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Dorsal BNST «, ,-Adrenergic Receptors Produce
HCN-Dependent Excitatory Actions That Initiate Anxiogenic
Behaviors
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Stress is a precipitating agent in neuropsychiatric disease and initiates relapse to drug-seeking behavior in addicted patients. Targeting
the stress system in protracted abstinence from drugs of abuse with anxiolytics may be an effective treatment modality for substance use
disorders. o, ,-adrenergic receptors (a,,-ARs) in extended amygdala structures play key roles in dampening stress responses. Contrary
to early thinking, o, ,-ARs are expressed at non-noradrenergic sites in the brain. These non-noradrenergic o, ,-ARs play important roles
in stress responses, but their cellular mechanisms of action are unclear. In humans, the «,,-AR agonist guanfacine reduces overall
craving and uncouples craving from stress, yet minimally affects relapse, potentially due to competing actions in the brain. Here, we show
that heteroceptor o, ,-ARs postsynaptically enhance dorsal bed nucleus of the stria terminalis (IBNST) neuronal activity in mice of both
sexes. This effect is mediated by hyperpolarization-activated cyclic nucleotide-gated cation channels because inhibition of these channels
is necessary and sufficient for excitatory actions. Finally, this excitatory action is mimicked by clozapine-N-oxide activation of the
G;-coupled DREADD hM4Di in dBNST neurons and its activation elicits anxiety-like behavior in the elevated plus maze. Together, these
data provide a framework for elucidating cell-specific actions of GPCR signaling and provide a potential mechanism whereby competing
anxiogenic and anxiolytic actions of guanfacine may affect its clinical utility in the treatment of addiction.
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Stress affects the development of neuropsychiatric disorders including anxiety and addiction. Guanfacine is an c2A-adrenergic
receptor (a2A-AR) agonist with actions in the bed nucleus of the stria terminalis (BNST) that produces antidepressant actions and
uncouples stress from reward-related behaviors. Here, we show that guanfacine increases dorsal BNST neuronal activity through
actions at postsynaptic a2A-ARs via a mechanism that involves hyperpolarization-activated cyclic nucleotide gated cation chan-
nels. This action is mimicked by activation of the designer receptor hM4Di expressed in the BNST, which also induces anxiety-like
behaviors. Together, these data suggest that postsynaptic a2A-ARs in BNST have excitatory actions on BNST neurons and that
these actions can be phenocopied by the so-called “inhibitory” DREADDs, suggesting that care must be taken regarding interpre-
tation of data obtained with these tools. j
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Introduction

Stress contributes to the development of many neuropsychiatric
disorders (Larzelere and Jones, 2008). Chronic stress exposure
perpetuates maladaptive behaviors and leads to long-term phys-
iological changes and autonomic dysregulation (Goeders, 2003;
McEwen, 2004; Lampert et al., 2016; Sharma et al., 2016). Anxiety
disorders can result from adverse life events and involve stress
response generalization (Stein and Sareen, 2015; Miloyan et al.,
2018). Anxiety disorder prevalence is as high as 22.8% (Kessler et
al., 2005) and treatments are only partially effective with signifi-
cant adverse effects (Griebel and Holmes, 2013). Further, anxiety
and negative affect can occur during withdrawal and abstinence
from drugs of abuse and alcohol (Sinha et al., 1999, 2011; Kassel
et al., 2003; Heilig et al., 2010; Blaine et al., 2016). Therefore,
anxiolytics may also be a viable treatment modality for addiction
(Heilig and Egli, 2006; Bruijnzeel, 2017).

Agonists at the «,-adrenergic receptor (a,-AR) inhibit nor-
epinephrine signaling to induce anxiolysis and decrease the stress
response, among other actions (Buffalari et al., 2012; Ji et al,,
2014; Strawn et al., 2017). For example, the o, ,-AR agonist guan-
facine elicits antidepressant-like effects in the forced swim test
(Mineur etal., 2015) and &, ,-AR KO mice show elevated baseline
anxiety- and depressive-like behaviors (Schramm et al., 2001;
Lihdesmiki et al., 2002). Further, in rodent models of addiction,
a,-AR agonists block stress-induced reinstatement of drug-
seeking behaviors (Erb et al., 2000; Shaham et al., 2000; Highfield
et al., 2001; Mantsch et al., 2010).

Direct administration of «,-AR agonists to the bed nucleus of
the stria terminalis (BNST) inhibits both stress-induced anxiety-
like behavior (Schweimer et al., 2005) and drug-seeking behavior
(Delfs et al., 2000; Wang et al., 2001). As part of the extended
amygdala, the BNST functions in stress—reward integration and
has been implicated in both anxiety disorders (Adhikari, 2014)
and reinstatement of drug-seeking behaviors (Koob, 2009). Nor-
adrenergic input to the BNST via the ventral noradrenergic bun-
dle is critical for stress-induced reinstatement of drug-seeking
behavior (Shalev et al., 2001; Wang et al., 2001). Presynaptic
a,,-ARs inhibit norepinephrine release in the BNST and may
inhibit stress effects in this manner (Park et al., 2009). However,
heteroceptor a, ,-ARs regulate glutamatergic transmission in the
BNST in an input-specific manner, inhibiting parabrachial nucleus
(PBN) but not basolateral amygdala (BLA) afferents (Shields et al.,
2009; Flavin et al., 2014). Immunoelectron microscopy showed
that BNST «, ,-ARs are expressed in both presynaptic specializa-
tions (i.e., asymmetric/symmetric axon terminals) and postsyn-
aptic specializations (dendrites, spines, soma) (Flavin et al.,
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2014). The relationship among a,,-AR populations and their
contributions to behavior remain unknown.

a,5-ARs are Gj-coupled GPCRs and are thus classically
thought to impair neuronal signaling. However, stimulatory ef-
fects on neuronal activity have been reported for this and other
G;-GPCRs (Federman et al., 1992; Andrade, 1993; Winder and
Conn, 1993). Guanfacine upregulates expression of the immedi-
ate early gene cfos, an indirect marker of neuronal activity, in the
BNST and other regions (Savchenko and Boughter, 2011). In the
prefrontal cortex, o, ,-AR activation has been shown to decrease
the open probability of hyperpolarization-activated and cyclic
nucleotide-gated cation (HCN) channels localized to the den-
dritic neck separating the dendritic spine from the dendrite and
the soma to increase fidelity of synaptic current transmission and
pyramidal neuron network activity (Wang et al., 2007).

Here, we show that guanfacine-induced excitatory actions
within the dorsal BNST (dBNST) occur via activation of postsyn-
aptic a,,-ARs using convergent techniques including transgenic
mouse models targeting the a,,-AR, RNA in situ hybridization,
ex vivo incubation, and chemogenetics. The mechanism under-
lying this effect is shown to involve pacemaker channels contain-
ing HCN2 subunits, which are anatomically and functionally
colocalized in dBNST neurons expressing a,,-ARs and are both
necessary and sufficient for guanfacine-induced excitatory ac-
tions. Finally, at the behavioral level, postsynaptic a,,-AR activ-
ity within the BNST is shown to compete with the overall
anxiolytic actions of systemic guanfacine application because the
introduction and expression of an unrelated inhibitory chemo-
genetic receptor, hM4Dj, elicited activity-enhancing effects and
led to anxiety-like behavior in transduced mice.

Materials and Methods

Animals. Male and female mice of at least 8 weeks of age were used
throughout this study. Male C57BL/6] mice (RRID:IMSR_JAX:000664;
The Jackson Laboratory;) were delivered at 7 weeks of age and acclimated
for 1 week before use. Multiple lines of o, , -AR transgenic mice were bred
in-house from homozygote (TG~ WT '/~ X TG* WT ~/~ where TG =
Dbh-Adra2aand WT = Adra2a) or heterozygote breeders (TG~ WT */~
X TG WT ™/7) and genotyped as described previously (Gilsbach et al.,
2009). WT controls were negative for Dbh-Adra2a and homozygous pos-
itive for WT Adra2a. cfos-eGFP mice (RRID:IMSR_JAX:014135; The
Jackson Laboratory) were bred in-house and genotyped as described
previously (Barth et al., 2004). Thyl-COP4 mice (line 9) were bred in-
house on a homozygote background (RRID:IMSR_JAX:007615; The
Jackson Laboratory strain 007615) (Arenkiel et al., 2007). For Adra2a
KO, Dbh-Adra2a, Adra2a WT, cfos-eGFP, and Thyl-COP4 mouse lines,
mice of both sexes were used to minimize the total number of animals.
No sex differences were apparent, so each group is compiled into a single
value representative of both sexes. Each mouse line was maintained on a
C57BL/6] background and back-crossed as needed. All mice were group
housed with two to five animals per cage and maintained on 12 h light/
dark cycle (lights on at 0600 h) under controlled temperature (20-25°C)
and humidity (30-50%) levels. Mice were given access to food and water
ad libitum. All treatments and interventions were approved by the Van-
derbilt Animal Care and Use Committee.

Reagents. All in vivo injections were done with sterile saline as vehicle
(0.9% sodium chloride; Hospira). Guanfacine hydrochloride (#1030,
>99%) and atipamezole hydrochloride (#2937, >99%) were obtained
from Fisher Scientific and diluted in sterile saline (guanfacine: 1 mg/10
ml = 0.35 mm) or deionized (di)H,O as stock solution (both: 10 mm).
ZD7288 was obtained from R&D Systems (#1000, >99%) and diluted
in diH,O as stock solution (10 mm). Clonidine (#0690, >99%) and
UK-14304 (#2466, >99%) were obtained from Tocris Bioscience and
diluted in diH,O as stock solution (10 mwm). Clozapine-N-oxide
(CNO) was obtained from Sigma-Aldrich (#C0832, >98%;) and di-
luted in sterile saline (3 mg/10 ml = 0.88 mm). Metacam was obtained
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from Patterson Veterinary (#07-845-6986) and diluted in sterile sa-
line (2.5 mg/10 ml). Primary antibodies were used at 1:1000
dilution and included rabbit anti-cfos (Millipore; abe457; RRID:
AB_2631318), mouse anti-NeuN (Millipore mab377 clone A60;
RRID:AB_2298772), and chicken anti-GFP (Abcam; ab13970; RRID:
AB_300798). Secondary antibodies (Jackson ImmunoResearch), in-
cluding Cy2 donkey anti-rabbit (711-225-152; RRID:AB_2340612),
Cy3 donkey anti-mouse (715-165-150; RRID:AB_2340813), Cy2
donkey anti-chicken (703-225-155; RRID:AB_2340370), and Cy5
donkey anti-rabbit (711-175-152; RRID:AB_2340607), were diluted
in equal volumes of sterile H,O and glycerol and used at a final
dilution of 1:400. Adeno-associated viral (AAV) vectors were used as
received and included AAV5-CaMKIla-hM4Di:mCherry (AAVS5-
hM4Di; UNC Viral Vector Core), AAV5-CaMKIIa-mCherry (AAV5-
mCherry; UNC Viral Vector Core), AAV9-CMV-eGFP (AAV9-GFP;
UNC Viral Vector Core), and AAV5-hSyn-GCaMP6f (AAVS5-
GCaMPe6f; Addgene). AAV5-GCaMP6f and AAV5-hM4Di or AAV5-
mCherry were mixed in equal volumes immediately before injection.
In addition, AAV9-hU6-shHCN1-shHCN2-CaMKIIa-eGFP (AAV9-
shHCN1/2) was produced by standard protocol, purified with an
iodixanol density gradient, and filtered and concentrated in PBS us-
ing centrifugal filter cartridges. Final titers were determined by qPCR
and specificity and efficiency were tested by gPCR and Western blot in
cell culture and hippocampal tissue (data not shown).

