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The serotonin (5-HT) system is heavily implicated in the regulation of anxiety and trauma-related disorders such as panic disorder
and post-traumatic stress disorder, respectively. However, the neural mechanisms of how serotonergic neurotransmission regulates
innate panic and fear brain networks are poorly understood. Our earlier studies have identified that orexin (OX)/glutamate neurons
within the perifornical hypothalamic area (PFA) play a critical role in adaptive and pathological panic and fear. While site-specific
and electrophysiological studies have shown that intracranial injection and bath application of 5-HT inhibits PFA neurons via 5-HT;,
receptors, they largely ignore circuit-specific neurotransmission and its physiological properties that occur in vivo. Here, we
investigate the role of raphe nuclei 5-HT inputs into the PFA in panic and fear behaviors. We initially confirmed that
photostimulation of glutamatergic neurons in the PFA of rats produces robust cardioexcitation and flight/aversive behaviors
resembling panic-like responses. Using the retrograde tracer cholera toxin B, we determined that the PFA receives discrete
innervation of serotonergic neurons clustered in the lateral wings of the dorsal (IwDRN) and in the median (MRN) raphe nuclei.
Selective lesions of these serotonergic projections with saporin toxin resulted in similar panic-like responses during the suffocation-
related CO, challenge and increased freezing to fear-conditioning paradigm. Conversely, selective stimulation of serotonergic fibers
in the PFA attenuated both flight/escape behaviors and cardioexcitation responses elicited by the CO, challenge and induced

conditioned place preference. The data here support the hypothesis that PFA projecting 5-HT neurons in the IWDRN/MRN
represents a panic/fear-off circuit and may also play a role in reward behavior.
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INTRODUCTION

Panic is an innate adaptive response to an imminent threat that
includes an integrated pattern of behaviors (e.g., fighting or
fleeing) accompanied by cardiovascular, respiratory, and endo-
crine perturbations. One of the pivotal brain areas underlying such
responses is the hypothalamic area surrounding the fornix, where
electrical stimulation in cats produced panic-associated defense
reactions (e.g., piloerection, hissing, and arching of back) as
demonstrated in the seminal work of Hess and Brugger [1].
Subsequent studies in rodents determined that pharmacological
stimulation or disinhibition of similar anatomical regions, includ-
ing the perifornical hypothalamus and perifornical part of the
lateral hypothalamus (henceforth defined as perifornical hypotha-
lamic area, PFA) elicit behavioral (running/escape) and physiolo-
gical (blood pressure, tachycardia, thermal changes, and
hyperventilation) components of the “fight or flight” response
[2-9]. Similarly, stimulation of the PFA during neurosurgeries in
humans produced tachycardia, increased blood pressure, thermal

sensations, hyperventilation, and self-reports of fear of dying or
panic attack (PA) [10, 11].

One potential candidate within the PFA and parts of the
dorsomedial and lateral hypothalamus that is involved in the
generation of panic responses is the orexin (OX) system [12, 13].
These OX-producing neurons play a critical role in the expression
of anxiety- and panic-like responses in rats as panic-associated
behaviors and cardiovascular responses elicited by 20% CO,
inhalation (a suffocation-inducing stimulus) were attenuated upon
pharmacological inhibition of the OX1, but not OX2 receptors
[14-18]. More importantly, OX levels were elevated in the
cerebrospinal fluid of human subjects with panic compared to
controls [16], a selective orexin-1 receptor antagonist reduced
CO,-induced fear and anxiety symptoms [18], and the dual OX
receptor antagonist suvorexant improved anxiety symptoms in
insomnia patients in a recent clinical trial [19].

Serotonin (5-HT) plays a critical role in anxiety and psychological
trauma-related disorders, such as panic disorder (PD) and post-
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traumatic stress disorder (PTSD), respectively [(for review, see
[20, 21]]. Within the PFA, 5-HT inhibits panic-like responses [22]
elicited by local electrical stimulation [23, 24] and GABAergic
disinhibition [25], and 5-HT also suppresses stress-induced
endocrine responses [26]. OX neurons in the PFA express 5-HT;a
receptors [27, 28] and are inhibited by bath application of 5-HT,
which can be blocked with a 5-HT;, receptor antagonist [28].
Serotonergic innervation to the PFA mainly originates from the
dorsal (DR) and median (MR) raphe nuclei [29, 30]. However, a
distinct cluster of serotonergic neurons located within the lateral
wings of the DR (IwDR) is hypothesized to functionally reduce
panic responses [31-33].

Even though evidence suggests that 5-HT inhibits panic-
associated behaviors via the 5-HT;5 receptors in the PFA
[23, 24], the effects of 5-HT on other physiological aspects of an
integrative panic response, such as cardioexcitation, have been
largely unexplored, especially in serotonin circuit-specific neuro-
transmission and its physiological properties that occur in vivo. We
hypothesize that optogenetic excitation of serotonergic fibers in
the PFA originating from the IwDR will attenuate the physiological
and behavioral components of panic-like responses induced by
panicogenic/suffocation-related stimuli (7.5% and 20% CO,
exposure). Conversely, we also hypothesized that selective
lesioning of 5-HT fibers in the PFA will lead to exacerbated
physiological and behavioral components of panic-like responses
induced by panicogenic/suffocation stimulus (7.5% and 20% CO,
exposure). Finally, since the OX system in the PFA projects to the
amygdala [12] where it enhances fear-conditioned behaviors
[34-36], we predict that selective lesions to the PFA-projecting
serotonergic network will facilitate fear-conditioned behaviors.

To test these hypotheses, we used pathway-specific loss- and
gain-of-function studies to investigate the role of 5-HT neurons
originating from the DR/MR in the context of innate panic-
associated behavior, physiological responses, and fear-
conditioned behaviors. We utilized wireless optogenetics to excite
OX/glutamatergic neurons in the PFA to further confirm its role as
a panic-generating site. We then used a gain-of-function approach
with wireless optogenetic stimulation to selectively activate the
PFA-projecting serotonergic systems while assessing innate
anxiety- and panic-associated physiology and behaviors. Finally,
in our loss-of-function study, we first injected a selective anti-5-HT
transporter-saporin (SERT-SAP) toxin into the PFA and assessed
anxiety-, panic-like, and conditioned fear responses, then injected
a retrograde tracer into PFA to confirm selective lesioning of the
serotonergic projecting raphe nuclei neurons.

