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Abstract

Background: Central serotonergic system originating from the dorsal raphe nucleus (DR) plays
a critical role in anxiety disorders and trauma-related disorders such as posttraumatic stress
disorder. Even though selective serotonin reuptake inhibitors are the first line of pharmacological
treatment to these conditions, they are not fast-acting and tend to increase anxiety and enhance
fear responses initially, with the desired clinical effects arising 2-3 weeks following initiation
treatment. Although many studies have investigated the role of serotonin (5-HT) within pro-

fear brain regions such as the amygdala, the majority of these studies have utilized non-

selective pharmacological approaches or poorly understood lesioning techniques which limit their
interpretation.

Aim: Here we investigated the role of amygdala-projecting 5-HT neurons in the DR in innate
anxiety and conditioned fear behaviors.

Methods: To achieve this goal, we utilized (1) selective 5-HT lesioning with saporin toxin
conjugated to anti-serotonin transporter (SERT) injected into the amygdala and (2) optogenetic
excitation of amygdala-projecting DR cell bodies with a combination of a retrogradely transported
canine adenovirus-expressing Cre-recombinase injected into the amygdala and a Cre-dependent-
channelrhodopsin injected into the DR.
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Results: While saporin treatment lesioned both local 5-HT fibers and neurons in the DR and
reduced conditioned fear behavior, LED activation of amygdala-projecting DR neurons enhanced
anxiety-like behavior and conditioned fear response.

Conclusions: Collectively, these studies support the hypothesis that amygdala-projecting 5-HT
neurons in the DR represent an anxiety and fear-on network.

Funding: This work was supported with K01 AG044466 to PLJ, RO1 MH52619 and MH52619
to AS, and 1R01MH106568-01A1 to WAT.
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1. Introduction

Selective serotonin reuptake inhibitors (SSRIs) are a first line of pharmacological treatment
for anxiety disorders, such as generalized anxiety disorder and social anxiety disorder, as
well as trauma- and stressor-related disorders, such as posttraumatic stress disorder (PTSD)
[see review (Koen and Stein, 2011)]. The anxiolytic effects of SSRI therapy occur 2-3
weeks following daily treatments and there is evidence that they actually increase anxiety
initially (Masand and Gupta, 1999, Spigset, 1999, Teicher et al., 1990). For instance,

in humans, taking citalopram prior to fear acquisition increases fear-potentiated startle
response (Browning et al., 2007, Grillon et al., 2007), but chronically reduces conditioned
fear response (Bui et al., 2013). Similarly, in rodents SSRIs initially enhance conditioned
fear behavior, but chronically will reduce conditioned fear response [(Burghardt et al., 2007,
Burghardt et al., 2004) see review (Burghardt and Bauer, 2013)]. Thus, the mechanism of
action appears to be compensatory changes that occur within anxiety and fear networks
with repeated use. In light of this, we and others hypothesize that a hyperactive or
hyperresponsive central serotonergic system contributes to increases in anxiety sensitivity
in anxiety disorders and to exacerbated anxiety/fear in response to SSRIs acutely, but over
time becomes insensitized with chronic SSRIs.

A critical part of the innate and learned fear network is the basolateral amygdala (BLA,;
which includes the basolateral and lateral nuclei). The BLA is highly responsive to various
stress-inducing stimuli (Brydges et al., 2013, Butler et al., 2011, Henderson et al., 2012,
Johnson et al., 2008, Singewald et al., 2003) and increase in amygdala activity is associated
with increase in anxiety in humans (Rauch et al., 2003). The amygdala plays a critical role
in fear conditioning in rodents [see reviews (Johansen et al., 2011, Johansen et al., 2012)],
and in humans. For instance, humans with bilateral ablation of the amygdala: 1) have normal
facial recognition but do not recognize fearful faces (Adolphs et al., 1994); 2) do not display
fear in response to normally threatening stimuli (Feinstein et al., 2011); and 3) do not show
conditioned fear response, even though declarative learning is intact (Bechara et al., 1995).

Over 2/3 of the serotonergic neurons in the central nervous system are clustered within
the raphe system distributed in the midbrain and the medulla. The majority of these raphe
serotonergic neurons are localized in the dorsal raphe (DR), with far fewer being present
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at the median raphe (MR) (Ishimura et al., 1988). Serotonergic fibers are dense in the

BLA and their associated soma in the raphe nuclei primarily originate from the midline
ventral (DRV) and dorsal (DRD) DR, outnumbering the MR by ~15:1 (Hale et al., 2008).
Extracellular levels of 5-HT increase in the BLA during conditioned fear (Zanoveli et al.,
2009) and in response to inescapable stress (Amat et al., 1998). Meanwhile, administration
of anxiogenic drugs with diverse pharmacological properties, or administering a light cue
that was previously paired with a shock increases c-Fos in 5-HT neurons in the BLA-
projecting regions of the DRV and DRD (Abrams et al., 2005, Spannuth et al., 2011).
Additionally, single systemic injection of an SSRI in rats increases extracellular 5-HT in the
amygdala by ~150% (Bosker et al., 2001), enhances freezing responses during acquisition
and consolidation [(Ravinder et al., 2013) see review (Burghardt and Bauer, 2013)]. Up to
24 h following exposure to inescapable stress, baseline concentrations of 5-HT in the BLA
are increased, and animals show increased response to two brief footshocks, suggesting that
inescapable stress can sensitize BLA-projecting serotonergic system (Amat et al., 1998).