Fast-scan cyclic voltammetry. Slice preparation (Wills et al., 2012; Fla-
vinetal.,2014) and voltammetry were performed as described previously
(Melchior et al., 2015; Melchior and Jones, 2017). Briefly, mice were
anesthetized with isoflurane, decapitated, and coronal slices (300 wm
thick) containing BNST were prepared in ice-cold, oxygenated artificial
CSF (ACSF) consisting of the following (in mm): 126 NaCl, 2.5 KCI, 1.2
NaH,PO,, 2.4 CaCl,, 1.2 MgCl,, 25 NaHCO;, 11 glucose, and 0.4
L-ascorbic acid, pH adjusted to 7.4. Slices were allowed to recover in
oxygenated ACSF at room temperature for 1 h and then transferred to a
recording chamber through which 32°C oxygenated ACSF was perfused
atarate of 2 ml/min. A carbon fiber electrode (150 wm length) was placed
into the ventral BNST ~200 wm ventral to the anterior commissure.
Extracellular catecholamine signals were monitored at the carbon fiber
electrode every 100 ms using fast scan cyclic voltammetry (Wightman et
al., 1988) with an applied waveform ranging from —0.4 to 1.2 V vs
Ag/AgCl reference at a rate of 400 V/s. A bipolar stimulating electrode
was placed on the surface of the slice ~150 um from the carbon fiber
recording electrode. Catecholamine release was evoked by an electrical
pulse (550 nA, 4 ms duration) applied as a 20-pulse stimulation train (20
Hz) once every 10 min. Baseline recordings were obtained until the cat-
echolamine release amplitude was stable (<10% variation across three
recordings). Subsequently, guanfacine hydrochloride (10 um) was ap-
plied to the slice buffer and recordings continued for 60 min. For each
slice, a single baseline release value was determined by averaging the final
two baseline recordings and the drug effect was determined by averaging
the final two recordings in drug and presented as the percentage change
from the baseline value.

Fluorescent immunohistochemistry. Mice were handled for 5 d as de-
scribed previously (Olsen and Winder, 2010). After removal from the
colony, mice recovered for at least 1 h in a Med Associates sound-
attenuating chamber and injected intraperitoneally with guanfacine
(1 mg/kg), CNO (3 mg/kg), guanfacine and CNO, or saline 90 min before
perfusion. Under isoflurane anesthesia, mice were transcardially per-
fused with 10 ml of ice-cold PBS followed by 20 ml of 4% paraformalde-
hyde (PFA) in PBS. Extracted brains were submerged in 4% PFA for
24 h at 4°C and cryoprotected in 30% sucrose in PBS for a minimum
of 2 d. Coronal sections were cut on a cryostat (Leica, CM3050S) in
optimal cutting temperature (OCT) solution (VWR) at a thickness of
40 pum and stored in PBS at 4°C until immunological staining.

For cfos staining, coronal sections were washed with PBS (4 X 10 min),
permeabilized with 0.5% Triton X-100 in PBS (1 h), and blocked with 5%
normal donkey serum (NDS) and 0.5% bovine serum albumin (BSA) for
1 hatroom temperature (RT). Primary antibodies were applied in block-
ing solution and slices were incubated in primary antibody (rabbit anti-
cfos, mouse anti-NeuN, chicken anti-GFP) for 24 h at RT, washed in PBS
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(4 X 10 min), and incubated in combinations of secondary antibodies
(Cy2 donkey anti-rabbit, Cy2 donkey anti-chicken, Cy3 donkey anti-
mouse, Cy5 donkey anti-rabbit) in 0.1% Triton X-100 in PBS for 24 h at
4°C. Slices were stained with DAPI (1:10,000, Life Technologies; D3571),
washed in PBS (4 X 10 min), mounted on Fisher Plus slides (Fisher
Scientific), and coverslipped with PolyAquamount (Polysciences) when
dry. Slight modifications were used to visualize cfos-eGFP transgene ex-
pression. In this case, a modified blocking solution (10% NDS and 0.1%
Triton X-1000 in PBS), a shorter time of permeabilization (30 min), and
longer primary antibody incubation (48 h at 4°C) were used.

All images were obtained with a Zeiss 880 scanning confocal
microscope using either a 20X/0.80 numerical aperture (NA Plan-
Apochromat, 40X/1.30 NA C Plan-Apochromat oil, or 63X/1.40 NA
Plan-Apochromat Oil objective lens. Excitation/emission wavelengths
(nm) for each fluorophore were 405.0/461.5 (DAPI), 448/521.5 (Cy2,
GFP), 561.0/610.8 (Cy3, mCherry), and 633.0/701.8 (Cy5). The same
acquisition parameters and alterations to brightness and contrast in Im-
age] were used across all images within an experiment. Cells were man-
ually counted using ImageJ by a blinded reviewer. No overt differences
were observed between subnuclei of the dorsal BNST, so all numbers are
reported as a single averaged value for each dBNST and then averaged for
each animal.

RNA in situ hybridization. A variant of fluorescence in situ hybridiza-
tion (FISH) known as RNAScope (Advanced Cell Diagnostics) was used
to visualize RNA transcripts in fresh-frozen BNST coronal sections. The
procedure was performed as described previously (Ghamari-Langroudi et
al., 2015). RNAScope cDNA probes and detection kits were purchased from
Advanced Cell Diagnostics and used according to the company’s online
protocols. All probes were generated against Mus musculus-specific tran-
scripts and included Adra2a (#425341, channel C1, target region 2345-3381,
accession number NM_007417.4), Fos (#316921-C2, C2, 407-1427,
NM_010234.2), Henl (#423651-C2, C2, 21583777, NM_010408.3), Hcn2
(#427008-C2, C2, 687—1878, NM_008226.2), Prkcd (#441791-C3, C3, 334—
1237, NM_011103.3), Penk (#318761-C2, C2, 106—1332, NM_0001002927.2),
Calb2 (#313641-C2, C2, 147-1265, NM_007586.1), Crf (#316091-C2,
C2, 20-1262, NM_205769.2), and Npy (#313321-C3, C3, 28-548,
NM_023456.2).

Mice used to monitor Fos transcript colocalization were handled and
injected as described above. For expression analysis of HCN subunits,
mice were equivalently handled but never injected. Brains were extracted
under isoflurane anesthesia, submerged in oxygenated (5% CO,/95%
0,) ice-cold ACSF containing the following (in mm): 124 NaCl, 4.4 KCl,
2.5 CaCl,, 1.3 MgSO,, 1 NaH,PO,, 10 glucose, and 26 NaHCO; and
frozen in OCT using Super Friendly Freeze-It Spray (Fisher Scientific).
Embedded brains were stored in dry ice and then at —80°C until further
use. Then, 16 wm sections were cut on a cryostat (Leica, CM3000) and
transferred to Fisher plus slides (Fisher Scientific) chilled with dry ice and
stored at —80°C. Samples were fixed in 4% PFA at 4°C for 15 min,
dehydrated in an ethanol dilution series (50%, 70%, 100% X 2 for 5 min
each), and air-dried for 5 min. A hydrophobic barrier was drawn around
each slice with a PAP barrier pen before incubation with Advanced Cell
Diagnostics’s pretreatment 4 solution (30 min at 40°C), then RNAScope
probes (2 h at 40°C), then Amp 1-FL solution (30 min at 40°C), Amp
2-FL solution (15 min at 40°C), Amp 3-FL solution (30 min at 40°C), and
Amp 4-FL ALT B solution (15 min at 40°C) with 2 min of washing in
wash buffer (2X) in between each step. Slides were counterstained with
1:10,000 DAPI for 30 s at RT before coverslipping with Aqua PolyMount.
A minimum of two slices (one slice per slide) were used from each ani-
mal: one experimental group and one negative control (three probe sets
for bacterial DapB mRNA in channels 1-3 (Advanced Cell Diagnostics).
Slices from each mouse were examined with different probes.

Sections were imaged with a Zeiss 880 scanning confocal microscope
using either a Plan-Apochromat 20X/0.80 NA or 63X/1.40 oil lens. Z
stacks were done on all high-magnification images such that the depth of
the tissue was covered in 8 images (1 image per 2 um). The BNST was
visualized at 10X magnification (10X/0.50 NA lens) and then three 63X
images were obtained to cover the dorsal, medial, and lateral components
of the dorsal BNST. Each image was quantified individually, but because
no differences were observed between the three subregions, the counts
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were compiled into a single average value for each dorsal BNST and then
averaged for each animal. Z stacks were transformed into single layer
images using ImageJ Z-project (maximum intensity). Transcripts were
readily identified as small, round, and distinct dots over and surrounding
DAPI-labeled nuclei (see Figs. 2C, 6A for example images). Negative
control images were used to determine brightness and contrast parame-
ters that minimized observation of the bacterial transcripts and autofluo-
rescence, which were then used for experimental images. Dots per cell
were manually counted across all images by a blinded reviewer. To de-
termine the threshold for transcript positivity in experimental slices, the
numbers of dots per cell were counted in negative control images and the
threshold for positivity was calculated as the mean number of dots per
cell plus 3 SDs such that 99.7% of negative control cells were below this
threshold.

Ex vivo preincubation. Brain slices were obtained as described above.
cfos-eGFP mice were handled and injected as described above. After prep-
aration, slices were sequentially transferred to one of four holding cham-
bers in oxygenated ACSF at 28°C and allowed to recover for 1 h. In the
first preincubation experiment, guanfacine (1 um), atipamezole (1 um),
both guanfacine and atipamezole, or vehicle was added to the holding
chamber from stock solutions. In the second preincubation experiment,
guanfacine (1 um), clonidine (10 pum), UK-14304 (10 um), or vehicle was
equivalently added. After 60 min of incubation, slices were fixed in 4%
PFA for 30 min at RT before being transferred to 4°C for 24 h. Slices were
then transferred to PBS and maintained at 4°C until further use.

The Brain Blocking of Lipids and Aldehyde Quenching (BLAQ) pro-
cedure was used as described previously (Kupferschmidt et al., 2015).
Sections were washed for 1 h in PBST (0.2% Triton X-100 in PBS), rinsed
twice for 1 min in diH, O, quenched in freshly prepared sodium borohy-
dride (NaBH,; 5 mg/ml = 132 mwm in diH,O; Sigma-Aldrich, #213462,
99%), rinsed again in diH,O (2X for 1 min), incubated twice for 15 min
in Sudan Black B solution (0.2% in 70% ethanol), washed twice for 30
min in PBS, and incubated for 4 h in 5% NDS in PBST. Slices were
incubated in primary antibody (chicken anti-GFP, mouse anti-NeuN)
for 72 h at 4°C, washed 4 times in PBST for a total of 24 h at 4°C, and then
incubated in secondary antibody (Cy2 donkey anti-chicken, Cy3
donkey-anti mouse) for 48 h at 4°C. Finally, slices were washed 4 times in
PBST for a total of 24 h at 4°C, washed in PBS for 1 h at RT, and then
mounted on Fisher Plus slides and coverslipped with Poly AquaMount when
dry. Images were obtained with a Zeiss 880 scanning confocal microscope
using a 63X/1.40 NA Plan-Apochromat Oil objective lens and processed as
described above for fluorescent immunohistochemistry.

Microinjection surgeries. Mice were anesthetized with isoflurane (initial
dose = 3%; maintenance dose = 1.5%) and injected intracranially with
recombinant AAV constructs. A targeted microinjection of the viruses
(200-300 nl) was made into the BNST (AP: 0.14, ML: +0.88, DV: —4.24)
(Paxinos and Franklin, 2004) at a 15.03° angle. All injections were bilat-
eral except for the dual AAV5-GCaMP6f and AAV5-hM4Di or AAV5-
mCherry injections, which were unilateral on the right side. Mice were
treated with 5 mg/kg injections of ketoprofen or metacam for 48 h fol-
lowing surgery. All mice except the GCaMP6f-injected animals were
killed 3 weeks after surgery for anatomical analysis. GCaMP6f-injected
animals underwent implantation of optical fibers at least 3 weeks after
viral injection followed by subsequent behavioral analysis.