METHODS

Animals and housing conditions and surgical procedures

All experiments were carried out in post-weaning (45-55g) or adult
(300-350 g) male Sprague Dawley rats acquired from Envigo Laboratories
(Indianapolis, IN) and housed under standard conditions (12/12 light/dark
cycle; lights on at 7:00 AM; 22°C). Food and water were provided ad
libitum. Caretaking and experimental procedures were in accordance with
the NIH Guide for the Care and Use of Laboratory Animals, Eighth Edition
[37], and approved by our Institutional Animal Care and Use Committee.
Rats were anesthetized under 2-3% isoflurane delivered through a nose
cone, and all stereotaxic coordinates used below were according to a
standard stereotaxic atlas of the adult rat brain [38]. All groups were tested
in a counterbalanced fashion between 8:00 AM and 12:00 PM.

Experiment 1: Role of the PFA as a panic-generating site

Post-weaning juvenile male Sprague Dawley rats received local (coordi-
nates in mm, AP: —1.90; ML: £1.10; DV: —7.20) bilateral 300 nl injections of
virus (AAV-CaMKlla-ChR2-eYFP) expressing enhanced yellow fluorescent
protein (eYFP) fused to channelrhodopsin-2 (ChR2) or its control virus
(AAV-CaMKilla- eYFP, University of North Carolina Vector Core, Chapel Hill,
NC) that mediates expression of eYFP alone. Viruses were injected with the
aid of a glass pipette connected to a pico-injector (PLI-100, Harvard
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Apparatus, Holliston, MA) set at 100 nl/min. Four weeks after, animals were
implanted with wireless bilateral optical fibers (TeleLC-B-8.9-500-2.5,
TeleOpto, Tokyo, Japan) aimed at the PFA (AP: —3.00; ML: +1.25; DV:
—7.70). The following week, rats were cannulated in the femoral artery
with DSI radiotelemetry probes (HD-S11; New Brighton, MN) for
physiological assessments.

One week after DSI probe implantation, rats were habituated to Plexiglas
boxes (50 cm width x 30 cm length x 40 cm height) and received photo-
stimulation (470 nm, 20Hz, 1 mW, 5-ms pulses, 5min) while general
locomotor activity, behavioral, and cardiovascular responses were
assessed. The following behaviors were assessed: exophthalmos (char-
acterized by the complete opening of the eyelids, leading to the eyeball
protrusion assuming a spherical aspect), immobility (i.e., absence of body
movement except breathing), and running [i.e, fast locomotion involving
either contralateral swing of fore and hindlimbs (trotting) or the alternation
between them (galloping)].

One day after being photostimulated, rats were habituated to an open
field apparatus and the next day tested in the social interaction (Sl) test, a
fully validated test of experimental anxiety-like behavior as described by
others [39, 40]. For the SI test, both experimental and an unfamiliar
“partner” rats were simultaneously placed into the opposite corners of the
open field for the 5min test. During the Sl test, the “experimental” rat
received optogenetic stimulation (470nm, 20Hz, T mW, 5-ms pulses,
5 min). The total duration (in seconds) of non-aggressive physical contact
(grooming, sniffing, crawling over and under) initiated by the ‘experi-
mental’ rat was manually scored by an experimenter who was unaware of
the experimental groups.

Lastly, we used the real-time place preference/avoidance (RTPP/A) test.
The test was performed in four different sessions (20 min each) over three
days. During the habituation session (day 1), rats were placed pseudo-
randomly on one side of the chamber (starting side was counterbalanced
across animals). On day 2 (stimulation session), rats were wirelessly
stimulated (blue light) as soon as at least 50% of their body entered the
opposite chamber of the apparatus. Stimulation continued until the animal
returned to the non-stimulated control side. Rats were exposed to the
apparatus without LED stimulation for 45min and 24h after the
stimulation session. We utilized the difference score (percentage time
spent on the stimulation side minus percentage time spent on the non-
stimulation side) to determine place preference/avoidance. Rats received a
five-minute photostimulation session 90 min prior to euthanasia.

Experiment 2: Cholera toxin B microinjection

Rats received 100 nl of the retrograde tracer Cholera Toxin B subunit (CTB;
1% w/v in ACSF, List Biological Laboratories, Campbell, CA) over 5 min into
the PFA three weeks prior to euthanasia as previously described [41].

Experiment 3: Transient gain-of-function: effects of
optogenetic stimulation of PFA-projecting DR/MR neurons on
anxiety- and panic-associated behaviors

We utilized the intersectional genetics approach to selectively target and
activate the PFA-projecting DR/MR neurons. Post-weaning juvenile male,
Sprague Dawley rats, were first bilaterally injected into the PFA with 300 nl
of a retrogradely trafficked canine adenovirus (CAV-2) that expresses Cre-
recombinase (CAV-CMV-Cre, Institut de Génétique Moléculaire de Mon-
tpellier, France) [42]. In the same surgery, rats also received a 300nl
injection of either a Cre-dependent virus expressing ChR2 (AAV-EF1a-DIO-
hChR2-eYFP) or its control (AAV-EF1a-DIO-eYFP, University of North
Carolina Vector Core, Chapel Hill, NC) into the DR (AP: —6.60; ML: —1.40;
DV: —5.50, 15° oblique to the midsagittal plane), same approach as used by
us [41] and others [43, 44]. Virus titers were between 4.3 and 5.1 x 10" pp/
ml for all constructs. Four weeks later, adult rats (300-350g) received
bilateral wireless LED optical fiber implants as described above (TeleLC-B-
8.9-500-2.5, TeleOpto) aimed at the PFA. The stimulation parameters
(470 nm, 20 Hz, 10 mW, 5-ms pulses, 5 min) were chosen based on in vitro
and in vivo DR neuronal firing patterns and serotonin release in rodents
[45, 46]. One week later, rats were implanted with DSI probes as described
above. After recovery, rats received photostimulation in a Plexiglas
chamber to assess behavioral and physiological responses as described
in “Experiment 1”.