The persistent increase in extracellular 5-HT concentration within the amygdala following
stress may contribute to a net loss of local GABA inhibition and subsequent increase in
excitation of fear-promoting glutamatergic projection neurons (McDonald, 1982). These
latter neurons make connections with the central amygdala (CeA), which in turn directly
projects to the hypothalamus and ventro-lateral periaqueductal gray, regions underlying
cardiovascular and freezing responses, respectively (LeDoux et al., 1988; Tovote et al.,
2016). In support of this, seratonin acutely increases GABAergic tone in the BLA by
exciting local GABAergic interneurons via the postsynaptic 5-HT, receptors (Jiang et
al., 2009, McDonald and Mascagni, 2007, Rainnie, 1999a), but also facilitates synaptic
plasticity of pyramidal neurons via NMDA-dependent mechanisms upon activation of 5-
HTyc receptors (Chen et al., 2003). Equally important is that stress can downregulate the
5-HT,a receptor and reduce 5HT’s effects on local GABAergic tone (Jiang et al., 2009),
but also enhance cell surface expression of 5-HT,¢ receptors in the amygdala (Baratta et
al., 2016), which may bias toward excitation of 5-HT,¢ receptors on fear-promoting BLA
glutamatergic projection neurons. Overall, these studies suggest that serotonergic projections
to the BLA play a role in modulation of animal-specific anxious (hereafter referred to as
anxiety, please see Keifer and Summers, 2016) and conditioned fear behaviors.

Yet, these data are correlational and pharmacological methods of understanding the role of
5-HT in fear are complicated in that 5-HT is capable of exciting and inhibiting both GABA
and glutamatergic neurons in BLA. In order to test our hypothesis that 5-HT projections
from the DRD/DRV region of the DR promote anxiety and fear, in recent studies we
injected a serotonergic neurotoxin 5,7-dihydroxytryptamine (5,7-DHT) into the BLA, which
reduced local 5-HT concentration (but not dopamine, norepinephrine or epinephrine) and
attenuated anxious behavior in the social interaction test and cue-induced conditioned fear
response (Johnson et al., 2015). These data supported our hypothesis, but the mechanism
of action of 5,7-DHT is largely unknown and requires co-injection of the norepinephrine
reuptake inhibitor, desipramine, in order to be selective. In order to further explore our
loss-of-function approach, we first injected a selective anti-serotonin transporter (SERT)-
saporin (SAP) toxin into the BLA and assessed anxiety and conditioned fear, then injected
a retrograde tracer into BLA to confirm that we not only lesioned SERT-immunoreactive
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fibers in the BLA but also serotonergic neurons in the DRD/DRV. We then utilized a
wireless optogenetic approach to excite BLA projecting 5-HT neurons in the DR while
assessing anxiety and conditioned fear.

2. Methods and Materials

Animals and housing conditions

All experiments were carried out using adult male Wistar rats acquired from Envigo
(Indianapolis, IN, USA), and housed in plastic cages under standard environmental
conditions (12/12 light/dark cycle with lights on at 7:00 AM, and 22°C). Animals were
tested during the light phase under red dim light (15 lux) conditions for comparison
purposes with the literature and our previous work. Food and water were provided ad
libitum. Animal caretaking and experimental procedures were in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals, Eighth
Edition (National Research Council (U.S.). Committee for the Update of the Guide for
the Care and Use of Laboratory Animals. et al., 2011) and the Institutional Animal Care
and Use Committee at Indiana University Purdue University at Indianapolis approved all
procedures.

Experiments 1-2: Cholera Toxin B and Phaseolus vulgaris leucoagglutinin (Phal)
microinjections and analysis of serotoninergic projections using Allen Mouse Brain
Connectivity Atlas.

Experiment 1: In order to confirm the serotonergic projections to the BLA, a group of Wistar
rats received unilateral microinjections of the retrograde tracer Cholera Toxin B subunit
(CTB; 1% w/v in ACSF, 100 nl, List Biological Laboratories, Campbell, CA, USA) into the
BLA (all coordinates are expressed in mm from bregma, AP: —=1.9; ML: 5.00; DV: - 8.5)

in experiment 1. CTB was delivered to the BLA with injectors (33 gauge, C3111, Plastics
One, Roanoke, VA, USA) connected to Hamilton syringe and an infusion pump (PHD Ultra,
Harvard Apparatus, Holliston, MA, USA). Each microinjection was delivered over 5 min,
and the injectors remained in place for another 5 min before being removed. This allowed us
not only to compare our BLA tracings to those previously published, but also to determine
which rostrocaudal BLA site to target for our posterior gain and loss of function studies.

In experiment 2, we sought to determine how broad was the DR innervation onto the BLA
region. For this purpose, a separate group of Wistar rats received iontophoretic injection
of the anterograde tracer Phal [(2.5% w/v in artificial cerebrospinal fluid (ACSF), cat. no.
L-1110, Vector Laboratories, Burlingame, CA, USA) in the DR (=6.5 to —7.5; ML.: 0.00;
DV:-5.5, Fig. 1) using positive current pulses of 10 YA (7 s on; 7 s off) for 15 min.

However, because Phal is not specific for neurochemical systems, in order to confirm that
there were serotonergic-specific projections to the BLA we utilized the connectome of
the mouse brain in the Allen Brain Atlas (Oh et al., 2014) and found a SERT-Cre (Slc6a4-
Cre_ET33) mouse (Gong et al., 2007) that was injected with a Cre-dependent fluorescent
reporter in the DR to selectively identify serotonergic neurons and their projections. This
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tool also helped us determine how conserved the DR projections to the BLA were between
rats and mice.

Experiment 3: Lesioning of the BLA-projecting serotonergic neurons with saporin toxin.