Current-clamp recordings Whole-cell current-clamp recordings were
performed as described previously (Kash and Winder, 2006; Silberman et
al., 2013; Flavin et al., 2014). For current-clamp recordings, electrodes
(3.0-5.0 MQ) were filled with the following (in mm): 135 K * -gluconate,
5 NaCl, 10 HEPES, 0.6 EGTA, and 4 Na,GTP, pH 7.2-7.4, osmolarity
290-295.

cfos-eGFP mice were handled and injecte, and brain slices were pre-
pared as described above. After 1 h of recovery in heated (28°C) oxygen-
ated ACSF, slices were transferred to a second heated holding chamber
with either unaltered ACSF or ACSF containing 10 um ZD7288 for 1 h
before recording. In the recording chamber, slices were continuously
perfused with oxygenated and heated (28°C) ACSF at a rate of 1-2 ml/
min. Picrotoxin (25 uM) was used to isolate excitatory transmission.
cfos-eGFP ™ cells were identified using a mercury lamp light source,
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EN-GFP filter cube, and infrared video microscopy (all Olympus) for
patching.

After achieving whole-cell configuration, cells were equilibrated for
2-5 min before recording. Postsynaptic parameters were monitored con-
tinuously during the experiments and cells were excluded if the access
resistance (R,) changed by >20% in either direction. Current-clamp
profiles, defined here as the whole-cell membrane potential changes that
occur in response to positive and negative current injections, were ob-
tained at resting membrane potential and consisted of current injections
ranging from —200 pA to +200 pA with a step of 20 pA per injection.
Once a current-clamp profile was obtained, spontaneous EPSPs
(sEPSPs) were recorded for 5 min. After 1 h of recording, slices were
transferred to 4% PFA and processed for BLAQ as described above.
Current-clamp recordings from small hairpin RNA (shRNA)-injected
C57BL/6] mice were similarly performed except that these mice were
never injected and slices were not incubated with ZD7288.

All whole-cell data were recorded with Clampex 10.2 and analyzed
with pClamp 10.2 (Molecular Devices). Resting membrane potential was
calculated before current injection. Hyperpolarization sag was calculated
as the difference between the initial maximal negative membrane poten-
tial and the steady-state current after negative current injection. The time
constant of I, activation (1) was calculated as the time to reach 1-1/e
(63.2%) of steady-state potential from maximal negative potential.
sEPSP measurements were analyzed with pClamp 10.2 using the “event
detection” template created for each trace individually to obtain ampli-
tude and frequency of sEPSP events.

Field potential recordings. Thyl-COP4 mice were used for optical field
potential recordings. Slices were prepared as described above. Picrotoxin
(25 uM) was used to isolate excitatory transmission. Light stimulation
was driven from a T-Cube LED Driver (LEDD1B; Thorlabs) passed
through an EN-GFP filter cube (Olympus) to produce blue wavelength
light. Light stimuli were ~2 ms in duration and occurred every 10 s.
Optically evoked field potentials were observed as negative deflections
with dual N1 (oN1) and N2 (0N2) components. The oN2 component
was kynurenic acid sensitive, whereas the oN1 component was kynurenic
acid insensitive (data not shown) and are thus analogous to the fiber
volley potential N1 and the synaptic potential N2 recorded as part of
electrically evoked field potentials within the BNST (Weitlauf et al., 2004;
Egli et al,, 2005; Conrad et al., 2012). Data were excluded if the oN1
changed by >20% during the experiment. All field potential data were
collected using Clampex 10.2 (Molecular Devices) and analyzed via
Clampfit 10.2 (Molecular Devices) as described previously (Shields et al.,
2009; Flavin et al., 2014). Plotted time courses are represented as 1 min
averages relative to baseline (0—5 min for guanfacine, 0-10 min for
7D7288).

Stereotaxic chronic optical fiber implantation. Three weeks after injec-
tion of AAV5-GCaMP6f and AAV5-hM4Di or AAV5-mCherry, mice
were anesthetized with isoflurane and underwent stereotaxic surgery for
optical fiber implantation. The optical fiber implant was constructed
froma 0.22 NA, 300 wm core multimode fiber (Thorlabs) placed inside a
mounting ferrule with Epo-Tek general room temperature cure epoxy
(Fiber Optic Center) and cured at 45°C overnight. The fiber was cut on
one end with an Ideal DualScribe Wedge Tip Carbide Scribe (Fiber Optic
Center) and polished using a Ferrule Polishing Disc (Thorlabs) on pro-
gressively finer aluminum oxide lapping sheets (5, 3, 1, 0.1 um). Both
sides were visually inspected for aberrations and were not used if deemed
unsatisfactory. Briefly, after exposure of the skull, gel etchant was used to
clean the skull, a screw was placed rostral to the craniotomy hole, the
implant was slowly lowered through the previously made craniotomy
hole into the BNST at a 15.03° angle, Optibond FL Primer was applied
around the implant, Optibond FL adhesive was applied and cured,
and Herculite Unidose Enamel was applied and cured. After surgery,
mice were given Diet Gel as well as subcutaneous injections of keto-
profen or metacam and 1 ml of saline for 72 h. A minimum of 2 weeks
of recovery was used before mice underwent behavioral and fiber
photometric testing.

In vivo fiber photometry apparatus. The fiber photometry measure-
ments in this study were performed by the ChiSquare 2-202 dual-probe
system (ChiSquare Biomaging). Briefly, blue light from a 473 nm
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picosecond-pulsed laser (at 50 MHz; pulse width ~80 ps FWHM) was
delivered to the sample through a single mode fiber. Fluorescence emis-
sion from the tissue was collected by a multimode fiber. The single mode
and multimode fibers were arranged side by side (Cui et al., 2013) in a
ferrule connected to a detachable multimode fiber implant. The emitted
photons collected through the multimode fiber passed through a band-
pass filter (FF01-550/88; Semrock) to a single-photon detector. Photons
were recorded by the time-correlated single photon counting module
(SPC-130EM; Becker and Hickl) in the ChiSquare 2-202 dual-probe
system. A fluorescence intensity trace was obtained by plotting the num-
ber of photons recorded in 20 ms intervals against time. Fluorescence
decay kinetics were used to confirm in vivo GcaMP6f expression.

Elevated plus maze (EPM) behavior and fiber photometric recordings. All
behavior experiments were performed during the light phase. Mice were
handled and injected as described above before and during behavioral
experiments. In addition, the last 2 d of handling involved transport to
the laboratory and habituation to fiber photometry manipulations, in-
cluding cleaning of implants with ethanol and lens paper, and recording
fiber photometry signal via a 200 um core 0.5 NA FC/PC to 1.25 mm
ferrule patch cable (Thorlabs) connected to the implant. Before behav-
ioral testing, mice were injected with CNO or saline 2 h before recording
a baseline for 2 min. This baseline recording occurred in the home cage
after acclimation to connection with the patch cord for 5 min. Then mice
were transferred to the EPM for 5 min. This apparatus is elevated 55 cm
above the floor and consists of four arms (30.5 X 6.5 cm), 2 open and 2
closed (16 cm wall height), with a 5 X 5 cm open center zone. Lighting
was set to ~60-70 lux in the open arm and 10-20 lux in the closed arm.
Mice were visualized, recorded, and tracked by a camera using AnyMaze
software (Stoelting). Fiber photometry recordings began upon receipt of
a transistor-transistor logic pulse from AnyMaze; therefore, the behavior
and fiber photometry signal were precisely time locked. Raw photon
count was converted to AF/F, using a segmented normalization proce-
dure with a bin of 4 5. Ca?* transients were identified using a Savitsky—
Golay filter and empirically determined kinetic parameters using the
mLspike algorithm (Deneux et al., 2016). The frequency of Ca*" tran-
sients was calculated for both recordings. In addition, the transients were
temporally aligned with mouse location to yield open and closed arm
frequencies.

Experimental design and statistical analysis. The number of animals to
be used in each experiment were predetermined based on analyses of
similar experiments in the literature and supplemented as needed based
on observed effect sizes (Savchenko and Boughter, 2011; Silberman et al.,
2013; Flavin et al., 2014; Ghamari-Langroudi et al., 2015; Kupferschmidt
etal.,2015,2017; Holleran etal., 2016). For experiments involving male
and female mice, a minimum of three mice of both sexes was used to
allow for sex difference statistical comparisons to be performed. All
data are represented as mean * SEM. All statistics were run using
Prism 7 (GraphPad). Differences between groups were assessed using
t tests, one-way ANOVAs, and two-way ANOVAs, with significance
set at a = 0.05. When significant main effects were obtained using
ANOVA tests, appropriate post hoc comparisons between groups were
performed.

Results

Guanfacine induces cfos expression in the dBNST dependent
on the expression of &, ,-ARs in non-noradrenergic neurons
To determine what populations of «,,-ARs contribute to
guanfacine-induced cfos expression in the dBNST, we compared
effects in WT mice and two transgenic mouse strains targeting the
Adra2a gene. The transgenic genotypes were a complete a,,-AR
KO (Adra2a™'7) and a transgenic rescue reintroducing the
Adra2a gene under the control of the dopamine B-hydroxylase
promoter into an Adra2a~’~ background (Gilsbach et al., 2009).
The rescue results in the expression of a,,-AR exclusively in
noradrenergic neurons. These lines allow for the differentiation
of autoreceptor and heteroceptor mechanisms of a,,-AR physi-
ology and pharmacology (Fig. 1A,B). We validated the func-
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tional autoreceptor expression pattern of a,,-ARs within these
mouse lines using fast scan cyclic voltammetry. To do this, we
measured extracellular catecholamine levels in the ventral BNST
after local electrical stimulation and determined autoreceptor
a,,-AR function by measuring the effects of guanfacine (10 um)
on catecholamine levels (Fig. 1C). In WT mice, guanfacine de-
creased stimulus-evoked catecholamine transients to 69.2 *
3.9% of baseline levels (baseline: 10—30 min; guanfacine: 7090
min; paired ¢ test, p = 0.002; Fig. 1D, blue). This effect was absent
in full Adra2a '~ mice (109.1 = 3.1%; p = 0.12; Fig. 1D, red),
but rescued in heteroceptor-specific Adra2a~'~ mice (76.5 *
5.1%; p = 0.01; Fig. 1D, green). A repeated-measures two-way
ANOVA revealed a significant effect of time (F(g 1,6, = 8.01, p <
0.0001), genotype (F(, 4 = 19.99, p < 0.0001), and subject
(F14,126) = 2.93, p = 0.0007), as well as an interaction between
time and genotype (F(,5 56 = 4.81, p < 0.0001) on measured
extracellular catecholamine transient levels. Holm—Sidak’s multiple-
comparisons test was performed post hoc between the genotypes
at all time points. Extracellular catecholamine transient levels
were lower in WT than full Adra2a '~ mice at all time points
after 50 min (0 min, p = 0.47; 10 min, p = 0.84; 20 min, p = 0.92;
30 min, p = 0.92;40 min, p = 0.07; 50 min, p = 0.004; 60 min, p <
0.0001; 70 min, p < 0.0001; 80 min, p < 0.0001; 90 min, p <
0.0001) and in heteroceptor-specific relative to full Adra2a '~
mice after 60 min (0 min, p = 0.90; 10 min, p = 0.84; 20 min, p =
0.92;30 min, p = 0.92; 40 min, p = 0.36; 50 min, p = 0.57; 60 min,
p = 0.03; 70 min, p = 0.01; 80 min, p < 0.0001; 90 min, p <
0.0001). Between 50 and 70 min, evoked catecholamine tran-
sients in heteroceptor-specific Adra2a~'~ mice were signifi-
cantly higher than WT littermates (0 min, p = 0.47; 10 min, p =
0.998; 20 min, p = 0.92; 30 min, p = 0.92; 40 min, p = 0.36; 50
min, p = 0.02; 60 min, p = 0.004; 70 min, p = 0.02; 80 min, p =
0.31; 90 min, p = 0.23). To determine the overall guanfacine
effect, a one-way ANOVA was performed at the final time points
(70-90 min) and revealed significant differences among the three
genotypes (F(, 1,y = 27.94, p < 0.0001; Fig. 1E). Holm-Sidak’s
multiple-comparisons test was performed post hoc between all
genotypes and showed there to be significant differences between
WT and full (p < 0.0001) but not heteroceptor-specific (p =
0.38) Adra2a '~ mice. Further, there was a significant difference
between full and heteroceptor-specific (p < 0.0001) KO mice.