Two days later, rats were allowed to freely explore the elevated plus-
maze (EPM) for 10 min. In the first 5 min, photostimulation was paired with
the exploratory behavior in the open arm, and for the remaining 5 min rats
were allowed to explore the apparatus without photostimulation. Two
days later, rats were submitted to four different Sl sessions, 48 h apart (i.e.,
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baseline, optical stimulation, bright light, and 20% CO, challenges). Rats
received optogenetic stimulation during each SI session (5 min duration),
except baseline. The bright light challenge consisted of an abrupt
transition from dim red light (40-watt red light, 1 lux) to bright white
fluorescent lighting (488 lux) during the Sl session [47], whereas the 20%
CO; challenge session consisted of pre-exposure to the “experimental” rat
to a Plexiglas gas chamber with 20% CO, for 5 min prior to Sl testing.

One week after the Sl tests, rats were optically stimulated for 5 min
during low/high (7.5/20%) CO, exposure. We used the panicogenic
challenge at low (7.5%) and high (20%) CO, concentrations as they were
previously shown to induce anxiety-like behavior, increased blood
pressure, and hyperventilation [14, 15]. In short, rats were submitted to a
constant infusion of atmospheric air (<1% CO0,/21% 0,/79% N,) in a
Plexiglas chamber until animals (1) acclimated to the noise and stopped
exploring the chamber and (2) showed stable cardiovascular parameters
(baseline) for at least 5min. Next, animals were challenged with a
premixed experimental normoxic (21% O,), a hypercapnic gas infusion that
contained either 7.5% or 20% of CO, (71.5% or 59% N,) for an additional
5 min, followed by 40 min interval of atmospheric air. Each rat received
both CO, concentrations one week apart in a counterbalanced manner.
Lastly, rats were submitted to the RTPP/A test (see “Experiment 1”) 1 week
after the CO, challenge. Ninety minutes prior to euthanasia, rats were
photostimulated during a 20% CO, exposure.

Experiments 4 and 5—Chronic Loss-of-Function: Lesioning
Effects of the PFA-projecting serotonergic neurons with SAP
toxin on anxiety-, panic- and fear-associated behaviors
Experiment 4: We utilized SERT-SAP toxin to specifically lesion the PFA-
projecting serotonergic system. Adult Sprague Dawley rats (300-350 g)
received either SERT-SAP or the control IgG-SAP (Kit-23, Advanced
Targeting Systems, San Diego, CA) via an injector (33 gauge, C311],
Plastics One, Roanoke, VA) that was connected to bilateral guide-cannulas
(26 gauge, C311G, Plastics One) implanted into the PFA (AP: —3.0; ML:
+2.93; DV: —8.5, 15° oblique to the midsagittal plane) as previously
described by us [41] and others [48]. Rats also were implanted with DSI
probes as described above for cardiovascular assessments. In order to
confirm that we selectively lesioned the PFA-projecting serotonergic
neurons, IgG- and SERT-SAP-injected rats received bilateral injections of
100 nl of CTB (1% w/v in ACSF, List Biological Laboratories, Campbell, CA)
over 5min into the PFA three weeks prior to euthanasia as previously
described by us [41].

Experiment 5: Rats from experiment 4 were first tested in SI, followed by
elevated T-maze (ETM) testing as described [49]. Briefly, animals were
exposed 3 times to the distal ends of the closed and open arms with a
cutoff value set at 300's and ITls of 30 s. The time to leave the closed and
open arms was determined as inhibitory avoidance and escape behaviors,
respectively, and were manually scored by an experimenter blind to the
experimental groups. Immediately after the last exposure to the open arm,
the animals were tested in the open field for general locomotor activity.
Two days later, rats were exposed to low/high (7.5/20%) CO, challenges as
described previously.

Rats were exposed to the fear conditioning paradigm one week after the
CO, challenge, as described previously [41, 50]. Briefly, on day 1—
habituation session—rats were exposed for 10 min to the conditioning box
with a grid floor that was connected to a scrambled shock generator (Ugo
Basile, Gemonio, Italy). The conditioning box was placed in a larger sound-
attenuated chamber (background noise and light set at 60 dB and 15-lux)
during all sessions. On day 2—acquisition session—rats were submitted to
5 trials consisting of a 20's, 4 kHz, 80 dB tone [conditioned stimulus (CS)]
that co-terminated with a 0.5s, 0.8 mA single footshock [unconditioned
stimulus (US)] with inter-trial intervals (ITls) of 100s. On day 3—recall/
extinction session—rats were exposed to 20 CS. Total time freezing during
the CS were manually scored by an experimenter blind to the SAP
treatments.

General methods for Experiments 1-5

Immunohistochemistry. Brain tissue preparation, slicing, immunohisto-
chemistry, and immunofluorescence procedures were carried out as
described previously [41]. We performed the following reactions: (1)
double staining for cFos and TPH (DR/MR) or cFos and OX (PFA) to identify
brain regions and neurochemical systems involved in responses to optical
stimulation; (2) single SERT staining (PFA and amygdala-control site) and
double TPH/CTB immunofluorescence (DR/MR) to respectively confirm
lesioning of local serotonergic fibers and their associated cell bodies; and
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(3) double SERT/eYFP (PFA) and TPH/eYFP (DR/MR) immunofluorescence to
confirm colocalization between the serotonergic system and the viral
constructs in the local fibers and cell bodies, respectively.

We used the following primary antibodies: goat anti-CTB (cat. no. 703,
List Biological Laboratories; 1:1000-2000), rabbit anti-SERT (cat. no. 24330,
ImmunoStar; 1:500-1000), rabbit anti-cFos (cat. no. SC52, Santa Cruz
Biotechnology; 1:500), mouse anti-TPH (cat. no. T0678, Sigma-Aldrich;
1:300-1000), and rabbit anti-OX (cat. no. H-003-30, Phoenix Pharmaceu-
ticals; 1:12,000).

