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Abstract

Arginine vasopressin (AVP) serves as a hormone in the periphery to modulate water homeostasis
and a neuromodulator in the brain to regulate a diverse range of functions including anxiety, social
behaviors, cognitive activities and nociception. The amygdala is an essential brain region involved
in modulating defensive and appetitive behaviors, pain, and alcohol use disorders. Whereas
activation of V1, receptors in the medial nucleus of the central amygdala (CeM) increases
neuronal excitability, the involved ionic and signaling mechanisms have not been determined. We
found that activation of V1, receptors in the CeM facilitated neuronal excitability predominantly
by opening TRPC5 channels, although AVP excited about one-fifth of the CeM neurons via
suppressing an inwardly rectifying K* (Kir) channel. G proteins and phospholipase Cg (PLCB)
were required for AVP-elicited excitation of CeM neurons, whereas intracellular Ca2* release and
the activity of protein kinase C were unnecessary. Prevention of the depletion of
phosphatidylinositol 4,5-bisphosphate (PIP,) blocked AVP-induced excitation of CeM neurons
suggesting that PLCP-mediated depletion of PIP, is involved in AVP-mediated excitation of CeM
neurons. Our results may provide a cellular and molecular mechanism to explain the anxiogenic
effects of AVP in the amygdala.
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Introduction

Arginine vasopressin (AVP) or antidiuretic hormone (ADH), is a nonapeptide synthesized
primarily by the neurosecretory cells in the paraventricular and supraoptic nuclei of the
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hypothalamus. In addition to the neurosecretory projections to the posterior pituitary, AVP
also travels along the axonal projections from parvocellular neurons of the hypothalamus to
discrete extrahypothalamic limbic brain regions including the amygdala and hippocampus
(Buijs, 1978; Buijs & Swaab, 1979). AVP functions by interacting with 3 types of receptors:
V1a V1p and V, receptors. Vo receptors are coupled to G4 proteins to upregulate adenylyl
cyclase activity resulting in elevation of intracellular cyclic AMP level. V1, and Vq
receptors are coupled to Gg/11 proteins to activate phospholipase Cp (PLCR) which
hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP5), generating inositol trisphosphate
(IP3) to augment intracellular Ca2* release and diacylglycerol (DAG) to activate protein
kinase C (PKC). In addition to its hormonal roles in vasoconstriction and antidiuretic action,
AVP is also a neuromodulator that regulates a diverse range of functions including anxiety
(Caldwell et al., 2008; Neumann & Landgraf, 2012), social behaviors (Cilz et al., 2019;
Kompier et al., 2019), learning and memory (de Wied et al., 1993; Caldwell et al., 2008) and
nociception (Koshimizu & Tsujimoto, 2009). However, the underlying cellular and
molecular mechanisms in the brain have not been fully determined.

The amygdala is an essential brain region involved in modulating defensive (Ressler, 2010;
Tye et al., 2011; Dejean et al., 2015; Janak & Tye, 2015) and appetitive (Petrovich, 2011,
2013; Zanchi et al., 2017; Smith & Lawrence, 2018) behaviors, pain (Neugebauer et al.,
2004; Veinante et al., 2013; Neugebauer, 2015) and alcohol use disorders (Silberman et al.,
2008; Gilpin et al., 2015). The amygdala comprises the lateral amygdala (LA), the
basolateral amygdala (BLA), and the central amygdala (CeA). Whilst the LA and BLA
contain mostly glutamatergic pyramidal neurons, the CeA is formed majorly by distinct
GABAergic neurons and divided into 3 subnuclei named as capsular, lateral, and medial
nucleus of CeA (LeDoux, 2000) (abbreviated as CeC, CeL and CeM, respectively). The LA
integrates information from the thalamus (LeDoux et al., 1990; Tully et al., 2007), the cortex
(McDonald, 1998) and the brainstem (Johansen et al., 2011), and makes glutamatergic
synapses onto BLA and CeA neurons. Information flows generally from the LA and BLA
into the CeA, although the CeA also receives noxious stimulus information from the
brainstem (Bernard et al., 1992; Neugebauer et al., 2009). The LA and BLA send dense
glutamatergic projections to the CeA, with the LA projecting only to the CeL and the BLA
to both the CeL and the CeM (Krettek & Price, 1978; Pitkanen et al., 1995; Savander et al.,
1995). Innervated by GABAergic afferents from other structures as well (Le Gal LaSalle et
al., 1978), the CeL and CeM contain local GABA interneurons that may inhibit each other
via axon collaterals (Pape & Pare, 2010), and GABAergic projection neurons as amygdala
efferents (McDonald & Augustine, 1993; Pare & Smith, 1993). The CeL projects to the
CeM, with no reciprocal projection from the CeM to the CeL (Pitkdnen, 2000). The CeM is
the major output nucleus of the amygdala and projects to regions that produce behavioral
and physiologic responses to emotionally relevant events (Hopkins & Holstege, 1978;
Pitkanen, 2000; Pape & Pare, 2010), although the CeL also sends GABAergic projections to
behavioral and physiologic effector regions (Penzo et al., 2014).

The amygdala receives vasopressinergic innervation from the hypothalamus (Buijs, 1978;
Buijs & Swaab, 1979). Vasopressin-producing cells have also been detected in the medial
amygdala and the bed nucleus of the stria terminalis, an extended structure of the amygdala
(Buijs & Swaab, 1979; Szot & Dorsa, 1993; Rood et al., 2013). The amygdala expresses
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vasopressin receptors (Dorsa et al., 1984; Petracca et al., 1986; Veinante & Freund-Mercier,
1997); AVP-binding sites are mainly expressed in the CeM and AVP excites CeM neurons
by activation of V1, but not V1, and V, receptors (Huber et al., 2005; Bisetti et al., 2006),
suggesting that the subtype of the vasopressin receptors in the CeM is V1, receptors.
Although microinjection of AVP into the CeA elicits anxiogenic effects (Cragg et al., 2016;
Hernandez-Perez et al., 2018), the cellular and molecular mechanisms whereby activation of
V14 receptors exerts anxiogenic effects in the CeM have not been determined. In the present
study, we found that activation of V1, receptors increases the excitability of CeM neurons
primarily via activation of TRPC5 channels, although AVP excites about 20% CeM neurons
by depressing the inwardly rectifying K* (Kir) channels. PLCB-mediated depletion of PIP,
is involved in AVP-elicited excitation in the CeM. Our results may provide a cellular and
molecular mechanism whereby AVP exerts anxiogenic effects in the brain.

Materials and Methods

Ethical approval

All procedures and experiments presented in this study were approved by the Institutional
Animal Use and Care Committee of the University of North Dakota and performed in
accordance with the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health, USA. All the experiments of the present study also comply
with the policy and regulations on animal experimentation of The Journal of Physiology
(Grundy, 2015).

Preparation of amygdala slices

Coronal brain slices (300 um) were prepared from virgin male and female Sprague-Dawley
rats (21-35 days old) purchased from Envigo RMS, INC. (Indianapolis, IN), knockout (KO)
and wild-type (WT) mice purchased from The Jackson Laboratory. The following 3 strains
of KO mice (1-2 months) and their corresponding age-matched WT mice were used: TRPV1
KO mice (B6.129X1- Trpv1imLuly strain 003770) vs. WT mice (C57BL/6J, strain 000664);
TRPC4 KO mice (129S1/SvImJ- Troc4™m1-1elohy  strain 030802) vs. WT mice (129S1/
SvimJ, strain 002448); TRPC5 KO mice (129S1/SvimJ- Trpc5tm2-Lelphyy  strain 030804) vs.
WT mice (129S1/SvimJ, strain 002448). The animals were housed in the Center for
Biomedical Research in the University of North Dakota with food and water available ad
libitum. The animal rooms were maintained on a 14/10 h light-dark cycle (lights on at 7:00
a.m.), with a room temperature of 22°C. After being deeply anesthetized with isoflurane,
animals were decapitated and their brains were dissected out. The cerebellum was trimmed
and the caudal pole of the brain was glued to the plate of a vibrotome (Leica VT1200S). The
cutting and recording solution contained (in mM) 130 NaCl, 24 NaHCOs3, 3.5 KCI, 1.25
NaH,POy4, 2.5 CaCl,, 1.5 MgCl,, and 10 glucose, saturated with 95% O, and 5% CO, (pH
7.4, adjusted with HCI). Cuttings were made from the rostral pole of the brain and slices
were collected from both hemispheres when the structure of amygdala appeared. Slices were
kept in the above solution at 35°C until use. All animal procedures conformed to the
guidelines approved by the University of North Dakota Animal Care and Use Committee.
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Recordings of action potentials, resting membrane potentials and holding currents from
CeM neurons