We next evaluated neuronal cfos expression 90 min after sa-
line or guanfacine (1 mg/kg) injections (Fig. 1 F,G). A two-way
ANOVA revealed a significant interaction between treatment and
genotype (F, ;5 = 11.62, p < 0.0001), no significant effect of
genotype alone (F, 195, = 0.88, p = 0.42), and a significant effect
of treatment alone (F(; ;5 = 5.24, p = 0.02) (Fig. 1H). A Holm-
Sidak multiple-comparisons test was performed post hoc between
all groups. Guanfacine-injected animals showed increased cfos
levels in WT animals (WT saline: 4.4 * 0.9%; WT guanfacine:
14.2 = 1.4%; p = 0.0004), but not in full a,,-AR KO (KO saline:
13.5 £ 1.3%; KO guanfacine: 9.0 = 0.6%; p = 0.19) or
heteroceptor-specific e, ,-AR KO animals (KO+ TG saline: 8.8 =
1.6%; KO+TG guanfacine: 11.7 * 1.4%; p = 0.58). When in-
jected with saline, a,,-AR KO mice show increased cfos expres-
sion relative to WT controls (p = 0.0004), whereas there was no
difference between heteroceptor-specific a,,-AR KO mice and
WT controls (p = 0.33) or full @,,-AR KO mice (p = 0.07).
Together, these data show that guanfacine-induced cfos expres-
sion is only observed in WT animals and an elevated cfos re-
sponse to saline occurs in a,,-AR KO mice.
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Figure 1.  Guanfacine-induced cfos expression in the dBNST is dependent on the expression of ct,,-ARs in non-noradrenergic neurons. 4, Schematic showing genetic differences between the
three different Adra2a mouse lines. B, Anatomical diagram showing location of immunohistochemistry and voltammetry experiments within the BNST. C, Representative fast scan cyclic voltam-
metry trace showing catecholamine measurement after electrical stimulation in ventral BNST. D, Time course of guanfacine (10 wm) application on amplitude of extracellular catecholamine in the
ventral BNST. WT and heteroceptor-specific Adra2a ~’ ~ mice show a decrease after quanfacine (70 -90 min) application relative to baseline (10—30 min; WT: 69.2 = 3.9%, p = 0.002; KO+ TG:
76.5 == 5.1%, p = 0.01) while full Adra2a ~ '~ donot (109.1 = 3.1%, p = 0.12). Two-way ANOVA: time effect Fio,126) = 8.01,p<<0.0001, genotype effect F, ,,) = 19.99, p < 0.0001, subject
Fira,126) = 2:93,p = 0.0007, interaction £ 15 1, = 4.81,p < 0.0001. p-values were determined by post hoc Holm-—Sidak multiple-comparisonstest. £, Relative to WT littermates, full Adra2a ~/ ~
mice show a loss of quanfacine activity at autoreceptor ct,,-ARs, a deficit rescued in the heteroceptor-specific Adra2a ~/ ~ mice (Fg12 = 27.94,p < 0.0001). n = 5~ 6 slices from 3 animals per
group. F, Schematic showing timeline of animal habituation, injection, and immunofluorescence. G, Representative images of NeuN (red) and cfos (green) expression after saline and guanfacine
injectionsin WT (B), full Adra2a ~ /= (K0, C),and heteroceptor-specific Adra2a ~ /= (KO+TG, D) mice. H, Guanfacine-induced cfos expressioninNeuN ™ cells was higher after quanfacine njection
than after saline injection only in WT mice, but not in full or heteroceptor-specific Adra2a ~/ ~ littermates. Elevated saline-induced cfos expression was observed in full but not heteroceptor-specific
Adra2a ~’ ~ mice relative to WT littermates. n = 12—26 animals per group. Two-way ANOVA: treatment effect Fa105) = 5.24, p = 0.02, genotype effect F, ;o5 = 0.88, p = 0.42, interaction
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per group.

Guanfacine-induced cfos responses occur in

dBNST*"*>* neurons

Next, we aimed to determine the population of dBNST neurons
that express cfos after guanfacine administration. Due to lack of
antibody specificity for the a,,-AR, we used Adra2a transcript
expression as a means of identification (Fig. 2A, B). The Adra2a
probe was anatomically validated by observation within the
dBNST (Fig. 2B, top) alongside a lack of detectable expression of
the negative control bacterial probe DapB in the dBNST (Fig. 2B,
middle) and in the a,,-AR-lacking dorsal striatum within the
same coronal section (Fig. 2B, bottom) (Nicholas et al., 1993). On
average, the density of Adra2a™ cells in the dorsal BNST was
282 = 45 cells/mm? in saline-injected animals and 269 = 56 in
guanfacine-injected animals, representing 31.8 *= 3.9% and
28.6 = 5.9% of DAPI * cells, respectively. The difference between
either of these values was not statistically significant (unpaired ¢
tests, p = 0.85 and p = 0.64). We monitored Fos transcript ex-
pression within Adra2a™ cells 90 min after saline or guanfacine
injections (Fig. 2C). Treatment with guanfacine significantly in-
creased the percentage of Adra2a™ cells that were also Fos™

(14.5 = 4.1% saline vs 66.3 = 5.1% guanfacine, unpaired f test,
p < 0.0001; Fig. 2D). In addition, treatment with guanfacine led
to a small but significant increase in the percentage of Adra2a ™~
cells that were Fos™* (7.3 = 2.1% saline vs 24.0 = 6.0% guanfa-
cine, unpaired ¢ test, p = 0.02; Fig. 2E). Therefore, guanfacine
injection leads to upregulation of Fos within Adra2a™ and
Adra2a™ cells within the dBNST.

In an effort to better classify Adra2a* dBNST cells, we aimed
to colocalize Adra2a transcript expression with a number of ge-
netic markers known to be expressed in subpopulations of
dBNST neurons. Adra2a colocalization was modest with the
transcripts Prkcd (29.8 = 3.1%), Penk (35.5 * 6.3%), Calb2
(29.7 = 8.5%), Crh (24.1 = 8.1%), and Npy (9.2 = 0.3%), sug-
gesting that the Adra2a ™ population is a heterogeneous one.

Guanfacine-induced cfos expression is dBNST autonomous

Upregulation of cfos/Fos can be achieved through several mech-
anisms, some due to direct pharmacological action and others by
indirect effects on circuitry. To gain insight into whether
guanfacine-induced cfos expression in the dBNST resulted from
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interactions with other brain regions in an experience-dependent
manner, we combined the use of a cfos-eGFP transgenic mouse
strain that expresses a GFP-labeled cfos fusion protein (Barth et
al., 2004) with thick slice immunohistochemistry (Kupfer-
schmidt et al., 2015) to determine whether guanfacine-induced
cfos expression could be mimicked in an ex vivo brain slice. Cor-
onal sections (300 wm thick) containing the dBNST were ex-
posed to ACSF, the a,,-AR agonist guanfacine (1 um) (pECs, =
7.1-7.3) (MacLennan et al., 1997; Jasper et al., 1998), the «,-AR
antagonist atipamezole (1 um) (pK; = 8.4-9.5) (Blaxall et al,,
1991; Vacher et al., 2010; Vucicevic et al., 2016), or a combination
of guanfacine and atipamezole for 1 h at 28°C. Slices were fixed
and stained for NeuN to identify neurons and GFP to quantify
cfos-eGFP expression (Fig. 3A). cfos-eGFP ™ cells were readily
identified with minimal background activity and quantified as a
proportion of neuronal cells (Fig. 3B,C). A two-way ANOVA
showed a significant effect of guanfacine (F, 4, = 12.39, p =
0.001) and atipamezole (F; 44y = 12.04, p = 0.001), as well as a
significant interaction between the two (F(, 4,y = 18.22, p =
0.0001). A Holm-Sidak multiple-comparisons test showed sig-
nificant upregulation of cfos in guanfacine-incubated slices
relative to ACSF-incubated controls (control: 10.9 = 1.8%, guan-
facine: 28.3 = 3.0%, p < 0.0001) and no effect of atipamezole
relative to ACSF-incubated controls (atipamezole: 12.7 = 2.0%,
p = 0.92). Incubation of slices in guanfacine and atipamezole did
not alter cfos expression relative to ACSF-incubated controls
(guanfacine and atipamezole: 11.0 *= 2.1%, p = 0.97) or
atipamezole-incubated samples (p = 0.92), but did block
guanfacine-induced cfos expression (p < 0.0001). Therefore,
guanfacine is capable of inducing cfos expression in ex vivo
dBNST slices and this expression can be blocked by coincubation
with the «,-AR antagonist atipamezole.

Ex vivo incubation in clonidine and UK-14304 induces cfos
expression in dBNST neurons

To determine the specificity of guanfacine-induced cfos expres-
sion, ex vivo dBNST slices were incubated with other a,-AR ago-
nists. We incubated slices in 10 uM clonidine, a a,-AR partial
agonist, and 10 um UK-14304, a a,-AR full agonist, alongside 1
M guanfacine as a positive control and ACSF as a negative con-
trol (Fig. 3D, E). A one-way ANOVA showed a significant effect
of drug incubation on ex vivo cfos-eGFP expression (F(; ;) =
4.63, p = 0.009). A Holm-Sidak multiple-comparisons test
showed that, relative to ACSF-incubated controls (214 = 68 cells/
mm?), cfos-eGFP expression was upregulated after exposure to
guanfacine (826 = 174 cells/mm?; p = 0.02), clonidine (878 +
161 cells/mm?; p = 0.02), and UK-14304 (854 * 167 cells/mm?;
p = 0.02). There were no significant differences between slices
incubated in the different a,-AR agonists (guanfacine vs cloni-
dine, p = 0.99; guanfacine vs UK-14304, p = 0.99, clonidine vs
UK-14304, p = 0.99). Therefore, all three of these a,-AR agonists
can induce cfos-eGFP expression ex vivo in dBNST sections.