Photography and densitometry of SERT' fibers and quantification of
cFost cells. Photomicrographs were obtained with a Leica DMLB
microscope or a Nikon A1R+ confocal microscope. Densitometry analyses
were done on grayscale inverted photographs from PFA or amygdala
(control site) using Adobe Photoshop version 16. The IgG-SAP group mean
represented 100% which was compared to SERT-SAP values. The numbers
of cFos' cells were counted in the entire field of view at 400x
magnification in the PFA, MR, and divisions of the DR. All cell counts
were done by a person blind to the experimental procedures.

Statistical analysis. The following dependent variables were analyzed
using a two-tailed independent Student’s t-test (densitometry, Sl, and cell
counts). The colocalization analysis between SERT and ChR2-eYFP was
determined using Pearson’s correlation coefficient with Nikon NIS
Elements software. Conditioned fear (i.e., freezing) and place preference/
avoidance responses were analyzed using a two-way analysis of variance
(ANOVA) with saporin or AAV injections as between-subjects factors and
time or session as the within-subjects factor. In the presence of significant
main effects, between-subjects post hoc tests were conducted using
Fisher's least significant difference (LSD) tests. Statistical significance was
accepted with p < 0.05. All statistical analyses and graphs were carried out
and generated using GraphPad Prism 7.04 for Windows (GraphPad
Software Inc., San Diego, CA).

RESULTS

Experiment 1: Effects of optogenetic stimulation of CaMKlla-
expressing neurons in the PFA

Viral expression of eYFP was observed in neuronal somas (AAV-
CaMKlla-eYFP) and fibers (AAV-CaMKIla-ChR2-eYFP) within the
PFA (see hit map of optical fibers in Fig. 1a and viral expression
in Fig. 1b, n=5/group). Approximately 62% of eYFP-
immunoreactive (-ir) soma in the PFA also co-expressed OX
(total average number of neurons in Fig. 1b, Pearson correlation
coefficient 0.63, p < 0.01). Photostimulation in the PFA of ChR2-
injected rats, but not control virus-injected rats, led to robust
increases in heart rate (HR, groupxtime interaction
Fz0,240) = 6.47, p <0.0001, Fig. 1c, top graph), blood pressure
(BP, group x time interaction F(30240) = 14.26, p < 0.0001, Fig. 1c,
bottom graph), and general motor activity (group X time
interaction Fzg240)=3.37, p<0.0001, Fig. 1d), as well as
qualitatively analyzed as aversive behaviors [i.e., long periods
of exophthalmos (p <0.0001) and immobility (p <0.0001) fol-
lowed by running (p=0.007), Fig. 1d, inset]. Optogenetic
stimulation of ChR2-injected rats also increased anxiety-like
behavior as measured by a significant decrease in S| time
compared to rats injected with the control virus (two-tailed,
Student’s t-test, p < 0.0001, Fig. 1e) without promoting aggres-
sive behavior. To determine if ChR2 stimulation would induce
aversive behavior, rats were tested in the RTPP/A test, where one
side of the chamber was paired with optical stimulation. Rats
showed no side preference during the habitation session.
However, the percent difference in time spent in the stimulation
chamber was significantly reduced in the ChR2-injected rats
when compared with the control group (group effect
Fag=2291, p=0.001) during the stimulation session
(p=0.001), and in the sessions 45min (p=0.01) and 24h
(p=0.01, Fig. 1f) thereafter. Lastly, optical stimulation 90 min
prior to euthanasia induced a marked increase of cFos in OX-ir
neurons in ChR2-rats compared to the control counterparts
(Mann-Whitney test, p =0.007, Fig. 1g).
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Fig. 1 Wireless LED stimulation of glutamatergic cell bodies in the perifornical hypothalamic area (PFA) elicits escape behavior
associated with cardiovascular excitation in rats that resembles a panic attack in humans. a Schematic illustration of AAV5-CaMKlla-ChR2-
eYFP or its control AAV-CaMKlla-eYFP bilateral injection into the PFA and implantation of an optical fiber cannula in the PFA. Optic fiber
placements (red circles: ChR2, filled; eYFP, hollow) ranged from —2.76 mm to —3.24 mm relative to bregma (shown collapsed in this schematic
for conciseness purposes). b Representative confocal images showing ChR2-eYFP expression in fibers (ChR2, green, left photomicrograph) and
somas (control, green, right photomicrograph) of orexin A peptide (OX)-expressing neurons (red, Alexa 640) in the PFA. The total average
number of cell bodies co-expressing OX and eYFP (bar graph, right panel, Pearson correlation coefficient 0.63, p < 0.01). ¢ Graph showing that
light stimulation of PFA CaMKlla-expressing cell bodies in ChR2-expressing rats induced a significant increase in blood pressure (BP, bottom
graph), heart rate (HR, top graph, beats per minute, BPM), d general motor activity (line graph, *p < 0.01, between subjects differences using a
Fisher's LSD post hoc test) and its qualitative behavioral responses (bar graph inset, two-tailed, unpaired Student’s t-test, *p < 0.01), i.e
running (Run.), immobility (Immo.) and exophthalmos (Exoph.) during photostimulation (10 Hz, 10 ms, 1.5 mW, LED on-LED off, 5 min). e Bar
graph demonstrating that ChR2-expressing rats had significantly less social interaction (SI) time during photostimulation of the PFA in the SI
test (two-tailed, unpaired Student’s t-test, *p < 0.0001). f Bar graph showing that ChR2-expressing rats had a significantly lower difference
score (percentage time spent on the stimulation side minus percentage time spent in non-stimulation side, *p < 0.05, between subjects
differences using a Fisher’s LSD post hoc test) compared to the control group during light stimulation (Stim.), 45 min, and 24 h sessions, but
not during habituation (Hab.) session in the real-time place preference/avoidance (RTPP/A) test. g Bar graph showing that ChR2-expressing
rats (right panel) had significantly higher activation of the immediate early gene—cFos in the OX™ neurons (Mann-Whitney test, *p = 0.007)
compared to the control group (left panel). Numbers on the bottom left of photomicrographs represent the distance (in mm) from bregma.
Scale bars (bottom right): 200 pm. Abbreviations: 3V third ventricle, f fornix.

