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The signaling proteins GPR158 and RGS7 modulate
excitability of L2/3 pyramidal neurons and control A-type
potassium channel in the prelimbic cortex
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Stress profoundly affects physiological properties of neurons
across brain circuits and thereby increases the risk for depres-
sion. However, the molecular and cellular mechanisms mediat-
ing these effects are poorly understood. In this study, we report
that chronic physical restraint stress in mice decreases excitabil-
ity specifically in layer 2/3 of pyramidal neurons within the pre-
limbic subarea of the prefrontal cortex (PFC) accompanied by
the induction of depressive-like behavioral states. We found
that a complex between G protein- coupled receptor (GPCR)
158 (GPR158) and regulator of G protein signaling 7 (RGS7), a
regulatory GPCR signaling node recently discovered to be a key
modulator of affective behaviors, plays a key role in controlling
stress-induced changes in excitability in this neuronal popula-
tion. Deletion of GPR158 or RGS7 enhanced excitability of layer
2/3 PFC neurons and prevented the impact of stress. Investiga-
tion of the underlying molecular mechanisms revealed that the
A-type potassium channel Kv4.2 subunit is a molecular target of
the GPR158 -RGS7 complex. We further report that GPR158
physically associates with Kv4.2 channel and promotes its func-
tion by suppressing inhibitory modulation by cAMP-protein
kinase A (PKA)-mediated phosphorylation. Taken together,
our observations reveal a critical mechanism that adjusts neuro-
nal excitability in L2/3 pyramidal neurons of the PFC and may
thereby modulate the effects of stress on depression.

Maladaptive chronic stress impairs appropriate neuronal
response to incoming stimuli, resulting in pathological behav-
iors such as depression. At the cellular level, it involves abnor-
mal changes in structural and functional properties of the neu-
rons in key brain circuits that control mood. For instance,
chronic stress significantly reduces the length of apical den-
drites and the density of dendritic spines in the prelimbic sub-
region of the medial prefrontal cortex (mPFC)? (1-3). In addi-
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tion, chronic stress alters electrophysiological properties of the
neurons in prelimbic cortex (4), amygdala (5), and nucleus
accumbens (6).

Studies in animal models indicate that one of the key physi-
ological parameters impacted by stress is the hypoexcitability of
mPFC neurons (7-9). Consistent with these observations, clin-
ically depressed humans also feature a prominent reduction in
neuronal activity within dorsolateral PFC (10-12), a region
functionally corresponding to rodent mPFC (13, 14). Con-
versely, optogenetic stimulation (10) or pharmacological acti-
vation (15) of mPFC neurons in mice exerted a potent antide-
pressant-like effect, suggesting that increasing the excitability
of mPFC neurons has positive effects on mood and might be
exploited for the treatment of depression. Evidence suggests
that layer 2/3 (L2/3) neurons of mPFC are particularly vulner-
able to stress-induced depression. For instance, induction of
the transcription factor AFosB in L2/3 of mPFC mediates stress
resilience and antidepressant responses (16 —18), and deletion
of WfsI gene from these neurons impairs the ability of mPFC to
suppress stress-induced depressive behaviors (19).

There has been significant progress in understanding the
molecular factors and mediators of physiological changes
impacting depression-related behaviors acting in various brain
regions. A significant role has been shown for the second mes-
senger cCAMP. Notably, low cAMP levels have been detected in
post-mortem brains of depressed suicide victims (20, 21). In
contrast, most effective antidepressants are known to enhance
cAMP signaling (22—24). Furthermore, chemogenetic elevation
of cAMP levels by designer receptors exclusively activated by
designer drugs (DREADDs) can reverse depressive-like behav-
iors induced by stress (25). In addition to cAMP, inhibitory
K*-conducting channels have also been implicated in the pro-
cess with significant diversity of types and brain regions
involved. It has been shown that prolonged social isolation
induces anxiety- and anhedonia-like symptoms, with reduced
intrinsic excitability mediated by inward rectifier K™ and
A-type potassium channels (6). Chronic mild stress was also
shown to increase the expression of K-ATP channel subunits
Kir6.1 and Kir6.2 (26) as well as voltage-gated channel Kv2.1
(27). However, molecular mechanisms and signaling reactions
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GPR158 and RGS7 regulate mPFC excitability

that underlie changes in the excitability of layer 2/3 PFC neu-
rons in depressive states are unknown.

G protein— coupled receptors (GPCRs) mediate the effects of
neuromodulators and play key roles in controlling neural activ-
ity and excitability (28, 29). In fact, their actions are critically
involved in mood regulation, and several GPCRs have been
directly and indirectly targeted by existing mainstream and
emerging antidepressant medications (30-32). However, cur-
rent GPCR interventions are limited in efficacy, requiring pro-
longed administration to exert effects, with nearly half of
patients being refractory to the treatment. In this light, signifi-
cant attention has been focused on poorly explored “orphan”
GPCRs for their promise as drug targets for developing more
efficacious and precise treatments for depression (33, 34).

We have recently reported the links of the orphan receptor
GPR158 to depression. The levels of GPR158 are significantly
elevated in human subjects with major depressive disorder and
in chronically stressed mice, whereas knockout of GPR158 in
mice produces an antidepressant phenotype and stress resil-
ience (35). Interestingly, GPR158 is enriched in L2/3 neurons of
mPFC where it is involved in controlling cAMP via an unusual
mechanism involving an association with the negative regulator
of GPCR signaling, regulator of G protein signaling 7 (RGS7)
(35-37). Despite this intriguing initial discovery, the down-
stream effectors of GPR158 and its role in modulating neuronal
activity are not well-understood.

