by CGP55845A, a specific antagonist of GABAB
receptors, and usually displayed strong inward rectification
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(11 out of 14 Baclofen-responsive cells tested; Supplementary
Figure S7C-E), characteristic of Kir currents (Sodickson and
Bean, 1996). Next, we tested the effects of 14-3-3(
overexpression in neurons. This caused a near abolition of
the Baclofen-induced potassium current, similarly to the
blockade by the antagonist CGP55845A (Figure 4B, dark
grey bar; P<0.01), without affecting the expression level of
Bl and B2 (Supplementary Figure S7F). Taken together, our
results showed that 14-3-3(-induced disruption of the hetero-
dimer is accompanied with an inhibition of GABAB signalling
in vitro.

Overexpressed 14-3-3( dissociates the GABAB receptor
and impairs signalling in vivo

The consequences of 14-3-3{ overexpression on GABAB were
then tested in vivo in neuropathic rats. The co-detection of
GABAB subunits with light microscopy showed a significant
loss of B1/B2 association in neuropathic (Figure 5A and B;
SNL + mmRNA versus Sham P<0.01) but not in Sham rats
(Figure 5B). We further demonstrated that anti-14-3-3( siRNA
intrathecal injections in vivo were able to restore B1/B2
colocalization in spinal neurons (Figure 5A and B;
SNL + siRNA versus Sham P> 0.05). Co-IP from spinal tissue
also supported the decrease of B1/B2 association in neuro-
pathic conditions, but not in Sham rats, and further showed
that GABAB subunit interaction is restored after siRNA or
competing peptide intrathecal injections (Figure 5C1).
Furthermore, B1/B2 binding is inversely related to B1/14-3-3(
association in rat models (Figure 5C2). Indeed, Bl and
14-3-3( were clearly associated in SNL rats while co-IP
remained weak after peptide injections, and, in agreement
with previous report, in sham animals (Couve et al, 2001).
This indicated that, in normal conditions, basal levels of 14-3-3(
interfere weakly with GABAB dimers, in contrast to
overexpressed 14-3-3( in neuropathic conditions. We further
excluded that the loss of GABAB subunits association may be
due to changes in transcription (Supplementary Figure S8A) or
trafficking (Supplementary Figure S8B-E).

Electron microscopy immunogold also confirmed that the
close association between the GABAB subunits was disrupted
in neuropathic rats whereas colocalization between endogen-
ous B1b and 14-3-3( was strengthened (Figure 6). In naive
and sham animals, electron microscopy immunogold con-
firmed tight association between B2 and Blb, both at the
plasma membrane and in endoplasmic-containing domains
(Figure 6Aa, d). Only few colocalizations between B1b and
14-3-3( were observed, mainly at the cell surface
(Figure 6Ad). In SNL rats, the association between B2 and
B1b was less frequent and mainly confined to the endoplas-
mic reticulum (Figure 6Ac). In contrast, colocalization
between Blb and 14-3-3( was repeatedly observed at the
plasma membrane (Figure 6A, c and e), although also seen
within the cytoplasm (Figure 6Ae). Interestingly, the triple
association of B1b, B2 and 14-3-3{ was observed at the cell
surface (Figure 6AD).

To quantify the association between the three partners, we
measured the colocalization (distance <20nm, see Supple-
mentary data) and the distance between particles. The
percentage of Blb labelling colocalized with B2 decreased
in SNL rats (Figure 6B1; P<0.05 SNL versus sham). In
contrast, the colocalization is enhanced between Blb and
14-3-3C (Figure 6B1; P<0.01 SNL versus sham). Along with
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Figure 4 In-vitro impairment of GABAB signalling. (A1) Voltage
ramp-evoked currents in control ACSF (blue), 25 uM Baclofen (red)
and Baclofen + CGP 55845A (50 uM) (grey). (A2) Baclofen current
resulting from the subtraction of blue plot (1) from red plot (2) as
shown in Figure 3A1. (B) Baclofen-induced current during a voltage
ramp in control (black bar, n=13), in the presence of 50 uM CGP
55845 (light grey bar, P<0.01, n=6), in neurons overexpressing
14-3-3( (dark grey bar, P<0.01, n=9), and in neurons overexpres-
sing the DsRed vector alone (white bar, n=8). Results are ex-
pressed as a percentage of increase above the basal level measured
in the absence of Baclofen. NT cells = non-transfected cells.