Experiment 2: Anatomical confirmation of PFA-projecting
serotonergic systems with CTB

The PFA receives selective serotonergic inputs from distinct
regions within the DR and MR. Rats (n=7) injected with the
retrograde tracer CTB into the PFA (Fig. 2a) had CTB-ir neurons in
the serotonergic nuclei (see topography of midbrain TPH-ir
neurons in Fig. 2b), both the DR and MR (Fig. 2c—f). Ninety-six
percent of these CTB-labeled soma were serotonergic (i.e.,
colocalized with TPH-ir neurons). Within the serotonergic nuclei,
many of the CTB-labeled neurons were in the MR and the lateral
wings subdivision of the DR (IwDR), which contained 29% and
63% of the total CTB-labeled neurons, respectively, while the
dorsal (DRD) and ventral (DRV) subdivisions of the DR only
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contained 3%, and 5% of these labeled neurons, respectively. A
small amount of CTB/TPH-labeled neurons were also observed in
the caudal part of the dorsal raphe nucleus (DRC, not shown),
where CTB injections spread closer to the meninges.

Experiment 3: Effects of optogenetic stimulation of DR/MR
fibers in the PFA on physiological and behavioral responses to
anxiety- and panic-associated challenges

Using a two-virus approach, we injected the retrogradely
trafficked CAV-CMV-Cre bilaterally into the PFA and either a
control (AAV-EF1a-DIO-eYFP) or active ChR2 (AAV-EF1a-DIO-ChR2-
eYFP) Cre-dependent viruses into the DR. We used this intersec-
tional approach to selectively evaluate the role of DR/MR fibers in

Translational Psychiatry (2024)14:60



Fig. 2 Retrograde tracing images from the perifornical hypotha-
lamic area (PFA) using Cholera toxin B subunit (CTB). a Injection
site illustrating CTB injection (Alexa 567, red) into the PFA.
b Topography of tryptophan hydroxylase (TPH, Alexa 488, green)
immunoreactive serotonergic neurons in the midbrain raphe nuclei
[i.e, median raphe (MR) nucleus and dorsal (DRD), ventral (DRV) and
lateral wing (IwDR) divisions of the dorsal raphe (DR) nucleus].
c—f Images showing TPH and CTB immunostainings in the MR and
divisions of the DR. Note that most PFA-projecting serotonergic
neurons originate from e IwDR and f MR, but not from ¢ DRD and
d DRV. Numbers on the bottom left of photomicrographs represent
the distance (in mm) from bregma. Scale bars (bottom right):
200 pm. Abbreviations: f fornix, VMH ventromedial hypothalamus.

anxiety and panic (Fig. 3a). In the ChR2 group, we confirmed that
the majority of eYFP™ fibers in the PFA (Fig. 3b, photo on the left)
co-localized with SERT signal (Fig. 3b, photo in the middle, Pearson
correlation coefficient 0.92, p<0.001). Neuronal expression of
eYFP in the DR and MR (Fig. 3b, photo on the right) followed a
similar IWDR/MR topography observed in the CTB-labeled neurons
in “Experiment 2",

While HR and BP did not differ between the viral constructs
during baseline, wireless LED stimulation of ChR2-expressing
fibers in the PFA led to a mild increase in BP (group effect,
Fai7 =42, p=0.05), HR (F; 7 = 12.83, p=0.002, Fig. 3c), and
locomotion [i.e., general exploratory/self-directed behaviors: sniff-
ing (p = 0.008), rearing (p = 0.02), and grooming (p =0.02), n =10
DIO-eYFP, n =9 DIO-ChR2, Fig. 3d].

Next, photostimulation of serotonergic fibers in the PFA paired
with open-arm exploration in the EPM of the ChR2 group greatly
increased the total time spent in the open arm when compared to
the control. This effect persisted for the subsequent 5 min in the
absence of photostimulation (group effect Fj14=12.34,
p = 0.003, Fig. 3e).

The Sl testing was carried out in four different sessions tested
throughout four consecutive days: baseline (n=9 eYFP, n=10
ChR2), optical stimulation (n = 9 per group), bright light challenge
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(n =9/group), and 20% CO, challenge (n = 7/group). In the ChR2
group, light stimulation of serotonergic fibers in the PFA increased
total SI time during all sessions compared to baseline and the
control virus group (ChR2 effect: F(; 67y = 23.8, p <0.0001, session
effect: Fze1)=10.42, p<0.0001 and ChR2 x session interaction:
F(3,61) =4.08, p= 0.01, Flg 3f).

Light stimulation in the RTPP/A test led to a strong place
preference behavior in the ChR2-expressing group [group X ses-
sion (F339) = 3.75, p = 0.01)] during optical stimulation (p = 0.001),
45 min (p=0.01), and 24 h (p =0.03) sessions (n =7 DIO-eYFP,
n =8 DIO-ChR2; Fig. 3g).

Lastly, optical stimulation of the serotonergic fibers in the PFA
attenuated CO,-induced (7.5%, n =9 DIO-eYFP, n =38 DIO-ChR2;
and 20%, n=9/group) bradycardia (7.5% only, group xtime
interaction F(19285 =2.25, p=0.0024 Fig. 3h, top graph) and
increases in  BP (group xtime interaction F(1q285 =261,
p=0.0003 and F( 9304 =2.61, p=0.0003, respectively, Fig. 3h,
bottom graph). Importantly, there was a reduction of cFos
expression in OX-ir neurons in the PFA of ChR2 animals 90 min
post-stimulation of the serotonergic fibers when compared to the
control virus (tg = 3.6, p=0.006, n =5 each, Fig. 3i).