In this study, we report that GPR158 specifically regulates the
intrinsic excitability of layer 2/3 pyramidal neurons of mPFC
and that this regulation involves its association with RGS7. We
further identified Kv4.2 as a major effector regulated by the
GPR158 -RGS7 complex, physically associated with each other
to control A-type K* currents in layer 2/3 PFC neurons via a
cAMP-dependent mechanism. This establishes a key down-
stream signaling mechanism by which the antidepressant target
GPR158 modulates neuronal function.

Results

Induction of depressive-like behaviors by stress is
accompanied by selective reduction in intrinsic excitability of
L2/3 prelimbic neurons

We began our studies by examining the effects of stress on
the intrinsic excitability of L2/3 neurons in the prelimbic area of
the mPFC. Following physical restraint stress (PRS), the depres-
sion-like behavior of mice was evaluated in a forced swim test
(FST), and whole-cell patch-clamp recordings were obtained
from the L2/3 pyramidal neurons (Fig. 1, A and B). The cell
identity was confirmed by action potential (AP) properties and
input- output relationship (38, 39). Analysis of the behavioral
data indicated that mice subjected to PRS displayed signifi-
cantly increased immobility during the FST compared with
control mice (£(6) = 6.97, p = 0.0004), demonstrating a depres-
sant-like effect (Fig. 1C). Whole-cell recordings revealed a sig-
nificant (£(22) = 2.17, p = 0.041) hyperpolarization of the rest-
ing membrane potential (RMP) in mice subjected to PRS
relative to control subjects (Fig. 1D). Interestingly, the excitabil-
ity of L2/3 pyramidal neurons was also significantly reduced in
PRS-exposed mice, as evidenced by fewer action potentials in
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response to depolarizing current steps compared with control
neurons, when the cells were held at their resting potentials
(Fig. 1, E and F). A repeated-measures analysis of variance
(ANOVA) revealed significant main effects of group (F(1,22) =
5.55, p = 0.028) and current intensity (F(1.4, 30.5) = 223, p <
0.001; Greenhouse—Geisser-corrected). There was also a signif-
icant interaction of group with current density (F(1.4, 30.5) =
3.88, p = 0.045; Greenhouse—Geisser-corrected). Post hoc
analysis using ¢ test revealed a significant group effect when
depolarizing current steps were =200 pA (all values, p < 0.05).
The observed modulation of intrinsic excitability by stress was
specific to L2/3 neurons (Fig. 1G), as the excitability of layer 5
(L5) neurons obtained from stressed animals was comparable
with those from control unstressed mice (F(1,14) = 0.57, p =
0.46 for main effect of group and F(2, 112) = 1.6, p = 0.22 for
interaction; repeated-measures ANOVA). Taken together,
these data suggest that chronic stress induces specific reduction
in excitability of L2/3 pyramidal neurons in prelimbic cortex in
parallel with development of depressive-like behaviors.

Stress-induced changes in excitability of L2/3 neurons of mPFC
are mediated by GPR158-RGS7 complex

In search for the molecular mechanisms underlying changes
in intrinsic excitability, we focused on probing the involvement
of a GPR158 —-RGS7 complex, which is prominently enriched in
L2/3 neurons as knockout of either GPR158 or RGS7 results in
a marked antidepressant phenotype and resilience to stress
(35). To exclude the impact of changes in RMP, in the following
experiments all cells were held at —70 mV unless noted other-
wise. Indeed, elimination of GPR158 or RGS7 significantly
increased the intrinsic excitability of layer L2/3 mPFC neurons
(Fig. 2). Specifically, Gpr158~'~ neurons fired more spikes as
compared with littermate control Gpri58*’'* neurons (Fig.
2A). A repeated-measures ANOVA revealed significant main
effects of group (F(1,23) = 8.77, p = 0.007) and current inten-
sity (F(1.4, 31.7) = 540, p < 0.001; Greenhouse—Geisser-cor-
rected). There was also a significant interaction of group by
current intensity (F(1.4,31.7) = 7.6, p = 0.005; Greenhouse—
Geisser-corrected). Post hoc analysis revealed a significant
group effect when depolarizing current steps were =200 pA (all
values, p < 0.01; ¢ test). In addition to enhanced excitability,
knockout of GPR158 also induced a significant depolarization
of RMP (¢(27) = 2.42, p = 0.022), increase in input resistance
(t(27) = 2.25, p = 0.033), decrease in rheobase current (£(24) =
2.43, p = 0.023), and decrease in delay to the first spike evoked
by depolarizing current injection (£(23) = 2.99, p = 0.007; Table
1). The effect of RGS7 ablation was quantitatively similar to that
of GPR158 loss. Layer 2/3 mPFC neurons of Rgs7 '~ also fired
more action potentials relative to Rgs7 /" neurons in response
to depolarizing current injections, whereas chronic stress did
not significantly change the excitability of Rgs7 '~ neurons
(Fig. 2B). A repeated-measures ANOVA revealed significant
main effects of group (F(2,40) = 4.43, p = 0.018) and current
intensity (F(1.5,61.8) = 580.0, p < 0.001; Greenhouse—Geisser-
corrected), but not interaction of group by current intensity
(F(3.1,61.8) = 2.5, p = 0.066; Greenhouse—Geisser-corrected).
Post hoc analysis revealed that the excitability of Rgs7*’" neu-
rons was significantly different from Rgs7 '~ neurons either
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Figure 1. Chronic stress selectively decreases intrinsic excitability of L2/3 prelimbic neurons in mPFC. A, experimental design. Mice were either subjected to
physical restraint stress for 2 weeks or maintained in their home cages (control group) before behavioral testing. All mice were euthanized, and brain slices were
prepared within 1 h following the behavioral evaluation. B, schematic diagram of a PFC brain slice and the location of L2/3 pyramidal neurons recorded in this study.
Inset, a fluorescence microscopy image of representative L2/3 pyramidal cells filled with biocytin during recording and visualized with Alexa Fluor 488. Scale bar, 50 um.
G, effect of chronic stress on immobility during the FST. Compared with control, stressed mice spent significantly more time immobile during the FST (**, p < 0.01
control versus stressed mice; Student's t test). D, effect of chronic stress on the RMP of L2/3 pyramidal neurons in prelimbic cortex (n = 13 and n = 11 for control and
stress, respectively). E and F, representative traces and average data showing the effect of stress on the excitability of L2/3 pyramidal neurons within mPFC (¥, p < 0.05
control (n = 13) versus stressed (n = 11) neurons; repeated-measures ANOVA followed by Student’s t test for each current step). G, effect of chronic stress on the

