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Activation of neuropeptide S-expressing neurons in the
locus coeruleus by corticotropin-releasing factor
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Neuroscience

Key points

e Neuropeptide S (NPS) and its cognate receptor represent a recently discovered transmitter
system in the brain modulating anxiety- and stress-related behaviour.

e Using a transgenic NPS-EGFP-expressing mouse line, the present study shows that
NPS-expressing neurons are situated in close proximity to corticotropin-releasing factor
(CRF)-containing fibres at the locus coeruleus in the brain stem and express the CRF receptor
1 (CRF1).

e CRF depolarizes NPS neurons via activation of the CRF1 receptor through two different ionic
mechanisms (a decrease in potassium and an increase in cation conductance) involving the
cAMP signalling pathway.

e After acute immobilization stress, NPS neurons display an increased expression of c-fos.

e This study identifies a mechanism by which stress-related CRF release might activate NPS
neurons in the brain stem, thereby triggering NPS release in target areas such as the amygdala,
and functioning as a negative feedback control to buffer stress responsiveness.

Abstract A recently discovered neurotransmitter system, consisting of neuropeptide S (NPS),
NPS receptor, and NPS-expressing neurons in the brain stem, has received considerable interest
due to its modulating influence on arousal, anxiety and stress responsiveness. Comparatively
little is known about the properties of NPS-expressing neurons. Therefore in the present study,
a transgenic mouse line expressing enhanced green fluorescent protein (EGFP) in NPS neurons
was used to characterize the cellular and functional properties of NPS-expressing neurons located
close to the locus coeruleus. Particular emphasis was on the influence of corticotropin-releasing
factor (CRF), given previous evidence of stress-related activation of the NPS system. Upon acute
immobilization stress, an increase in c-fos expression was detected immunocytochemically in
brain stem NPS-EGFP neurons that also expressed the CRF receptor 1 (CRF1). NPS-EGFP
neurons were readily identified in acute slice preparations and responded to CRF application
with a membrane depolarization capable of triggering action potentials. CRF-induced responses
displayed pharmacological properties indicative of CRF1 that were mediated by both a reduction
in membrane potassium conductance and an increase in a non-specific cation conductance
different from the hyperpolarization-activated cation conductance I;,, and involved protein kinase
A signalling. In conclusion, stress exposure results in activation of brain stem NPS-expressing
neurons, involving a CRF1-mediated membrane depolarization via at least two ionic mechanisms.
These data provide evidence for a direct interaction between the CRF and the NPS system
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and thereby extend previous observations of NPS-modulated stress responsiveness towards a

mechanistic level.
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Abbreviations AHP, after-hyperpolarizing potential; AIS, acute immobilization stress; AP, action potential; CRF,
corticotropin-releasing factor; CeA, central nucleus of the amygdala; CRF1/CRF2, CRF receptor 1/2; EGFP, enhanced
green fluorescent protein; LC, locus coeruleus; LPB, lateral parabrachial nucleus; NPS, neuropeptide S; NPSR, neuro-
peptide S receptor; PKA, protein kinase A; PVN, hypothalamic paraventricular nucleus; TRP channel, transient receptor

potential channel; TTX, tetrodotoxin.

Introduction

The neuropeptide S system consists of the 20-amino-acid
neuropeptide S (NPS) and its G protein-coupled receptor,
NPSR. Experimental NPSR activation by central NPS
injection affects food intake (Smith et al. 2006), the
sleep—wake cycle, states of arousal (Xu et al. 2004), general
anxiety (Xu et al. 2004; Jiingling et al. 2008; Meis et al. 2008;
Rizzi et al. 2008), extinction of conditioned fear responses
(Jungling et al. 2008), and consolidation of aversive and
neutral memories (Okamura ef al. 2011). In rats, central
administration of NPS enhances dopamine release in the
medial prefrontal cortex, but leaves serotonergic trans-
mission unaffected (Si et al. 2010). Furthermore, recent
human studies show that polymorphisms of NPSR are
linked to personal fear reactions and to panic disorders
(Okamura et al. 2007; Donner et al. 2010; Raczka et al.
2010; Domschke ef al. 2011). Adding to this evidence
on the involvement of the NPS system in anxiety-related
behaviour, recent studies have demonstrated that forced
swimming stress in rodents results in an increase in
extracellular levels of NPS in the basolateral amygdala
(Ebner et al. 2011), implying activation of the NPS system
upon stress exposure.

In the mouse, NPS-expressing neurons are located in
two areas in the brain stem. One is positioned between
the locus coeruleus (LC) and Barrington’s nucleus, close
to the 4th ventricle, and the second is located between the
lateral parabrachial nucleus (LPB) and the Kolliker fuse
nucleus (Clark et al. 2011). Recent immunohistochemical
and in situhybridization studies revealed dense projections
of NPS-positive fibres and NPSR mRNA expression in
a number of brain areas involved in fear and anxiety
(e.g. amygdala), learning and memory (e.g. amygdala and
subiculum), arousal and stress responses (e.g. anterior
paraventricular thalamic nucleus), which together are
considered adequate for mediating the modulatory effects
of NPS (Clark er al. 2011). In keeping with this,
short-term swim stress and prolonged restraint stress in
mice have been shown to activate immediate early genes
in NPS-expressing neurons in the brain stem (Liu et al.
2011).

While the NPS system thus seems to be in an
important position for modulating anxiety, arousal and
stress responses, there are no data yet on the physiological
properties of NPS-expressing neurons in the brain stem
and their modulation by transmitter systems relating to
stress responsiveness.

Therefore the present study has been undertaken to
characterize the basic physiological and morphological
properties of NPS-expressing neurons in the brain stem,
and to identify cellular mechanisms contributing to their
stress-related activation. The experimental strategy was (i)
to use a transgenic mouse line expressing EGFP under the
control of the natural NPS-promotor sequence (Liu et al.
2011), allowing reliable identification of NPS-expressing
neurons in the brain stem; (ii) to assess stress-induced
activation of NPS neurons through monitoring immediate
early gene activation and corticotropin-releasing factor
receptor 1 (CRF1) expression upon acute immobilization
stress (AIS); and (iii) to identify mechanisms of CRF1
stimulation in NPS-expressing neurons using single
cell RT-PCR combined with electrophysiological and
pharmacological techniques in acute slice preparations in
vitro.

Methods
Animals

Heterozygous NPS-EGFP mice (transgenic line E16) were
bred with C57BL/6 mice and offspring were genotyped by
PCR as described previously (Liu et al. 2011). Mice were
kept in a temperature- (21°C) and humidity-controlled
(50-60% relative humidity) animal facility with access to
food and water ad libitum and a 12 h:12 h light—dark cycle
with lights on at 06.00 h. All animal experiments were
carried out in accordance with national regulations on
animal experimentation (European Committees Council
Directive 86/609/EEC; National Research Council of
the National Academies) and protocols were approved
by the local authorities (Bezirksregierung Miinster, AZ
50.0835.1.0, G 53/2005; Institutional Animal Care and Use
Committee, University of California Irvine).