In order to deliver intracranial injections of saporin (SAP) toxin and determine the loss of
serotonergic neurotransmission in the amygdala, guide-cannulas (26 gauge, C311G, Plastics
One, Roanoke, VA, USA) were bilaterally implanted aiming the BLA (AP: —-1.9; ML.: 5.00;
DV: - 8.5, Fig. 1) of adult male Wistar rats (300-350 g) using an ultraprecise stereotaxic
Kopf frame. Each rat received two bilateral microinjections per site (100 nl each, 1 pM in
ACSF) of either SERT-SAP or the control 1IgG-SAP (Kit-23, Advanced Targeting Systems,
San Diego, CA, USA) via an injector (33 gauge, C311l, Plastics One) that fitted into and
extended 1 mm beyond the tip of the guide-cannula as described previously in experiment
1. Upon completion of injections, dummy-cannulas (C311DC, Plastics One) that went the
length of the guide were screwed in place. Behavioral assessments (social interaction (SI)
and fear conditioning (FC) tests, see below) were carried out 3 weeks post-saporin injection.
Volume, concentration, and timeline of SAP injections were based on previous studies
(Nattie et al., 2004). In order to confirm the selective lesioning of serotonergic neurons

that project to the BLA, 1gG- and SERT-SAP-injected rats received 100 nl of CTB (List
Biological Laboratories) over 5 min into the BLA following behavior assessments and three
weeks prior to perfusion.

Experiment 4: Virus injections and optical fiber implantation

All viral injections were done in post-weening juvenile male Wistar rats (45-55 g) that were
group housed (2-3 animals per cage) under standard conditions for 2-3 days prior to the
virus injection.

In order to selectively target and stimulate the BLA-projecting DR neurons, we utilized
intersectional genetics by combining a retrogradely trafficked Cre-expressing virus and a
DR-directed Cre-dependent channelrhodopsin. First, we injected 300 nl of CAV-CMV-Cre
virus (Institut de Génétique Moléculaire de Montpellier, France) bilaterally into the BLA
(AP: -1.48; ML: 4.25; DV: —-8.00) and then 300 nl of a Cre-dependent channelrhodopsin
(AAV-EF1a-DIO-ChR2-eYFP) or its control (AAV-EF1a-DIO-eYFP, University of North
Carolina Viral Core, Raleigh, NC, USA) unilaterally into the DR (AP: —6.60; ML: 1.40; DV:
-5.50, 15 degree oblique to the midsagittal plane, Fig. 1) with a flow rate set at 100 nl/min.
The pipette remained at the injection site for 2 min and then removed slowly over 5 min to
minimize backflow. This two-virus approach allowed us to specifically target DR neurons
projecting to the BLA, similar to the approach used by others (Junyent and Kremer, 2015,
Schwarz et al., 2015). Virus titer were between 4 to 6 x 1012 pp/ml for all constructs used.
Animals were allowed to recover from virus injections until they reached a body weight of
250-300 g, at which time the unilateral wireless optical fibers (TeleLC-B-8.5-500, TeleOpto,
Nagoya, Japan) were implanted aiming the DRD/DRV (AP: —-7.50; ML: 1.20; DV: -5.60,
10 degree oblique to the midsagittal plane). Rats were allowed 7 days to recover prior the
beginning of the behavior assessments.
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All stereotaxic coordinates were selected according to a standard stereotaxic atlas of the
adult rat brain (Paxinos and Watson, 1997).

Optogenetic stimulation

All animals implanted with unilateral wireless optical fibers (Fig. 1) were photostimulated
(470 nm, 20 Hz, 1.5 mW, 5 ms pulses, cell body stimulation) for 5 min as specified in each
experiment. These stimulation parameters were chosen based on /in7 vitroand in vivo DR
neuronal firing patterns and serotonin release in rodents (Li et al., 2016, Marcinkiewcz et al.,
2016). The simulation pulses were generated by a software (Prizmatix Pulser, Version 2.3.1;
Prizmatix, Southfield, MI, USA) connected to a programmable TTL pulse train generator
(Prizmatix Pulser, Prizmatix), a stimulator device (Remote Controller, TeleOpto), and an
infrared emitter (TELE-EMITTER, TeleOpto). The stimulation pulses were transmitted via
infrared signals from an emitter to a wireless optogenetic receiver (TELER-3-P, TeleOpto)
connected to the optical fibers implanted on the animal’s head. The infrared emitter was
placed approximately 1 m above the apparatus in which the animals were being stimulated.

General methods for Experiments 1-4

Immunohistochemistry—We stained BLA and DR slices against Phal-l and CTB/TPH
(Tryptophan hydroxylase), respectively, in Experiments 1 and 2 to determine innervations
and projection patterns of the BLA-projecting DR neurons. In Experiment 3, to confirm
lesioning of 5-HT system caused by SERT-SAP injections we 1) stained BLA and
hypothalamus (control site) against SERT to determine loss of local serotonergic fibers
and 2) to verify retrograde lesioning of their associated cell bodies we did TPH/CTB
immunofluorescence in DR/MR slices. Next, to investigate indications of cell activity post
optogenetic stimulation of the BLA-projecting DR neurons in experiment 4, we performed
staining against c-Fos in BLA slices and double staining against c-Fos and TPH in DR/MR
slices. Lastly, to confirm colocalization between eYFP signal and local SERT™ fibers or
TPH* cell bodies in experiment 4 we performed immunofluorescence against SERT in the
BLA and PeF (control site) or TPH in the DR/MR, respectively.

In the end of experiments, rats were deeply anesthetized with isoflurane, transcardially
perfused, and submitted to immunohistochemistry reactions as described previously
(Johnson et al., 2005). Briefly, our general procedure was as follows: sections were washed
for 30 min in PBS, 20 min in 1% H»0, in PBS, 30 min in PBS, 10 min in PBS

with 0.3% Triton X-100 (PBST), and incubated overnight in primary antibody diluted in
PBST. On day 2, sections were washed for 30 min in PBS, incubated for 90 min with

the appropriate secondary antibody diluted 1:200 in PBST, and washed in PBST for 30
min. For immunofluorescence, sections used for double labeling underwent an additional
overnight incubation with the appropriate primary antibody and were submitted to the
same protocol of day 2. For chromogen reactions, slices were incubated for 90 min in
avidin-biotin complex kit (cat no. PK-6100, Vector Laboratories) diluted 1:500 in PBST,
then washed for 30 min in PBST, and submitted to a 5-10 min chromogen reaction with
SG Kit (SK-4700, Vector Laboratories) or 0.01% 3,3’-diaminobenzidine-tetrahydrochloride
(DAB; cat no. D-5637, Sigma-Aldrich, St. Louis, MO, USA) in PBS containing 0.003%
H»0,. The sections used for double immunostaining underwent an additional overnight
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incubation with the appropriate primary antibody. On day 3, the protocol was identical to the
steps carried out on day 2 followed by a 7-10 min DAB reaction.