excitability of L5 pyramidal cells in prelimbic cortex (n = 9 and n = 7 for control and stress, respectively). Error bars represent S.E.M. values.

with (p = 0.024) or without (p = 0.007) chronic stress. Further-
more, ablation of RGS7 phenocopied the effects seen upon
GPR158 loss, including depolarization of RMP (£(27) = 2.41,
p = 0.028), increase in input resistance (£(27) = 13.9, p =
0.002), decrease in rheobase current (£(17) = 2.33, p = 0.033),
and decrease in the delay to first spike evoked by depolarizing
current injection (£(17) = 2.38, p = 0.029; Table 1). To test
molecular specificity of this effect, we next probed the involve-
ment of R7BP that also prominently regulates RGS7 but does
not have an impact on depression-related behaviors (35). We
found that elimination of R7BP did not change the intrinsic
excitability of L2/3 neurons (Fig. 2C). Furthermore, the
observed changes following Gpr158 or Rgs7 deletion were spe-
cific to L2/3 neurons, as no genotype differences were observed
in excitability of L5 neurons, with or without stress (Fig. 2, D, E,
and F, and Table 2). Together, these data suggest that the
GPR158 -RGS7 complex specifically modulates intrinsic excit-
ability of layer 2/3 neurons in PFC in response to stress.

GPR158-RGS7 complex exerts its effects on excitability via
cAMP

The GPR158 —-RGS7 complex has been shown to modulate
signaling via the second messenger cAMP (37). Thus, we next
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tested whether the effects of GPR158 and RGS7 on excitability
involve changes in cAMP. We found that in WT neurons ele-
vating cAMP by adding the nonhydrolyzable analog S ,-cAMP
into the internal recording solution significantly increased
intrinsic excitability of layer 2/3 mPFC neurons, mimicking the
effect of GPR158 or RGS7 ablation (Fig. 3, A and B; repeated-
measures ANOVA; F(1,28) = 11.18, p = 0.002). Importantly,
elimination of GPR158 completely prevented the effects of S -
cAMP, which was not observed in Gpr158 '~ neurons (Fig. 3,
Cand D; repeated-measures ANOVA; F(1,6) = 0.13, p = 0.73).
Similarly, S,-cAMP failed to alter the excitability in neurons
lacking RGS7 (Fig. 3, E and F; repeated-measures ANOVA;
F(1,13) = 1.2, p = 0.29). These data indicate that GPR158 and
RGS7 modulate intrinsic excitability of L2/3 prelimbic neurons
through regulating intracellular cAMP.

GPR158 and RGS7 modulate A-type potassium channels

The decrease in RMP amid increase in input resistance upon
deletion of GPR158 and RGS7 suggests the likely closing of
inhibitory ion channels in these neurons as a mechanism for
increasing excitability. To establish the identity of such chan-
nels, we investigated barium-sensitive potassium current,
which includes both inward and outward currents and greatly
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Figure 2. Intrinsic excitability of L2/3 of mPFC neurons is specifically regulated by the GPR158 -RGS7 complex. A, representative traces and summarized
graph showing the effect of genetic knockout of Gpr158 on the excitability of prelimbic L2/3 pyramidal neurons (**, p < 0.01 between genotypes; repeated-
measures ANOVA followed by Student's t test;n = 12 and n = 13 for Gpr158™/* and Gpr158 /" neurons, respectively). B, representative traces and summary
graph showing the effect of genetic knockout of Rgs7 on the excitability of prelimbic L2/3 pyramidal neurons (**, p < 0.01 control Rgs7*/* versus control
Rgs7~'~;* p < 0.05 control Rgs7*/™" versus stress Rgs7 ' ~; repeated-measures ANOVA followed by least significant difference post hoc tests;n = 12,n = 15,
and n = 16 for control Rgs7"™/™ control, Rgs7/~, and stress Rgs7 /~ neurons, respectively). C, representative traces and summary graph showing the effect of
genetic knockout of R7bp on the intrinsic excitability of prelimbic L2/3 neurons (n = 13 and n = 12 for R7bp™*’* and R7bp™’~ neurons, respectively). D,
representative traces and summary graph showing the effect of genetic knockout of Rgs7 on the intrinsic excitability of prelimbic L5 neurons (n = 9and n =
8 for Rgs7*/* Rgs7~/~ neurons, respectively). E, representative traces and summary graph showing the effect of stress and Gpr158 knockout on the intrinsic
excitability of prelimbic L5 neurons (n = 23 and n = 16 for Gpr158*/* and Gpr158 '~ neurons, respectively). F, representative traces and summary graph
showing the effect of genetic knockout of Gpr158 on the intrinsic excitability of prelimbic L5 neurons (n = 25and n = 19 for Gpr158™/* and Gpr158~/~ neurons,

respectively). Error bars represent S.E.M. values.