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Electrophysiological recordings in vitro

Five- to eight-week-old transgenic NPS-EGFP mice
(transgenic NPS-EGFP mouse line E16; Liu ef al. 2011)
of either sex were anaesthetized with Forene (isoflurane;
1-chloro-2,2,2-trifluoroethyl-difluoromethylether; 2.5%)
and killed by decapitation. Horizontal slices (300 um
thick) containing the LC were prepared. Whole-cell
patch-clamp recordings (in voltage- or current-clamp
mode) were performed as described previously (Jiingling
et al. 2008). Briefly, we used patch pipettes made
of borosilicate glass (GC150T-10, Harvard Apparatus,
Edenbridge, UK), pulled on a vertical puller (PA-10,
E.S.E. Electronic, Gottingen, Germany). The intra-
cellular solution used to analyse the intrinsic properties
of NPS-EGFP neurons contained (in mwm): NaCl 10,
potassium gluconate 105, potassium citrate 20, Hepes 10,
BAPTA 3, MgCl, 1, MgATP 3, and NaGTP 0.5. The pH
was adjusted to 7.25. Artificial cerebrospinal fluid (ACSF)
was used as extracellular solution and contained (in mMm):
NaCl 120, KCI 2.5, NaH,PO, 1.25, MgSO, 2, CaCl, 2,
and glucose 20. The pH was adjusted to 7.3 by gassing
with carbogen (95% O,, 5% CO,). The liquid junction
potential was corrected for (10 mV).

All  experiments were performed at 30-32°C.
Gabazine (25 um), CGP55845 (10 um), D-(—)-2-amino-
5-phosphonopentanoic  acid (AP5, 50uM), and
6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 um)
were added to the bathing solution as required to block
glutamatergic and GABAergic postsynaptic currents. In
some experiments, tetrodotoxin (TTX, 1 uM) was added
to decrease network activity (toxins were purchased
from Biozol Diagnostica Vertrieb GmbH, Germany).
Electrophysiological data were acquired with an EPC10
double amplifier (HEKA, Germany) at a sampling rate
of 10 kHz and analysed offline with Clampfitl0 software
(Molecular Devices Corporation, Sunnyvale, CA, USA).

The active and passive membrane properties were
assessed during whole-cell current-clamp recordings at a
membrane potential of —60 mV. Hyper- and depolarizing
currents were injected for 500 ms (injected currents from
—50pA to+140pA; AI: +10pA). Active membrane
properties were analysed during depolarizing current
injections of +80 pA to 4120 pA. The input resistance of
the recorded neurons was calculated by: Ripp, = AV/I.
AV was measured under steady-state conditions at
the end of an injected hyperpolarizing current pulse
(I = —50pA) with a duration of 500 ms. The capacitance
was calculated by: C = t/R, whereby the membrane time
constant T was obtained by a monoexponential fit of the
membrane potential shift induced by a current injection of
—50 pA and a duration of 500 ms. The resting membrane
potential was measured immediately after establishing
the whole-cell configuration. The after-hyperpolarizing
potential (AHP) was measured after the first action
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potential (AP). The frequency adaptation index (FAI)
was calculated by: FAI=frequency of the last two
APs/frequency of the first two APs. The amplitude
adaptation (AA) was calculated by: AA =amplitude of
last AP/amplitude of first AP. The AP half-width was
measured from the first AP. Spontaneous action potential
generation was recorded in the cell-attached configuration
with a patch-pipette filled with extracellular solution (see
Perkins, 2006).

A subset of NPS-EGFP-expressing neurons (n=16)
was filled with 1 mg ml™! neurobiotin (Sigma) for at least
45 min. Slices were fixed with 4% paraformaldehyde over
night and then permeabilized with 0.5% Triton X-100 in
PBS. Unspecific binding sites were blocked by 5% bovine
serum albumin (BSA) in PBS. The cells were stained
with streptavidin-DyLight549 conjugate (1:500; Vector
Laboratories, Burlingame, CA, USA).

Drug testing during current-clamp recordings

NPS-EGFP neurons were recorded in the current-clamp
mode at a membrane potential of ~—70mV. Data
acquisition started after a minimal equilibration time
of about 5min. CRF (250nM) and the CRFI-specific
agonist StressinI (250 nM, Sigma) were bath-applied for
5-7 min. The substance-induced shift of the membrane
potential was analysed at the end of the substance
application. To analyse changes in input resistance, the
membrane potential was manually set to baseline values
by adjusting a DC offset to exclude changes of the input
resistance induced by voltage-dependent conductances.
The CRF1-specific antagonist NBI27914 (10 uMm, Sigma)
was bath-applied 5min prior to CRF application.
2-Aminoethoxydiphenyl borate (2-APB; 100 M; Tocris)
and ZD 7288 (30 uM; Tocris) were bath-applied at least
5 min prior to CRF to block transient receptor potential
(TRP) channels or hyperpolarization-activated cation
conductances (Iy), respectively. The protein kinase A
(PKA) antagonist H89 (10 puM; Sigma) was used in the
intracellular recording solution. 8-Br-cAMP (100 pMm;
Sigma) was included in the internal pipette solution during
current-clamp recordings. The adenylyl cyclase activator
forskolin (20 pM; Sigma) was bath-applied.

All recordings were done in the presence of DNQX,
gabazine, CGP55845, AP5 and phentolamine hydro-
chloride (20 uM; Sigma). In some experiments, 1 uM
TTX was added to the extracellular solution to minimize
network activity.

Voltage-clamp ramps

For voltage-clamp ramp experiments, NPS-EGFP neurons
were recorded in the voltage-clamp mode at a
holding potential of —60 mV. Depolarizing voltage-clamp
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ramps (from —120mV to —20mV; 40 mVs™') were
repeated at least three times during baseline conditions
(interstimulus interval: 75s) and in the presence of
250nM CRF or 20 uMm forskolin. The injected holding
current was monitored constantly during baseline
recordings and CRF application. As an intracellular
solution we used either the potassium gluconate-based
(K-gluc) solution (described above) or a caesium
methanesulfonate-based solution (Cs-meth), containing
(in mMm): 4-AP 5, CsMeSO4 120, EGTA 1, Hepes 10,
TEA-Cl 20, MgCl, 2, CaCl, 0.5, Na-ATP 2, Na-GTP
0.5, to block potassium conductances. The extracellular
solution contained TTX (1 um), DNQX (10 um), AP5
(50 uM), gabazine (25um), CGP55845 (10 um), and
phentolamine hydrochloride (20 uM) to reduce network
activity. Additionally, 50 um CdCl, was added to the
extracellular solution to minimize Ca*" inward currents
during ramp experiments. The CRF-induced current
was calculated by subtracting the ramp during base-
line recordings from ramps recorded in the presence of
CRF (5 min after CRF application). Reversal potentials
of the CRF-induced currents were analysed by plotting
the injected current against the respective membrane
potential.