Experiment 4: Effects of SERT-SAP injection into the PFA on
local SERT fibers and their associated cell bodies in the

IwDR and MR

SERT-SAP injection in the PFA (Fig. 4a) significantly reduced the
density of local SERT-positive fibers in the PFA by approximately 42%
(two-tailed, unpaired Student’s t-test, p = 0.001) but did not change
the density of SERT-positive fibers in the amygdala (control site, n =7
each, Fig. 4b), which receives sparse fibers from PFA-projecting 5-HT
neurons [30]. In control, IgG-SAP rats, bilateral injections of CTB into
the PFA led to CTB expression in many TPH* neurons in the MR and
IWDR, but few in DRD and DRV (Fig. 4c). SERT-SAP injections into
the PFA also respectively reduced the total number of single-TPH*
(Fig. 4d) and double-CTB*/TPH™ (Fig. 4e) neurons in the MR
(p=0.03; p=0.02) and IWDR (p = 0.0004; p =0.01), but not in the
DRD or DRV (n =7 IgG-SAP, 6 SERT-SAP; one animal excluded due to
poor TPH staining). SERT-SAP injections into the PFA did not lesion
non-TPH neurons in the DR or MR (neutral red™ cells, Fig. 4f).

Experiment 5: Effects of selective lesion of serotonergic fibers
in the PFA on physiology and panic-like behaviors

While the HR response did not differ between treatments in either
CO, concentration, there was hypercapnia-induced bradycardia (time
effect F(-| 9,228) — 2.005, p= 0.0091 and F(-| 9,228) — 1091, p< 0.0001,
7.5% and 20%, respectively, Fig. 5a, top graph). In SERT-SAP lesioned
rats, compared to control rats, low CO, (7.5%) exposure elicited
moderate increases in BP (treatment effect F(; 15)=11.01, p = 0.006),
whereas higher CO, (20%) concentration induced robust elevation in
both BP (treatment effect F;15=7.62, p=0.017 and treatment x
time interaction Fp922¢ = 3.65, p <0.0001, Fig. 5a, bottom graph)
and locomotor activity (treatment effect F(; 1, =854, p=001,
Fig. 5b). SERT-specific lesioning in the PFA led to reduction of total
SI time (p =0.02, n =7 each, Fig. 5¢) and decrease of the latency to
escape from the open arm in the ETM test, compared to control
group (treatment effect F;11)=7.16, p=0.021, n =7 IgG-SAP, n=6
SERT-SAP; one animal excluded due repeated falls from ETM; Fig. 5d).
Pre-treatment with SERT-SAP did not have any effects on avoidance
in the ETM and OF test (not shown). Lastly, selective lesioning of PFA
serotoninergic fibers did not affect fear acquisition (Fig. 5e), but did
increase overall freezing responses during fear extinction, compared
to controls (treatment effect F;12=23.72, p=0.0004 and treat-
ment X time interaction F;9,28 = 2.69, p = 0.0003, Fig. 5f).

DISCUSSION
With the majority of the eYFP signal in the PFA being colocalized
with OX neurons, photostimulation of ChR2 in these PFA neurons
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Fig. 3 In the gain-of-function study, wireless LED stimulation of perifornical-hypothalamic-area-(PFA)-projecting serotonergic fibers

reduced anxiety- and panic-associated responses and promoted exploration. a Schematic illustration of rats bilaterally injected with AAV5-
DIO-ChR2-eYFP or AAV5-DIO-eYFP (not illustrated) into the dorsal raphe nucleus (DR) and CAV-CMV-Cre into the PFA, and photostimulation
with bilateral wireless optical fiber implants in the PFA. Optic fiber placements (red circles: ChR2, filled; eYFP, hollow) ranged from —2.76 mm
to —3.24 mm relative to bregma (shown collapsed in this schematic for conciseness purposes). b Representative confocal images showing: eft
—ChR2-eYFP expression of dorsal raphe (DR) fibers (green) in the PFA region, middle—SERT immunostaining (SERT, red, Alexa 640) of ChR2-
eYFP raphe to PFA inputs confirmed that the majority of raphe to PFA pro;ectlons are serotoninergic (Pearson correlation coefficient 0.92,
p < 0.001); right—ChR2-eYFP expression (green) in tryptophan hydroxylase (TPH)" neurons (red, Alexa 640) in the lateral wings (IWDR), the
dorsal (DRD) and ventral (DRV) DR. Median raphe nucleus (MR) is not shown. Numbers indicate distance, in mm, from bregma according to rat
brain atlas [38]. Optogenetic stimulation (20 Hz, 5ms, 10 mW, LED on-LED off, 5 min) of IwDR/MR — PFA:ChR2 expressing fibers induced a
significant c increase in blood pressure (BP, bottom graph), heart rate (HR, top graph, beats per minute, BPM) and d general motor activity and
behavioral responses (inset bar graph). e Optogenetic stimulation of IWDR/MR — PFA:ChR2-expressing fibers in the PFA increased open arm
exploration during (1-5 min) and post (6-10 min, line graphs, left y-axis) stimulation in the elevate plus-maze (EPM) test (see total time, in s, of
open arm exploration in bar graphs and right y-axis). Compared to controls, photostimulation of IWDR/MR — PFA:ChR2 expressing fibers led to
f increase in soaal interaction (Sl) time during stimulation (Stim.), bright-light challenge (BLC), and CO, sessions [symbols are: *comparison
between groups; *within groups compared to baseline (Basel.) or $to stimulation (Stim.)]; g increase of the difference score (percentage time
spent in stimulation side minus percentage time spent in non-stimulation side, *p < 0.05, between subjects differences using a Fisher’s LSD
post hoc test) compared to the control group during light stimulation (Stim.), 45 min, and 24 h sessions, but not during habituation (Hab.)
session in the real-time place preference/avoidance (RTPP/A) test; h attenuation of CO,-induced increases in BP (bottom graph) and HR (top
graph) in the CO, challenge + photostimulation (photostim.) test; and i attenuation of cFos responses in orexin (OX)" neurons in the PFA.
Graphs in (c-h) are two-way ANOVA followed by Fisher’s LSD post hoc test, whereas bar graphs in (d, e, i) are unpaired Student’s t-test. * and #
are p < 0.05. Numbers on the bottom left of photomicrographs represent the distance (in mm) from bregma. Scale bars (bottom right): 200 um.
Abbreviations: 3V third ventricle, f fornix, mt mammillothalamic tract, OX orexin A peptide, VMH ventromedial hypothalamus.