changes in colocalization rates, the distance between parti-
cles was seen as an index of their possible interaction within
a single complex. The distance between B1b and B2 subunits
increased significantly in SNL rats (Figure 6B2; P<0.05 SNL
versus sham), indicating a separation between the two sub-
units. Conversely, the distance between Bl and 14-3-3(
decreased in neuropathic conditions (Figure 6B2; P<0.05
SNL versus sham). No significant changes were observed in
the relative distribution of B2 and 14-3-3( (Figure 6B2). No
differences were noticed between naive and sham animals for
any association studied.

To test for a possible alteration of GABAB signalling in vivo,
when 14-3-3( is overexpressed, we performed GTP binding
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studies on tissue sections (Figure 7A and B, examples of
autoradiograms and quantitative densitometry, respectively).
In the sham group, basal [**S]GTPyS binding increased both
in the contralateral and ipsilateral dorsal horn after Baclofen
application (131+3% and 128+ 2%, respectively). In the
SNL group, Baclofen-induced increase was weaker in the
ipsilateral dorsal horn (110% + 3; P<0.01 versus SNL con-
tralateral dorsal horn). In the group of SNL rats intrathecally
administered with anti-14-3-3{ siRNA, Baclofen-induced in-
crease of [*>S]GTPyS binding was restored and was similar in the
contralateral (130 £3%) and ipsilateral (131 £5%) dorsal horn.

In-vivo injections of 14-3-3{ siRNAs or competing
peptides partially inhibit chronic pain states

Finally, to assess the behavioural consequences of 14-3-3(
overexpression on GABAB inhibition in chronic pain condi-
tions, we tested the effect of disrupting 14-3-3(/B1 interaction
on mechanical allodynia in neuropathic rats. For this pur-
pose, we performed knock down of 14-3-3{ by using the
siRNA-based strategy or pVEC-B1 (922-930) competing pep-
tide application, respectively. After intrathecal injections
(15d), the withdrawal threshold was assessed with the von
Frey test, and compared with that measured at 12 days
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(siRNA) or 14 days (competing peptides) after surgery.
Detailed procedures are presented in Supplementary Figure S9.

SNL resulted in a decrease in paw withdrawal threshold of
around 60%. The injection of vehicle after surgery did not
further change the mechanical threshold of neuropathic rats
(Figure 7C and E, iFect (12d) and Saline (14d), respectively).
The injection of Baclofen at day 12 induced an increase
in mechanical threshold indicating GABAB-mediated anti-
nociceptive effects (Figure 7C, ‘Baclo, 12d’ versus ‘iFect,
12d’; P<0.01). Treatments for 3 days either with control
mismatched mmRNA or with anti-14-3-3( siRNA (‘RNA,
15d’) did not modify paw withdrawal thresholds which
appeared similar to that observed in neuropathic rats before
treatment. In contrast, the mean threshold for SNL animals
after Baclofen application was significantly increased upon
siRNA treatment (‘RNA + Baclo, 15d” versus ‘Baclo, 12d’,
P<0.01). Changes in paw withdrawal threshold were not
observed in animals injected with mmRNA (black bars). The
injection of anti-14-3-3( siRNA had no apparent side effects
since it did not induce sedation in neuropathic animals
(Supplementary Figure S8F; Supplementary data).

Pain behaviour was also assessed with intrathecal injec-
tions of competing peptide. Baclofen administration in neuro-
pathic rats had anti-nociceptive effects comparable to the
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other set of experiments (Figure 7E; ‘Baclo, 14d’ versus
‘Saline, 14d’, P<0.001). Similarly, intrathecal injections of
pVEC-B1 (922-930) together with Baclofen caused a signifi-
cant increase of paw withdrawal threshold as compared with
the effects of Baclofen or peptide alone (Figure 7E,
‘Peptide + Baclo, 15d° versus ‘Baclo, 14d’ or ‘Peptide, 15d’;
P<0.05). Injection of pVEC alone did not modify mechanical
threshold (Figure 7E, black bars). Interestingly, pVEC-B1
(922-930) administration in SNL animals induced per se a
significant increase of the mean threshold as compared with
neuropathic control conditions, i.e., saline injection
(Figure 7E, ‘Peptide, 15d’ versus ‘Saline, 14d’, P<0.001).
Peptide injection alone resulted in an effect that was absent
with siRNA injection alone.