Single-cell PCR

Cell harvesting and single-strand ¢cDNA synthesis was
performed as previously reported (Sosulina et al. 2008).
A multiplex two-round single-cell PCR was carried
out for simultaneous detection of hypoxanthine-guanine
phosphoribosyltransferase (HPRT, which was considered
to be a housekeeping gene), CRF1 and CRF2. The
primers for the amplification of CRF1 were identical to
those used in Jasoni et al. 2005. For the amplification
of HPRT and CREF2 the following primers were used.
HPRT (GenBank accession number NM-013556.2),
sense: GCAGTCCCAGCGTCGTGA (position 157), anti-
sense: CAAGGGCATATCCAACAACAAACT (position
726); CRF2 (NM-009953.3), sense: AGTGGCTTTTCCT
CTTCATTG (position 859), antisense: CGCGCACCTCT
CCATTG (position 1290). For multiplex amplification
45 cycles were performed as described previously
(Sosulina et al. 2010). An aliquot (3 ul) of PCR
product was used as a template for the second PCR
(35 cycles; annealing at 60°C). The nested primers
for the amplification of CRFl1 and HPRT were
identical to those used in Jasoni et al. 2005, and
Jungling et al. 2008, respectively. The following nested
primers for amplification of CRF2 were used. Sense:
CATTCCCTGCCCTATCATCAT (position 887), anti-
sense: GTAGAAAACGGACACAAAGAAACC (position
1265). The predicted sizes (in base pairs) of the
PCR-generated fragments were: 353 (HPRT), 162 (CRF1),
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379 (CRF2). The presence of the amplified fragments was
identified by electrophoresis in an agarose gel (1.6%)
and visualized by ethidium bromide staining, using a
molecular weight marker (pUC19, Carl Roth, Karlsruhe,
Germany). Negative controls, omission of the reverse
transcriptase in the RT step or using a bath solution
instead of the collected neurons, did not render any
PCR-generated products.

Acute immobilization stress

Male mice (8-10 weeks, n=3—4 per group) were sub-
jected to 20 min restraint stress, as described previously
(Liu et al. 2011). Unstressed transgenic mice served as
controls. Two hours after the end of the stress protocol
mice were anaesthetized and perfused as described
below. Brains were removed and processed for immuno-
histochemical analysis of EGFP, CRF1, and c-fos staining
(as a marker of neuronal activation). In each brain stem
section, the total number of EGFP-positive neurons was
counted. Numbers of cells double stained for EGFP
and CRF1, or triple stained for EGFP, CRF1 and c-fos
were determined using appropriate laser illumination
and percentages of multi-stained neurons were
calculated.

Immunohistochemistry

Immunohistochemical detection of the EGFP trans-
gene and the intrinsic NPS expressed by NPS neurons
in the LC region was carried out as described pre-
viously (Liu et al. 2011). Briefly, mice were deeply
anaesthetized by intraperitoneal injection of a mixture of
ketamine (100 mgml~' in isotonic saline) and xylazine
(20 mgml™'), then perfused transcardially with saline
(0.9% NacCl), followed by 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4. Brains were removed and post-
fixed in the same fixative overnight at 4°C. Brains were
cryoprotected in 20% sucrose in 0.1 M phosphate buffer,
pH 7.4, at 4°C overnight and then stored at —80°C.
Cryostat sections (40 ;um) were prepared for free-floating
slices. Brain slices were processed as described (Liu et al.
2011). Slices were incubated with primary antisera at
optimized dilutions (chicken anti-GFP, 1:1000, ab13970,
Abcam; goat anti-CRF1, 1:1000, EB08035, Everest Biotech;
rabbit anti-c-fos, 1:500, sc-52, Santa Cruz Biotechnology)
in blocking buffer (PBS, 0.3% Triton X-100, 5%
normal donkey serum) at 4°C for 48h. Afterwards,
brain slices were washed 3 times with PBS for 5min
before incubation with appropriate fluophore-conjugated
secondary antibodies (purchased from Jackson Immuno-
Research Lab, West Grove, PA, USA) in blocking
buffer for 1.5h at optimized dilutions (DyLight 488
AffiniPure donkey anti-chicken IgY (IgG) (H+L), 1:400;

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Alexa Fluor 568 donkey anti-goat IgG (H+L), 1:500;
DyLight 649 AffiniPure donkey anti-rabbit IgG (H+L),
1:400) at room temperature. Slices were washed again
3 x 5min with PBS before mounting on glass slides
with Citifluor mounting media (Ted Pella, Redding, CA,
USA) containing 4',6-diamidino-2-phenylindole (DAPI)
to stain cell nuclei. Triple-immunostained brain slices
were analysed under a confocal laser-scanning micro-
scope (Zeiss LSM 710 Meta, Zeiss, Thornwood, NY,
USA) with single-photon excitation at 488, 543 and
633 nm. Raw image files were adjusted for colour balance,
evenness of illumination and contrast using Adobe

Photoshop.

For immunohistochemical stainings of
corticotropin-releasing factor (CRF) peptide,
50 um-thick horizontal slices containing the LC

were cut. After permeabilization in 0.25% Triton X-100
for 20 min, unspecific binding sites were blocked with
5% BSA and 5% normal goat serum (NGS; in PBS) for
1 h at room temperature. The primary antibody (rabbit
anti-CRE, 1 mgml~!, C-5348, Sigma) was applied at a
dilution of 1:500 in PBS containing 0.01% Triton X-100,
2% BSA, and 2% NGS for 24 h at 4°C. The secondary
antibody (goat anti-rabbit-Cy3 conjugated; Dianova;
cat. no. 111-165-003) was applied at a dilution of 1:400
in PBS for 90 min at room temperature. To control the
specificity of the primary antibody against CREF, in some
experiments the antibody solution was preabsorbed with
2.5 uM CREF for 40 min. Stained slices were analysed with
a laser scanning confocal microscope (Nikon eCl1 plus)
using an Achro LWD x16/0.8w objective (Nikon). To
detect fluorescence, lasers of 488 nm and 543 nm have
been used with adequate emission filters (515/30 and
605/75 nm).

Statistics

All data sets were tested for statistically significant outliers
using the Grubbs’ test (significance level P < 0.05).
Prior to statistical comparison, the data were tested
for normal distribution using the Shapiro—-Wilk test.
Within-group comparisons were done using Student’s
t test (significance level *P < 0.05; **P <0.01). To
analyse differences between different groups, a one-way
ANOVA followed by a Bonferroni post hoc test was used
(significance level *P < 0.05; **P < 0.01). Fractions of
double- or triple-stained neurons in the LC area were
normalized to the total number of EGFP-positive neurons
per section. Percentages per mouse brain were averaged
and analysed by two-way ANOVA comparing staining data
from stressed and unstressed animals with treatment and
gene expression as variables, followed by Bonferroni’s post
hoc test wherever appropriate.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Results

NPS-EGFP neurons and the CRF system in the brain
stem

In acute horizontal slice preparations from trans-
genic NPS-EGFP mice, EGFP-expressing neurons located
between thelocus coeruleus (LC) and Barrington’s nucleus
(BN) were readily visualized by their green fluorescence
(Fig. 1A-C). A major population of EGFP-expressing
neurons appeared as a thin band of cells on the
rostro-caudal axis between LC and BN (Fig. 1A). Immuno-
cytochemical studies verified that EGFP-labelled neurons
are also NPS-immunopositive (Fig. 1B). Therefore we
refer to them as ‘NPS-EGFP neurons’ in the present
study. A subset of these NPS-EGFP neurons (1= 16) was
intracellularly filled with neurobiotin and counterstained
with streptavidin DyLight549 (Fig. 1Cand D). NPS-EGFP
neurons possessed cell bodies of various shapes, including
spindle-like and multipolar forms, and sparse spine-like
protrusions on their dendrites (Fig. 1D).