affects membrane properties and excitability (40-42). We
found that deletion of GPR158 or RGS7 did not significantly
change inward currents when the membrane potential was
stepped to a range from —90 to —120 mV (Fig. 4, A and B).
Instead, the outward current was significantly inhibited in the
range from —70 to —50 mV (main effects of voltage when tested
with repeated-measures ANOVA, F(1,18) = 9.27, p = 0.007
and F(1,15) = 7.10, p = 0.018 for Gpri58 and Rgs7, respec-
tively). This difference was also significant when we normalized
the barium-sensitive current to a fixed potential at —80 mV
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(Fig. 4C; t(18) = 3.5, p = 0.002 and #(15) = 3.0, p = 0.009 for
Gpr158 and Rgs7, respectively). These observations suggest the
involvement of A-type potassium channels, whose genetic dele-
tion or pharmacological inhibition has been shown to produce
effects on depolarizing RMP, input resistant, and firing fre-
quency as well as delaying the first spike in response to depo-
larizing current injection (43—45), which are similar to changes
seen in Gpr158~'~ and Rgs7 '~ neurons. To test this hypoth-
esis, we directly measured I, in brain slices using an established
protocol (Fig. 5A4) (46). Indeed, we observed that loss of GPR158
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Table 1

Electrophysiological properties of L2/3 pyramidal neurons in prelimbic cortex

Data are means = S.E. (number of cells). AP amp, action potential amplitude; AP thld, action potential threshold; AP width, action potential halfwidth; mAHP, median
afterhyperpolarization. RMPs were measured immediately after whole-cell mode was established by switching to current mode; Ry, was the slope of the linear fit of a series
of subthreshold currents that did not evoke any active conductance; AP threshold was defined as the voltage when dV/dt¢ first exceeded 28 mV/ms. AP amplitude was
measured from threshold. AP width was measured as the width at half of the AP amplitude (from threshold). Delay to 1st spike was the time to the first spike after the
stimulus (300-pA current injection) onset. *, statistically different between genotypes, p < 0.05; #, statistically different between genotypes, p < 0.01. Statistical analysis was
performed using two-tailed Student’s ¢ test. M{), megaohms.

RMP Ry Rheobase AP thld AP amp AP width mAHP Delay to 1st spike
mV MQ PA mV mV mV ms
Gprl58"'" =757 £12(14) 102.7 * 8.4 (14) 144 +12(13) —385*1.1(13) 89.2*+1.4(13) 884+ 34 (13) —236*03(9) 258*28(13)
Gpri58 '~ —71.5* 14(13)* 130.7 £9.2(13)* 107 =7 (11)* —39.0=12(11) 91.4*13(11) 853 +34(11) —221=02(10) 16.1 = 0.8 (13)#
Rgs7"'* =765+ 15(10) 848+ 9.5(9) 148 £ 11(9) —41.8*13(9) 89.9+1.0(9 865+48(9) —1.92+02(9) 3L0=*6.3(9)
Rgs7 '~ —70.9 = 1.4 (10)* 159.2 *17.1 (10)# 106 = 13 (10)* —38.4 *1.2(10) 91.7 = 1.3(10) 898 *31(10) —2.07 *0.1(9) 17.5=* 1.7 (10)*
&
Rgs7BP*'* —73.8 £ 14 (15) 86.26 = 10 (13) 183.0 £ 18 (13) —37.1 £ 0.9(13) 89.44 = 0.7 (13) 873.6 =22(13) —1.40 = 0.2 (13) 32.5 = 4.4(12)
Rgs7BP~'~ —715%=12(12) 89.31 =84 (12) 163.3 £ 12 (12) —37.6 £ 0.6 (12) 90.77 = 0.9 (12) 993.8 =61 (12) —1.27 +0.1(12) 31.2*+3.9(11)
Table 2

Electrophysiological properties of L5 pyramidal neurons in prelimbic cortex

Data are means = S.E. (number of cells). AP amp, action potential amplitude; AP thld, action potential threshold; AP width, action potential halfwidth; mAHP, median
afterhyperpolarization. RMPs were measured immediately after whole-cell mode was established by switching to current mode; R, was the slope of the linear fit of a series
of subthreshold currents that did not evoke any active conductance; AP threshold was defined as the voltage when dV/dt first exceeded 28 mV/ms. AP amplitude was
measured from threshold. AP width was measured as the width at half of the AP amplitude (from threshold). Delay to 1st spike was the time to the first spike after the
stimulus (300-pA current injection) onset. M(), megaohms.