Primary and secondary antibodies used immunohistochemistry: rabbit anti-SERT (cat. no.
24330, ImmunoStar, Hudson, W1, USA; 1:1000), rabbit anti-c-Fos (cat. no. SC52, Santa
Cruz Biotechnology, Dallas, TX, USA,; 1:500), goat anti-Phal antiserum (cat. no. AS-2224,
Vector Laboratories; 1:1000), mouse anti-TPH antibody (cat. no. T0678, Sigma-Aldrich;
1:1000), biotinylated goat anti-rabbit, biotinylated rabbit anti-goat, and horse anti-mouse
antibody (cat. nos. BA-1000, BA-5000, and BA-2000, respectively, Vector Laboratories).

Primary and secondary antibodies used for immunofluorescence: goat anti-CTB (cat.

no. 703, List Biological Laboratories, 1:1000), rabbit anti-SERT (1:500), mouse anti-

TPH antibody (1:300), donkey anti-goat Alexa Fluor 488 (cat. no. A-32814, Invitrogen,
Rockford, IL, USA) or donkey Cy ™3-conjugated anti-rabbit (cat. no. 711-165-152, Jackson
Laboratories, Bar Harbor, ME, USA), and goat anti-mouse Alexa Fluor 594 (cat. no.
A-11020, Life Technologies, Carlsbad, CA, USA).

Photography and densitometry of SERT™ fibers in the BLA and quantification
of c-Fos™ cells—Photomicrographs were obtained with a Leica DMLB microscope
connected to a Leica DFC 300 digital camera or a Nikon A1R+ confocal microscope.
Densitometry analyses were done on grayscale inverted photographs from the BLA using
Adobe Photoshop version 16. The IgG-SAP group mean represented 100% which was
compared to SERT-SAP values. The number of c-Fos* cells were counted in the entire field
of view at 400x magnification in the BLA and subdivisions of the DR. All cell counts were
done by an observer that was blind to the experimental treatment of each animal.

General methods for Experiment 3 and 4

Social interaction test—To test whether perturbations of the BLA-projecting DR
neurons via gain- or loss-of-function would alter animals’ behavior, three weeks after
SERT- or IgG-SAP injections (Experiment 3) or one week after optical fiber implantation
(Experiment 4), rats underwent the Social Interaction (SI) test. The Sl test is a fully
validated test of experimental anxious behavior in rats, and was conducted as described
previously (File, 1980, Sanders et al., 1995). Briefly, the “experimental” rat and an
unfamiliar “partner” rat were placed individually in the center of the open field (90 cm

long x 90 cm wide x 30 cm high) 24 hours before the Sl test and are allowed to explore

the apparatus for 5 min for habituation purposes under red dim light (15 lux). During the Sl
test (5 min duration), the two rats were placed on opposite sides of the open field, and the
total duration of non-aggressive physical contact (grooming, sniffing, and crawling over and
under) initiated by the “experimental” rat was manually scored by an experimenter unaware
of treatment groups. Rats from experiment 4 were photostimulated for 5 min during the Sl
test.

Fear conditioning test—To investigate how the gain- or loss-of-function manipulations
would alter fear acquisition, recall and extinction, rats from experiments 3 and 4 were
exposed to the fear conditioning paradigm as described previously (Johnson et al., 2015)
one week after Sl testing. Shortly, all rats were handled for 5 min by the experimenter
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prior to day 1 of the fear conditioning experiment. 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, Monvale, 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 0.5 s, 0.8 mA single footshock [unconditioned stimulus (US)] with inter-trial intervals
(ITIs) of 100 s. On day3 — consolidation session — rats were exposed to 5 CS, whereas on
day 4 — recall/extinction session — rats were exposed to 10 CS. Rats from experiment 4
received 5-min optogenetic stimulations immediately prior to the beginning of acquisition,
consolidation, and extinction sessions. Total time freezing during the CS were manually
scored by a blind experimenter. Freezing was defined as the absence of all movement except
for normal breathing.

Statistical analysis—The following dependent variables were analyzed using a two-tailed
independent Student’s rtest (densitometry, SI, and cell counts). The co-localization analysis
of SERT and ChR2-eYFP was determined using Pearson’s correlation coefficient with
Nikon NIS Elements software. Conditioned fear freezing responses were analyzed using a
two-way analysis of variance (ANOVA) with Saporin or AAV injections as between-subjects
factors and time as the within-subjects factor. In the presence of significant main effects,
between-subjects post hoc tests were conducted using Fisher’s least significant different
(LSD) tests. Statistical significance was accepted with p<0.05. All statistical analyses were
carried out using SPSS 22.0 (SPSS Inc., Chicago, IL, USA) and all graphs were generated
using GraphPad Prism 7.04 for Windows (GraphPad Software Inc., San Diego, CA, USA)
and figure plate illustrations were done using CorelDraw version X8 for Windows (Corel
Corp, Ottawa, Canada).

3. Results

Experiments 1 and 2: Effects of retrograde and anterograde tracing of potential DR
projections to BLA

The results from experiment 1 indicated that injections of the retrograde tracer CTB into the
BLA (Fig. 2a) led to CTB expression in many TPH* neurons in the DRD and DRV (Fig.
2c—d), but few in the IwDR or MR (Fig. 2e-f, see topography of midbrain TPH* neurons in
Fig. 2b, /=4) with only 7-10% of CTB being expressed in TPH™ neurons.