Immunocytochemical stainings revealed CRF-positive
fibres co-localized with NPS-EGFP neurons in the LC area
(Fig. 2A and B). At higher magnification, fibres apparently
containing synaptic bouton-like structures were visible
(Fig. 2B). CRF-positive structures seemed to be localized
at the soma and/or proximal dendritic components of
the NPS-EGFP neurons. To prove the specificity of the
used antibody against CRF, some slices were treated
with a CRF antibody that was preabsorbed with 2.5 uMm
CREF. In these control slices, no fibre-like structures were
visible and the overall fluorescent signal was largely
reduced to autofluorescence of the preparation (Fig. 2C).
Furthermore, the CRF antibody detected CRF-expressing
neurons located in the paraventricular nucleus of the
hypothalamus (PVN) close to the third ventricle (Fig. 2D).

Next, cytoplasm was collected from individual
NPS-EGFP neurons (n=10) near the LC in acute slice
preparations, and single-cell RT-PCR was performed to
detect CRF1 and CRF2 mRNA (Fig.2E). HPRT was
used as housekeeping gene, and whole-brain lysate and
ACSF collected from the recording chamber were taken as
positive (+) and negative (—) controls, respectively. In five
of the ten collected cytoplasms, CRF1 transcripts could be
detected (*; Fig. 2E). In two of the samples, amplification
products of different molecular weight were detected and,
thus, considered negative. No collected samples contained
CREF2 transcripts (Fig. 2E). These data indicate that at least
a subpopulation of NPS-synthesizing neurons expresses
the CRF1.

In order to assess stress-related activation of
CRF1-expressing NPS-EGFP neurons, transgenic mice
were exposed to AIS and triple immunohistochemical
stainings were performed to visualize NPS-EGFP, CRF1
and c-fos. In non-stressed control mice, about 80%
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of NPS-EGFP neurons co-expressed CRFI, and no
detectable up-regulation of c-fos was observed in
NPS-EGFP neurons or neurons expressing both EGFP
and CRF1 (Fig.2F). In mice that were exposed to
20min AIS, CRF1 was similarly detected in about
75% NPS-expressing neurons, and more than half of
the EGFP/CRF1-positive neurons demonstrated c-fos
expression, indicating stress-induced activation of these
neurons (Fig. 2G). Two-way ANOVA revealed significant
interaction of stress treatment X marker protein
expression (F(; 12y = 27.03, P < 0.0001), with main effects
of treatment (F(; 15) = 64.30, P < 0.0001) and expression
of marker proteins (F(,,12) = 84.73, P < 0.0001).

Characteristics of CRF-induced responses in NPS-EGFP
neurons

The co-localization of NPS-EGFP and CRF1 suggested
that NPS-EGFP neurons might be activated by CRF via
the CRF1. In order to test this hypothesis, cell-attached
recordings of NPS-EGFP neurons were performed, and
spontaneous spike firing before and after application of
CRF (250 nM) was monitored (Fig.3A). In a majority
of neurons (11/19), CRF significantly increased the
frequency of spike firing (Fig. 3B). The mean frequency

NPS-EGFP

Neurobiotin
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was 0.21 = 0.09 Hz at baseline and 0.62 4= 0.14 Hz in the
presence of CRF (n = 10; P < 0.05; Fig. 3C). Of note, 8 out
of 19 neurons did not show spike firing, and application
of CRF had no effect.

In another line of experiments, cellular properties
of NPS-EGFP neurons were analysed using whole-cell
patch-clamp recordings. Under current-clamp conditions,
the membrane potential was set to —60 mV by direct
current injection. Hyper- and depolarizing current steps
(=50 to +150pA; +10pA increments) were applied
to investigate electrotonic and electrogenic membrane
properties (Fig.4A). The passive and active membrane
properties obtained are summarized in Table 1.

The effects of CRF (250nM) were assessed under
current-clamp conditions, while membrane input
resistance and action potential activity were monitored by
repetitive application of hyper- and depolarizing current
steps (500 ms duration; —60 pA and 470 to +100 pA),
respectively. One subgroup of neurons was tested at
membrane resting potential and another subgroup was
held at —65mV through direct current injection. Of
these NPS-EGFP neurons, a majority (18/22) responded
to application of CRF with a membrane depolarization,
which peaked 5-6 min after application and returned
to baseline upon discontinuation of CRF application.
The membrane input resistance was not significantly

Figure 1. NPS-EGFP-expressing neurons in the LC
region

A, scheme of a horizontal slice containing NPS-EGFP
neurons close to the LC and the LPB (left; modified
from mbl.org). Representative horizontal slice
preparation (right). Clusters of NPS-EGFP neurons
(green) are marked. B, co-expression of endogenous
NPS (red) and the EGFP transgene (green) in neurons of
the LC region verified by immunohistochemical
staining. C, confocal-microscopy image of an
NPS-EGFP-expressing neuron (upper left) in the LC
region near the 4th ventricle during a whole-cell
patch-clamp recording. Note the diffusion of EGFP into
the pipette solution during the whole-cell
configuration. NPS-EGFP neuron (green; upper right)
filled with neurobiotin and stained with
streptavidin-DyLight594 (red; lower panel). D, neurites
of neurobiotin-filled NPS-EGFP neurons show only
sparse spine-like protrusions.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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different before and during CRF-evoked neuronal activity
(591 £ 42 M2 and 594 £ 53 M2, respectively; P = 0.96;
n=12; Fig.4G). From holding potentials at —65mV,
CRF-induced membrane depolarization typically reached
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the spike threshold, resulting in generation of action
potentials at a mean frequency of 0.89 + 0.35 Hz (n=6;
Fig. 4B). When tested at membrane resting potential,
NPS-EGFP neurons depolarized from —70.1+1mV

Cc

30 ym

* x+-M +-M +-M

cfos merge

cfos/NPS
cfos merge

~

ek ﬂ

cfos/NPS

cfos+CRF1/NPS .