Activation of hM4Dji in dBNST neurons by CNO mimics
guanfacine-induced cfos induction

To determine whether guanfacine-induced cfos expression is
translatable to other G;-coupled GPCRs, we virally introduced
the chemogenetic receptor hM4Di:mCherry or mCherry-
encoding control constructs under the control of the CaMKIl«
promoter in dBNST neurons and evaluated expression of cfos-
eGFP after intraperitoneal injections of guanfacine (1 mg/kg) and
CNO (3 mg/kg) alone or in combination (Fig. 4 A, B). In hM4Di-
injected mice, a two-way ANOVA showed a significant effect of

J. Neurosci., October 17, 2018 - 38(42):8922— 8942 + 8929

both CNO (F(, 5;, = 5.23, p = 0.03) and guanfacine (F(, 5,, =
9.68, p = 0.004), as well as a significant interaction (F, 3, =
21.18, p < 0.0001) on the number of cfos-eGFP ™ cells (Fig. 4C).
A Holm-Sidak multiple-comparisons test determined significant
increases relative to saline-injected controls (60 = 11 cells/mm 2
for guanfacine (213 = 17 cells/mm?, p < 0.0001), CNO (196 +
28 cells/mm?, p = 0.0002), and guanfacine and CNO (167 * 18
cells/mm?, p = 0.0028). There were no differences among ani-
mals injected with guanfacine and CNO alone or in combination
(guanfacine vs CNO, p = 0.56; guanfacine vs guanfacine and
CNO, p = 0.29; CNO vs guanfacine and CNO, p = 0.50). A
similar distribution was obtained when the number of cfos-
eGFP ™" cells were quantified as a proportion of hM4Di:
mCherry " cells (Fig. 4D). A two-way ANOVA showed a
significant effect of guanfacine (F(, ,4) = 5.36, p = 0.03) and a
significant interaction between guanfacine and CNO (F; ,q) =
5.36, p = 0.03), but no effect of CNO alone (F, ,5) = 1.244, p =
0.27). A Holm-Sidak multiple-comparisons test showed signifi-
cant upregulation of cfos-eGFP relative to saline injected controls
(7.5 = 1.5% of hM4Di:mCherry * cells) in animals injected with
guanfacine (26.2 £ 5.7%; p = 0.003), CNO (21.6 % 5.8%; p =
0.01), and guanfacine and CNO (21.3 * 2.4%; p = 0.02). There
were no statistically significant differences among animals in-
jected with guanfacine, CNO, or guanfacine and CNO (guanfa-
cine vs CNO, p = 0.72; guanfacine vs guanfacine and CNO, p =
0.38; CNO vs guanfacine and CNO, p = 0.66). Therefore, CNO
activation of hM4Di induces a cfos response in BNST neurons
that is equivalently sized and blocks further guanfacine-induced
cfos expression.

In mCherry-injected controls (Fig. 4B, bottom), a two-way
ANOVA showed a significant effect of guanfacine (F(, 4) = 116.3,
P <<0.0001) and CNO (F, 5, = 6.57, p = 0.04), but no significant
interaction (F; 5, = 0.008, p = 0.93) (Fig. 4E). A Holm-Sidak
multiple-comparisons test showed significant increases in cfos-
eGFP numbers relative to saline-injected controls (64 = 12 cells/
mm ?) for animals injected with guanfacine (239 * 22 cells/mm?,
p = 0.0003) and guanfacine and CNO (198 = 18 cells, p = 0.001),
but a trend toward decreased cfos expression in CNO-injected
animals (21 * 11 cells, p = 0.19) rather than the increase seen in
hM4Di-injected animals. Significant upregulation was also ob-
served relative to CNO-injected animals in guanfacine- and dual
guanfacine- and CNO-injected animals (CNO vs guanfacine, p <
0.0001; CNO vs guanfacine and CNO, p = 0.0003). There was no
difference between guanfacine-injected animals and those in-
jected with both guanfacine and CNO (p = 0.19). Here, we show
that CNO does not induce cfos expression without the presence
of hM4Di and does not compete with guanfacine-induced cfos
expression.

Guanfacine-activated Adra2a* dBNST neurons express
functional HCN subunits

To allow for the study of putative guanfacine-activated neurons
more precisely, cfos-eGFP mice were injected intraperitoneally
with guanfacine (1 mg/kg) 90 min before brain slice preparation
and electrophysiological recording (Fig. 5A). This strategy al-
lowed for identification of cfos-eGFP-expressing cells that were
examined by whole-cell electrophysiology and confirmed by post
hoc immunohistochemistry (Fig. 5B). Current-clamp profiles,
defined here as membrane potential responses to positive and
negative current injections, were obtained and showed that 8/11
cells had a hyperpolarization sag on negative current injection
(average amplitude = 1.9 = 0.5 mV; Fig. 5C). This characteristic
response to negative current injection of an initial hyperpolariza-
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Figure 3.

Incubation of ex vivo dBNST slices with guanfacine is sufficient to induce cfos expression and can be blocked by atipamezole. A, Schematic showing timeline of animal habituation, slice

preparation, drug application, and immunostaining. B, Representative images of NeuN (red) and cfos-eGFP expression (green) after incubation in ACSF, guanfacine (1 wum), atipamezole (1 pum), or
simultaneous application of guanfacine and atipamezole (1 pum each). Two-way ANOVA: quanfacine effect F; 4, = 12.39, p = 0.001, atipamezole effect F; ,,) = 12.04, p = 0.001, interaction
Fir,49y = 18.22,p = 0.0001. €, Guanfacine incubation induces cfos-eGFP expression compared with ACSF-incubated controls. Atipamezole incubation does not alter dBNST cfos-eGFP expression but
does block guanfacine-induced cfos induction to almost control levels. D, Representative images of NeuN (red) and cfos-eGFP expression (green) after incubation in ACSF, guanfacine (1 wm),
clonidine (10 wum), or UK-14304 (10 wum). E, Guanfacine, clonidine, and UK-14304 significantly upregulate cfos-eGFP expression compared with ACSF-incubated control slices. All data are shown as
means = SEM. One-way ANOVA: drug effect 5 5, = 4.63, p = 0.009. p-values were obtained from post hoc Holm—Sidak multiple-comparisons test. *p << 0.05, **p << 0.01, ****p < 0.0001.

n = 9-13 animals represented across all groups.

tion followed by a slower depolarization is generally suggestive of
underlying HCN channel activity (Wahl-Schott and Biel, 2009).
A 1 h incubation of the slices with the HCN channel inhibitor
7ZD7288 (10 um) abolished this sag in 10/11 cells recorded

(0.09 = 0.09 mV; Fig. 5D). The difference between untreated and
ZD7288-treated slices was significant (unpaired ¢ test, p = 0.001;
Fig. 5E). Kinetic analyses were performed on the hyperpolariza-
tion sag aiming to uncover which of the four mammalian HCN
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Figure 4.  Activation of hM4Di in dBNST neurons by CNO mimics guanfacine-induced cfos expression in vivo. A, Schematic showing timeline of animal habituation, AAV vector injection, drug
injection, and immunofluorescence. B, Representative images of cfos-eGFP (green) and hM4Di:mCherry (red, top) or mCherry (red, bottom) expression in the dBNST; animals were injected with
saline, guanfacine (1 mg/kg), CNO (3 mg/kg), or guanfacine and CNO. €, Injections of guanfacine and CNO alone or in combination lead to increased cfos-eGFP expression relative to saline-injected
controls in mice expressing hM4Di in the dBNST. There were no differences in cfos-eGFP levels among hM4Di-expressing animals injected with guanfacine or CNO alone or in combination. Two-way
ANOVA: CNO effect F; 5;, = 5.229, p = 0.029, quanfacine effect F; 5;), = 9.68, p = 0.004, interaction F, 3, = 21.18,p << 0.0001. D, Injections of guanfacine (1 mg/kg) and CNO (3 mg/kg) alone
orin combination lead to increased dBNST cfos-eGFP expression in hM4Di:mCherry ™ cells relative to saline-injected controls in hM4Di-expressing mice. There were no differences in cfos-eGFP levels
among hM4Di-expressing animals injected with guanfacine or CNO alone or in combination. Two-way ANOVA: (NO effect £, ,o) = 1.244, p = 0.27, guanfacine effect f; ,q), = 5.36, p = 0.03,
interaction F; , = 5.36, p = 0.03. E, Injections of guanfacine (1 mg/kg) with or without CNO (3 mg/kg) led to increased cfos-eGFP expression relative to saline- and CNO-injected mCherry-
expressing controls. Addition of CNO did not significantly affect either saline- or guanfacine-induced cfos expression levels. Two-way ANOVA: CNO effect: ; 4 = 6.57, p = 0.04, guanfacine effect
Fr.8)=1163,p <0.0001, interaction f; g = 0.01, p = 0.93. All p-values were determined by post hoc Holm—Sidak multiple-comparisons test. n = 3~9 mice per group. *p << 0.05, **p << 0.01.
All data are shown as means = SEM.
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Figure 5.  dBNST neurons that express cfos after systemic guanfacine administration show a high prevalence of HCN activity. A, Schematic showing timeline for cfos-eGFP animal habituation,
guanfacineinjection, and slice preparation for electrophysiology and immunostaining. B, Representative image showing the expression of cfos-eGFP (green) and NeuN * neurons (red) in the dBNST
in a post hoc fixed 300-um-thick slice that was stained after electrophysiological recording. (~E, Current-clamp profiles of cfos-eGFP ™ dBNST neurons. (Figure legend continues.)
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(Figure legend continued.)  The characteristic hyperpolarization sag indicating HCN channel
activity was seen in control recordings (ACSF incubation) (€), but not after incubation in 10 m
1D7288 (D). p-values were calculated from an unpaired t test. **p << 0.01.n = 11-12 cells
from 4 -5 mice. F, Kinetic analyses of the hyperpolarization sag show an average time constant
of [, activation of 149.2 = 12.9 ms, suggesting HCN1 or HCN2 expression. All data are shown as
means =+ SEM.
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channel subunits (HCN1-HCN4) may
constitute the pacemaker current in
dBNST neurons. The average 7 of activa-
tion calculated from the point of maximal
hyperpolarization to the steady-state po-
tential was 149.2 = 12.9 ms (range 97.4—
223 ms; Fig. 5F), suggesting involvement
of HCN1 or HCN2 subunits that display
similar values either in homomeric or het-
eromeric channels (Ulens and Tytgat,
2001).

A FISH approach was used to confirm
HCN transcript expression in Adra2a™
dBNST neurons (Fig. 6A). On average, the
density of transcript-positive cells within
the dBNST was 301 = 37 cells/mm? for
Adra2a™ cells (representing 34.5 = 3.3%
of DAPI " cells), 127 = 24 for Henl ™ cells
(15.3 * 4.7% of DAPI * cells), and 550 +
85 for Hen2™ cells (62.1 * 6.4% of
DAPI™ cells). Although a majority of
Adra2a™ cells were negative for Henl
transcripts (78.6 = 5.4%), a large fraction
was positive for Hen2 transcripts (71.4 =
7.3%; Fig. 6B). Unpaired t tests on the
number of cells observed (Fig. 6C) con-
firmed that Adra2a™ cells are more likely
to be Henl-negative than to express Henl
transcripts (Adra2a*Henl™: 76 = 13
cellsymm?; Adra2a " Henl —: 292 *= 62
cells/mm?; p = 0.04) and more likely to be
Hcn2™ than to not express Hen2 tran-
scripts (Adra2a ™ Hcn2™: 208 = 53 cells/
mm? Adra2aHen27: 62 = 11 cells/
mm?; p = 0.04). In addition to expressing
cfos transcripts after guanfacine injection,
a majority of Adra2a ™ cells also coexpress
Hcn2 transcripts.