RMP Ry Rheobase AP thld AP amp AP width mAHP Delay to 1st spike
mV MQ PA mV mV s mV ms
Gpri58*'*  —62*08(25) 131 *+12(25) 114+10(16) —35=*04(16) 86+ 1.4(16) 790=79(16) —3.7+0.2(23) 15.0=1.0(25)
Gpri58~'~ —63x08(19) 139*17(19) 126*=19(13) —-36=x09(12) 84=18(12) 910*91(12) —3.7+02(17) 17.7*=17(19)
Rgs7"'* —61 £ 1.6(9) 107 = 18(9) 148 =18 (9) —36* —36(9) 88*x19(9) 984 + 98 (9) —3.9*0.5(5) 14.8 = 2.3 (9)
&
Rgs77 '~ —61 = 1.1(8) 113 £ 14 (8) 135 £ 16 (8) —37*—-37(8) 88=*=1.4(8) 966 * 96 (8) —34*0.3(7) 14.1 = 1.1(8)
WT — Gpriss’ Rgs7'
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Figure 3. Changes in excitability of L2/3 mPFC neurons upon elimination of GPR158 and RGS7 are mediated by the cAMP signaling. Excitability was
compared between neurons recorded with or without S -cAMP in the internal solutions. A and B, representative traces and summary data showing the effect of
S,-CAMP on the intrinsic excitability of WT neurons (**, p < O 01 WT versus WT S; repeated-measures ANOVA followed by post hoc t test;n = 21 and n = 9for WT and
WTS neurons, respectively). Cand D, representatlve traces and summarized data showing the effect ofS -cAMP on the intrinsic excitability of Gpr158 '~ neurons (n =
3 and n=5forGpr158~'~ and Gpr158~"/ ~ S, neurons, respectively). E and F, representative traces and summanzed data showing the effect of S ,-cCAMP on the intrinsic
excitability of Rgs7~/~ neurons (n = 10 and n=>5forRgs7 '~ and Rgs7 '~ S neurons, respectively). Error bars represent S.E.M. values.

GPR158 to be present among a large number of proteins asso-
ciated with Kv4.2 potassium channel (48, 49). Thus, we next

or RGS7 (Fig. 5, B and C) significantly reduced I, (£(16) = 2.41,
p = 0.029 for GPR158 and #(25) = 2.89, p = 0.009 for RGS7.

These data support the involvement of A-type potassium chan-
nels in modulating membrane properties and intrinsic excit-
ability of L2/3 pyramidal neurons caused by inactivation of
GPR158 -RGS7 complex.

GPR158 directly modulates Kv.4.2 A-type potassium channel

Kv4.2 potassium subunit is the major contributor of A-type
currents (47). Interestingly, proteomic profiling has identified
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turned to a transfected HEK293 cell system to specifically test
the interaction of GPR158 -RGS7 with Kv4.2 and study its
functional consequences. Indeed, we found that GPR158 effec-
tively coimmunoprecipitated with Kv4.2 when coexpressed in
HEK293 cells (Fig. 64), validating their physical binding. In
support of our model, the Kv4.2 channel is prominently mod-
ulated by cAMP via PKA-dependent phosphorylation of
Thr-38 and Ser-552, which inhibits its plasma membrane traf-
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Figure 4. Loss of GPR158 or RGS7 significantly suppresses outward potassium current. A, representative traces showing the current response to voltage
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knockout of GPR158 (left) and RGS7 (right) on relative current amplitude at —50 mV (relative to —80 mV). pF, picofarad. Error bars represent S.E.M. values.

ficking (50, 51). To investigate the impact of GPR158 on Kv4.2
gating and the relevance of cAMP in this process, we coex-
pressed GPR158 with WT Kv4.2 or a Kv4.2AA double mutant
(Kv4.2 T38A/S552A) that abolishes PKA regulation at the two
sites. Cells were further cotransfected with the construct
encoding mCherry to identify the cells that express the desired
constructs (Fig. 6B). Whole-cell patch-clamp recordings
revealed that transfecting Kv4.2 resulted in a rapidly activating
and inactivating K™ current typical of I,, which was absent in
untransfected cells (Fig. 6C). Mutation of Kv4.2 channels or
coexpression of GPR158 might not affect RMP because the cur-
rent used to hold the cells at —50 mV was comparable between
groups (Fig. 6D, left; F(3,36) = 1.46, p = 0.24). Furthermore,
coexpression of GPR158 did not affect the peak amplitude of
the current carried by either WT or mutant Kv4.2 channel (Fig.
6D, right; F(3,36) = 0.84, p = 0.48; one-way ANOVA), suggest-
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ing the lack of the channel modulation at the baseline when
cAMP levels are low (47).

We next studied the effect of GPR158 on Kv4.2 upon elevat-
ing cAMP concentration by forskolin treatment, which acti-
vates the cAMP-producing enzyme adenylyl cyclase (Fig. 6E).
Consistent with previously noted inhibitory effects of cAMP,
forskolin quickly inhibited the peak amplitude of Kv4.2 current
in all groups of cells (main effect of time, F(3.1,102.7) = 36.4,
p < 0.001; repeated-measures ANOVA, Greenhouse—Geisser-
corrected). There was also a significant effect of group
(F(3,33) = 7.59, p = 0.001) and group by time interaction
(F(9.3,102.7) = 3.60, p = 0.001). This effect was further under-
scored by the analysis of the maximal effect size at the effect
plateau (Fig. 6F); one-way ANOVA (F(3,33) = 5.57, p = 0.003).
The follow-up post hoc tests confirmed the role of cAMP in this
effect: the Kv4.2AA mutant was insensitive to cAMP modula-
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tion, and forskolin was significantly less effective in inhibiting
its currents (p < 0.05). Similarly, introduction of GPR158 also
made Kv4.2 less sensitive to inhibition by forskolin (p < 0.05).
Finally, addition of GPR158 to Kv4.2AA did not further alter its
forskolin inhibition, indicating an occlusion of the effect (p <
0.05). It is notable that forskolin also induced a slight reduction
of the currents in cells expressing Kv4.2AA constructs. This is
likely due to the phosphorylation of the pore-forming subunit
mediated by the extracellular signal-regulated kinase/mitogen-
activated protein kinase signaling cascade (52, 53). These
observations suggest that the GPR158 complexes counteract
theinhibitoryaction of cAMP on A-type conductances via phos-
phorylation of the PKA-dependent sites on Kv4.2 channels (Fig.
6G).