Figure 2. Co-localization of NPS-EGFP neurons and CRF/CRF1 in the LC region

A, immunohistochemical staining for CRF (red) in horizontal brain slices. Fibre-like CRF-positive structures can be
detected in the vicinity of NPS-EGFP neurons (green). B, inset of A in higher magnification. Note the presence
of fibre-like structures positive for CRF (arrows), which co-localize with NPS-EGFP neurons. C, negative control
staining with preabsorbed (2.5 um CRF for 40 min) anti-CRF antibody. D, staining of CRF-expressing neurons in
the PVN prove antiserum specificity. £, single-cell RT-PCR for CRF1, CRF2 and the house-keeping gene HPRT. Five
of ten collected samples of individual NPS-EGFP neurons were positive for CRF1 mRNA (*). In contrast, all samples
were negative for CRF2 mRNA. (M, marker; +, whole-brain lysate as positive control; —, ACSF from the recording
chamber as negative control). F, triple-immunohistochemical stainings in coronal slices for NPS-GFP (green), CRF1
(yellow), and c-fos (red) in control mice that were not subjected to AIS. Arrows denote CRF1 co-expression in
NPS-positive neurons. G, triple-immunohistochemical stainings for NPS-EGFP (green), CRF1 (yellow), and c-fos
(red) in mice that were exposed to 20 min AlIS. Note the presence of c-fos expression in NPS-EGFP neurons, which
is absent in controls. Arrows denote cells showing positive staining for NPS, CRF1 and c-fos. Quantification of LC
area EGFP-positive neurons co-staining for CRF1 and c-fos in mice subjected to immobilization stress or unstressed
control animals. n = 3 mice per group. Total number of EGFP-positive neurons analysed: 60 in control mice, 63 in
stressed animals. ***P < 0.001 stress vs. no stress controls after positive two-way ANOVA and Bonferroni’s post

hoc test.
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at rest to —56.0£1.8mV in the presence of CRF
(A +14.1%+2.7;, n=7; P<0.01; Fig.4D and E).
The depolarizing influence of CRF resulted in an
increase in action potential generation to 211 4 50%
compared to baseline during depolarizing current
injections (n=7; P <0.05; Fig.4F). Finally, a subset
of NPS-EGFP neurons was recorded in the presence
of TTX (1 uM), in order to minimize contributions
of synaptic network activity. Under these conditions,
CRF application resulted in a membrane depolarization
from —70.4+ 1 mV to —60.4 +2mV (A +10+2.5mV;
n=>5; P < 0.05; Fig. 4E). The shift in membrane potential
upon application of CRF was not significantly different
(P=0.31) during recordings with or without the pre-
sence of TTX, and the data were thus pooled (baseline:
—70.2+0.7mV, CRF: —57.8+1.5mV, A +12.4+1.9;
n=12; Fig.4E). Of the recorded NPS-EGFP neurons,
four did not show any detectable membrane response
to CRF (baseline: —72 &1 mV and CRF: —72 £ 1.8 mV;
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Figure 3. CRF increases spontaneous spike firing in NPS-EGFP
neurons

A, example recording of spontaneously generated spikes in a
cell-attached configuration (top) during baseline conditions and in
the presence of 250 nv CRF. The histogram (recorded events per 10 s
bin vs. bin) shows a CRF-induced increase of activity of the recorded
NPS-EGFP neuron. B, mean frequencies of generated spikes vs. 10 s
bins. The grey boxes indicate the time-points for analysing the
frequencies during baseline conditions and in the presence of CRF.
Mean frequencies of individual recordings (n = 10) are plotted in C.
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A —0.004 £0.76 mV; P=0.99; Fig.4D and E). These
non-responsive neurons had a membrane input resistance
0f 496 + 64 M2 and 529 & 76 M2 at the end of substance
application (P = 0.78; Fig. 4G).

In view of the immunocytochemical and RT-PCR
evidence indicating CRF1 expression in NPS-EGFP
neurons, responsiveness to the CRFl-specific agonist
Stressinl (250nM) was tested next. Application of
Stressin I induced a depolarization from —71.5 4+ 0.7 mV
to —61.4+3.4mV (A +10.1 £3.9mV; n=4; P < 0.025;
Fig. 4E), with no concomitant change in membrane input
resistance (645 + 79 MQ versus 605 + 78 M2; P =0.74;
n=4; Fig.4G). To further prove that the observed
depolarization in NPS-EGFP neurons is due to CRF1
stimulation, the CRFl-specific antagonist NBI27914
(NBI; 10 M) was used. Recordings were done in the pre-
sence of 1 uM TTX while the neurons were held near
resting potential and NBI was applied at least 5min
prior to application of CRE In the presence of NBI,
250 nM CREF failed to induce a depolarization in all tested
NPS-EGFP neurons (n = 6; Fig. 5A). Application of NBI
induced a small, non-significant hyperpolarization from
—7254+03mV to —74.7+1.1mV (A —2.2+1.4mV;
n=6; P =0.08; Fig. 5Band C), and additional application
of CRF during the presence of NBI did not result in a
further shift in membrane potential (—74.5 £ 1.3 mV; A
+0.2 £ 0.6 mV; n=6; P=0.91;Fig. 5Band C). These data
indicate that the observed effects of CRF on NPS-EGFP
neurons are mediated via stimulation of CRFI.

In order to test the possible involvement of
TRP-like cation channels, the non-selective TRP channel
antagonist 2-APB was tested next (Fig.5D). 2-APB was
applied 5min prior to CRF in the absence of TTX
using a potassium-based internal recording solution.
In the presence of 100 um 2-APB, CRF depolarized
NPS-EGFP neurons significantly from —65.5 4 0.5 mV
to —56.0+1.2mV (A +85+0.9mV; n=4; P <0.05;
Fig. 5F). In addition, in the presence of the I-blocker
ZD 7288 (30 um) CRF depolarized NPS-EGFP neurons
significantly from —65+0.5mV to —55+0.8mV (A
+10.1 0.8 mV; n=3; P <0.05; Fig.5F). To further
assess a possible involvement of the I, conductance in
CRF responses, I, was analysed under voltage-clamp
conditions using a voltage-step protocol (hyperpolarizing
voltage steps from —50mV to —120mV; —10mV
increments; Budde et al. 2008). The CRF-induced
depolarization (AV,, +7 £2mV; n=38) of NPS-EGFP
neurons was monitored in the current-clamp mode in
the presence of TTX. The I, current was calculated
as the difference between the initial current and the
steady-state current. The maximal I, was —20 £ 3 pA at
—120 mV during baseline conditions and —19.5 + 3 pA
in the presence of CRF (n=28; data not shown). The
presence of CRF had no effect on I, magnitude, time
course or voltage-dependent activation (data not shown).
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These results indicate that I;, and TRP-like channels
have a limited, if any, contribution to the CRF-induced
depolarization in NPS-EGFP neurons.

In view of previous reports on an involvement of
cAMP/PKA activity in CRF responses in neocortical and
hippocampal neurons (Blank et al. 2003; Hu et al. 2011),
the PKA antagonist H89 (10 um) was added to the
intracellular recording solution. These conditions sub-
stantially affected CRF responses in that CRF evoked only
a small, non-significant shift in membrane potential from
—71.6+1.6mV to —67.7+2.7mV (A +3.9+1.5mV;
n=1>5; P=0.25; Fig.5F). Of note, H89 did not affect
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the resting membrane potential (—74£3 mV; n=>5),
the input resistance (641 +83 MQ; n=>5), the action
potential threshold (—41£1mV; n=5), the action
potential amplitude (72+1mV; n=>5), or the AHP
(18 £ 1.2mV; n=>5). To compare the efficacy of CRF to
depolarize NPS-EGFP neurons in the absence and pre-
sence of 2-APB, ZD 7288 and H89, the AV, induced by
CRF was compared between the different groups using
one-way ANOVA followed by Bonferroni’s post hoc test
(Fig. 5G). The comparison revealed a significant difference
between the four groups (F(315) = 4.17; P < 0.05; Fig. 5G).
The post hoc analysis revealed a significantly reduced
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Figure 4. CRF-induced responses in NPS-EGFP neurons