Our results demonstrated that disrupting 14-3-3{/GABAB
interactions in vivo, with anti-14-3-3( siRNA or with compet-
ing peptide, specifically enhanced the anti-nociceptive effect

VOL 31 | NO 15 | 2012

of Baclofen on mechanical allodynia in SNL animals but had
no effect in sham animals (Figure 7D and F). In addition, the
present data showed that our competing peptides efficiently
counteracted protein-protein interaction in vivo, and
modified pain behaviour.

Discussion

To date, the regulation of GPCR oligomerization is known to
depend on receptor targeting (McLatchie et al, 1998; Margeta-
Mitrovic et al, 2000) or ligand binding (Rocheville et al,
2000). Our results demonstrate a novel, additional
mechanism that disrupts the obligate heterodimeric state of
GABAB receptors. It relies on the upregulation of 14-3-3(
interacting protein and leads to the reduction of receptor
efficacy. Importantly, this dissociation occurs in a patho-
physiological context, thus contributing to disinhibition in

©2012 European Molecular Biology Organization
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central sensitization to pain. Therefore, the present study is in
line with, and further extends our previous report that
chronic activation with capsaicin of an organotypic culture
model induces a dissociation of the GABAB receptor, and a
loss of GABAB activation (Laffray et al, 2007).

©2012 European Molecular Biology Organization

GABAB dimer is impaired by 14-3-3C interacting protein
The GABAB receptor is a class C GPCR that forms constitutive
dimers. Therefore, oligomerization is necessary to the recep-
tor functioning. In contrast, the role of oligomerization
remains debated in other GPCR such as class A receptors.
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In agreement with previous reports (Couve et al, 2001),
14-3-3C is shown to bind the B1 but not B2, and to compete
with B2 for B1 binding. It was previously reported that 14-3-3(
interaction may regulate receptor function (Prezeau et al,
1999). One identified mechanism is by promoting
the dimerization of receptors and their forward trafficking to
the plasma membrane (O’Kelly et al, 2002; Yuan et al, 2003).
However, the situation is different for the GABAB
metabotropic receptor. We showed here that 14-3-3 proteins
cannot simply be viewed as scaffolding proteins in
the assembly of ion channels and GPCRs, but also as
regulatory proteins that impairs GPCR oligomers. Several
lines of evidence support the hypothesis of GABAB de-
dimerization after the heterodimer is formed. (i) There is no
interaction between 14-3-3 and Bl in the endoplasmic
reticulum (Brock et al, 2005). Moreover, we found that 14-3-
3( is expressed at very low levels in the endoplasmic
reticulum (data not shown). Therefore, 14-3-3{ cannot
simply prevent the heterodimer association. (ii) Our present
data suggest that 14-3-3¢ dissociates the GABAB receptor at
the plasma membrane. Moreover, B1/14-3-3( association is
found in the vicinity of the plasma membrane with electron
microscopy. Taken together, these data strongly suggest
that 14-3-3( interacts with B1 after its insertion at the
plasma membrane, or during rapid recycling of the receptor
(Laffray et al, 2007; Grampp et al, 2008). Importantly, the
GABAB receptor is likely to be more dynamic than other
receptor in the class C sub-family since it lacks cysteine-rich
domain in the extracellular part (Kniazeff et al, 2011). This
might make the GABAB more susceptible to undergo
conformational changes upon partner protein interaction.
However, the possibility remains that, in addition, 14-3-3
may target B1/B2 interaction at the trans-membrane domain
(Monnier et al, 2011) through the activation of other
associated proteins.