led to robust expression of behavioral and physiological panic- organize some forms of emotional learning canonically seen in

associated responses and an increase in cellular cFos responses in
OX-ir neurons compared to control virus rats. These responses
were similar to those described in the literature utilizing less
selective pharmacological [7, 51-53] and electrical stimulation
[23, 54] of the PFA in rats. Wireless LED stimulation of these ChR2-
expressing neurons in PFA also induced conditioned place
avoidance, lasting at least 24 h. These effects indicate the aversive
nature of a subpopulation of CaMKlla-positive neurons in the PFA,
most of which were OX, and indicate the capacity of this region to
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fear conditioning experiments [55, 56]. Collectively, optogenetic
stimulation of the CaMKlla PFA system promotes orchestrated
behaviors accompanied by physiological responses that are
components of the “fight-or-flight” repertoire, thus reinforcing
its role as one of the putative brain regions underlying panic
response. Even though most neurons expressing the CaMKilla viral
construct in experiment 1 were also OX, the construct was not
designed to selectively target the OX system. Therefore, it cannot
be ruled out that at part of the responses to photostimulation in
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wings (IwDR) division of the dorsal raphe (DR). a Schematic illustration of the bilateral injection of SERT-SAP or its control IgG-SAP followed
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hollow) ranged from —2.76 mm to —3.24 mm relative to bregma (shown collapsed in this schematic for conciseness purposes). b SERT-SAP
injected rats had significantly reduced (two-tailed, unpaired Student’s t-test, *p = 0.001) expression of SERT" fibers in the PFA (left lower panel
photograph) than IgG-SAP rats (left upper panel photograph), but not in the basolateral amygdala (BLA, right panel photographs). ¢ SERT-SAP
injected rats (bottom row) had decreased total number of TPH" [red, Alexa 640, bar graphs in (d)] and CTB"/TPH* [CTB green, Alexa 488, bar
graphs in (e)] neurons in the lateral wings (IwDR) DR and MR, but not in the dorsal (DRD)/ventral (DRV) DR when compared to IgG-SAP group
(top row). See the topography of MR and divisions of DR in Fig. 2b. f Using Neutral Red staining, we have confirmed that SERT-SAP injections
did not reduce the total number of non-TPH neurons in any of the DR and MR subregions [two-tailed, unpaired Student’s t-test, *p < 0.05, and
**%p < 0.0005 for (d-f)]. Numbers on the bottom left of photomicrographs represent the distance (in mm) from bregma. Scale bars (bottom
right): 200 pm. Abbreviations: 3V third ventricle, Ag. aqueduct, f fornix.

this experiment were a result of stimulation of a separate
population of ChR2-positive neurons that do not express OX or
a combination of the entire ChR2-positive neurons within the PFA.

Serotonin has been linked to reducing panic response and
panic-like behaviors evoked by local electrical stimulation [23] or
GABAergic disinhibition with bicuculine [25] in the PFA. Here, we
report that the likely source of endogenous serotonergic inputs to
the PFA arises from the IwDR and MR. Following retrograde tracer
CTB injections into the PFA, nearly all of the raphe serotonergic

Translational Psychiatry (2024)14:60

neurons containing CTB originated in the IwDR and MR, consistent
with previous tracing studies [29, 30]. However, CTB/TPH-ir
neurons were also seen in the DRC in fewer cases where CTB
injections spread closer to the meninges, similarly as described by
others [57].

We then used an intersectional genetics approach to selectively
induce the expression of ChR2 in the IwDR and MR neurons
projecting to the PFA. Using SERT immunohistochemistry, we have
also confirmed that these IwDR/MR to PFA projections are

SPRINGER NATURE
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In the loss-of-function study, injection of saporin (SAP) toxin conjugated to the serotonin transporter antibody (SERT-SAP) into the

perifornical hypothalamic area (PFA) promoted anxiety-, fear-, and panic-associated responses. SERT-SAP injected rats showed a greater
increase in blood pressure (BP, bottom graph) and b general motor activity in the CO, challenge; ¢ reduction of social interaction (SI) time in
the Sl test; d decreased latency to escape the open arm in the elevated T-maze (ETM); e normal acquisition of freezing response to tone (T) +
shock (S) pairings; and f greater freezing response and also delayed extinction of fear memories (*between groups; “compared to T1 within
groups). Note the hypercapnia-induced decrease in heart rate (HR, top graph, beats per minute, BPM) in both SAP groups compared to
baseline (a). Part (c) and bar graphs in (e) and (f) are two-tailed, unpaired Student’s t test; bar graph in (d) and line graphs (a, b) and (e, f) are
two-way ANOVA followed by Fisher’s LSD post hoc test. *p < 0.05; ***p < 0.0005; *p < 0.05. Abbreviations: Atm atmospheric, Esc. escape

response, Inf. CO, infusion.

serotonergic. Photostimulation of IwDR/MR — PFA:ChR2 fibers
attenuated the suffocation-associated stressor-induced increases
in pressor responses and reductions in SI time, as well as
decreased the number of cFos responses in OX neurons within the
PFA. Similarly to our previous observations [15, 58] and others [59],
both respiratory challenges promoted the hypercapnic-induced
bradycardia response [60]. This suffocation-associated stressor
(5 min infusion of normoxic 20% CO,) elicits core symptoms of a
panic attack in humans (e.g., catastrophic fear accompanied by
cardiovascular and thermoregulatory responses) [61] and has
predictive validity since fluoxetine and alprazolam, two clinically
relevant panicolytic drugs utilized to treat patients with recurrent
panic attacks, attenuate panic-related behavioral [62] and
physiological responses [14, 63] elicited by 20% CO, inhalation
in rodents. Collectively, these data support the hypothesis that
PFA-projecting serotonergic fibers originating from the IwDR/MR
inhibit innate panic behaviors and anxiety avoidance [32, 33].