Whole-cell patch-clamp recordings using a Multiclamp 700B amplifier (Molecular Devices,
Sunnyvale, CA) in current- or voltage-clamp mode were made from the neurons in the CeM
visually identified with infrared video microscopy (Olympus BX51WI) and differential
interference contrast optics as described previously (Deng & Lei, 2007; Deng et al., 2010; Li
et al., 2019b; Hu et al., 2020). The bath was maintained between 33°C and 34°C by an in-
line heater and an automatic temperature controller (TC-324C, Warner Instruments). Slices
were perfused with the abovementioned extracellular solution. To exclude the indirect
effects of AVP-mediated modulation of synaptic transmission on the excitability of recorded
neurons, we included kynurenic acid (1 mM) and picrotoxin (100 pM) in the
abovementioned extracellular solution to block glutamatergic and GABAergic transmission,
respectively. The recording pipettes contained (in mM) 112 K*-gluconate, 8 KCI, 2 MgCl,,
40 HEPES, 0.6 EGTA, 2 ATPNa,, 0.4 GTPNa, and 7 phosphocreatine (pH 7.4). Because the
CeM neurons did not display spontaneous action potential (AP) firing, a constant positive
current was injected to bring the membrane potential close to the threshold to induce sparse
AP firing. AVP was dissolved in the extracellular solution at 300 nM, a near-saturating
concentration (Huber et al., 2005; Bisetti et al., 2006; Ramanathan et al., 2012), and bath-
applied to the slices. To avoid potential desensitization induced by repeated applications of
drugs, one slice was limited to only one application of AVP. Data were filtered at 1 kHz,
digitized at 10 kHz, acquired on-line and subsequently analyzed using pPCLAMP 10.7
software (Molecular Devices, Sunnyvale, CA). APs were detected in Clampfit 10.7 with
“Event Detection” and “Threshold Search”. The numbers of APs were binned per min in
Excel. For a subset of experiments, we injected a series of positive currents from 30 pA to
330 pA at an increment of 30 pA every 10 s. This protocol was applied to the same cells
before and during the application of AVP for 3-5 min because this was the time when the
maximal effect of AVP was observed.

For the recordings of resting membrane potentials (RMPs), holding currents (HCs) and
voltage-current (V-1) relationship, the extracellular solution was supplemented with
tetrodotoxin (TTX, 0.5 uM) to block AP firing. The recording electrodes were filled with the
abovementioned K*-gluconate-containing intracellular solution. HCs were recorded at —60
mV, a membrane potential close to the RMPs of CeM neurons. For V-1 relationship, cells
were held at -60 mV and stepped from —=140 mV to —40 mV or to +20 mV for 400 ms at a
voltage increment of 10 mV every 10 s. Steady-state currents were measured within 5 ms
prior to the end of the step voltage protocols.

Data analysis and presentation

Data are presented as the means + SD. Wilcoxon matched-pairs signed rank test
(abbreviated as Wilcoxon test in the text), Mann-Whitney test, One-way or Two-way
ANOVA was used for statistical analysis as appropriate. The sample number for each
experiment was expressed as “n = (number of cells, number of animals)”. Because we
recorded data from only one cell in each slice, the cell numbers could also be regarded as the
slice numbers. To minimize potential influences of variations from individual animals, each
experiment was performed from slices attained from at least 4 animals and One-way
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ANOVA was performed to ensure there was no significant difference for the data obtained
from individual animals under the same treatment. One-way ANOVA followed by Dunnett’s
or Tukey’s multiple comparison test was used for statistical analysis when the pooled control
data were used for comparison. Two-way repeated measures ANOVA followed by Sidak
multiple comparison test was used for statistical analysis for the AP firing frequency elicited
by injections of positive currents and for the data used to construct the voltage-current
relationship. For the comparison of data obtained from KO mice and their corresponding
WT mice, both Mann-Whitney test and Ordinary Two-way ANOVA by pooling data from
each animal were used for statistical analysis. P values were reported throughout the text and
significance was set as A< 0.05.

[Arg®]-vasopressin (AVP) was purchased from Bachem. The following chemicals were
products of R&D Systems: TTX, kynurenic acid, picrotoxin, SR49059, GDP-B-S, U73122,
U73343, heparin, thapsigargin, BAPTA, chelerythrine, bisindolylmaleimide 11 (Bis I1),
capsazepine, M084, edelfosine and pyrazolo[1,5-a]pyrimidin-7(4H)-on (QO-58). Dioctanoyl
phosphatidylinositol 4,5-bisphosphate (diC8-PIP,) was purchased from Echelon
Biosciences. Drugs were initially prepared in stock solution, aliquoted and stored at —20°C.
For those chemicals requiring dimethyl sulfoxide (DMSO) as a solvent, the concentration of
DMSO was less than 0.1%. This concentration of DMSO either in the recording pipettes or
in the bath had no significant effects on neuronal activity.

AVP augments AP firing frequency in CeM neurons

Whilst previous work has shown that V1, receptor activation facilitates neuronal excitability
in the CeM (Huber et al., 2005; Bisetti et al., 2006), the underlying ionic and signaling
mechanisms have not been determined. We thus aimed at determining the ionic and
signaling mechanisms whereby activation of V1, receptors augments neuronal excitability in
the CeM. Because the expression of V1, receptors is restricted to CeM region (Huber et al.,
2005), we limited our recordings in this region (Fig. 1A). There are 3 types of neurons in the
CeM of rats: low-threshold bursting (LTB, ~71%), regular spiking (RS, ~27%) and late
firing (LF, ~2%) (Dumont et al., 2002). The properties of the LTB neurons include spike
doublets or bursts in response to depolarizing current pulses and at the break of
hyperpolarizing current pulses (Martina et al., 1999; Dumont et al., 2002; Amano et al.,
2012). RS neurons generate only single spikes in response to depolarizing current pulses and
LF neurons display a conspicuous delay between the onset of suprathreshold depolarizing
current pulses and spike discharges. After formation of whole-cell recordings, we injected a
series of negative and positive currents to identify the recorded neuronal types (Fig. 1Ba,
Ca). Because neurons in the CeM did not show spontaneous AP firing at their RMPs, we
injected a persistent positive current to elevate the membrane potentials to just above the
firing threshold to induce sparse firing. Out of the 22 CeM neurons recorded, 16 cells were
classified as LTB neurons, 6 cells were RS neurons and no LF neurons were met, likely due
to their low proportion in the CeM (~2%) (Dumont et al., 2002). Bath application of AVP at
300 nM, a near-saturating concentration (Huber et al., 2005; Bisetti et al., 2006; Ramanathan
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etal., 2012), increased the firing frequency in both LTB neurons (Control: 0.17 + 0.29 Hz,
AVP: 1.28 + 0.84 Hz, n = (16, 6), £< 0.0001, Wilcoxon test, Fig. 1Ba—c) and RS neurons
(Control: 0.11 £ 0.04 Hz, AVP: 4.23 + 3.83 Hz, n = (6, 6), £=0.031, Wilcoxon test, Fig.
1Ca—c). There was no significant difference for AVP-induced increase in AP firing (P=
0.970, Mann-Whitney test) between LTB neurons (32.9 + 32.5 fold of control level, n = (16,
6)) and RS neurons (31.5 £ 27.2 fold of control level, n = (6, 6)). AVP exerted equal effects
(P=0.426, Mann-Whitney test) on male (Control: 0.19 + 0.33 Hz, AVP: 1.98 + 2.19 Hz, n =
(11, 3), P=0.002, Wilcoxon test) and female (Control: 0.12 + 0.13 Hz, AVP: 1.65+ 1.31
Hz, n = (11, 3), £=0.001, Wilcoxon test) rats. We therefore used both male and female
virgin rats for the remaining experiments and the numbers of males and females were kept as
equal as possible. We used AVP at 300 nM for each of the remaining experiments because
this is a near-saturating concentration (Huber et al., 2005; Bisetti et al., 2006; Ramanathan et
al., 2012).