HCN channel inhibition is sufficient for
excitatory actions on glutamatergic
transmission in the dBNST
Colocalization of Adra2a and Hcn2 tran-
scripts suggests that receptor-dependent
signaling might have an impact on HCN
channel activity. In prefrontal cortex,
postsynaptic a,,-ARs enhance glutama-
tergic transmission by inhibition of HCN
channels through a process whereby de-
creased postsynaptic cAMP decreases the
HCN channel open probability and di-
minishes HCN-dependent filtering of
synaptic currents passing through the
dendritic neck (Wang et al., 2007). We
tested the effects of the HCN channel
inhibitor ZD7288 on optically evoked ex-
citatory transmission in a Thyl-COP4 transgenic mouse line
(line 9). This mouse line expresses a transgene encoding
channelrhodopsin-2 (ChR2) under the control of the thymus cell
antigen 1 (Thyl) promoter randomly inserted into the genome,
which as a result leads to expression within subsets of projection
neurons across the brain, including neurons from the cortex,
hippocampus, thalamus, midbrain, brainstem, cerebellar mossy
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Figure7.  HCN channel inhibition by ZD7288 is sufficient for excitatory actions on glutamatergic transmission within the dBNST. 4, Representative trace of an optically evoked field potential in

the dBNST of Thy1-COP4 mice showing an oN1 and oN2 component analogous to electrically evoked field potentials in the region. B, Guanfacine application (1 wm for 10 min) enhanced oN2
amplitude by 15.9 = 6.0% in the dBNST of Thy1-COP4 mice. n = 9 slices from 4 mice. €, ZD7288 application (10 wum for 40 min) also enhanced oN2 amplitude by 18.7 == 7.6% in the dBNST of
Thy1-COP4 mice.n = 9slices from 5 mice. D, Schematic showing the timeline of cfos-eGFP animal habituation, slice preparation, ZD7288 (10 wm) incubation, and electrophysiology recording. E-G,
707288 incubation did not affect resting membrane potential and had no effect on SEPSP amplitude in cfos-eGFP * dBNST neurons, but did increase sEPSP frequency. H—J, ZD7288 preincubation
increased the proportion of low-amplitude sEPSPs and decreased the proportion of high-amplitude SEPSPs among all sEPSPs, increased only the number of low-amplitude SEPSPs (<<1.52mV), and
caused a leftward shiftin the cumulative frequency distribution of SEPSP amplitudes relative to ACSF preincubated controls. Two-way ANOVA on sEPSP amplitude proportion: drug effect (F; 140 =
210 ™™, p > 0.9999), amplitude effect (F g, 190 = 0.48,p = 0.89), interaction (F g, 150 = 2.35,p = 0.02. Two-way ANOVA on sEPSP amplitude number: drug effect (F,; 5 = 3.44,p = 0.08,
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fibers, and retinal ganglion cells (Arenkiel et al., 2007). Impor-
tantly, this mouse line has been shown to minimally express
ChR2 in dBNST neurons and shows little to no colocalization of
ChR2 with calcitonin gene-related peptide (CGRP), a high-
fidelity marker of the guanfacine-inhibited parabrachial nucleus
afferents within the dBNST (Flavin et al., 2014). Use of this
mouse line thus allows for enrichment of light-induced presyn-

aptic release of glutamate from non-parabrachial nucleus affer-
ents within the dBNST. The pattern of activity elicited by ex vivo
optical stimulation within the dBNST in this mouse strain was
previously shown to unmask excitatory actions of guanfacine,
presumably due to the lack of presynaptic inhibition of glutamate
release by o, ,-AR activity at parabrachial nucleus terminals (Fla-
vin et al., 2014). In this experiment, optically evoked field poten-
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tials were observed as two negative deflections defined here as
oN1 and oN2, analogous to the fiber volley potential N1 and
synaptic potential N2 observed in electrically evoked field poten-
tial recordings in the dBNST (Fig. 7A).We first replicated previ-
ous findings that bath application of guanfacine (1 um) for 10
min significantly increases the amplitude of oN2 by 15.9 = 6.0%
(range: —17.3 to +67.7%; paired t test, p = 0.03; Fig. 7B). Then,
in a separate cohort of animals, we bath applied ZD7288 (10 um)
for 40 min, which increased the oN2 amplitude by 18.7 * 7.6%
(range: —14.1 to +53.4%; paired ¢ test, p = 0.04; Fig. 7C).

To gain insight into potential cell-type-specific effects of
7D7288, we recorded from cfos-eGFP " cells 90 min after guan-
facine injection (Fig. 7D). To maximize potential activation of
endogenous HCN channels by avoiding voltage-clamp-mediated
inhibition and to minimize loss of HCN current observation and
modulation due to long-term cell dialysis, SEPSPs were recorded
in cfos-eGFP * cells after a 1 h incubation in ZD7288 or vehicle
(10 pm; Fig. 7D). ZD7288 incubation did not significantly affect
resting membrane potential (control: —60.6 * 1.8 mV; ZD7288:
—63.9 = 2.2 mV; unpaired ¢ test, p = 0.26; Fig. 7E). The treat-
ment had no effect on average sEPSP amplitude (control: 1.1 *
0.1 mV;ZD7288:1.0 = 0.1 mV; unpaired t test, p = 0.40; Fig. 7F ),
but did significantly increase sEPSP frequency (control: 2.0 = 0.3
Hz; ZD7288: 3.6 = 0.4 Hz; unpaired  test, p = 0.002; Fig. 7G). An
increase in sEPSP frequency is classically interpreted as resulting
from modulation of presynaptic glutamate release. However, an
increase in sEPSP frequency could also result from release of
dendritic filtering on synapses distant from the location of so-
matic recording with resulting low-amplitude spontaneous
events (Larkum et al., 1998; Williams and Mitchell, 2008; Gantz
etal.,, 2013). To differentiate between these possibilities, we eval-
uated the distribution of events across amplitudes in ACSF- and
ZD7288-preincubated slices (Figs. 7H-J). When comparing the
frequency distribution of sEPSP amplitudes with or without
ZD7288 preincubation, a two-way ANOVA showed a significant
interaction between drug treatment and amplitude (Fy 9, =
2.35, p = 0.02), but no effect of drug (F(; 109y = 2 X 10~ ', p >
0.9999) or amplitude (Fg 199y = 0.48, p = 0.89) alone. Fisher’s
LSD analysis showed significant differences between the treat-
ments at the lowest-amplitude bin (<0.7 mV, ACSF = 7.2 =
1.5%, ZD7288 = 14.2 = 3.2%, p = 0.01) and the two highest-
amplitude bins (2.2 to 3.1 mV, ACSF = 12.2 = 2.4%, ZD7288 =
5.6 £1.5%, p = 0.02; >3.1 mV, ACSF = 10.9 = 3.6%, ZD7288 =
4.9 = 2.3%, p = 0.03), with ZD7288 preincubation increasing the
frequency of low-amplitude events and decreasing the frequency
of high-amplitude events as a proportion of all events. To deter-
mine whether this change in frequency distribution is due to
increased numbers of low-amplitude events or decreased high-
amplitude events, we compared the number of events with am-
plitudes greater than or less than 1.52 mV, the point of
intersection for the frequency distributions across drug treat-
ments. Here, by repeated-measures two-way ANOVA, we ob-
served a significant effect of amplitude (F, ;o) = 6.89, p = 0.02)
and a significant interaction between amplitude and drug treat-
ment (F(, 1oy = 4.75, p = 0.04), but no effect of treatment alone
(F(1,19) = 3.44, p = 0.08). A Holm—Sidak multiple-comparisons
test showed that ZD7288 preincubation increased the number of
low-amplitude events (ACSF = 72.3 £ 12.0 events, ZD7288 =
134.4 = 18.2 events, p = 0.01), with no difference in high-
amplitude events (ACSF = 65.6 = 14.8 events, ZD7288 = 62.1 *
16.1 events, p = 0.98). Finally, in comparing the cumulative fre-
quency distribution between the treatments and fitting a nonlin-
ear line of best fit to the data (Fig. 7] ), we observed a left shift after
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ZD7288 preincubation and a difference in the line of best fit when
constraining the maximum (100%) and minimum (0%) curve
parameters and varying the Hill coefficient (ACSF = 0.94 % 0.09,
ZD7288 = 1.12 *+ 0.10) and IC,, (ACSF = 1.37 *+ 0.04 mV,
ZD7288 = 1.124 £ 0.03 mV). Using different parameters for
each of the datasets resulted in a better fit of the data (F, 50y =
16.27, p < 0.0001) than using the same parameters for both, con-
firming that the shape and the amplitude distribution are statistically
different. In sum, ZD7288 enhanced spontaneous glutamatergic
transmission in cfos-eGFP * cells after guanfacine injection likely via
decreased dendritic filtering of low-amplitude sEPSPs.

shRNA knock-down of HCN1 and HCN2 occludes
guanfacine-induced cfos expression

Having demonstrated that HCN channel inhibition causes excit-
atory actions within the dBNST, we next addressed the question
of whether HCN channels are a downstream target of guanfacine
actions. To do this, we used AAVs encoding shRNAs directed
against both the HCN1 and HCN2 channel subunits (AAV9-
shHCN1/2; Fig. 8A). Current-clamp responses to positive and
negative current injections were obtained from injected animals
and sham controls (Fig. 8 B, C). Hyperpolarization sag amplitude
was determined from these responses as the difference in mem-
brane potential between the initial maximal negative potential
and steady-state potential upon negative current injection. After
dual subunit knock-down, the amplitude of the hyperpolariza-
tion sag was decreased by 43.8% (sham: 3.0 = 0.5 mV;
shHCN1/2: 1.3 = 0.4 mV; unpaired ¢ test, p = 0.008; Fig. 8D),
validating a functional loss of HCN channel activity. Dual sub-
unit knock-down did not affect resting membrane potential
(sham: —80.3 = 1.6 mV; shHCN1/2: —82.8 * 2.3 mV; unpaired
t test, p = 0.40), sEPSP frequency (sham: 1.8 = 0.2 Hz
shHCN1/2: 1.8 = 0.2 Hz; unpaired ¢ test, p = 0.92), or sEPSP
amplitude (sham: 1.4 = 0.1 mV; shHCN1/2: 1.7 = 0.2 mV; un-
paired ¢ test, p = 0.35) in AAV9-shHCN1/2 " BNST neurons,
suggesting either that identification of guanfacine-activated neu-
rons is necessary for observation of excitatory effects or that viral
knock-down does not mimic acute pharmacological inhibition of
HCN channel activity in this regard.

We used the same strategy to test for an interaction between
HCN channel activity and guanfacine-induced cfos responses
alongside controls injected with a recombinant control virus ex-
pressing only GFP (AAV9-GFP; Fig. 8E). A two-way ANOVA
revealed a significant effect of ShRNA injection on cfos* cells
(F(1,16) = 7.86,p = 0.01), no effect of guanfacine exposure (F, ;) =
2.40, p = 0.14), and a trend toward a significant interaction
(F16) = 3.14, p = 0.10) (Fig. 8F). A Holm-Sidak multiple-
comparisons test showed upregulation of cfos relative to saline-
injected AAV9-GFP controls (71 * 9 cfos™ cellsymm?) in
guanfacine-injected AAV9-GFP controls (102 = 6 cfos™ cells/
mm?, p = 0.03), saline-injected AAV9-shHCN1/2 animals
(113 = 9 cfos™ cells/mm?, p = 0.02), and guanfacine-injected
AAV9-shHCN1/2 animals (110 = 11 cfos * cells/mm?, p = 0.02).
No differences were observed between AAV9-shHCN1/2 animals
injected with saline and guanfacine (p = 0.88). To begin to assess
the behavioral relevance of this difference, the EPM was used to
determine anxiety-like behavior in a separate cohort of mice. No
baseline differences were observed between AAV9-GFP and
AAV9-shHCN1/2 animals in open arm time (GFP: 164.7 *
14.2 s; shHCN1/2: 163.6 £ 20.2 s; unpaired f test, p = 0.96),
closed arm time (GFP: 91.7 = 11.1 s; shHCN1/2: 100.1 = 17.8 s;
unpaired t test, p = 0.69), center zone time (GFP: 105.3 = 13.2 s;
shHCN1/2: 87.4 * 12.8 s; unpaired ¢ test, p = 0.34), or total
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Delivery of shRNAs directed against HCN channel subunits to the dBNST occludes guanfacine-induced cfos expression. A, Schematic of AAV9-shHCN1/2 virus; inverted terminal repeat (ITR), human

U6 (hU6) promoter driving expression of Hen 7 and Hen2-specific shRNAs, CaMKIl promoter used for neural expression of eGFP. B, C, Current-clamp profiles of sham-injected (B) and AAV9-shHCN1/2 animals ()
show the presence and absence of a hyperpolarization sag, respectively. D, Injection of shHCN1/2-encoding virions reduces the average amplitude of hyperpolarization sag in dBNST neurons. E, Representative
images of DAPI * (blue), cfos (magenta), and virally expressed eGFP (green) in dBNST after saline or quanfacine treatment. F, Guanfacine increased cfos expressionin AAV9-eGFP control mice but not in mice that
wereinjected with AAV9-shHCN1/2. Expression of cfos in AAV9-shHCN1/2 animals was similar to values were obtained in controlsinjected with quanfacine, a result reminiscent of cfos expressionin Adra2a ~/ ~
transgenic mice (KO; see Fig. 1). Two-way ANOVA: shRNA effect: (F, ;) = 7.86, p = 0.01), quanfacine effect (F; ,5) = 2.40, p = 0.14), interaction (F; . = 3.14,p = 0.10). p-values were determined by

unpaired t test (D) or post hoc Holm—Sidak multiple-comparisons test. *p << 0.05, **p << 0.01. All data are shown as means = SEM.

distance traveled (GFP: 7.9 = 0.6 m; shHCN1/2: 9.3 = 0.6 m;
unpaired ¢ test, p = 0.13).