In addition to reducing panic-like responses, under baseline
conditions, light stimulation of ChR2-expressing fibers in the PFA
induced a mild excitatory cardiovascular response, and rats
displayed investigation-driven behaviors, such as increased
exploration, accompanied by sniffing and occasional rearing,
which may have contributed to the cardioexcitation. It is
noteworthy to mention that the repertoire of the behavior
responses to the light-induced activation of IwDR/MR — PFA
fibers was qualitatively different from the group of animals where
we photostimulated cell bodies of CaMKlla neurons in the PFA. In
agreement with these results, 5-HT release in the hypothalamus
has been linked to the control of wakefulness responses in
different situations [64-66]. Moreover, light stimulation of ChR2-
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expressing IWDRN/MR PFA fibers also increased time spent in the
open arm, increased Sl time, and induced conditioned place
preference, an effect observed up to 24h post-conditioning.
Collectively, all these behavioral data suggest that activation of
the serotonergic inputs from the IWDRN/MR to the PFA exerts an
anxiolytic effect.

Our observations following photostimulation of IwDR/MR —
PFA:ChR2 fibers suggest a serotonergic mechanism, and the panic-
inhibiting observations are in line with previous publications
demonstrating expression of the 5-HT; 5 receptor on PFA OX neurons
[27, 28] and pre-treatment with a 5-HT;5 receptor antagonist blocks
5-HT inhibition of OX neurons [28]. Thus, it is possible that stimulation
of the IWDR/MR — PFA fibers induces the release of 5-HT that directly
inhibits OX neurons via the 5-HT; 5 receptor, resulting in inhibition of
these neurons and reducing panic-like behavior and physiological
responses. Alternatively, stimulation of the IwDR/MR — PFA fibers
may inhibit the OX neurons via a GABA mechanism. OX neurons
within the PFA express GABA, receptors and are disinhibited and
inhibited by GABA, receptor antagonists and agonizts, respectively
[67]. Along those lines, in vitro bath application of 5-HT or
photostimulation of 5-HT fibers expressing ChR2 in the PFA facilitates
GABA,-mediated inhibitory tone to OX neurons [68]. Here it is likely
that serotonin indirectly induces the GABAs-mediated inhibition of
PFA-OX neurons via activation of GABAergic interneurons rather than
direct release of GABA from the serotonergic terminals as very few
(0.1-0.7%) of PFA-projecting serotonergic neurons in the DR and MR
co-express GAD [69-71]. It remains unclear if the effects observed
here by photostimulation are a direct result of only local 5-HT release
[72-76] or if the optical stimulation also resulted in the release of
5-HT from collaterals via antidromic stimulation [77-80].

Translational Psychiatry (2024)14:60



In our final experiments, we investigated the effect of the
selective lesioning of IwDR/MR serotonergic projections on the
PFA on panic and anxiety behaviors. SERT-SAP injections into the
PFA reduced SERT-ir fibers in PFA and selectively lesioned
serotonergic neurons of the IwDR and MR, but not in the DRD/
DRV. It is important to note that no alterations in the density of
SERT-ir fibers were observed in the basolateral amygdala (BLA);
thus, it is unlikely that the results observed here were due to a loss
of serotonergic terminals beyond those targeted by the injections
of SERT-SAP in the PFA. This region receives fewer serotonergic
inputs, if any, from the IwDR/MR [30] and, for this reason, was used
as a negative control in this experiment. More importantly,
selective lesions of the IwDR/MR — PFA serotonergic circuit
increased innate anxiety- and panic-associated responses mea-
sured by reduced Sl time decreased escape latency in the ETM,
enhanced general locomotor activity, and increased pressor
response to CO, challenges. Lesioning of 5-HT fibers in the PFA
produced panic-like effects similar to the panic-vulnerable state
induced by chronic disinhibition of GABA synthesis in the PFA
[31, 81, 82].

Lesioning of the PFA-projecting serotonergic neurons did not
alter fear acquisition, but it did lead to fear extinction resistance.
Although we did not see any significant reduction of 5-HT fibers in
the amygdala, we cannot exclude the possibility that this region
was involved in the alterations of freezing behavior observed in
our experiments. This is because we [34] and others [83] have
shown that OX neurons in the PFA project heavily to the amygdala
and play a critical role in the consolidation and extinction of
aversive memories [34-36] via OX1 receptors [35]. This role of PFA
glutamatergic/orexinergic neurons in the context of the mechan-
isms of persistent fear was further explored by Molosh and
colleagues [34], where they showed that light-induced activation
of BLA-projecting neurons in the PFA leads to resistant extinction
of fear memories and greater persistence of fear memories.
Therefore, another possible explanation of our results of the fear
conditioning experiment is that selective lesioning of serotoni-
nergic inputs from the IwDR/MR induces disinhibition of PFA
neurons that in turn, excite BLA neurons. However, future studies
need to delve deeper into the functional interplay between 5-HT,
OX, and glutamate in the PFA and amygdala.

Our data presented here contrasts with the view that 5-HT may
have only a phasic role in the hypothalamus in the context of
innate panic-like behavior [22, 23]. Our loss-of-function experi-
ments likely reflect the fact that the ablation of the IwDR/
MR — PFA serotonergic pathway causes a more profound
elimination of 5-HT modulatory effects in the PFA than does
pharmacological inhibition. It is possible that our circuit-targeted
ablation may have lesioned other non-serotonergic populations at
the raphe projecting sites. However, it is important to mention
that the total number of neutral red-positive neurons in the
various raphe nuclei remained unaltered following serotonergic
ablation, thus weakening this possibility.

CONCLUSIONS

It has been previously believed that central serotonergic
systems are functionally homogeneous in regulating innate
panic and conditioned fear. Recently, the idea that there are
topographically organized subsets of 5-HT neurons with unique
afferents, efferents, and functional properties has been pro-
posed [20]. Based on the data presented here, we have
identified a novel 5-HT sub-system that projects to and inhibits
a panic-generating brain region that also influences conditioned
fear responses. These data provide new insights into underlying
mechanisms of panic and fear and how selective disruption of
PFA-projecting 5-HT neurons located in the DR/MR can lead to a
vulnerability to panic disorder [84-86] and highly comorbid
phobias [87].
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