A, example recording of an individual NPS-EGFP neuron in current-clamp mode at a membrane potential of
—60 mV. Hyper- and depolarizing currents (depicted are injections of —50, 0, +20 and +70 pA) were injected to
analyse passive and active membrane properties. B, example recording of a single NPS-EGFP neuron at a membrane
potential of —65 mV. In the presence of 250 nm CRF the neuron depolarized and generated spontaneous action
potentials. C, example trace of an NPS-EGFP neuron recorded in current-clamp mode at a membrane potential of
—70 mV. The bar indicates the application of 250 nm CRF for 5 min. Hyperpolarizing current injections (—60 pA;
500 ms duration) were done to control the input resistance. Depolarizing currents (+70 pA; 500 ms duration)
were injected to elicit action potentials. Magnified examples are shown from the recording at time-points
indicated by the arrows. During the CRF-induced depolarization, the membrane potential was re-adjusted to
—70 mV to minimize the effects of voltage-dependent conductances on the input resistance. D, time course
of the CRF-induced depolarization in NPS-EGFP neurons. Dashed boxes indicate the time intervals taken for
quantification. £, quantification of the CRF-induced shift of the membrane potential (—TTX, recording in absence
of TTX; +TTX, recording in presence of TTX; +/—TTX, pooled data; Str |, application of 250 nm Stressin [; nonR,
non-responsive NPS-EGFP neurons, showing neither a significant de- nor hyperpolarization). F, quantification
of the number of elicited action potentials (% of baseline) in response to the depolarizing current injection
during baseline recordings and in presence of CRE. G, quantification of the input resistance R, (CRF, neurons
depolarized by CRF; Str |, neurons depolarized by Stressin I; nonR, neurons not affected by CRF). Input resistances
are presented for baseline conditions (baseline), during maximal substance effect (substance), and as difference
(substance — baseline).
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Table 1. Active and passive membrane properties of NPS-EGFP
neurons

At —60 mV (n = 47)

Passive
Input resistance (M) 603 + 20
Capacitance (pF) 61 + 2.6
Membrane time const. (ms) 36.8 + 1.9
Resting potential (mV) — 71 =1
Active
AP threshold (mV) —-43.6 + 0.5
Amplitude 1st AP (mV) 701 £ 1
AHP amplitude (mV) 16 £+ 0.5
AP half-width (ms) 1.4 4+ 0.05
Frequency adaptation 0.6 + 0.03
Amplitude adaptation 0.71 £+ 0.01

Input resistance was calculated by R = AV/I; with an injected
current of —50 pA. Capacitance was calculated by C=/R;
membrane time constant t was obtained by a monoexponential
fit of the membrane potential shift induced by a current
injection of —50 pA. Resting membrane potential was measured
immediately after establishing whole-cell configuration. AHP,
after-hyperpolarizing potential; measured after the first
action potential. Frequency adaptation index calculated by
FAI = frequency of the last two APs/frequency of the first two
APs. Amplitude adaptation: AA = amplitude of last AP/amplitude
of first AP. AP half -width was measured from the first AP.

AV, by CRF in the presence of H89 compared to CRF
alone (P < 0.05; Fig.5G). According to these findings,
PKA activity seems to be involved in CRF-induced
depolarization of NPS-EGFP neurons.

Mechanisms of CRF responsiveness in NPS-EGFP
neurons

To investigate the mechanisms underlying CRF-induced
depolarization in NPS-EGFP neurons, whole-cell
voltage-clamp recordings were performed at a
holding-potential of —60mV in the presence of
1 um TTX. Using a potassium gluconate-based intra-
cellular solution (K-gluc) the mean holding current at
—60mV was 6.3+2.9pA (n=11), and application of
250 nM CREF shifted the holding current to —9.1 3.5 pA
(P <0.01; Fig.6A and B). The mean CRF-induced
inward current was —15.5 £ 2.1 pA. To monitor input
resistance, brief negative voltage steps were applied
(=10 mV; 250 ms; every 10s). As observed before under
current-clamp conditions, no significant change of input
resistance could be detected (baseline: 591 & 42 M2 and
CRF: 595 £53 MQ; A +3.7£41 MQ; n=11; P=0.96;
Fig.6C). In the next set of experiments, potassium
(K*) conductances were blocked by using a caesium
methanesulfonate-based intracellular solution (Cs-meth)
containing 4-aminopyridine and tetraethylammonium.
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Under these conditions, the holding-current was
—2454+2.6 pA during baseline conditions and
shifted to —42.9+4.4pA upon application of CRF
(A —18.4£25pA; n=10; P<0.01; Fig.6B). These
responses were associated with a significant reduction in
membrane input resistance from 1057 & 80 M2 during
baseline conditions to 845 4 55MS in the presence of
CRF (A —212 34 MQ; n=10; P < 0.05; Fig. 6C). These
results indicate that more than one ionic mechanism
may be involved in CRF-induced responses in NPS-EGFP
neurons.

To further analyse the underlying mechanisms,
voltage-clamp ramp experiments were performed.
Two subgroups of NPS-EGFP neurons were recorded
under voltage-clamp conditions with a K-gluc- or
Cs-meth-based intracellular solution, respectively, and
were depolarized by applying a slow voltage-ramp
(40 mV s™!) from a holding potential of —120 mV to a
final potential of —20 mV, before and during application
of CRF (250 nM). The recordings were performed in the
presence of 1 um TTX and 50 um CdCl, to minimize the
contribution of voltage-dependent sodium and calcium
currents. Current versus voltage (I/V) relationships were
obtained by measuring the membrane current at a given
voltage level, and the CRF-induced current was calculated
by subtracting the ramp I/V's during baseline conditions
from those recorded in the presence of CRE. Examples
of the resultant currents are depicted in Fig. 6D and E
for K-gluc- and Cs-meth-based solutions, respectively.
The CRF-induced inward current shows two apparent
reversal potentials during recordings with a K-gluc-based
solution (Fig.6D and F), approaching —109.6 + 6 mV
and —30.4 £+ 6.4 mV (n=>5). The calculated equilibrium
potential for K™ using the Nernst equation was at
—109.4 mV under the present experimental conditions.
These results suggested that one component of the
CRF-induced inward current involved a reduction in
membrane Kt conductance. Indeed, ramp I/Vs obtained
during blocked K* conductances with a Cs-meth-based
intracellular solution revealed only one reversal potential
of the CRF-induced current, averaging at —26.1 £ 6 mV
(n=4; Fig.6E and F). These data indicated that the
CRF-induced current involves two components: reduction
in K" conductance and activation of a cation conductance.