Dissociation of the GABAB receptor weakens the
transmission of nociceptive inputs

14-3-3 proteins are dimeric chaperone proteins constitutively
expressed throughout the central nervous system in normal
and pathological conditions (Fu et al, 2000; Berg et al, 2003).
After neuronal insult, 14-3-3( upregulation was reported to be
protective by promoting cell survival or regeneration
(Murphy et al, 2008). Our data show that 14-3-3( over-
expression has also detrimental effects in neuropathic pain
sensitization.

Since the heterodimerization of B1 and B2 subunits is
essential to the formation of a functional class C receptor
(Margeta-Mitrovic et al, 2000), dimer alteration is expected to
cause a loss of function of the GABAB receptor. Indeed, we
show here that GABAB signalling to the G-protein cascade
(in vivo), and coupling to cellular effectors such as Kir
channels, were altered by 14-3-3( overexpression (in vitro).
Moreover, the local knockdown of 14-3-3( restores GABAB
signalling in superficial laminae of neuropathic rats and
enhances the efficiency of exogenously applied Baclofen to
attenuate spinal sensitization, showing the importance of
de-dimerization = mechanisms in  pathophysiological
processes in vivo. Finally, GABAB impairment could explain
how neuropathic conditions triggered the expression of
calcium-dependent plateau potentials (Reali et al, 2011) that
are normally inhibited by GABAB activation (Derjean et al,
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2003). These results are in agreement with the loss of GABAB
agonist binding in the spinal cord of pain models (Castro-
Lopes et al, 1995).

In-vivo co-IP and histological analysis confirmed the inter-
action between B1 and 14-3-3( and the loss of B1/B2 associa-
tion in spinal neurons of neuropathic rats. The dissociation
may be a pivotal mechanism that limits GABAB activation in
neuropathic conditions. It may act jointly with other mechan-
isms, e.g., possible downregulation of GABAB subunits (Wu
et al, 2011). GABAB is de-dimerized, and signalling is
impaired essentially when 14-3-3( is overexpressed. Such
condition occurs not only in vitro upon neuronal
transfection, but also naturally in vivo in neuropathic rats.
In contrast, in sham animals, interaction between Bl and
14-3-3( remains weak and knockdown of 14-3-3( did not
modify mechanical sensitivity in these animals. In
neuropathic rats, 14-3-3( was detected in presynaptic and
postsynaptic compartments. Therefore, the interaction is
likely to occur in both compartments, thus affecting B2/Bla
and B2/B1b heterodimers.

Overexpression of 14-3-3( leads only to partial dissociation
of the B1/B2 heterodimer, as shown here with 2P-FLIM.
In addition, although largely reduced, the GABAB receptor
retains some capacity to activate G-protein coupling.
However, GABAB-mediated opening of Kir channels is fully
impaired in neuronal cultures. We conclude that below a
certain threshold level, remaining heterodimeric GABAB
receptors are not sufficient to drive strong enough activation
of intracellular targets, and to inhibit pain sensitization.
14-3-3( silencing restores a level of functional heterodimers
that permits GABAB inhibition to reduce allodynia.

Clinical perspectives

We detected 14-3-3( upregulation in SNL rat dorsal horn, but
not in the ventral horn. Moreover, the analysis of locomotor
activity indicates that 14-3-3{ overexpression in the dorsal
horn does not affect motor control in the ventral horn. These
data are in line with the actual recommendations for clinical
use of Baclofen. In fact, Baclofen administration is not
proposed in EFNS guidelines of pharmacological treatment
of neuropathic pain and its general effectiveness as an
analgesic is limited (Attal et al, 2006). In contrast,
intrathecal Baclofen offers one of the best options in many
patients with severe spasticity (Hsieh and Penn, 2006)
because of its action on spinal motoneurons (Bowery et al,
2002). Taken together, these data further confirm that GABAB
is impaired only where 14-3-3( is overexpressed and weakens
inhibitory signalling, i.e., in the dorsal but not in the ventral
horn. Therefore, our results suggest that co-application of
14-3-3( inhibitor could enhance Baclofen effect to alleviate
neuropathic pain in clinic.