We further tested the effects of AVP on neuronal excitability by injecting a series of positive
currents from 30 pA to 330 pA at an increment of 30 pA and a duration of 600 ms (Fig. 2).
AVP significantly increased the number of APs recorded from both LTB neurons (n = (13,
6), F(1,12) = 46.62, £< 0.0001, Two-way repeated measures ANOVA followed by Sidak
multiple comparison test, Fig. 2Aa-b) and RS neurons (n = (7, 6), F(1 6) = 28.01, £=0.002,
Two-way repeated measures ANOVA followed by Sidak multiple comparison test, Fig. 2Ba—
b). These results together suggest that AVP augments neuronal excitability of both LTB
neurons and RS neurons in the CeM. Because AVP-elicited facilitation of neuronal
excitability was not cell-specific, we pooled the data recorded from both LTB and RS
neurons for the remaining experiments to identify the underlying ionic and signaling
mechanisms.

Activation of V1, receptors depolarizes CeM neurons by opening a cationic channel and
inhibiting an inwardly rectifying K* channel

We then included TTX (0.5 uM) in the extracellular solution to block AP firing and recorded
the RMPs in response to bath application of AVP. Application of AVP depolarized CeM
neurons recorded in current clamp (Control: —62.9 + 3.3 mV, AVP: -58.3 £ 5.4 mV, net
depolarization: 4.6 + 3.5 mV, n = (20, 6), A< 0.0001, Wilcoxon test, Fig. 3Aa-b). We also
tested the roles of V1, receptors in AVP-mediated depolarization. Slices were pretreated with
the selective V1, receptor antagonist, SR49059 (1 uM), and the extracellular solution
continuously contained the same concentration of SR49059. Under these circumstances,
bath application of AVP failed to alter significantly the AVP-mediated depolarization
(SR49059: —-64.9 £ 4.4 mV, SR49059 + AVP: —64.7 £ 5.3 mV, net depolarization: 0.24 +
1.05mV, n = (8, 4), P=0.945, Wilcoxon test, Fig. 3B), confirming that the effect of AVP
was mediated by activation of V1, receptors. In voltage clamp, AVP induced an inward
current recorded at —-60 mV (-16.6 £ 11.2 pA, n = (16, 5), £< 0.0001, Wilcoxon test, Fig.
3Ca—Cbh). These results suggest that activation of V1, receptors facilitates neuronal
excitability in the CeM by generating membrane depolarization.

We then examined the ionic mechanisms underlying AVP-induced depolarization. Compared
with the depolarization induced by AVP in normal extracellular Ca2* concentration,
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replacement of extracellular Ca2* with the same concentration of Mg?* significantly
increased AVP-elicited depolarization (Control: —60.7 + 3.5 mV, AVP: -50.3 £ 11.7 mV, net
depolarization: 10.4 £ 11.4 mV, n = (27, 7), £<0.0001, Wilcoxon test; P=0.0445 vs. the
effect of AVP in normal extracellular Ca2* concentration, One-way ANOVA followed by
Dunnett’s test, Fig. 3Da, Dc), suggesting that removal of extracellular Ca%* augments AVP-
mediated depolarization. We further tested the roles of intracellular Ca2* by including
BAPTA (10 mM) in the recording pipettes to chelate intracellular Ca2*. Inclusion of BAPTA
in the recording pipettes failed to alter AVP-induced depolarization significantly (Control:
-63.1 + 4.4 mV, AVP: -58.2 + 5.4 mV, net depolarization: 4.8 + 2.6 mV, n= (7, 4), P=
0.016, Wilcoxon test; P=0.998 vs. the control effect of AVP, One-way ANOVA followed by
Dunnett’s test, Fig. 3Db—c). These results suggest that AVP-mediated depolarization is not
dependent on intracellular Ca2*.

We further determined the ionic mechanisms whereby V1, receptor activation depolarizes
CeM neurons by measuring the voltage-current (\V-1) relationship of the currents generated
by AVP. Cells were held at —60 mV and stepped from =140 mV to —40 mV for 400 ms at a
voltage step of 10 mV every 10 s. Steady-state currents were measured within 5 ms prior to
the end of the step voltage protocol. Under these circumstances, AVP elicited a persistent
inward current at the voltages between —140 mV and —40 mV in 24 cells out of the 30 cells
recorded (from 8 rats) (Fig. 4Aa—c). The remaining 6 cells displayed a V-1 curve of inwardly
rectifying K* (Kir) channels with a reversal potential at -96.4 + 11.6 mV (n = 6 cells) (Fig.
4Ba—c). These results suggest that activation of V1, receptors excites CeM neurons by
opening a cationic channel in ~80% (24/30) neuronal population and inhibiting Kir channels
in ~20% (6/30) neuronal population.

We further extended the voltage range to +20 mV to measure the reversal potential of the
cationic currents elicited by AVP in the continuous presence of BaCl, (300 uM) to block
potential contamination of the Kir channels. In addition to 300 uM BaCls, the extracellular
solution also contained TTX (0.5 uM) to block voltage-gated Na* channels, CdClI, (200 pM)
and NiCl, (1 mM) to block voltage-gated Ca?* channels. Under these circumstances, AVP-
elicited net currents showed a reversal potential of —34.4 + 9.6 mV with double rectifications
(n=(7, 4), Fig. 4Ca-c), further confirming the involvement of cationic channels.

TRPCS5 channels are involved in V14 receptor-mediated depolarization

The V-1 curve of AVP-elicited currents (Fig. 4Cc) resembles that of TRPV1, TRPC4 and
TRPCS channels (Wu et al., 2010). The amygdala expresses TRPV1 (Zschenderlein et al.,
2011; Xiao et al., 2016), TRPC4 (Riccio et al., 2014) and TRPC5 (Riccio et al., 2009)
channels. We next tested the roles of these channels in AVP-mediated depolarization of CeM
neurons using their selective pharmacological blockers and KO mice. Application of the
TRPV1 blocker, capsazepine (10 uM), did not significantly alter AVP-elicited depolarization
(Capsazepine: —62.9 + 4.4 mV, Capsazepine + AVP: -58.5 + 5.3 mV, net depolarization: 4.3
+3.3mV, n=(18, 6), P<0.0001, Wilcoxon test; P=0.883 vs. AVP alone, Mann-Whitney
test, Fig. 5A, D). Likewise, application of AVP induced significant depolarization of CeM
neurons in slices cut from WT mice (Control: —-62.8 £ 2.7 mV, AVP: -58.8 + 2.5 mV, net
depolarization: 4.0 + 1.5 mV, n = (14, 4), P=0.0001, Wilcoxon test, Fig. 5B, D) or TRPV1
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KO mice (Control: —64.6 + 6.4 mV, AVP: —61.2 £ 6.9 mV, net depolarization: 3.4 + 1.6 mV,
n = (21, 6), £<0.0001, Wilcoxon test, Fig. 5C-D). There was no significant difference (P=
0.249, Mann-Whitney test; F(1 39) = 1.31, £=0.261, Ordinary Two-way ANOVA) for the
AVP-elicited net depolarization of CeM neurons between WT mice (4.0 £ 1.5 mV, n = (14,
4)) and TRPV1 KO mice (3.4 £ 1.6 mV, n = (21, 6), Fig. 5D). These data collectively
suggest that TRPV1 channels are not involved in AVP-induced excitation of CeM neurons.