The CRF1 receptor is known to increase the intra-
cellular concentration of cAMP following its activation.
To analyse the effect of increased levels of cAMP on
NPS-EGFP neurons, the cAMP-analogue 8-Br-cAMP
(100 M) was included in the internal recording solution
during current-clamp recordings, and the membrane
potential was monitored immediately after obtaining the
whole-cell configuration. Infusion of 8-Br-cAMP resulted
in a depolarization which slowly developed from the initial
membrane potential —72 £ 1.6 mV within 5-8 min and
peaked at +6.7 & 0.6 mV (n = 10; Fig. 7A and C). Control
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recordings obtained with no added 8-Br-cAMP did not
show significant changes of the membrane potential
(0.95+1.1mV; n=7; Fig.7A and C). Furthermore,
8-Br-cAMP occluded any further depolarization by
CRE. CRF application following 8-Br-cAMP-induced
depolarization shifted the membrane potential from
—632+09 to —62.4+12mV (A +0.77 £0.46 mV;
n=4). The AV, in response to 8-Br-cAMP was
significantly different from untreated controls and
CRF application in the presence of 8-Br-cAMP
(ANOVA: F(;15 =18.04; P <0.01; Bonferroni post
hoc test: 8-Br-cAMP vs. control P < 0.01; 8-Br-cAMP
ys. cAMP 4+ CRF P < 0.01; control vs. cAMP + CRF
P> 0.05).
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In a different set of experiments, the adenylyl
cyclase activator forskolin (20 um) was bath-applied
to NPS-EGFP neurons, and the effect on membrane
potential was analysed (Fig.7B). Forskolin depolarized
9 out of 11 NPS-EGFP neurons from —67.4+0.9 mV
to —59.2+1.7mV (A +82+1.9mV; n=9; Fig.7C).
The shift of the membrane potential induced by
forskolin was significantly different from shifts observed
in untreated controls but not from 8-Br-cAMP-treated
neurons (ANOVA: F(;,3 =2.86; P < 0.01; Bonferroni
post hoc test: forskolin vs. control: P < 0.01; forskolin vs.
cAMP: P > 0.05; Fig. 7C). Voltage-ramp experiments in
the presence of TTX revealed a forskolin-induced inward
current, displaying two reversal potentials at around —87
and —32mV (n=2; Fig.7D) similar to the observed
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CRF-induced current. These data support the view
that CRF1 activation induces depolarizing responses in
NPS-EGFP neurons via adenylyl cyclase/cAMP-dependent
intracellular pathways.

Discussion

The present study adds the following novel aspects to our
understanding of the NPS system. (i) NPS-EGFP neurons
are situated in close proximity to CRF-containing fibres
and express CRF1 receptors. (ii) AIS results in an increase
in c-fos expression in CRF1-positive NPS-EGFP neurons
in the LC. (iii) Stimulation of CRF1 in NPS-expressing
neurons induces an inwardly directed membrane current
mediated via a decrease in Kt and an increase in cation
conductance, resulting in a membrane depolarization
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capable of triggering action potentials. (iv) These data
provide evidence for a direct interaction between the
CRF and the NPS system and thereby extend previous
observations of NPS-modulated stress responsiveness
towards a mechanistic level.

Interaction between the NPS and the CRF
system in the brain stem

A striking difference between types of cells recorded in the
LC region in the present study related to spontaneous
spike firing. The population of NPS-EGFP-expressing
neurons within the LC lacked spontaneous spike firing
(in whole-cell recordings) or showed irregular spike firing
at low frequencies (~0.2 Hz; in cell-attached recordings).
By contrast, in NPS-negative neurons encountered in
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Figure 6. Conductances underlying the CRF-induced inward current

A, voltage-clamp recording of an individual NPS-EGFP neuron at a holding potential of —60 mV. Bar indicates
the application of 250 nm CRF. CRF induces a long-lasting inward current, indicated by the shift of the holding
current. The input resistance was controlled by brief voltage steps (—10 mV; 250 ms; black: baseline; grey: in
presence of CRF). During baseline conditions and during maximal CRF effect (indicated by the gap), depolarizing
voltage-clamp ramp experiments were done. (Artifacts have been truncated for clarification.) B, quantification
of the holding current at a holding potential of —60 mV during baseline conditions and in the presence of CRF.
Potassium gluconate (K-gluc)- and caesium methanesulfonate (Cs-meth; to block potassium conductances)-based
intracellular solutions were used. C, quantification of the input resistance recorded with K-gluc- or Cs-meth-based
solutions under baseline conditions and in the presence of 250 nm CRF. The change of input resistance was
calculated as Resistancecgr — Resistancepaseiine (Difference). D, example of the CRF-induced current calculated
from slow depolarizing voltage-clamp ramps recorded under baseline conditions and in the presence of CRF
(from —120 to —20 mV; 40 mV s~'; calculated current: Rampcrr — RaMPpaseiine) Using a K-gluc-based intracellular
solution. E, example of a CRF-induced current using a Cs-meth-based intracellular solution. Same ramp protocols as
in D were applied. F, current/voltage relationship of the CRF-induced currents derived from voltage-clamp ramps.
Note that using a K-gluc-based solution, the CRF-induced current displays two reversal potentials (~—110 mV and
~—25 mV). In contrast, using a Cs-meth-based solution only one reversal potential can be detected (~—25 mV).
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the direct vicinity in the LC, barrages of spontaneous
spikes, which rhythmically re-occurred at a low frequency
(1.7 Hz), were observed. This type of activity has pre-
viously been described as a typical feature of noradrenergic
LC neurons in rats and mice (Williams et al. 1984; van den
Pol et al. 2002). This slow-oscillatory activity thus seems
to be lacking in NPS-expressing neurons, possibly relating
to differences in intrinsic membrane properties or lack of
tonic transmitter influence.

Among the putative transmitter systems impinging on
NPS-expressing neurons, CRF appears to be a prime
candidate. It has been previously shown that NPS-EGFP
neurons display an increase in c-fos expression after AIS
or forced swimming (Liu et al. 2011). The up-regulation
of c-fos expression is commonly thought to reflect an
increase in neuronal activity (VanElzakker ef al. 2008),
and thus it was concluded that stressful experiences
may activate NPS neurons (Liu et al. 2011). The CRF
system is one of the most prominent modulatory neuro-
transmitter/peptide systems involved in stress responses
(for review see: Spiess et al. 1998; Perrin & Vale, 1999).
CRF-expressing neurons exist in various brain regions
related to stress responsiveness, and the paraventricular
nucleus of the hypothalamus (PVN) is considered a major
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source of CRF (Smagin & Dunn, 2000). Furthermore, the
central nucleus of the amygdala (CeA) has been shown to
send CRF-containing fibres to the LC (Reyes et al. 2008,
2011). In fact in the present study, CRF-containing fibres
were found in close proximity to NPS-EGFP neurons
within the LC and CRFI1 expression in these neurons
was verified at the mRNA and protein level, while no
evidence was obtained for expression of CRF2. Therefore
it appears reasonable to conclude that CRF might act as
a transmitter on the NPS neuronal population located
in the LC area. In keeping with this, forced swimming
or immobilization stress resulted in an increase in c-fos
expression in NPS-EGFP neurons co-expressing CRFI,
suggesting a stress-mediated activation involving the CRF
system.

lonic mechanisms of CRF influences on
NPS-expressing neurons

Application of CRF depolarized NPS-EGFP neurons
and increased the number of elicited action potentials
within 2—3 min after beginning the bath application. The
CRF-induced depolarization was not inhibited by TTX,
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Figure 7. cAMP-induced depolarization of NPS-EGFP neurons