In conclusion, our results provide new insights in cell
biology of GPCRs. We reveal a novel mechanism that impairs
GPCR activity based on interactions with a chaperone
protein. Together with other mechanisms involving modula-
tion of inhibitory transmission (Moore et al, 2002; Bardoni
et al, 2007; Ferrini et al, 2010), or loss of GABAA inhibition
(Coull et al, 2005; Knabl et al, 2008), our data support the
view that disinhibition dramatically twists the excitability of
spinal neurons and leads to pain sensitization (Woolf and
Salter, 2000). Targeting the GABAB dissociation process may
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be of therapeutic interest by enhancing the action of classical
pain killers.

Materials and methods

Cell cultures and transfection

Dissociated rat spinal neurons, or COS-7 cells were transiently
transfected with various constructs or siRNA using the procedures
described in Supplementary data.

Immunohistochemistry on spinal cell cultures
Immunodetection in cell cultures was carried out sequentially
according to previously published protocols as detailed in
Supplementary data.

Colocalization of myc-Blb with HA-B2 or Flag-14-3-3(, or
colocalization of HA-B2 with Flag-14-3-3( was quantified as the
percentage of colocalized area of the total labelled area in double
and triple transfected cells. We also measured staining intensity
correlation (see Supplementary data). This method discriminates
colocalization between interacting proteins, whose staining inten-
sity should vary in synchrony from randomly colocalized proteins,
whose overlapping might be due to the broad distribution of one
protein across the cell.

qRT-PCR

Expression analysis of 14-3-3(, 14-3-3n, Bl and B2 mRNA was
performed with the DyNAmo™ SYBR Green gPCR kit (Finnzymes,
Espoo, Finland). Triplicate runs were performed and Succinate
dehydrogenase Complex, Subunit A (SDHA) was used as a normal-
izer. The relative level of expression was calculated using the
comparative (2*4¢T) method.

Immunoprecipitation

Co-IP was performed after transfection in COS-7 cells as described
in Supplementary data. Total proteins, immunoprecipitated proteins
and supernatant proteins were loaded into L, IP and S lanes,
respectively. Proteins were then transferred, probed with anti-
Flag, anti-myc or anti-HA antibodies (1/1000), and visualized
with enhanced chemiluminescence.

In vivo, protein extraction was performed according to a similar
protocol, adapted from Benke et al (1999). Antibodies used for
immunoprecipitation were anti-GABAB2 from BD Biosciences, and
anti GABABI1 from Abcam (ab 55051). Western blot detection used
anti-14-3-3( (Santa Cruz Biotechnology), and anti-GABAB1 (gift
from Dr Gassmann).

The density of bands was quantitated by densitometry using a
Syngene machine (ChemiGenius 2XE model; Synoptics Ltd,
Cambridge, UK) and Genetool analysis programme (Syngene). For
immunoprecipitation, immunoblots were semiquantified by nor-
malizing the IP band density to that of the lysate band.

Competing peptides

Two different competing peptides were used, corresponding to
amino acids 919-927 or 922-930 of the GABABI protein. Peptides
sequences were used as native sequences, or modified by adding
positively charged amino acids, or by coupling to the cell penetrat-
ing peptide pVEC, derived from the cell adhesion molecule vascular
endothelial cadherin (Elmquist et al, 2001). Competing peptides and
PVEC were synthesized with Fmoc and t-Boc methods, respectively,
purified, and then conjugated (see Supplementary data). For some
experiments, peptides were labelled with carboxyfluorescein (see
all sequences used in Supplementary Figure S5). For in-vitro experi-
ments, cells were treated for 1 h with 1 uM peptide solution, washed
and detached (COS-7 cells) or fixed (primary cultures). No differ-
ences were seen when using 5pM peptide solution (data not
shown).

Peptide and conjugate uptake was studied with confocal micro-
scopy after incubating 1 uM peptide solutions for 1h at 4 and 37°C,
or after inhibiting endocytosis with Wortmanin. Fluoresceinyl-pep-
tide uptake was further quantified by fluorometry. Cytotoxicity was
assessed with Lactate Dehydrogenase assay.

Spectral and lifetime correlated acquisitions
The interaction between GFP-tagged proteins and t-dimer DsRed-
tagged proteins was studied using quantitative FRET determination
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with FLIM using Time Correlated-Single Photon Counting (Becker
and Hickl, Berlin, Germany) as detailed in Supplementary data.