Activation of hM4Di in dBNST neurons elicits anxiogenic
behavior and activity increases in the EPM

Finally, we aimed to determine the behavioral and physiological
relevance of this noncanonical aspect of a,,-AR signaling using
CNO activation of the chemogenetic G;-coupled DREADD re-

ceptor hM4Di expressed in dBNST neurons. We recorded
dBNST-based Ca*™ transients during the EPM from implanted
animals tethered to the fiber photometry system by a flexible
patch cord. Animals stereotaxically injected with AAV5-
GCaMP6f and AAV5-hM4Di or AAV5-mCherry were given an
intraperitoneal injection of either saline or CNO (3 mg/kg) 120
min before behavioral testing. Compared with saline-injected
AAV5-hM4Di controls, CNO-injected animals showed increased
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Figure 9.  Activation of hM4Di receptors expressed in dBNST neurons elicits anxiety-like behavior in the EPM. A-D, Behavioral data from the EPM showing increased anxiety-like behavior in
(NO-injected mice expressing the hM4Di receptor compared with saline-injected control animals. CNO led animals to spend more time in the closed arm (4) and, subsequently, less time in the open
arm (B), with no change in time spent in the center zone (C) or total distance traveled (D). (E-H) No effect was observed after C(NO injection in AAV5-mCherry animals during the EPM: no change in
time spent in the closed arm (E), open arm (F), center zone (G), and total distance traveled (H). p-values were calculated by unpaired ¢ test. *p << 0.05.n = 10—16 animals per group. All data are

shown as means = SEM.

anxiety-like behavior as manifested in increased closed arm time
(saline: 156.6 * 15.5 s; CNO: 205.8 = 12.0 s; unpaired ¢ test, p =
0.02; Fig. 9A) and decreased open arm time (saline: 93.4 * 15.1 s;
CNO: 52.6 £ 10.8 s; unpaired t test, p = 0.03; Fig. 9B). There were
no effects on the time spent in the center zone (saline: 22.9 =
3.0 s; CNO: 34.5 £ 6.0 s; unpaired ¢ test, p = 0.10; Fig. 9C) or
locomotion (total distance traveled; saline: 4.9 = 0.5 m; CNO:
4.6 * 0.6 m; unpaired ¢t test, p = 0.6790; Fig. 9D). In AAV5-
mCherry controls, there were no differences between saline- and
CNO-injected animals in the time spent in the closed arm (saline:
150.4 = 15.35; CNO: 146.4 = 14.0 s; unpaired f test, p = 0.85; Fig.
9E), open arm (saline: 105.5 = 10.6 s; CNO: 111.3 * 11.5 s;
unpaired f test, p = 0.71; Fig. 9F), center zone (saline: 43.7 *
8.3 5; CNO: 38.87 = 8.1 s; unpaired t test, p = 0.68; Fig. 9G), or
total distance traveled (saline: 7.7 = 0.9 m; CNO: 7.1 *= 1.4 m;
unpaired t test, p = 0.69; Fig. 9H). Therefore, activation of
hM4Di in dBNST neurons elicits anxiogenic behavior in the EPM
in addition to mimicking guanfacine-induced cfos expression.
dBNST activity was monitored via fiber photometry during
and before the EPM test (Fig. 10A,B). GCaMP6f fluorescence

signals were normalized to AF/F, values using segmented nor-
malization and frequencies of Ca®" transients were extracted
using the mLspike algorithm (Deneux et al., 2016). To validate
the fidelity of Ca*" transient observation by this algorithm, a
subset of mice was anesthetized with isoflurane during fiber pho-
tometric recordings (Fig. 10C). Isoflurane anesthesia decreased
dBNST GCaMP6f imputed Ca>™ transients from 0.82 = 0.21 Hz
at baseline to 0.06 = 0.03 Hz (paired ¢ test, p = 0.03). Having thus
validated Ca®* transient quantification, fiber photometric re-
cordings were obtained during a 2 min baseline before the behav-
ioral task and during the 5 min EPM test (Fig. 10D). The
magnitude of the change in Ca** transient frequency between
the baseline measurements and EPM measurements was calcu-
lated (Figs. 10E,F). In AAV5-hM4Di animals, CNO injection
resulted in more Ca*" transients compared with the baseline
measurements in the same animal and in saline-injected animals
(saline: 2.1 = 0.6-fold increase; CNO: 6.1 * 1.6-fold increase;
unpaired ¢ test, p = 0.03; Fig. 10D). In AAV5-mCherry controls,
CNO injection did not affect this measure (saline: 3.1 = 0.8-fold
increase; CNO: 2.7 * 0.9-fold increase; unpaired ¢ test, p = 0.75;



8938 - J. Neurosci., October 17,2018 - 38(42):8922—8942 Harris et al. @ dBNST «,,-ARs Produce Cell-Autonomous Excitation

A
>3 weeks >1 hour 120 minutes 2 minutes 5 minutes
AA\:‘S-CaI\./lKII-GCl:«;\Mpr * Habituation | CNO orsaline | Baseline - EPM
LA N J .
\M4Di or mCherry Chamber injection Recording Recording
injection in BNST

—_ * D
Tisy [ _
st Lateral 'g Saline
riatum = -
cerrum SR hM4Di
£ )
& Baseline | /||, |
S 054 (\
3 N
a .
E 00 . O Saline
«* R .
& hM4Di

EPM

mCherry

157 [ 1 18 CNO
hMA4Di
o Baseline

104 104

00 O
o

(EPM Hz/Baseline Hz)

z CNO
- el o .  hMaDi

Imputed Ca?* Transients
(EPM Hz/Baseline Hz)
Imputed Ca®* Transients

O
&, O SR )
%&\&o\ c}} & 4}&’"6 C;d\é epnv VIO T TE
AN < &

20% AF/F

G hMA4Di H mCherr*y 5s

* *%
T NS E saine 5, | | | 1 EA saline
£n 1 1 2 > @dew
7] [Z]
T 44 t
o 2
2 2
S 31 ©
= (=
& 2 &
© ©
(3] o
T 1 Q °
= E 7R
% 0- ’Y‘ " I T g‘ T T Z T
= > o > o - > o > o
() () () () Q< () ) ()
0\°6 R 0\°e R 0\09 R o\o6 R

Figure 10.  Activation of hM4Di receptors expressed in dBNST neurons elicits GCaMP6f activity increases relative to saline-injected controls. A, Schematic showing the timeline of AAV vector
injection, animal habituation, drug injection, baseline fiber photometry recording, and EPM testing. B, Representative image of GCaMP6f expression within the dBNST. €, Imputed Ca ™ transients
within the dBNST were significantly reduced under isoflurane anesthesia. D, Representative fiber photometry traces showing changes in AF/F, as a function of time for 2 min after either saline or
(NO injection in AAV5-hM4Di animals during baseline recordings or recordings obtained in the EPM. E, Both saline and CNO injections in mice expressing the hM4Di receptor led to an increase in
Ca®™" transient frequency in the EPM relative to baseline values. The CNO-induced enhancement of activity was greater than that observed in saline-injected animals. F, No differences in the ratio
of activity in the EPM relative to baseline were observed between saline- and C(NO-injected AAV5-mCherry control animals. G, In saline-injected mice expressing the hM4Di receptor, open armactivity
was consistently greater than closed arm activity, as measured by imputed Ca®™ transient frequency. In (NO-injected mice expressing the hM4Di receptor, there was no significant difference
between the two arms. Repeated-measures two-way ANOVA: EPM arm effect F; ,,, = 6.32, p = 0.02, (NO effect F; ,,) = 0.20, p = 0.66, interaction F; 5, = 1.78, p = 0.20. H, In both saline-
and (NO-injected AAV5-mCherry control mice, open arm activity was greater than closed arm activity. Repeated-measures two-way ANOVA: EPM arm effect F , ;) = 20.44, p = 0.0003, CNO effect
Fa,1 = 0.0009, p = 0.98, interaction £, 1,y = 0.19, p = 0.67. p-values were calculated by unpaired t test (C, E, F) or post hoc Holm—Sidak multiple-comparisons test (G, H). N,S. p > 0.05, *p <
0.05, **p < 0.01. n = 4-9 animals per group.



Harris et al. @ dBNST c,,-ARs Produce Cell-Autonomous Excitation

Fig. 10F). We also assessed dBNST Ca*" transient frequency in
relation to mouse location in the maze (Fig. 10G). Specifically, a
two-way ANOVA showed a significant effect of EPM arm on
Ca®" transient frequency (F, ,;) = 6.32, p = 0.02), but no effect
of CNO (F(; 5, = 0.20, p = 0.66) or interaction between the two
(F21y) = 1.78, p = 0.20). A Holm—Sidak multiple-comparisons
test showed that saline-injected animals had increased open arm
activity relative to closed arm activity (closed arm: 0.6 = 0.2 Hz;
openarm: 1.6 = 0.4 Hz; p = 0.03), but CNO-injected animals did
not (closed arm: 1.1 = 0.3 Hz; open arm: 1.4 + 0.4 Hz; p = 0.40).
In AAV5-mCherry controls, a two-way ANOVA also showed a
significant effect of EPM arm on Ca’" transient frequency
(F1,17) = 20.44, p = 0.0003), but no effect of CNO (F, ,,, =
0.0009, p = 0.98) or an interaction between the two (F, ,;) =
0.19, p = 0.67). A Holm-Sidak multiple-comparisons test
showed that both saline- and CNO-injected animals had in-
creased open arm activity relative to closed arm activity (saline
closed arm: 2.2 = 0.3 Hz, saline open arm: 2.4 * 0.3 Hz, p =
0.004; CNO closed arm: 2.7 = 0.3 Hz, CNO open arm: 2.9 = 0.4
Hz, p = 0.01; Fig. 10H ). AAV5-mCherry controls showed higher
values of arm-specific BNST Ca®" transient frequency than
AAV5-hM4Di experimental animals. However, interpretation of
this effect is complicated by potential cohort differences related
to signal variability (i.e., viral expression, fiber fidelity), support-
ing the use of a within-subject experimental design and analysis.
Therefore, CNO activation of the hM4Di receptor increases over-
all Ca®"-signaled activity in the EPM and eliminates the differ-
ence of behaving mice between closed and open arm activities.