We then probed the roles of TRPC4/5 channels in AVP-elicited depolarization of CeM
neurons. Bath application of the selective TRPC4/5 channel blocker, M084 (100 pM) (Yang
etal., 2015; Zhu et al., 2015), did not significantly alter RMPs (Control: —=64.9 + 4.3 mV,
MO084: —64.3 £ 5.5 mV, net change: 0.7 £ 4.4 mV, n = (15, 4), P=0.639, Wilcoxon test), but
significantly attenuated AVP-mediated depolarization (M084: -64.3 £ 5.5 mV, M084 +
AVP: -63.0 + 5.8 mV, net depolarization: 1.2 £ 1.1 mV, n = (15, 4), £=10.001, Wilcoxon
test; £=0.007 vs. AVP alone, Mann-Whitney test, Fig. 5E, J), suggesting that TRPC4/5
channels are involved in AVP-elicited depolarization of CeM neurons. We then used TRPC4
and TRPC5 KO mice to further determine the roles of TRPC4 and TRPC5 channels.
Application of AVP evoked comparable depolarizations in slices cut from WT mice
(Control: —61.1 £ 5.2 mV, AVP: -56.2 £ 6.9 mV, n = (14, 4), £=0.0001, Wilcoxon test, Fig.
5F, J) and TRPC4 KO mice (Control: —64.1 £ 4.6 mV, AVP: -60.3 £5.5 mV, n = (14, 5), P=
0.0001, Wilcoxon test, Fig. 5G, J). AVP-elicited net depolarization was not significantly
different (P = 0.322, Mann-Whitney test; F(; 23) = 0.49, = 0.489, Ordinary Two-way
ANOVA) between WT mice (4.9 + 3.3 mV, n = (14, 4)) and TRPC4 KO mice (3.8 £ 3.5 mV,
n = (14, 5)), suggesting that TRPC4 channels are not essential for AVP-mediated
depolarization. However, AVP induced a significantly smaller depolarization of CeM
neurons in slices cut from TRPC5 KO mice (Control: —=62.2 £ 2.7 mV, AVP:; —-60.8 + 2.8
mV, net depolarization: 1.4 £ 1.1 mV, n = (17, 5), £< 0.0001, Wilcoxon test), compared
with WT mice (Control: -63.1 £ 3.8 mV, AVP: -58.1 + 2.6 mV, net depolarization: 5.0 £ 2.6
mV, n = (12, 4), = 0.0005, Wilcoxon test; WT mice vs. TRPC5 KO mice: £< 0.0001
Mann-Whitney test, F(1 24y = 22.12, < 0.0001, Ordinary Two-way ANOVA, Fig. 5H-J).
One would argue that decrease in AVP-elicited depolarization in TRPC5 KO mice may be
due to a reduced expression of V1, receptors in TRPC5 KO mice, irrelevant to TRPC5
channels. To exclude this possibility, we performed a positive control experiment. Because
we showed previously that activation of V1, receptors excites CAL interneurons by
inhibiting a K* channel (Ramanathan et al., 2012), we recorded and compared the AVP-
induced changes of holding currents from CAL interneurons in slices cut from TRPC5 KO
mice and WT mice. Application of AVP elicited comparable (P= 0.470, Mann-Whitney test;
F(1,23) = 0.88, P=0.359, Ordinary Two-way ANOVA) inward currents recorded from CA1
interneurons in slices cut from TRPC5 KO mice (-20.0 £ 9.0 pA, n = (16, 4)) and WT mice
(-17.3 £9.1 pA, n = (15, 4), data not shown), arguing against the notion that the decreased
level of AVP-elicited depolarization of CeM neurons is due to the reduction of V1, receptor
expression in TRPC5 KO mice.

PLCB is involved in AVP-elicited excitation of CeM neurons

Because V1, receptors are coupled to Gg/11, we tested the roles of G proteins in AVP-
mediated depolarization. Intracellular dialysis of the G protein inactivator, GDP-B-S (0.5
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mM) blocked AVP-elicited depolarization (Control: -61.0 + 3.1 mV, AVP: -60.4 £ 2.8 mV,
net depolarization: 0.61 + 0.89 mV, n = (9, 4), P=0.098, Wilcoxon test; A= 0.002 vs. AVP
alone, One-way ANOVA followed by Tukey’s test, Fig. 6A, E), indicating the requirement
of G proteins. Activation of V1, receptors increases the function of PLCp resulting in
hydrolysis of PIP, to generate IP5 to increase intracellular CaZ* release and DAG to activate
PKC. We next tested the roles of these intracellular signals in AVP-elicited depolarization of
CeM neurons. Slices were pretreated with the selective PLC inhibitor, U73122 (5 uM), for
>2 h. Application of AVP to the slices pretreated with U73122 did not significantly
depolarize CeM neurons (Control: =63.3 = 4.5 mV, AVP: -63.1 + 5.1 mV, n = (14, 5), P=
0.502, Wilcoxon test, Fig. 6B, E), whereas AVP still significantly depolarized CeM neurons
in slices pretreated with the inactive analog, U73343 (5 uM) (Control: —60.1 + 2.5 mV, AVP:
-55.3+2.5mV, n = (10, 4), P=0.002, Wilcoxon test, Fig. 6C, E). There was significant
difference (P=0.001, One-way ANOVA followed by Tukey’s test) for AVP-induced net
depolarization obtained from cells pretreated with U73122 (0.22 £ 1.53 mV, n = 14 cells)
and U73343 (4.8 £ 1.8 mV, n = 10 cells, Fig. 6E). Similarly, pretreatment of slices with
edelfosine (15 pM), another PLC inhibitor, significantly attenuated AVP-elicited
depolarization (Control: —62.8 + 3.4 mV, AVP: —61.7 + 3.7 mV, net depolarization: 1.2 + 3.7
mV, n = (11, 4), P=0.032, Wilcoxon test; = 0.001 vs. AVP alone, One-way ANOVA
followed by Tukey’s test, Fig. 6D-E). These results together suggest that PLCP is required
for V1, receptor-mediated excitation of CeM neurons.

IP3 receptors and PKC are not involved in AVP-mediated depolarization

We probed the roles of intracellular Ca2* release in AVP-induced depolarization of CeM
neurons. Intracellular dialysis of heparin (2 mg/ml), a blocker for IP3 receptors, via the
recording pipettes, did not significantly alter AVP-mediated depolarization (Control: —61.6 £
3.3mV, AVP: -52.0 + 13.1 mV, net depolarization: 6.1 + 4.5 mV, n = (10, 4), A= 0.002,
Wilcoxon test; 2= 0.890 vs. AVP alone, One-way ANOVA followed by Dunnett’s test, Fig.
7A, F), suggesting that Ca2* release from the IP3-sensitive store is not required for AVP-
elicited depolarization. Moreover, intracellular perfusion of thapsigargin (10 pM), a non-
competitive inhibitor of the sarco/endoplasmic reticulum Ca2* ATPase, via the recording
pipettes, did not significantly modify AVP-mediated depolarization (Control: —63.8 + 4.6
mV, AVP: -58.7 + 5.4 mV, net depolarization: 5.1 £ 2.7 mV, n = (10, 4), £=0.002,
Wilcoxon test; = 0.999 vs. AVP alone, One-way ANOVA followed by Dunnett’s test, Fig.
7B, F). These results suggest that intracellular Ca2* release is not required for AVP-elicited
depolarization.

We then examined the roles of PKC in AVP-induced excitation of CeM neurons. Slices were
pretreated with bisindolylmaleimide 11 (Bis I, 1 uM), a specific PKC inhibitor, and the
extracellular solution continuously contained the same concentration of Bis 1. Under these
circumstances, bath application of AVP to the slices treated with Bis 11 still induced a
comparable depolarization of CeM neurons (Control: —64.5 + 4.9 mV, AVP: -58.8 £ 7.3 mV,
net depolarization: 5.6 £ 5.2 mV, n = (16, 5), £< 0.0001, Wilcoxon test; P= 0.967 vs. AVP
alone, One-way ANOVA followed by Dunnett’s test, Fig. 7C, F). Likewise, pretreatment of
slices with and continuous bath application of chelerythrine (10 uM), another specific PKC
inhibitor, failed to significantly modify AVP-mediated depolarization (Control: -63.3 + 7.8
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mV, AVP: -57.4 + 10.7 mV, net depolarization: 5.9 + 4.7, n = (12, 4), A= 0.0005, Wilcoxon
test; =10.936 vs. AVP alone, One-way ANOVA followed by Dunnett’s test, Fig. 7D, F).
These results together suggest that PKC is not involved in AVP-elicited depolarization.