Discussion

The present study demonstrates for the first time that
GPR158 and RGS7 regulate intrinsic excitability of pyramidal
cells in superficial layers (L2/3) of mPFC. This effect was spe-
cific to this cellular population and was not observed in L5
neurons. Neither was it observed in mice lacking R7BP. Our
data also indicate that GPR158 and RGS7 regulate the A-type
potassium channels of L2/3 neurons in mPFC via cAMP-de-
pendent phosphorylation. Taken together, this study suggests
that modulating intrinsic excitability via A-type potassium
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channels may contribute to the antidepressant-like phenotype
observed in GPR158- and RGS7-knockout animals (35, 37).

The current observations are consistent with the critical role
of mPFC in regulating behavioral response to stress and the
susceptibility to detrimental effects induced by stress (54, 55).
In particular, chronic stress has been noted to cause dendritic
branch shrinking, spine loss (56, 57), and synaptic modifica-
tions (58, 59) in mPFC neurons. Furthermore, deletion of Wfs1
(gene responsible for Wolfram syndrome) in L2/3 pyramidal
cells resulted in neuronal hyperactivation and engagement of
the hypothalamic—pituitary—adrenal axis, impairing the sup-
pression of stress-induced depressive behaviors (19). Thus, our
findings suggest that the GPR158 -RGS7 complex may be a key
modulator that gates the excitability of L2/3 mPFC neurons in
response to stress and regulates behavioral outcomes.

In this study, we identified a molecular target of GPR158 —
RGS7 action involved in the modulation of excitability. We
show that the GPR158 -RGS7 complex modulates the activity
of A-type potassium channel Kv4.2 via a cAMP-dependent
mechanism. Although GPR158 and RGS?7 likely regulate sev-
eral effectors and affect several processes, our observations sug-
gest that their effects on excitability may be mediated, at least in
part, by Kv4.2 channels, which are well-known for their role in
regulating neuronal excitability (50, 60). Mechanistically, pre-
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vious studies have established that the phosphorylation of
Kv4.2 channels by cAMP-PKA causes their internalization and
thus increases neuronal excitability (44, 50, 51, 61). Because the
genetic knockout of Gpri58 or Rgs7 also increases intracellular
cAMP levels (35, 37), the enhanced excitability in neurons lack-
ing GPR158 or RGS7 is likely due to smaller A-type potassium
current mediated by PKA phosphorylation. The identification
of A-type potassium channels as the targets for GPR158 —-RGS7
effects in mPFC neurons was unexpected as our working
hypothesis based on prior studies in hippocampal neurons
favored a role for G protein—gated inwardly rectifying potas-
sium channels in this process (62). Another channel that could
have been involved in this process is hyperpolarization-acti-
vated cyclic nucleotide— gated (HCN) that is active at resting
membrane potentials and greatly facilitated by cAMP (63, 64).
The net effect of activating HCN channels is a decrease in excit-
ability primarily due to reduction in membrane resistance (65,
66). Because cAMP is increased upon the loss of RGS7-
GPR158 and the excitability is also increased, we think it is
unlikely that HCN channels contribute to RGS7—GPR158-me-
diated regulation of excitability in L2/3 neurons of mPFC. The
expression pattern of HCN channels with prominent presence
in hippocampal CA1 (67-69) and deep but not superficial lay-
ers (L2/3) of mPFC (39, 70) may provide an explanation for the
lack of their involvement. Thus, differential expression of ion
channels across brain regions may set up bidirectional effects of
GPR158 —-RGS7 on neuronal excitability in a neuron-selective
fashion.

The contribution of Kv4.2 channels to the effects of
GPR158 -RGS7 complex on depression remains to be fully elu-
cidated. Based on increased inhibition of Kv4.2 observed in the
absence of GPR158 or RGS7, one can expect that elimination of
Kv4.2 would also result in antidepressant behavior. However,
Kv4.2-knockout mice do not exhibit a consistent phenotype
when evaluated by depression/anxiety-related tests. One study
reported a prodepressant increase in the immobility time in
FST but lack of the effect in the tail suspension test (71). A
subsequent study failed to confirm the prodepressant pheno-
type and found that Kv4.2-KO mice behaved similarly to con-
trols in the FST test (72). However, both of the studies reported
a mild anxiolytic phenotype (71, 72). Furthermore, Kv4.2-KO
mice exhibited an abnormal response to stress diminishing its
effects on depression-related behavioral changes (71), whereas
increased immobility during FST may also be viewed as a
learned habituation and desensitization to stress (73, 74). There
are several possible explanations for why the marked antide-
pressant phenotype associated with GPR158 —-RGS?7 ablation is
not recapitulated by Kv4.2 KO. First, loss of the Kv4.2 channels
is well-known to be compensated by the up-regulation of other
K™ channels that contribute to A-type conductance (75); thus,
constitutive knockout of Kv4.2 may be insulfficient for altering
excitability to the threshold that triggers behavioral changes.
Second, GPR158 —RGS7 complex may not be involved in regu-
lating Kv4.2 in all relevant brain circuits. Studies indicate that
GPR158 -RGS7 action in PFC is sufficient for producing an
impact on affective behaviors (35, 37) and so might be Kv4.2.
However, in global Kv4.2 KO, this action may be compensated
by counteracting effects from other circuits where Kv4.2 may
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not be regulated in similar fashion by GPR158 -RGS7. Testing
these possibilities would require examining the effects of
manipulations with Kv4.2 in adult mice with region selectivity
by either genetic or pharmacological strategies.