Anterograde Phal injections into the midbrain midline DR in the experiment 2 induced
expression of Phal within the DR that was most highly expressed in the DRV, then DRD
(Fig. 3a). Phal™* fibers were most highly expressed in the BLA, but also in surrounding
cortex and CeA (Fig. 3b—c). In experiment 480074702-DR from the Allen Brain Atlas
(mouse connectivity), injecting a Cre-dependent AAV-hSyn-EGFP construct into the midline
DR of a SERT-Cre mouse led to local expression of EGFP fluorescence in the DR (Fig. 3d),
distal EGFP fluorescence in serotonergic fibers in the BLA and CeA and surrounding cortex
(Fig. 3e).
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Experiment 3: Effects of SERT-SAP injections in the BLA on behavior and
immunohistochemical validation of approach

Compared to the control IgG-SAP group, injection of SERT-SAP into the BLA significantly
reduced the density of local SERT™ fibers in the BLA by ~90% (49)=19.6, p<0.001; Fig. 4a,
=6 1gG-SAP, n=5 SERT-SAP, one section damaged in control IgG-SAP group). In contrast,
injection of SERT-SAP into the BLA resulted in approximately 10% reduction in the density
of SERT™ fibers in the perifornical hypothalamus (PeF, control site, t9y=2.4=0.041, data

not shown), which receives sparse collateral projections from 5-HT neurons that project to
the BLA (Muzerelle et al., 2016). Intra-BLA injections of SERT-SAP had no effect (i.e.,

no treatment x time interaction or main effect of treatment) on fear acquisition (£,10)=0.3,
p=0.591; F1,10y=0.4, p=0.550, Fig. 4b, /=7 IgG-SAP, 5 SERT-SAP) and consolidation
(F4,40=1.2, p=0.305; F(1,10)=2.3, p=0.161, not shown), but did reduce overall freezing
response during fear recall/extinction [i.e., there was a main effect of treatment (line graph
F1,10=7.52, p=0.02, bar graph t(10y=2.5, p=0.03), Fig. 4c, /=7 IgG-SAP, 5 SERT-SAP, but
no treatment x time interaction (A4 40)=0.6, p=0.645)]. No effects of intra-BLA injection of
SERT-SAP on SI were detected ({10)=1.1, p=0.285, Fig. 4d, /=7 1gG-SAP, 5 SERT-SAP).
In control 1gG-SAP rats, bilateral injections of CTB into the BLA (only bilateral hits were
included) led to CTB expression in many TPH* neurons in the DRD and DRV, but few in
the IWDR or MR (see topography of midbrain TPH* neurons in Fig. 2a, and co-localization
between CTB and TPH in the DRD, DRV, IwDR, and MR in Fig. 4e) with 7-10% of CTB
being expressed in TPH™ neurons. SERT-SAP injections into the BLA also reduced the total
number of TPH™ neurons in the DRD (t(10)=2.1, p<0.05) and DRV (t(109)=1.7, p<0.05), but
not in the IWDR (t(10)=0.98, p=0.349) or MR (t(10)=1.34, p=0.123; Fig. 4f, /=7 19G-SAP,

5 SERT-SAP for all). SERT-SAP injections into the BLA did not change the total number
of CTB*/TPH" neurons in MR (tg)=2.2, p=0.0581), but led to mild decreases in the IWDR
(t(8y=4.6, p<0.005), and greater reductions occurring the DRD (t(g)=5.9, p<0.001) and DRV
(t(8)=5.4, p<0.001; Fig. 4g, /=5 each, two control 1gG-Sap rats lost cap after behavior so

no CTB was able to be injected). SERT-SAP did not alter the number of TPH™ neutral
red-expressing cells in the DRD (t(10)=3.9, p=0.136, /7=7,5) nor in the DRV (t(10)=4.6,
p=0.716, =7 1gG-SAP, 5 SERT-SAP, Fig. 4h).

Experiment 4: Effects of optogenetic excitation of DR-BLA projections on behavior and
neural network

Using an intersectional genetics approach, we injected CAV-CMV-Cre bilaterally into the
BLA, then either a Cre-dependent control (AAV-EF1a-DIO-eYFP) or the channelrhodopsin-
expressing (AAV-EF1a-DI10-ChR2-eYFP) constructs into the midline DR. In animals
injected with control construct we observed strong co-localization of eYFP with TPH*
neuron in DRV and some in DRD (Pearson correlation coefficient 0.85) with almost none

in IwDR (Fig. 5a, =7, photo on the left) or MR (not shown). In the ChR2-injected animals
we observed ChR2-eYFP expression within fibers in DRV, DRD (Fig. 5a, 7=8, photo to

the right), BLA (Fig. 5b, photo on the left, 7=8) that co-localized with SERT™ fibers

(Fig. 5b, photo on the right, Pearson correlation coefficient 0.95). Wireless optogenetic
excitation of the midline DR did not alter fear acquisition [i.e., there was no treatment x time
interaction (F(1,13)=0.3, p=0.565), or main effect of treatment (/1 13)=3.5, p=0.084, Fig.