Roles of PIP, in AVP-elicited depolarization of CeM neurons

We then tested the hypothesis that activation of V1, receptors increases the function of PLCB
resulting in depletion of PIP, to depolarize CeM neurons because PIP, has been shown to
regulate the functions of a variety of ion channels (Suh & Hille, 2008; Rodriguez-Menchaca
etal., 2012). We included the water-soluble diC8-PIP, (20 uM) in the recording pipettes to
compensate for the depletion of PIP, in response to PLCp activation. Supplementation of
diC8-PIP, blocked AVP-mediated depolarization (Control: -60.5 + 2.8 mV, AVP: -59.9 +
3.5 mV, net depolarization: 0.6 = 1.3 mV, n = (12, 4), = 0.176, Wilcoxon test; = 0.008
vs. AVP alone, One-way ANOVA followed by Dunnett’s test, Fig. 7E-F), suggesting that
depletion of PIP, is involved in V1, receptor-mediated depolarization of CeM neurons.

Roles of PIP, depletion, TRPC5 and Kir channels in V1, receptor-elicited increases in AP

firing

We further tested whether PIP, depletion is involved in V1, receptor-mediated augmentation
of AP firing frequency. Dialysis of diC8-PIP, (20 pM) into the CeM neurons prevented
AVP-induced increases in AP firing elicited by injection of a series of positive currents (n =
(13, 4), F(1,12) = 4.38, P=0.058, Two-way repeated measures ANOVA followed by Sidak
multiple comparison test, Fig. 8Aa-b), suggesting that PLCB-mediated depletion of PIP; is
required for AVP-elicited excitation of CeM neurons. We noticed that the AP numbers of the
CeM neurons dialyzed intracellularly with diC8-PIP, were significantly higher than those of
the CeM neurons in control condition without dialysis of diC8-PIP; (F(y 341) = 20.84, P<
0.0001, Ordinary Two-way ANOVA followed by Sidak multiple comparison test, Fig. 8Ac).
Increases in basal AP numbers in the presence of diC8-PIP, alone may have exerted
temporal limitation for AVP to augment AP firing numbers further. To exclude this
possibility, we used QO-58, an activator of Kv7 (KCNQ) channels (Zhang et al., 2013). Kv7
channels are expressed in rat central amygdala neurons and application of QO-58 augmented
M-currents (Sheng et al., 2021). In the CeM neurons dialyzed with diC8-PIP,, application of
QO-58 (15 uM) significantly depressed the number of APs (n = (12, 4), Fy,11) = 137.7, P<
0.0001, Two-way repeated measures ANOVA followed by Sidak multiple comparison test,
Fig. 8Ad). In the continuous presences of both QO-58 and diC8-PIP, following application
of AVP failed to enhance AP firing numbers significantly (n = (12, 4), F(1,11) = 2.23, P=
0.164, Two-way repeated measures ANOVA followed by Sidak multiple comparison test,
Fig. 8Ad). Because TRPC5 channels are required for AVP-induced depolarization, we also
tested whether TRPC5 channels are required for AVP-elicited augmentation of AP firing by
using the TRPC5 KO mice. Application of AVP significantly increased the number of APs
elicited by injections of the positive currents in slices cut from WT mice (n = (15, 5), F(1,14
=455, P<0.0001, Two-way repeated measures ANOVA followed by Sidak multiple
comparison test, Fig. 8Ba—b), whereas AVP failed to enhance AP numbers significantly in
slices cut from TRPC5 KO mice (n = (15, 5), F(1,14) = 2.46, £=0.139, Two-way repeated
measures ANOVA followed by Sidak multiple comparison test, Fig. 8Bc—d), further
confirming that TRPCS5 channels are required for V1, receptor-mediated enhancement of AP
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firing. Because the basal AP firing numbers in slices cut from TRPC5 KO mice were
significantly higher than those of WT mice (F(1 30g) = 137.6, £< 0.0001, Ordinary Two-way
ANOVA followed by Sidak multiple comparison test, Fig. 8Be), the ineffectiveness of AVP
in slices cut from TRPC5 KO mice could be due to the higher basal AP firing numbers of
CeM neurons in TRPC5 KO mice. Similarly, we included QO-58 in the extracellular
solution to lower the basal level of AP firing numbers in response to the positive current
injection protocol. Bath application of QO-58 (20 uM) significantly decreased AP firing
numbers in slices cut from TRPC5 KO mice (n = (12, 4), F(1,11) = 153, £<0.0001, Two-way
repeated measures ANOVA followed by Sidak multiple comparison test, Fig. 8Bf).
However, in the presence of QO-58, application of AVP still failed to enhance AP firing
numbers significantly in TRPC5 KO mice (n = (12, 4), F(1,11) = 0.78, P=0.397, Two-way
repeated measures ANOVA followed by Sidak multiple comparison test, Fig. 8Bf). Because
AVP excited ~20% rat CeM neurons primarily by depressing Kir channels, we included
M084 (100 uM) in the extracellular solution to block TRPC5 channels and to isolate the
contribution of Kir channels in AVP-induced augmentation of AP firing frequency in rats. In
the presence of M084, application of AVP enhanced AP firing numbers only when the
injection currents were from 90 to 150 pA (n = (15, 4), Fig. 8Ca-b), suggesting that Kir
channels partially contributed to AVP-elicited excitation of rat CeM neurons. Based on our
experimental results, we proposed a schematic diagram to summarize the ionic and signaling
mechanisms whereby activation of V1, receptors excites CeM neurons (Fig. 9).

Discussion

Whilst it has been shown that microinjection of AVP into the CeA elicits anxiogenic effects
(Cragg et al., 2016; Hernandez-Perez et al., 2018) and activation of V1, receptors in the
CeM increases neuronal excitability (Huber et al., 2005; Bisetti et al., 2006), the underlying
ionic and signaling mechanisms have not been determined. As shown in Figure 9, we found
that activation of V1, receptors excites the majority (80%) of CeM neurons primarily by
opening TRPC5 channels, although AVP excites about 20% of CeM neurons majorly by
depressing a Kir channel. The V1, receptor-mediated excitation of CeM neurons depends on
PLCB-mediated depletion of PIP, without the requirements of intracellular Ca2* release and
PKC.