Taken together, the current study suggests that changes in
the excitability of neurons in superficial layers of mPFC may be
a cellular mechanism underlying the antidepressant effect of
GPR158 or RGS7 knockout. The GPR158 —-RGS7 complex may
regulate Kv4.2 channels through controlling the cAMP-PKA
signaling cascade. This may provide a new therapeutic strategy
for treatment of stress-induced depression, by regulation of the
excitability of L2/3 neurons in PFC via suppressing the activity
of GPR158 —RGS7 complex.

Experimental procedures
Animal models

All studies were carried out in accordance with the National
Institute of Health guidelines and were granted formal approval
by the Institutional Animal Care and Use Committee of The
Scripps Research Institute. The generation of Gpri58~ '~ (36,
37), Rgs7 '~ (76),and R7bp '~ (77) mice was described previ-
ously. All mice were maintained on C57/Bl6 background and
were 2—5 months old during the experiments. All animals used
for comparing genotypes were littermates derived from
heterozygous breeding pairs. Mice were housed in groups on a
12-h light—dark cycle with food and water available ad libitum.
Both male and female mice were used in this study.

Genetic constructs

Cloning of full-length mouse GPR158 into the pcDNA3.1/
V5-His-TOPO was described previously (78). The plasmid
encoding full-length mouse Kv4.2 (GenBank™ accession
number NM_019697; myc-DDK-tagged in C terminus) for
mammalian expression was purchased (Origene). Kv4.2 bear-
ing mutations to express Ala at the two PKA target sites Thr-38
and Ser-552 (Kv4.2AA) was generated using the In-Fusion HD
cloning system (Clontech) in pcDNA3.1. Each construct was
verified by DNA sequencing.

Behavior and physical restraint stress

PRS was performed in plastic tubes (30-mm diameter X
115-mm length) with holes for ventilation. Stressed mice were
restrained horizontally in tubes for 2 h for 14 days; nonstressed
mice were left undisturbed in their home cages. On day 15, all
mice underwent an FST that was conducted using a vertical
glass cylinder filled with water (25 °C). The mice spent 6 min in
the water, and immobility was scored from 2 to 6 min by an
independent researcher. A mouse was regarded as immobile
when floating motionless or making only those movements
necessary to keep its head above the water. Brain slices were
prepared within 1 h following the FST, and whole-cell patch-
clamp recordings were obtained from pyramidal cells in L2/3 of
prelimbic area.

Slice preparation and whole-cell recordings from brain slices

Coronal slices (300 um) containing prefrontal cortex
(anteroposterior +1.5-2.2) were cut in ice-cold aCSF (124 mm
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NaCl, 2.8 mm KCl, 1.25 mm NaH,PO,, 2 mm CaCl,, 1.25 mm
MgSO,, 26 mm NaHCO3, 10 mm glucose, pH 7.5, bubbled with
95% O,, 5% CO,) using a vibrating tissue slicer (VT1200, Leica).
Slices were transferred to a holding chamber (79) where they
remained in oxygenated aCSF at 32-35 °C until use. During
recording, slices were transferred to a submerged recording
chamber where they were continuously perfused at 2 ml/min
with oxygenated aCSF and maintained at 32-36 °C using an
inline temperature controller. Neurons were visualized with IR
differential video interference microscopy. Whole-cell record-
ings were obtained with standard-wall borosilicate glass
pipettes (2—5 megaohms) filled with the following solution: 110
mM K-gluconate, 20 mm KCl, 10 mm di-Tris-P-creatine, 10 mm
HEPES, 2 mm MgCl,, 2 mm Na,ATP, 0.3 mm Na,GTP with a pH
of 7.3 and osmolarity of 290 mosmol. Prelimbic L2/3 neurons
were recognized by their large somata, prominent apical den-
drite, and firing properties. To verify identity, some cells were
injected with 0.1% biocytin through the recording electrode
and visualized using a streptavidin Alexa Flour 488 reaction as
described previously (39). One neuron was studied in each slice.
Only neurons with an RMP more negative than —60 mV, an
input resistance (Ry) >50 megaohms, an AP amplitude >45
mV relative to threshold, and an access resistance less than 20
megaohms were included.

RMP was obtained immediately by switching to current
clamp after whole-cell mode was established. The membrane
capacitance was estimated by using the auto C-slow function in
Patchmaster. Intrinsic properties of mPFC neurons were
recorded 3 min later (to allow the diffusion of internal solution)
according to the following protocols. 1) V-1 relationships were
obtained from a series of 500-ms current injections (range
—300 to 50 pA) and plotting the plateau voltage deflection
against current amplitude. Neuronal Ry was determined from
the slope of the linear fit portion of the V-I plot where the
voltage sweeps did not exhibit sags or active conductance (80).
2) AP properties, including the minimum current necessary to
elicitan AP (I,;,,.cno1a), Were studied with an ascending series of
500-ms depolarizing pulses to elicit one single spike. 3) Neuro-
nal excitability was assessed by counting the number of spikes
evoked in response to a series of 1-s depolarizing steps (range,
100-600 pA at 100-pA increments or 50450 pA at 50-pA
increases with a 20-s intertrial interval).