5¢c, =7 eYFP, 8 ChR2), nor consolidation (F4 52)=0.8, p=0.543 and F(y 13)=3.8, p=0.072,
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not shown), but it did enhance overall freezing during fear recall/extinction (ChR2 main
effect: line graph, F(; 13)=7.8, p=0.015, bar graph t(13)=2.8, p=0.023), but there was no
treatment x time interaction (F4,52)=0.8, p=0.538, Fig. 5d, /=7 eYFP, 8 ChR2). Here, blue
light stimulation in the DRV decreased SI time (412)=2.59, p=0.023, Fig. 5e, /=7 each), and
also increased cellular c-Fos response in TPH* neurons in the DRD (%12)=3.2, p=0.0038)
and DRV (412=2.9, p=0.0066, Fig. 5f-g), but not in TPH* neurons in the IWDR (#12)=0.3,
p=0.785) or MR (412)=0.3, p=0.763, Fig. 5f, /=7 each, one ChR2 rat was removed due to
poor staining) or in the PeF which receives sparse projections from the DRD/DRV (t(13)=0.1,
p=0.905, data not shown). The ChR2-expressing group also had increased c-Fos in the BLA
(t13)=3.1, p=0.0042, Fig. 5f, h, /=7 eYFP, 8 ChR2).

4. Discussion

Overall, our major findings support the hypothesis that serotonergic neurons within
DRD/DRYV that project to the amygdala nuclei may enhance anxiety-related and conditioned
fear behaviors.

In our first experiment we confirmed that injections of a retrograde tracer into the BLA
resulted in many CTB*/TPH* neurons in the DRD and DRV, but few in IWDR and MR, with
approximately 92% of co-localization between CTB* and TPH*. Our data are consistent
with Hale and colleagues (Hale et al., 2008) that demonstrated substantial co-localization

of DRV and DRD serotoninergic neurons after injecting the retrograde tracer CTB into

the BLA, and thus reproducible. Our anterograde tracer into the midline DRD/DRV in
experiment 2 revealed a high density of fibers in the BLA, and this pattern further confirmed
by referencing the connectome of the mouse brain in the Allen Brain Atlas (Oh et al., 2014),
where injections of a Cre-dependent AAV with a fluorescent reporter into the midline DR in
a SERT-Cre mouse (Gong et al., 2007) resulted in dense fibers within the BLA. Even though
it was already expected, the similar pattern of anterograde tracing provided us insight on
how conserved is the DR projections to the BLA between these two species, an important
issue that should be considered when doing pre-clinical research aiming for translational
implications. Collectively, the combination of our anterograde and retrograde tracing studies
allowed us to determine not only which site within the BLA to pursue for our following

gain and loss of function experiments, but more importantly it showed consistency with the
literature, an integral part of research guidelines encouraged by NIH to strengthen published
studies.

In our third experiment, we wanted to confirm previous study in which we injected the
serotonin neurotoxin 5,7-DHT into the BLA, resulting in reduced local 5-HT concentration
and anxious behavior and fear response as assessed by reductions in Sl time and in
conditioned fear behaviors, respectively (Johnson et al., 2015). In order to do this, we
injected a SERT-SAP into the BLA, which did not alter SI behavior but did attenuate
freezing during extinction compared to control group injected with IgG-SAP. We confirmed
that the SERT-SAP group had ~90% reduction in the density of SERT immunostaining in
the BLA and ~10% reduction in the density of SERT immunostaining in the perifornical
hypothalamus, a structure that receives less innervation arising from midline DR (Muzerelle
et al., 2016), thus a control site. Injection of SERT-SAP into the BLA also reduced the
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total number of TPH* neurons in the DRV and DRD, but not in the IWDR or MR. When
we assessed CTB*/TPH™ neurons we saw a significant reduction in the DRV and DRD,
but also in the few CTB*/TPH* neurons in the IwDR, but not the MR. We also noted

that only ~8% of CTB-expressing cells in the DR and MR were non-serotonergic. Overall,
this loss-of-function approach is consistent with our previous work (Johnson et al, 2015)
and previous 5,7-DHT study in which reductions of serotonin signaling in the amygdala
following contextual fear conditioning reduced recall of fear-associated freezing (Izumi et
al., 2012). Although we did not see a significant reduction in Sl here, we (Johnson et al.,
2015) and others (File et al., 1981) did see significant reductions in Sl following 5,7-DHT
injections into the amygdala.

In light of our findings that 92% of neurons in the DR that project to the BLA are
serotonergic and to further determine this pathway’s role in regulating anxiety and fear,

in experiment 4 we utilized intersectional genetics by first injecting into the BLA a
retrogradely trafficked CAV that expresses Cre-recombinase (Soudais et al., 2001) which
allowed us to selectively introduce a Cre-dependent ChR2 (or its eYFP control) into
BLA-projecting DR neurons (DRD/DRV-BLA projections). After immunostaining for TPH
in control rats, we determined that all eYFP was co-localized with TPH, with a large
expression in the DRV, a few labeled neurons in the DRD, and almost none in the IwDR

or the MR. In the animals injected with ChR2 AAV, the eYFP expression was primarily
located in fibers in the midline DR and BLA. Altogether, these data further confirmed our
anatomical results from our first three experiments, i.e. the tracing studies and the SAP
injections. The terminals within the BLA were almost entirely co-localized with SERT, and
were, thus, serotonergic. Optogenetic excitation of ChR2-eYFP, but not eYFP control, in
the midline DR did not alter fear acquisition nor consolidation, but did increase freezing
during initial tone presentation during recall/extinction session. The stimulation also led to
reduction in Sl time, suggesting an increase in anxiety. We then verified that optogenetic
stimulation increased cellular c-Fos response within serotonergic neurons in the DRV and
DRD and also within the cells in the BLA.