Activation of cationic channels and inhibition of resting K* channels are two major ionic
mechanisms whereby neuromodulators facilitate neuronal excitability. Our results suggest
that V1, receptor activation excites CeM neurons predominantly by opening a cationic
conductance because the V-1 curve of the AVP-induced currents reversed at about =34 mV
and resembled that of TRPV1, TRPC4 or TRPC5 channels (Wu et al., 2010). Whereas
capsazepine is a TRPV1 blocker, application of capsazepine failed to block AVP-mediated
depolarization. Consistent with the pharmacological experiments, AVP-elicited
depolarization recorded from TRPV1 KO mice was comparable to that attained from WT
mice, excluding the involvement of TRPV1 channels. In congruence with the
electrophysiological results, TRPV1 channels are distributed majorly in LA and BLA
(Zschenderlein et al., 2011; Xiao et al., 2016) with less expression in CeA (Zschenderlein et
al., 2011). M084 is a blocker for TRPCA4/5 channels (Yang et al., 2015; Zhu et al., 2015).
Our result that application of M084 significantly reduced AVP-elicited depolarization
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indicates the involvement of TRPC4/5 channels. AVP induced a significantly smaller
depolarization in slices cut from TRPC5 KO mice, whereas AVP elicited a comparable
depolarization of CeM neurons in slices cut from TRPC4 KO mice, suggesting the
requirement of TRPCS5 channels. Both TRPC4 and TRPC5 channels are distributed in the
amygdala with TRPC4 channels expressed in the LA and BLA (Riccio et al., 2014) and
TRPCS channels in the LA, BLA and CeA (Riccio et al., 2009). The localization of TRPC5
channels in the CeA further supports a role of TRPC5 channels in AVP-induced
depolarization. However, our results that removal of extracellular Ca2* significantly
increased AVP-elicited depolarization of CeM neurons seem incongruous with the results
showing that elevation of extracellular Ca2* augments TRPC5 currents in transfected cells
(Okada et al., 1998; Chen et al., 2017). In HEK cells transfected with TRPC5 cDNA initially
cloned from mouse brain (Okada et al., 1998), elevation of extracellular Ca* from 1.2 mM
dubbed as “0Ca2*” in the work to 10 mM increased TRPC5 channel currents. Because 1.2
mM Ca2* is close to the physiological extracellular Ca2* concentration and 10 mM
extracellular CaZ* is almost not physiological, these results may at most suggest that
pharmacological elevation of extracellular Ca2* enhances TRPC5 channel currents. In the
recent work (Chen et al., 2017), elevation of extracellular Ca2* from 0 Ca%* to 2 mM
increased TRPC5 channel currents. However, consistent with our results, extracellular Ca2*
is well known to reduce the monovalent cation currents of many Ca2*-permeable cation
channels (Helliwell & Large, 1996; Owsianik et al., 2006; Arichi et al., 2019). In the
isolated rat intracardiac ganglion neurons, activation of another peptide receptor, the
bradykinin B receptor, resulted in depolarization by opening a nonselective cation channel
sensitive to the TRPC4/5 channel blocker, ML204 (Arichi et al., 2019). Removal of
extracellular Ca2* markedly increased the bradykinin-induced currents, suggesting that
extracellular Ca2* exerted inhibitory effects on the putative TRPC4/5 channels (Arichi et al.,
2019). If elevation of extracellular Ca2* indeed augments TRPC5 channel currents in
physiological condition, there are several reasons to explain the discrepant results between
neurons and transfected cells. First, many neurons express Ca%*-sensed nonselective cation
channels and lowering extracellular Ca* can open this type of cation channels (Xiong et al.,
1997). If activation of V1, receptors also exerts effects on Ca*-sensed nonselective cation
channels, removing extracellular Ca2* could potentially augment AVP-elicited
depolarization by interacting with the Ca2*-sensed nonselective cation channels. Second,
removing extracellular Ca* could potentially increase the potency of V1, receptors in the
CeM neurons, although depletion of extracellular Ca%* has no effects on V1, receptor-
induced increases in inward currents in CA1 interneurons of the hippocampus (Ramanathan
etal., 2012), arguing against a potentiating effect of extracellular Ca2* depletion on Vi,
receptor function. Third, the components of the intracellular solutions used are different. For
the experiments performed on transfected cells, the intracellular solution contained Cs™, high
concentration of EGTA (10 mM) and low concentration of HEPES (10 mM) (Chen et al.,
2017), whereas our experiments were performed by using K*-containing internal solution
supplemented with low concentration of EGTA (0.6 mM) and higher concentration of
HEPES (40 mM). EGTA is a well-known Ca2* chelator likely affecting intracellular Ca2*
level. Fourth, because our results also indicated that depression of K* channels is another
ionic mechanism involved in the depolarization of CeM neurons in response to V1, receptor
activation, the altered contribution of K* channels in AVP-induced increases in
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depolarization in zero extracellular Ca2* solution cannot be excluded. Nevertheless, our
results support the involvement of TRPC5 channels in AVP-elicited excitation of CeM
neurons.

Our results suggest that Kir channels are involved in V1, receptor-mediated excitation of a
small population (20%) of rat CeM neurons. Kir channels are divided into four functional
groups including Kir2, Kir3 (G protein-gated inwardly rectifying potassium (GIRK)
channels), Kir6 (ATP-sensitive K* (Karp) channels) and K* transport channels (Hibino et
al., 2010). Whilst V1, receptor activation has been shown to inhibit Kap channels
(Wakatsuki et al., 1992; Shi et al., 2007), it is unlikely that the Katp channels are the target
for V1, receptors in the CeM neurons because our recording pipettes contained 2 mM ATP
which should have effectively blocked the K rp channels. Because AVP excites CeM
neurons via inhibition of Kir channels in only about one-fifth of the cell population, it is
difficult to isolate and identify the involved subtype of the Kir channels in the CeM.
Nonetheless, our results showed that Kir channels may contribute partially to AVP-elicited
excitation of CeM neurons in rats because AVP still induced significant increase in AP firing
number when low intensities of positive currents were injected in the extracellular solution
containing M084 to block TRPC5 channels.

V14 receptors are coupled to Gg11 proteins resulting in increases in the function of PLC(
which hydrolyses PIP, to generate IP5 to elevate intracellular Ca2* release and DAG to
activate PKC. Our results suggest that the functions of PLCP and PIP, are required for V14
receptor-elicited excitation of CeM neurons. Because we showed that TRPC5 and Kir
channels are involved in V1, receptor-induced excitation, it is reasonable to speculate that
PLCP and PIP, interact with TRPC5 and Kir channels to excite CeM neurons. Activation of
Ggrr1-coupled receptors results in activation of TRPCS channels (Plant & Schaefer, 2005;
Rohacs, 2013). TRPCS activation elicited by G11-coupled receptors depends upon PLCB,
but evidently did not involve IP3 or DAG (Schaefer et al., 2000). Inhibition of 1P3 receptors
with intracellular infusion of heparin failed to affect receptor-mediated activation of currents
in cells transfected with TRPC4 and TRPC5 channels (Plant & Schaefer, 2005). TRPC5
could still be activated via a muscarinic receptor in DT-40 B cells lacking all three IP3
receptor subtypes (Venkatachalam et al., 2003). Like homomeric TRPC4 and TRPC5
channels, heteromers formed between TRPC1 and TRPCS5, were not activated by infusion of
IP3 but responded to subsequent muscarinic receptor activation (Strubing et al., 2001).
Furthermore, DAG was not involved in the activation of TRPC5 channels in response to
Ggy1-coupled receptors (Hofmann et al., 1999; Venkatachalam et al., 2003). Consistent with
this scenario, our results suggest that V1, receptor-mediated excitation of CeM neurons is
independent of IP3 receptors, intracellular Ca2* release, DAG and PKC.

PIP, has been shown to modulate the functions of diverse ion channels (Suh & Hille, 2008;
Rodriguez-Menchaca et al., 2012). TRPC4 and TRPCS5 channels are also subject to PIP,
modulation. TRPC4a but not TRPC4f was strongly inhibited by intracellularly applied PIP,
(Otsuguro et al., 2008). Depletion of PIP, activates TRPC5 channels, whereas intracellular
perfusion of PIP, via the patch pipettes inhibited TRPC5 currents expressed in HEK293
cells (Trebak et al., 2009). In the present study, we further showed that depletion of PIP; is
involved in AVP-mediated depolarization of CeM neurons. Because TRPC5 channels are the
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predominant channels mediating AVP-induced excitation of CeM neurons, it is reasonable to
speculate that activation of V1, receptors activates TRPC5 channels by PLCB-mediated
depletion of PIP,, resulting in excitation of CeM neurons.

Our results showed that activation of V1, receptors excited one-fifth of CeM neurons
principally via inhibition of Kir channels. Because PIP; is involved in V1, receptor-mediated
excitation of CeM neurons, it is rational to reason that PIP, is also involved in V1, receptor-
elicited depression of Kir channels. Consistent with this scenario, Kir channels are activated
by PIP, (Huang et al., 1998; Suh & Hille, 2008; Li et al., 2019a), but inhibited by PLCp-
mediated depletion of PIP, (Cho et al., 2001; Meyer et al., 2001; Cho et al., 2005).