To record barium-sensitive current, cells were held at —50
mV and V-Irelationships were obtained from a serious of volt-
age steps (from —50 to —120 mV) before and 10 min after bath
application of 100 um barium chloride. Barium-sensitive cur-
rents were calculated by subtraction of current responses to
voltage steps in the presence and absence of barium. A-type
current was isolated using a voltage protocol described previ-
ously (46). Briefly, the cells were first held at —40 mV to inac-
tivate most of the outward current. After stabilization, a step
was made to + 40 mV for 500 ms and then returned to —40 mV
for 5 s followed by a prepulse to —100 mV (150-ms duration) to
allow preferential recovery of the A-type current. This prepulse
duration is long enough to recover most of the A current but is
too short to recover the majority of the delayed rectifier cur-
rents (81, 82). A-type current was defined as the difference
between the peak current during the test potential (+40 mV)
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after the prepulse and current during the test pulse without
prepulse (relevant to the current used to hold the cells at —40
mV).

Cell culture and whole-cell recording from transfected HEK293
cells

Cell culture was carried out using standard procedures.
HEK293T/17 cells were cultured at 37 °C in 5% CO, in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, minimum essential medium nonessential amino
acids, 1 mm sodium pyruvate, and 2 mMm GlutaMAX. 80,000
cells were plated on 12-mm poly-D-lysine— coated glass cover-
slips and transfected using Lipofectamine LTX (Invitrogen)
and Plus reagent (Invitrogen) with a 1:1 ratio of GPR158 and
Kv4.2 expression constructs and used 16 h later. Transfected
cells were identified by expression of the fluorescent protein
mCherry. Coverslips were bathed in recording solution for
electrophysiological recording containing the following: 141
mM NaCl, 4.7 mm KCl, 1.2 mm MgCl,, 1.8 mm CaCl,, 10 mm
glucose, 10 mm HEPES, pH 7.4, with NaOH. Whole-cell record-
ings were performed on fluorescently labeled cells at room tem-
perature with glass pipettes filled with internal solution con-
taining 125 mm KCl, 4 mMm MgCl,, 10 mm HEPES, 10 mM EGTA,
5 mMm Mg-ATP, pH 7.2, with KOH. Pipette resistance was
between 2 and 5 megaohms, and series resistance ranged
between 2 and 10. The cells were held at —50 mV when the
whole-cell configuration was obtained. The capacitance and
series resistance were compensated using the auto function of
Patchmaster software before recording the currents. Under
voltage clamp, Kv4.2 channel currents were evoked by a brief
prepulse to —80 mV followed by pulses of depolarization (Fig.
6C, left). Kv4.2 currents exhibited rapid activation and inacti-
vation typical of A-type potassium currents, whereas endoge-
nous Kv4.2 currents in HEK cells were relatively negligible;
therefore, they were not quantified (Fig. 6C, right). To study the
effect of forskolin on the peak amplitude of Kv4.2 channel cur-
rent, a test pulse (+40 mV, 500 ms) was given every 10, and the
peak current of each pulse was measured. After a baseline
recording, forskolin (100 um) was directly applied to the cell
with an SF-77B rapid perfusion system (Warner Instruments,
Inc., Hamden, CT). Percent inhibition of the peak Kv4.2 cur-
rent by forskolin was expressed as (1 — I o/Iacetine) X 100%
where [, is the peak current of each test pulse and [, , ;e iS
the baseline amplitude (average of four pulses before forskolin
application). All chemicals were purchased from Sigma. All
data were collected with a HEKA EPC10 amplifier system
(HEKA Instruments, Holliston, MA) and transferred to a per-
sonal computer using an ITC-16 digital-to-analog converter
(HEKA Instruments). The signals were filtered at 2.9 kHz and
digitized at 10 kHz using Patchmaster software (HEKA Instru-
ments). Data were analyzed offline using Patchmaster. Voltages
were not corrected for the liquid-liquid junction potential.

Immunoprecipitation

Two million HEK293T/17 cells/well were plated in a 6-well
culture plate and transfected using Lipofectamine LTX and
Plus reagent with a 1:1 ratio of GPR158 and Kv4.2myc plasmids.
Cells were harvested 24 h later and lysed in 500 ul of ice-cold

SASBMB



immunoprecipitation buffer (300 mm NaCl, 50 mm Tris-HCl,
pH 7.4, 1% Triton X-100, complete protease inhibitor mixture)
by sonication. Lysates were cleared by centrifugation at
14,000 X g for 15 min. 50 ul of supernatant were saved as input
fraction, and the remaining 450 ul were incubated with 20 ul of
Protein G beads (GE Healthcare) and 2 g of antibodies on a
rocker at 4 °C for 1 h. After three washes with immunoprecipi-
tation buffer, proteins were eluted with 40 ul of 2X SDS sample
buffer. 10 ul of each sample were analyzed by SDS-PAGE fol-
lowed by Western blotting using horseradish peroxidase—
conjugated secondary antibodies and an ECL West Pico
(Thermo Scientific) detection system. Both lysates and immu-
noprecipitated fractions were run on the same gel followed by
taking different exposures reported on different panels to
accommodate for differences in protein content and resulting
immunoreactivity.

Data analysis and statistics

A minimum of three animals were used in each group
throughout the study. For statistical analyses, data were ana-
lyzed from individual cells. Statistical analysis was performed
using GraphPad Prism (Prism 6.0, GraphPad, San Diego, CA)
and SPSS Statistics 25 software (IBM). Student’s ¢ test was used
to compare means between two groups, and one-way or two-
way ANOVA followed by Bonferroni post hoc test was used to
determine significant differences among multiple groups.
Repeated-measures ANOVA was used when a dependent vari-
able was measured multiple times such as intrinsic excitability,
barium-sensitive current, and forskolin-mediated Kv4.2 cur-
rent inhibition. Statistical tests were performed two-sided. Dif-
ferences were considered significant if p was <0.05. All data are
expressed as means = S.E.
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