A, example current-clamp recordings at ~—70 mV membrane potential during control conditions (grey) and with
100 M 8-Br-cAMP included in the internal pipette solution (black). B, example recording of a NPS-EGFP neuron
in the current-clamp mode at ~—65 mV membrane potential. Bath application of 20 um forskolin depolarized
NPS-EGFP neurons and induced spontaneous action-potential generation. C, quantification of cAMP (100 pm)-
or forskolin (20 um)-induced depolarization compared to untreated control neurons (normal internal solution, no
applied drug). Note: the cAMP-induced depolarization occludes CRF-dependent effects (CAMP + CRF). CRF was
applied after the cAMP-induced depolarization reached steady-state and was analysed: Depolcgr — Depolcamp.
D, example of the forskolin-induced current calculated from slow depolarizing voltage-clamp ramps recorded
under baseline conditions and in the presence of forskolin (from —120 to —20 mV; 40 mV s~ calculated current:
Rampsorskolin — RaMPpaseline) Using a K-gluc-based intracellular solution.
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excluding indirect contributions by increased network
activity. The CRF1-specific agonist Stressinl (Rivier
et al. 2007) mimicked the CRF-induced depolarization,
whereas the CRF1-specific antagonist NBI27914 abolished
CRF-mediated activation of NPS-EGFP neurons. From
these data it can be concluded that CRF directly
activates NPS-EGFP neurons via CRFI. Depolarizing
and/or activating effects of CRF have been observed
in neuronal populations in various regions of the
rodent brain, including neocortex and LC (Valentino
et al. 1983; Gallopin et al. 2006). CRF-induced inward
currents in NPS-EGFP neurons were insensitive to 50 uM
CdCl,, thereby resembling previous observations made
in neurons at the LC (Jedema & Grace, 2004). Ca?*
currents thus do not seem to make major contributions
to CRF-mediated depolarization of NPS-EGFP neurons,
although the influence of CdCl,-insensitive channels or
intracellular stores cannot be excluded. In fact, CRF was
found to increase the influx of Ca?* in CeA neurons (Yu
& Shinnick-Gallagher, 1998).

In NPS-EGFP neurons, the CRF-induced inward
current displays two apparent reversal potentials. One
current component approached a reversal potential close
to the calculated K* reversal potential and was absent
during recordings using Cs-meth-based intracellular
solutions. Therefore it seems feasible to conclude that the
CRF-induced current is in part mediated by a reduction
of membrane K conductance. Neocortical pyramidal
neurons show a similar depolarizing response to CRE,
which has been related to a reduction in K* conductance
mediated via the cAMP/PKA signalling cascades (Haug
& Storm, 2000; Gallopin ef al. 2006; Hu et al. 2011).
A very similar mechanism involving cAMP following
CRF1 activation has been suggested for LC neurons in
rats (Jedema & Grace, 2004). In NPS-EGFP neurons,
the presence of the PKA antagonist H89 in the intra-
cellular solution significantly reduced the amplitude of the
CRF-induced depolarization, while 8-Br-cAMP resulted
in a membrane depolarization from rest and occluded
further depolarizing responses to CRE Furthermore,
the adenylyl-cyclase activator forskolin mimicked the
CRF-induced current displaying two reversal potentials
indicative of a cation and K conductance. These data
strongly support the view that cAMP/PKA signalling is
involved in CRF responses in NPS-EGFP neurons in the
brain stem.

Another CRF-induced current component in
NPS-EGFP neurons was Cs' resistant and displayed a
reversal potential at ~—25 to —30 mV, which has been
described as a typical reversal potential for currents carried
by non-specific cation channels (Yang & Ferguson, 2003).
Candidate channels underlying the observed current are,
for instance, cyclic nucleotide-gated channels or trans-
ient receptor potential (TRP) channels. TRP channels
have been suggested to carry a cholecystokinin-evoked
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non-specific cation current in principal neurons
in the amygdala, since the TRP channel blocker
2-APB abolished the responses (Meis et al. 2007). In
NPS-EGFP neurons, 2-APB had no significant effect
on the CRF-induced depolarization, suggesting that
2-APB-sensitive TRP channels are no major contributors.
Previous studies reported a CRF-induced increase in a
hyperpolarization-activated cation conductance (Iy),
which is typically also regulated by the intracellular
adenylyl-cyclase/cAMP  system (Wanat et al. 2008;
Giesbrecht et al. 2010). In NPS-EGFP neurons, CRF failed
to significantly modulate the I, and the persistence of the
CFR-induced depolarization during the presence of the
I-blocker ZD 7288 in NPS-EGFP neurons suggests that
I, is not involved in the CRF-induced depolarization of
NPS-EGFP neurons.

Possible functional implications of CRF-NPS
interactions in the brain stem

Release of CRF is an initial step of a neuro-
endocrine  cascade  during activation of the
hypothalamic—pituitary—adrenal (HPA) axis, which
typically mediates physiological responses to stress
(Turnbull & Rivier, 1997; Bale & Vale, 2004). NPS,
besides mediating acute anxiolytic-like effects in various
experimental protocols (Xu et al. 2004; Jingling et al.
2008; Rizzi et al. 2008; Vitale et al. 2008; Fendt et al.
2010), was found to block acute stress-induced changes in
physiological parameters such as hyperthermia, oxidative
stress damage, release of serotonin and noradrenaline
in the frontal cortex (Leonard et al. 2008; Castro et al.
2009), and to buffer stress-impaired fear extinction in the
amygdala (Chauveau et al., 2012). In addition, short-term
swimming stress and prolonged restraint stress increases
c-fos activity in NPS-positive neurons in the brain stem
(Liu et al. 2011), and forced swimming results in an
increase in extracellular NPS concentration in the baso-
lateral amygdala (Ebner et al. 2011). Taken together these
findings support the hypothesis that NPS acts as part of
a neurotransmitter system that is stimulated in response
to a stressor. The present study adds to this scenario the
notion of a direct functional interaction between the CRF
and the NPS system at the level of NPS-expressing neurons
in the brain stem. The CRF1-mediated depolarization
and associated increase in action potential firing may well
result in an increase in NPS release from axon terminals
in target areas. The rise in extracellular levels of NPS in
the amygdala, detected by microdialysis upon both stress
exposure and local depolarization (Ebner et al. 2011), is
in line with this conclusion. Neuropeptide systems are
critically involved in the acute regulation of the HPA
axis (Thorsell, 2010) and they have received increasing
attention in the investigation of the neurobiological basis
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of stress and anxiety disorders Okamura et al. 2007;
Wittchen et al. 2011). The NPS system, in turn, may
act as part of a negative feedback loop, in order for a
response to the stressor to be generated that is both
adequate and adaptive (Chauveau et al., 2012). In view
of the critical involvement of stress in the pathogenesis
of affective and anxiety disorders (deKloet et al. 2005),
and the association of genetic variations of NPSR with
anxiety-related phenotypes and disorders (Okamura et al.
2007; Donner et al. 2010; Domschke et al. 2011), it will
be important to elucidate the role of the NPS system in
human stress responsiveness.
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