Discussion

Here, we show that postsynaptic a,,-ARs excite dBNST neurons
via HCN channel inhibition, in contrast to presynaptic inhibi-
tion. Further, we show that CNO activation of the chemogenetic
receptor hM4Di in dBNST neurons mimics aspects of a,,-AR
signaling, induces anxiogenesis, and increases in vivo neuronal
activity. Together, these data inform our understanding of a, -
AR subpopulation interactions and relevance to anxiety and
addiction treatments. Moreover, our hM4Di receptor data em-
phasize that great care must be taken in the interpretation of
DREADD-based approaches.

Postsynaptic «,,-ARs mediate guanfacine-induced

cfos expression

a,,-ARs are expressed in both presynaptic and postsynaptic
compartments throughout the BNST neuronal populations, in
addition to glia (Flavin et al., 2014). The functions of these recep-
tor subpopulations are incompletely understood. Within the
BNST, a,-AR agonists inhibit the release of norepinephrine, glu-
tamate, and GABA via presynaptic mechanisms (Palij and Stam-
ford, 1993; Egli et al., 2005; Shields et al., 2009; Krawczyk et al.,
2011; Herr et al., 2012). Specificity of presynaptic actions have
been shown because guanfacine inhibits afferent-specific stimu-
lation of PBN but not BLA afferents (Flavin et al., 2014). Inter-
estingly, though, in a Thyl-COP4 transgenic mouse line that
minimally coexpresses ChR2 with the PBN-marking neuropep-
tide CGRP, guanfacine enhances ChR2-initiated excitatory trans-
mission (Flavin et al., 2014). This suggests that inhibitory actions
at presynaptic a,,-ARs may mask excitatory actions from other
receptor subpopulations.

To identify the a,,-AR locus for excitatory actions, we
first used voltammetry-validated full- and heteroceptor-specific
Adra2a~'~ mouse lines to differentiate between autoreceptor
actions within norepinephrine neurons and heteroceptor actions
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(Gilsbach et al., 2009). Guanfacine-induced cfos responses were
absent in full- and heteroceptor-specific Adra2a '~ mice, sug-
gesting that this is a heteroceptor-mediated action, although a
ceiling effect could occlude guanfacine actions. Interestingly, full
Adra2a~'~ mice show greater saline injection-induced cfos than
WT littermates with intermediate levels in heteroceptor-specific
Adra2a~'~. Adra2a '~ mice show baseline anxiety-like behav-
iors (Schramm et al., 2001; Lihdesmaiki et al., 2004) and in-
creased basal immediate early gene expression in stress-sensitive
brain regions (Davies et al., 2003). Therefore, we speculate that
saline-induced cfos in Adra2a™'~ mice is stress induced and
distinct from guanfacine-induced cfos.

Heteroceptor a,,-ARs are expressed in many cells and loca-
tions. We investigated dBNST-expressed a,,-ARs through RNA
in situ hybridization for the transcript Adra2a. Adra2a™ cells
upregulate Fos expression after guanfacine relative to saline in-
jection. Like CGRP receptor-expressing neurons in the CeA,
Adra2a™ cells heterogeneously expressed several genetic markers
(Prked, Penk, Calb2, Crf, Npy), suggesting that responsivity to
catecholamines in Adra2a™ cells and PBN input in CGRPR ™
cells define these populations (Han et al., 2015). This shared or-
ganization pattern suggests cell-specific informational and func-
tional divergence as a theme of GPCR signaling in the brain. In
addition to upregulating Fos expression in Adra2a ™ dBNST cells,
guanfacine increased the proportion of Fos ™ Adra2a ~ cells, sug-
gesting additional mechanisms underlying guanfacine-induced
cfos/Fos expression. Disinhibition and/or excitation downstream
of Adra2a™ neurons or network activity outside of the BNST
could engage Adra2a~ dBNST neurons.

Guanfacine initiates cfos expression across the brain (Savchenko
and Boughter, 2011). To exclude dBNST neuron activation by
network activity, we assessed cfos induction in ex vivo brain slices
from cfos-eGFP transgenic mice (Barth et al., 2004). Guanfacine
incubation recruited cfos-eGFP expression, suggesting suffi-
ciency of a, ,-ARs within this simplified system to initiate dBNST
cfos expression. Interestingly, ex vivo guanfacine-induced cfos
expression was larger (4.6-fold increase relative to controls) than
in vivo (2.8-fold increase), suggesting diminishment by inhibi-
tory circuit activity outside the dBNST.

Multiple o, ,-AR agonists induced cfos expression and we also
introduced the inhibitory chemogenetic receptor hM4Di into
dBNST neurons and observed CNO-induced cfos that mimicked
and occluded further guanfacine-induced effects, suggesting
translatability among postsynaptic G;-GPCRs. No cfos activation
was observed in controls, confirming hM4Di-specific actions and
not off-target effects of CNO or clozapine (Gomez et al., 2017).
Although consistent with an intracellular signaling pathway rem-
iniscent of guanfacine-induced cfos expression, the possibility
remains that CNO-induced excitatory actions may occur
through alternative mechanisms that should be explored in fu-
ture studies.

Together, this set of convergent data provides strong evidence
in support of postsynaptic o, ,-ARs inducing cfos expression in a
subset of dBNST neurons through a cell-autonomous experience-
independent mechanism.

HCN channel involvement in guanfacine-induced

activity enhancement

Gj-coupled GPCRs can have excitatory actions through many
mechanisms, including alternative adenylyl cyclase recruitment
(Federman et al., 1992), augmentation of G,-coupled GPCR sig-
naling (Andrade, 1993; Winder and Conn, 1993), GPCR-induced
channel modulation (Wang et al., 2007), and MAPK/ERK path-
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way activation. We tested the hypothesis that «, ,-AR-mediated
excitation occurs via inhibition of cyclic nucleotide-sensitive
HCN channels as occurs in the PFC (Wang et al., 2007). This was
based on a high prevalence of HCN-mediated I, in guanfacine-
induced cfos-eGFP ™ cells and high Adra2a colocalization with
Hcn2, the HCN subunit with fast kinetics and cAMP sensitivity
(Ulens and Tytgat, 2001). Consistent with the proposed mecha-
nism, we show excitatory actions of both a,,-AR agonism and
HCN channel inhibition in the Thyl-COP4 mouse line that seg-
regates ChR2 and CGRP expression, although with varying kinet-
ics due to pharmacological differences (Shin et al., 2001).
Further, we assessed HCN inhibition effects on spontaneous
excitatory transmission in guanfacine-induced cfos-eGFP ™ cells.
7ZD7288 preincubation increased sEPSP frequency but not am-
plitude, suggesting an inhibitory role of HCN channels on spon-
taneous neurotransmission. Although this effect could occur via
presynaptic HCN channels, as observed in entorhinal cortex
(Huangetal., 2011), we hypothesize that release of filtering at the
dendritic spine may uncover previously undetectable synaptic
potentials due to small amplitudes and space-clamp error (Lar-
kum et al., 1998; Williams and Mitchell, 2008). Consistent with
an HCN channel interaction occurring in dendritic spines, we
observed expression of the a,,-AR within this compartment
(Flavin et al., 2014). Further, having shown sufficiency of HCN
inhibition for excitatory actions, we tested necessity via ShRNA-
mediated knock-down. Similar to Adra2a~’~ mice, shHCN1/2-
injected animals showed no guanfacine-induced cfos expression
but had elevated basal expression, suggesting that reducing
HCN-dependent filtering at the dendritic neck releases the inhib-
itory tone on guanfacine-activated neurons and thus occludes
further guanfacine-induced cfos expression. However, shHCN1/2-
and GFP-expressing mice did not differ in spontaneous BNST
neurotransmission or baseline anxiety-like behaviors. Although
one potential explanation of these results is that HCN channel
knock-down is sufficient for cfos expression but is insufficient for
these effects, confounds related to circuit effects resulting from
nonspecific sShRNA expression limit interpretability.

Potential anxiogenic actions of G;-coupled signaling in
dBNST neurons

To assess the behavioral relevance of guanfacine-induced ac-
tivation of dBNST neurons, we investigated CNO effects at
dBNST-expressed hM4Di receptors in the EPM. CNO induced
anxiogenic behavior (increased closed arm time, decreased open
arm time), contrasting with anxiolytic actions of BNST lesions/
silencing (Walker et al., 2003). Stress and anxiogenic drug expo-
sure upregulates cfos in the BNST (Cullinan et al., 1995;
Singewald et al., 2003), supporting a connection between BNST
activation and anxiogenesis. Guanfacine has anxiolytic/antide-
pressant actions, but with very narrow effective concentrations
(Mineur et al,, 2015). Our data suggest that the locus of guanfa-
cine anxiolytic/antidepressant actions may be presynaptic.

CNO activation of dBNST-expressed hM4Di receptors en-
hances neuronal activity in the EPM as measured by GCaMP6f
fiber photometry. The profile of activity is treatment dependent
because saline-injected animals show higher open arm activity
than closed arm activity and CNO-injected animals do not, with
saline- or CNO-injected AAV5-mCherry controls resembling
saline-injected AAV5-hM4Di animals. Therefore, G;-coupled
GPCR activation in dBNST neurons can be both anxiogenic and
activity enhancing within the EPM.
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Relevance of hM4Di excitatory actions to the use

of DREADDs

In addition to detailing guanfacine effects on dBNST activity, we
showed that CNO activation of dBNST-expressed hM4Di is ac-
tivity enhancing and anxiogenic in the EPM. Neither CNO effect
was recapitulated in control animals, highlighting effect specific-
ity. These data question the assumption that hM4Di activation
is universally inhibitory, like the assumption that agonism at
hM3Dq is universally excitatory that has been confirmed as
incomplete (Mazzone et al., 2018). Instead, these data suggest
that hM4Di-mediated actions elicit G;-coupled GPCR signal-
ing cascades that may lead to unexpected cellular responses
depending on downstream effectors. This, however, is not sur-
prising given the extant literature on excitatory actions of G;-
GPCRs (Federman et al., 1992; Andrade, 1993; Winder and
Conn, 1993; Wang et al., 2007; Kawaura et al., 2014). This
highlights the importance of hM4Di effect interpretation as
resulting from invoked G;-GPCR signaling pathways and not
necessarily neuronal inhibition.

Limitations and future directions

Clinical studies with guanfacine have begun to uncover potential
sex differences (Fox et al., 2014; Milivojevic et al., 2017). For
example, guanfacine decreased stress and cue imagery-induced
drug craving, anxiety, and negative emotion in cocaine-dependent
females but not males (Fox et al., 2014). Similarly, in rodents,
guanfacine showed sex differences in cfos expression patterns
(Mineur et al., 2015). In the present study, males and females
were combined due to lack of apparent sex differences. However,
future studies should aim to rigorously test such differences to
maximize clinical utility.

Conclusion

Extended amygdala o, ,-ARs are targets for anxiety disorders and
stress-induced addictive behaviors. Here, we show that postsyn-
aptic @,,-ARs in the dBNST mediated guanfacine-induced cfos
expression via an HCN-dependent process. Interestingly, whereas
presynaptic a,,-ARs are hypothesized to be anxiolytic, these
postsynaptic effects appear to be anxiogenic. Therefore, compe-
tition among presynaptic inhibition and postsynaptic excitation
may complicate the effects of guanfacine. The interplay among
effects at different a,,-AR subpopulations needs to be further
explored to support preclinical and clinical approaches to anxiety
and addictive disorders.
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