To assess protein interactions, we calculated a relative FRET
efficiency for each acquisition as: FRET efficiency (%)=
(tDmean — TDA)/TDmean X 100 where t is the time constant of the
exponential fit with tppean being the mean lifetime of the donor
fluorophore (GFP) when expressed alone and tps being the lifetime
of the donor fluorophore in the presence of the acceptor (t-dimer
DsRed). Results were expressed as a mean FRET efficiency (n =31
or 21 cells in each condition) + s.e.m.

Patch clamp

Experiments were conducted as previously described (Derjean et al,
2003). Voltage-clamp recordings were performed on 8- to 10-day-
aged cultured spinal neurons. The following drugs were added to
the normal Krebs solution and continuously superfused on the
preparation: 25pM Baclofen (Sigma), 50pM CGP55845 (Fisher
Bioblock Scientific, Illkirch, France). Cs* was added to a
modified perfusion medium. The detailed experimental set-up and
data analysis procedure are described in Supplementary data.

Animal models and behavioural tests
A total number of 136 adult male Wistar rats (250-300g; Charles
River France, St Aubin les Elbeuf, France) were used. The experi-
ments followed the ethical guidelines of the International
Association for the Study of Pain and were approved by the local
ethics committee in Bordeaux (AP 1/04/2005).

Persistent neuropathic pain in rats was evoked with SNL (Kim
and Chung, 1992). Mechanical response thresholds were monitored
with the von Frey test as described in Supplementary data.

Western blotting

Briefly, tissue homogenates from lumbar spinal cord segments of
sham or SNL animals were loaded onto SDS-PAGE, transferred,
probed with appropriate antibodies, detected with enhanced che-
miluminescence (Amersham Biosciences, Buckinghamshire, UK)
and visualized with a Syngene system (Synoptics Ltd). Tubulin or
GAPDH was used as loading control.

In-situ hybridization

Cryostat sections from SNL, sham-operated and naive animals
(n=>5 in each group) were hybridized with three different oligonu-
cleotide probes complementary to 14-3-3{ mRNA. The procedures
for in-situ hybridization and quantification are described in
Supplementary data.

Immunohistochemistry on tissue sections

Naive, sham and various groups of SNL-operated animals (+ iFect,
+ siRNA, + peptides) were processed for immunohistochemistry
with light (n =5 in each group) and electron (n=3 in each group)
microscopy, after intracardiac perfusion. Labelling intensity or sur-
face colocalization was measured with Metamorph software. For
electron microscopy, tissue samples from deep dorsal horn laminae
were processed for post-embedding immunogold labelling (see
Supplementary data). The colocalization and distance between
gold particle pairs were measured on digitalized micrographs with
Image J software. Results were expressed as the mean colocalization
or distance (nm) between pairs s.e.m. The detailed procedures
and antibodies are described in Supplementary data.

GTPyS binding

The [35S]GTPyS) binding autoradiographic procedure was carried
out as described in Supplementary data. [35S]GTPyS binding was
measured in transverse lumbar spinal cord sections from sham, and
SNL animals, and SNL with siRNA injections (n=5 in each
condition).

In-vivo intrathecal injections and behavioural tests

For intrathecal injections of Baclofen, RNAs (anti-14-3-3( siRNA or
mismatch RNA), or peptide conjugates (pVEC-B1 (922-930) or
pVEC alone), sham and SNL rats were implanted with a catheter.
The threshold to mechanical stimulation was monitored before and
after surgery, and after the various injections. Results were
expressed as percentages of changes in the threshold of neuropathic
rats.
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The open field method was used to evaluate spontaneous hor-
izontal locomotor activity of sham or neuropathic rats after i-Fect or
anti-14-3-3¢ siRNA injections.

The experimental schedules are presented in Supplementary
Figure S9, and the detailed procedures are described in
Supplementary data.

Statistical analysis

Student’s t-tests were used to compare two series of data. Kruskal-
Wallis one-way Analyses of Variance (ANOVAs) coupled with
Dunn’s post hoc comparison was used to analyse non-parametric
sets of data. One-way or two-way ANOVAs were performed for
parametric data analyses, associated with Newman-Keuls tests for
post hoc comparisons. P<0.05 was considered significant.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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