Amygdala is a principal structure involved in fear and anxiety. LA receives multimodal
sensory information from the thalamus and cortex, serving as the major sensory interface.
The CeM is the principal output station, as its projection neurons contact different structures
in the brainstem and in the hypothalamus to orchestrate conditioned autonomic and motor
responses (Ehrlich et al., 2009). Facilitation of neuronal excitability in the CeM generally
augments anxiety and fear responses. The neuropeptide vasopressin is a modulator of
mammalian social behavior and emaotion, particularly fear, aggression, and anxiety (Bielsky
et al., 2004). Strong evidence demonstrates that anxiety disorders and fear responses are
associated with elevated AVP functions (Bielsky et al., 2004; Egashira et al., 2007; Egashira
et al., 2009; Mak et al., 2012). It is generally believed that V1, receptors are responsible for
AVP-mediated anxiogenic effects and fear responses. For instance, V1, receptor KO mice
showed reduced anxiety-like behaviors (Bielsky et al., 2004; Egashira et al., 2007), whereas
overexpression of V1, receptors facilitated anxiety-like responses (Bielsky et al., 2005).
Infusion of V1, receptor antisense into the brain (Landgraf et al., 1995) or central
administration of V1, receptor antagonists (Liebsch et al., 1996; Mak et al., 2012) induced
anxiolytic effects. Polymorphisms of both AVP (Murgatroyd et al., 2004) and V1, receptors
(Hammock et al., 2005) are correlated with anxiety-like behaviors. Although microinjection
of AVP into the CeA elicits anxiogenic effects (Cragg et al., 2016; Hernandez-Perez et al.,
2018), the cellular and molecular mechanisms whereby AVP exerts the anxiogenic effects
have not been determined. Our results suggest that activation of V1, receptors excites CeM
neurons by activation of TRPC5 channels and depression of Kir channels. Consistent with
our results, activation of TRPC5 channels elevates fear and anxiety response (Riccio et al.,
2009; Just et al., 2018). Kir channels such as the GIRK channels are also involved in anxiety
response (Blednov et al., 2001; Pravetoni & Wickman, 2008; Wydeven et al., 2014). Our
results also showed that PLCB-mediated depletion of PIP, is involved in V1, receptor-
mediated excitation of CeM neurons. In conformity with our results, PLCP is involved in
anxiety responses (McOmish et al., 2008; Xiao et al., 2012). Our results therefore provide a
cellular and molecular mechanism by which potential therapeutic strategies could be
developed.
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Key Points Summary

Activation of V1, vasopressin receptors facilitates neuronal excitability in the
medial nucleus of central amygdala (CeM)

V1, receptor activation excites about 80% CeM neurons by opening a cationic
conductance and about 20% CeM neurons by suppressing an inwardly
rectifying K* (Kir) channels

The cationic conductance activated by V1, receptors is identified as TRPC5
channels

PLCB-mediated depletion of PIP, is involved in V1, receptor-elicited
excitation of CeM neurons

Intracellular Ca2* release and PKC are unnecessary for V1, receptor-mediated
excitation of CeM neurons
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Figure 1. AVP increases AP firing frequency in CeM neurons.
A, microscopic photograph to show the location of CeM where electrophysiological

recordings were conducted. LA: lateral nucleus; BLA: basolateral nucleus; CeC: capsular
central amygdala; CeL: lateral central amygdala; CeM: medial central amygdala. Ba-c, AVP
enhanced AP firing frequency in low-threshold bursting (LTB) neurons. Ba, Voltage
responses were evoked by injection of currents at an increment of 30 pA from —90 pA to 120
pA. Bb, Upper: APs recorded by injection of a persistent current of 50 pA before, during and
after the application of AVP. Lower: expanded traces recorded at the time indicated in the
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graph. Bc, Averaged AP firing frequency recorded from 16 LTB neurons. Ca-c, AVP
enhanced AP firing frequency in regular spiking (RS) neurons. Ca, Voltage responses were
evoked by injection of currents at an increment of 30 pA from —90 pA to 180 pA. Cb,
Upper: APs recorded by injection of a persistent current of 90 pA before, during and after
the application of AVP. Lower: expanded traces recorded at the time indicated in the graph.
Cc, Averaged AP firing frequency recorded from 6 RS neurons.
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Figure 2. AVP increases the number of APs elicited by injection of a series of positive currents.
Aa-b, AVP enhanced the numbers of APs evoked by injections of positive currents from 30

pA to 330 pA in LTB neurons. Aa, APs elicited by injections of a series of positive currents
from 30 pA to 330 pA in a LTB neuron before (/ef?f) and during (r/ght) the application of
AVP. Ab, Relationship between the injected currents and the elicited AP numbers from 13
LTB neurons. ** P< 0.01, Two-way repeated measures ANOVA followed by Sidak multiple
comparison test. Ba-b, AVP enhanced the numbers of APs evoked by injections of positive
currents from 30 pA to 330 pA in RS neurons. Ba, APs elicited by injections of a series of
positive currents from 30 pA to 330 pA in a RS neuron before (/ef?) and during (right) the
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application of AVP. Bb, Relationship between the injected currents and the elicited AP
numbers from 7 RS neurons. ** < 0.01, Two-way repeated measures ANOVA followed by
Sidak multiple comparison test.
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Figure 3. Involvement of V1, receptors and effects of Ca2* on AVP-mediated depolarization of
CeM neurons.

Aa-b, Bath application of AVP depolarized CeM neurons. Aa, RMP recorded from a CeM
neuron before, during and after application of AVP. Ab, Summary data for AVP-induced
depolarization (Wilcoxon test). The empty circles represented the values from individual
cells and the solid symbols were their averages. B, Pretreatment of slices with and
continuous bath application of the selective V1, antagonist, SR49059 (1 uM), blocked AVP-
induced depolarization (Wilcoxon test). Ca-b, Bath application of AVP induced an inward
current in voltage clamp. Ca, Holding current recorded at =60 mV from a CeM neuron
before, during and after the application of AVP. Cb, Summary net currents induced by AVP
recorded at —-60 mV from 16 CeM neurons (P < 0.0001, Wilcoxon test). Circles represented
the values from individual cells and bar graph was their average. Da-c, AVP-elicited
depolarization was augmented by removal of extracellular Ca2*, but independent of
intracellular Ca%*. Da, RMP recorded from a CeM neuron before, during and after
application of AVP in the extracellular solution in which Ca2* was substituted with the same
concentration of Mg2*. Note that AVP elicited a larger depolarization in the absence of
extracellular Ca%*. Db, RMP recorded from a CeM neuron before, during and after
application of AVP in the intracellular solution containing 10 mM BAPTA. Dc, Summary
data for AVP-induced depolarization in the extracellular solution containing no Ca2* and
intracellular solution containing 10 mM BAPTA (One-way ANOVA followed by Dunnett’s
test).
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Figure 4. AVP-elicited excitation of CeM neurons is mediated by opening a cation channel and
inhibiting a Kir channel.

Aa-c, AVP opened a cation channel. Aa, Currents elicited by a voltage-step protocol before
(/ef)) and during (middle) bath application of AVP and the net current obtained by
subtraction (right) from a CeM neuron. Note the differences of the scale bars. The dash line
was the zero current level. Ab, V-1 curve averaged from 24 cells before and during
application of AVP (Two-way repeated measures ANOVA followed by Sidak multiple
comparison test; Drug: F(1, 23) = 28.83, < 0.0001; Voltage: F(10, 230) = 71.65, £< 0.0001;
Drug x Voltage: F1, 230) = 0.134, £=0.9993; ** < 0.0001). Ac, V-I curve of the net
current obtained by subtracting the currents in control condition from those after application
of AVP. Ba-c, AVP depressed a Kir channel. Ba, Currents elicited by the voltage-step
protocol before (/ef?f) and during (/middle) bath application of AVP and the net current
obtained by subtraction (righ?) from a CeM neuron. The dash line was the zero current level.
Bb, V-I curve averaged from 6 cells before and during application of AVP (Two-way
repeated measures ANOVA followed by Sidak multiple comparison test; Drug: F(y 5) =
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9.079, P=0.0296; \oltage: F(10, 50) = 14.65, £< 0.0001; Drug x Voltage: F(1o, 50y = 11.19, P
<0.0001; * P=0.011, ** P<0.0001). Bc, V-I curve of the net current obtained by
subtracting the currents in control condition from those during application of AVP. Ca-c,
AVP opened a double-rectified cation channel recorded in the extracellular solution
containing 300 BaCl,, 0.5 uM TTX, 200 uM CdCl, and 1 mM NiCl,. Ca, Currents elicited
by the voltage-step protocol before (/ef?) and during (middle) bath application of AVP and
the net current obtained by subtraction (righf) from a CeM neuron. The dash line was the
zero current level. Cb, V-1 curve averaged from 7 cells before and during the application of
AVP (Two-way repeated measures ANOVA followed by Sidak multiple comparison test;
Drug: F(1, 6) = 1.332, P=0.2924; Voltage: F16, 96) = 133.2, £< 0.0001; Drug x Voltage:
Fse, 96) = 78.31, < 0.0001; * P=0.032, ** P< 0.001). Cc, V-1 curve of the net current
obtained by subtracting the currents in control condition from those during application of
AVP.
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Figure 5. AVP-mediated depolarization is mediated by activation of TRPC5 channels.
A, RMP recorded from a CeM neuron in response to bath application of AVP in the