Overall, while our results did not test the mechanisms of how chronicanically enhancing
serotonergic neurotransmission would alter 5-HT receptors locally in the BLA, the
aforementioned data support the hypothesis that a hyperactive or hyperresponsive central
serotonergic system contributes to exacerbated anxiety/fear, similarly to the response to
acute administration of SSRIs. The data revelaed that serotonergic neurons in the DRD/DRV
that project to the BLA enhance anxious behavior and conditioned fear response measured
in the Sl test and fear conditioning, respectively. It is important to re-emphasize that these
experiments lesioned or optogenetically excited 5-HT neurons in the midline, of which many
are most likely express glutamate as a co-transmitter (Calizo et al., 2011). Along those lines,
it has been shown that intra-BLA injections of group 2/3 metabotropic glutamate receptors
agonists produce anxiolytic-like effects in rodents (Wieronska et al., 2005) and also long-
term depression of synaptic transmission in the rat amygdala (Lin et al., 2000). On the other
hand, Baratta and colleagues injected a Cre-dependent Arch-GFP AAV into the midline

DR of SERT-Cre mice and observed that optogenetic inhibition of the DR attenuated only
stress-enhanced fear (Baratta et al., 2016). The lack of effect on normal cue-induced fear
may have been due to use of a reduced shock intensity or species differences. Future studies
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are needed to understand how exactly lesioning or exciting DRD/DRV 5-HT projections
to the BLA is altering electrophysiological activity of BLA projection neurons that control
anxiety and fear responses.

In regards to what is known about 5-HT effects in the BLA there are several factors

to consider: 1) the amygdala contains all 5-HT receptor subtypes (5-HT1.7); 2) 5-HT
induces both excitatory and inhibitory actions depending on the receptor subtype; and 3)
5-HT receptor subtypes are expressed on both GABAergic interneurons and glutamatergic
projection neurons (McDonald and Mascagni, 2007). Glutamatergic principal neurons that
enhance anxiety and conditioned fear responses have high expression of excitatory 5-HTy¢
receptors in the dorsal part of the BLA (i.e., lateral amygdala; (Greenwood et al., 2012) and
5-HT excites these neurons via the 5-HTy¢ receptor (Yamamoto et al., 2014). Additionally,
acute injections of 5-HT, an SSRI, or a 5-HTy¢ receptor agonist into the BLA induce
anxiogenic responses (Vicente and Zangrossi, 2012). Yet, application of 5-HT in the BLA
region initially produces inhibitory responses by depolarizing GABAergic interneurons
(Bocchio et al., 2015, Rainnie, 1999b) which have high expression of excitatory 5-HT,a
receptors (McDonald and Mascagni, 2007) and play a role in the depolarization (Bocchio
et al., 2015). Amongst the GABAergic interneurons, several of those located in intercalated
cell masses can be seen as an “off switch’ for the amygdala since they project to the

BLA and CeA, inhibiting them (Marowsky et al, 2005, Pare and Smith, 1993; Royer et

al, 1999). However, there is previously mentioned evidence that stressful/fearful - and
fear-related conditions can produce prolonged release of 5-HT that may lead to loss of local
inhibition (Amat et al., 1998, Zanoveli et al., 2009), and there is evidence that this can
potentially reduce local GABA inhibition and produce excitation of glutamatergic neurons.
For instance, stress exposure can induce downregulation of 5-HT,a receptor expression in
the BLA and reduce serotonin’s effects on local GABAergic tone (Jiang et al., 2009). This
could lead to excitation of glutamatergic neurons, which play a critical role in enhancing
fear conditioning. This hypothesis is supported by previously mentioned studies where
initial treatment of rats with SSRIs increases extracellular 5-HT in the amygdala by ~150%
(Bosker et al., 2001), enhances initial conditioned fear response in both rodents (Ravinder et
al., 2013) and humans (Grillon et al., 2007).

5. Conclusions

These data support the role of DR 5-HT projections to the BLA in the modulation of
anxious behavior and conditioned fear freezing response. Furthermore, our data using
intersectional genetics approach and SERT-SAP are consistent with previous experiments
where increasing or depleting 5-HT levels in the BLA region respectively enhances or
diminishes conditioned fear behavior and further support the hypothesis that increased 5-HT
activity within the amygdala may be an important mechanism in the pathophysiology of
severe anxiety disorders, as well as trauma-related disorders, such as PTSD (Wellman et al.,
2007; Zanoveli et al., 2009).
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AAV adeno-associated virus

ACSF artificial cerebrospinal fluid
57-DHT 5,7-dihydroxytryptamine

5-HT 5-hydroxytryptamine; serotonin
BLA basolateral amygdala

CAV canine adenovirus

Cs conditioned stimulus

CTB cholera toxin B subunit

DR dorsal raphe nucleus

DRD dorsal raphe nucleus, dorsal part
DRV dorsal raphe nucleus, ventral part
GABA gamma aminobutyric acid

ITI inter-trial interval

IwDR dorsal raphe nucleus, lateral wings
MR median raphe nucleus

PB sodium phosphate buffer

PBS phosphate-buffered saline

Phal Phaseolus vulgaris leucoagglutinin
PTSD posttraumatic stress disorder

SAP saporin

SERT serotonin transporter

SSRI selective serotonin reuptake inhibitor
us unconditioned stimulus
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Experiment 1: Ctb
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Figure 1:

INlustration of a midsagittal section of a rat brain indicating what tracers [i.e., Phaseolus
vulgaris leucoagglutinin (Phal) or Cholera Toxin B (CTB)], toxins [i.e., control IgG
conjugated to saporin (Con-1gG-SAP) or anti-serotonin transporter conjugated to saporin
(SERT-SAP)], or viruses [i.e., CAV-CMV-Cre, AAV-EF1a-DIO-eYFP control, or AAV-
EFl1la-DIO-ChR2-eYFP] were injected into the dorsal and ventral dorsal raphe nucleus
(DRD/DRV) or basolateral amygdala (BLA) from each experiment. Abbreviations: ac,
anterior commissure, pc, posterior commissure, oc, optic chiasm.
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BLA - Injection site DR and MR anatom

Figure 2.
Retrograde tracing from the basolateral amygdala (BLA). &) Injection site illustrating