continuous presence of capsazepine (10 uM). B, RMP recorded from a CeM neuron in a
slice cut from a WT mouse before, during and after application of AVP. C, RMP recorded
from a CeM neuron in a slice cut from a TRPV1 KO mouse before, during and after
application of AVP. D, Summary graph (Mann-Whitney test). E, RMP recorded from a CeM
neuron in response to bath application of AVP in the continuous presence of M084 (100
uUM). F, RMP recorded from a CeM neuron in a slice cut from a WT mouse prior to, during
and after application of AVP. G, RMP recorded from a CeM neuron in a slice cut from a
TRPC4 KO mouse in response to AVP. H, AVP-elicited response from a CeM neuron in a
slice cut from a WT mouse. I, RMP recorded from a CeM neuron in a slice cut from a
TRPC5 KO mouse prior to, during and after application of AVP. J, Summary graph (Mann-
Whitney test).
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Figure 6. AVP-mediated depolarization of CeM neurons is dependent on G proteins and PLCP.
A, Bath application of AVP did not induce depolarization recorded from a CeM neuron in a

pipette containing GDP-B-S (0.5 mM). B, Application of AVP did not elicit depolarization in
a CeM neuron in a slice pretreated with U73122. C, Application of AVP elicited
depolarization in a CeM neuron in a slice pretreated with U73343. D, AVP failed to
depolarize a CeM neuron in a slice pretreated with edelfosine. E, Summary data. ** P=
0.002, ## P=0.001 vs. AVP alone (One-way ANOVA followed by Tukey’s multiple
comparison test).
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Figure 7. Intracellular Ca2" release and PKC are not involved in AVP-mediated depolarization,
whereas depletion of PIP is required for AVP-elicited depolarization.

A, Intracellular dialysis of IP3 receptor blocker, heparin (2 mg/ml), did not block AVP-
induced depolarization. B, Intracellular dialysis of the sarco-endoplasmic reticulum Ca2*-
ATPases inhibitor, thapsigargin (10 uM) failed to block AVP-elicited depolarization. C,
Pretreatment of slices with and continuous bath application of the selective PKC inhibitor,
Bis Il (1 uM), did not block AVP-mediated depolarization. D, Pretreatment of slices with
and continuous bath application of the selective PKC inhibitor, chelerythrine (10 uM), failed
to block AVP-mediated depolarization. E, Intracellular dialysis of diC8-PIP, (20 uM)
blocked AVP-induced depolarization. F, Summary data. ** £=0.008 vs. AVP alone (One-
way ANOVA followed by Dunnett’s multiple comparison test).
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Figure 8. Roles of PIP,, TRPC5 and Kir channels in AVP-induced augmentation of AP firing in
CeM neurons.

Aa-d, Intracellular perfusion of diC8-PIP, blocked AVP-induced increases in AP firing of
rat CeM neurons evoked by injections of positive currents from 30 pA to 330 pA at an
increment of 30 pA every 10 s. Aa, APs recorded by the protocol before (/ef?) and during
(right) the application of AVP from a rat CeM neuron dialyzed with diC8-PIP; (20 uM). Ab,
Relationship between the injected currents and the elicited AP numbers from 13 CeM
neurons perfused with diC8-PIP; via the recording pipettes (F(1,12) = 4.38, = 0.058, Two-
way repeated measures ANOVA followed by Sidak multiple comparison test). Ac, Co-plot
of the basal relationship of current injected and the number of APs elicited in control
condition (data pooled from 13 LTB neurons and 7 RS neurons in Figure 2) and in the cells
dialyzed with diC8-PIP, prior to AVP application (F(; 341) = 20.84, £< 0.0001, Ordinary
Two-way ANOVA followed by Sidak multiple comparison test. Z> 0.05 for every pairwise
comparison between control and diC8-PIP, at each current injected). Ad, Bath application of
QO-58 (15 uM), a Kv7 channel opener significantly decreased the number of APs in rat
CeM cells dialyzed with diC8-PIP, (n = (12, 4), Two-way repeated measures ANOVA
followed by Sidak multiple comparison test, F(; 11y = 137.7, £< 0.0001; * P=0.021, ** P<
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0.0001 for the pairwise comparison at the currents injected between control and QO-58).
Following application of AVP in the presence of both diC8-PIP, and QO-58 failed to
increase AP numbers further (F(; 11) = 2.23, P=0.164, Two-way repeated measures
ANOVA followed by Sidak multiple comparison test). Ba-f, AVP increased the numbers of
APs elicited by injections of the positive currents in CeM neurons of WT mice, but failed to
enhance significantly those of TRPC5 KO mice. Ba, APs recorded by the current injection
protocol before (/ef?)) and during (righi) the application of AVP from a WT CeM neuron. Bb,
Relationship between the injected currents and the elicited AP numbers from 15 cells of 5
WT mice (Two-way repeated measures ANOVA followed by Sidak multiple comparison
test, F(1,14) = 45.5, < 0.0001, ** < 0.0001 for the pairwise comparison at each current
injected). Bc, APs recorded by the current injection protocol before (/ef?) and during (righi)
the application of AVP from a TRPC5 KO CeM neuron. Bd, Relationship between the
injected currents and the elicited AP numbers from 15 cells from 5 TRPC5 KO mice (F(1,14)
= 2.46, P=0.139, Two-way repeated measures ANOVA followed by Sidak multiple
comparison test). Be, Co-plots of the relationship of current injected and the number of APs
elicited in control condition prior to AVP application in the CeM neurons from WT mice (n
= (15, 5)) and TRPC5 KO mice (n = (15, 5)) (Ordinary Two-way ANOVA followed by Sidak
multiple comparison test, F(; 308) = 137.6, < 0.0001, * £<0.05, **P < 0.01 for the
pairwise comparisons indicated at the currents injected). Bf, Bath application of QO-58 (20
UM) significantly lowered the number of APs in TRPC5 KO CeM neurons (n = (12, 4), Two-
way repeated measures ANOVA followed by Sidak multiple comparison test, F(y 17) = 153,
P<0.0001, ** P<0.0001 for the pairwise comparisons at the indicated currents injected
between control and QO-58). Following application of AVP failed to enhance AP firing
numbers significantly in TRPC5 KO CeM neurons (n = (12, 4), F,11) = 0.78, £=0.397,
Two-way repeated measures ANOVA followed by Sidak multiple comparison test). Ca-b,
Depression of Kir channels contributed partially to AP-elicited facilitation of AP firing
numbers in rat CeM neurons. Ca, APs recorded from a rat CeM neuron evoked by the
current injection protocol before (/ef?) and during (right) the application of AVP in the
continuous presence of M084 (100 uM) to block TRPC5 channels. Note that AVP increased
AP numbers in response to injections of lower current intensities. Cb, Relationship between
the injected currents and the elicited AP numbers from 15 CeM cells of 4 rats prior to and
during the application of AVP in the continuous presence of M084. Note that there was
significant difference for the AP numbers when the injection currents were from 90 to 150
pA (Two-way repeated measures ANOVA followed by Sidak multiple comparison test,
Drug: F(1,14) = 3.06, £=10.102; Current: F(19,140) = 188.2, £< 0.0001; Drug x Current:
F(10,140) = 2.432, P=0.011; * P=0.034 at 90 pA, ** P=0.0007 at 120 pA, * P=0.017 at
150 pA).
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Figure 9. Schematic diagram illustrating the ionic and signaling mechanisms involved in AVP-
mediated excitation of CeM neurons.

AVP activates V1, receptors resulting in activation of Ga proteins leading to increases in
PLCB activity. Activation of PLCp catalyzes the hydrolysis of PIP; to generate 1P3 to
increase intracellular Ca2* release from IP3-sensitive store and diacylglycerol (DAG) to
activate protein kinase C (PKC). PLCp-induced depletion of PIP, results in opening of
TRPCS channels and depression of Kir channels to excite CeM neurons. PKC and
intracellular Ca?* may have functions other than excite CeM neurons.
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