Cholera Toxin b subunit (CTB, Alexa 488, green) injection into the BLA. b) Topography
of tryptophan hydroxylase (TPH, Cy3, red) immunoreactive serotonergic neurons in

the midbrain raphe nuclei [i.e., dorsal (DRD), ventral (DRV) and lateral wing (IwDR)
divisions of the dorsal (DR) and median raphe (MR) nuclei] In panels c) through €) are
immunohistochemistry reactions against TPH and CTB highlighting many BLA projecting
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neurons originating from c) DRD and d) DRV, but only a few from €) IwDR and f) MR.
Abbreviations: CeA, central amygdala; opt, optic tract.
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Figure 3.
Anterograde tracing from the rat and mouse dorsal raphe nucleus to the basolateral (BLA)

and central (CeA) amygdala. a) Coronal sections of the midbrain and pontine dorsal raphe
nucleus (DR) illustrating Phaseolus vulgaris leucoagglutinin (Phal)-immunostained cells
and fibers following injection of the anterograde tracer into the midline dorsal (DRD)

and ventral (DRV), but not lateral wings (IwDR) divisions of the DR [see orange/brown
3,3’-diaminobenzidine tetrahydrochloride (DAB) chromogen immunostaining of Phal with
purple cresyl violet staining of cells]. Numbers at bottom of each photograph indicate
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rostrocaudal level [mm from bregma; (Paxinos and Watson, 1997)]. b) Coronal sections of
the BLA and CeA nuclei of the amygdala with dashed line delineating nuclei and solid lines
drawn over Phal-immunoreactive anterograde projections from DRD/DRV at two bregma
levels indicated at bottom left. Boxes in the illustration on the left indicate where high
magnification photos were taken and shown in c¢) for BLA and CeA (orange/brown Phal-
immunoreactive fibers with purple cresyl violet-stained cells. d) Photos represent coronal
sections of the DR from a serotonin transporter (SERT)-Cre mouse where a Cre-dependent
AAV with a fluorescent reporter was injected into the DR and provided by the connectome
of the Brain in the Allen Brain Atlas (Oh et al., 2014). €) Photos are coronal sections of the
BLA and CeA from the SERT-Cre mice in d) showing expression of 5-HT terminals from
the midline DR. Image credit for parts d) and €): Allen Institute for Brain Science.
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Figure 4.

Effects of bilateral injections of anti-serotonin transporter- (SERT-) or control (IgG-) saporin
(SAP) into the basolateral amygdala (BLA) on anxiety-related behavior, fear acquisition,
and fear recall/extinction. a) reduced local SERT™ fibers in BLA, * indicates p < 0.001
(BLA) in a two-tailed unpaired #test (see representative photos of BLA to the right);

b) Intra-BLA SERT-SAP did not alter conditioned fear freezing following 5 tone (T) +
shock (S) pairings during fear acquisition session, but c) did reduce freezing response

when presented with the tone (T) only during recall/extinction session (overall treatment
effect). d) Intra-BLA SERT-SAP had no effect on social interaction time. Injecting a
retrograde tracer (Cholera Toxin B subunit: CTB) bilaterally into the BLA at the end of
behavioral experiments induced co-localization of CTB (Alexa fluor 488, green) in midbrain
serotonergic neurons (TPH, Cy3, red) of control 1gG-SAP injected rats in €), which shows
fluorescent photomicrographs from different division of dorsal (DR) and median raphe (MR)
nuclei with top row being from control 1IgG-SAP injected rats and bottom from SERT-SAP
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injected rats. f) Reduced total number of tryptophan hydroxylase (TPH)* neurons in the
ventral (DRV) and dorsal (DRD), but not in the lateral wings (IWDR) divisions of the DR,
nor the MR; g) and reduced number of CTB*/TPH™ neurons in the DRV, DRD, and IwDR,
but not MR. h) In contrast, intra-BLA SERT-SAP did not alter the number of neutral red*
cells that were not colocalized with TPH in neither the DRV (p=0.716) nor DRD (p=
0.398). 17’s per group were 7 1gG-SAP and 5 SERT-SAP for all panels except part g, which
=5 each. Bars represent means and standard errors of the means (SEM). Abbreviations:
mlf, medial longitudinal fasciculus; Ag., cerebral aqueduct.
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Figure5.
Bilateral injections of CAV-CMV-Cre into the basolateral amygdala (BLA) and unilateral

injections of AAV-EF1a-DiO-ChR2-eYFP into the dorsal/ventral divisions (DRD/DRV)

of dorsal raphe (DR) and effects of optical stimulation of cell bodies in the DR. a)
Cre-dependent expression of eYFP (green) within soma of tryptophan hydroxylase (TPH)*
neurons in the DRD and DRV (Cys3, red, photo on the left) and also ChR2 (e YFP, green)
on terminals in the DRD/DRV near TPH* neurons (Cy3, red, photo on the right). b) Photo
represents ChR2-expressing fibers (eYFP, green) in the BLA (photo on the left) that are
also co-localized with serotonin transporter (SERT, Cy3, red, photo on the right). Wireless
optogenetic excitation of DRD/DRV c) did not alter conditioned fear freezing following

5 tone (T) + shock (S) pairings on fear acquisition session; d) but did increase freezing
response when presented with the tone (T) only during recall/extinction session (* indicates
p<0.05, ChR2 main effect); e) reduced social interaction time; and f) increased c-Fos
within TPH* neurons in the DRV and DRD, but not lateral wings (IWDR) or median raphe
(MR), and increased c-Fos in the BLA (* indicates £<0.05). Line and bar graphs represent
means and standard errors of the means (SEM). g) Representative photomicrographs of
nuclear c-Fos (blue/black chromogen) and cytoplasmic TPH (orange brown chromogen)
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immunohistochemistry in the DRV of a control AAV (left) and the ChR2 AAV (right). h)
Representative photomicrographs of nuclear c-Fos (blue/black chromogen) and cytoplasmic
neutral red staining in the BLA of a control AAV (left) and the ChR2 AAV (right).
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