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Abstract

Serotonin and dopamine are associated with multiple psychiatric disorders. How they interact during development to affect
subsequent behavior remains unknown. Knockout of the serotonin transporter or postnatal blockade with selective serotonin
reuptake inhibitors (SSRIs) leads to novelty-induced exploration deficits in adulthood, potentially involving the dopamine
system. Here, we show in the mouse that raphe nucleus serotonin neurons activate ventral tegmental area dopamine neurons via
glutamate co-transmission and that this co-transmission is reduced in animals exposed postnatally to SSRIs. Blocking serotonin
neuron glutamate co-transmission mimics this SSRI-induced hypolocomotion, while optogenetic activation of dopamine neurons
reverses this hypolocomotor phenotype. Our data demonstrate that serotonin neurons modulate dopamine neuron activity via
glutamate co-transmission and that this pathway is developmentally malleable, with high serotonin levels during early life
reducing co-transmission, revealing the basis for the reduced novelty-induced exploration in adulthood due to postnatal SSRI

exposure.
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Introduction

Serotoninergic neurons located in the dorsal and medial
raphe nuclei (RN) project throughout the brain, modulate a
wide range of neuronal processes, and are critical in the
development of brain circuits [1]. Alterations in ser-
otonergic activity have been associated with several psy-
chiatric disorders and selective serotonin reuptake inhibitors
(SSRIs) are key to their treatment [2]. Given the role of
serotonin (SHT) in brain development, changes in ser-
otonergic levels during early life may be deleterious for
brain and behavioral development [3]. Early life exposure to
SSRIs in rodents leads to enduring deficits in adult emo-
tional regulation [4, 5]. Furthermore, studies have impli-
cated gestational exposure to SSRIs in the development of
psychiatric disorders in humans [6, 7]. However, the
mechanisms by which early life SSRI exposure lead to
behavior deficits in adulthood are unknown.

Recent work has uncovered a strong disynaptic pathway
linking the dorsal raphe (DR) and the nucleus accumbens
(NAc) via the ventral tegmental area (VTA) (DR—VTA—
NAc) [8]. Dopaminergic (DAergic) neurons in the VTA have
critical roles in reward seeking, motivation, social interaction,
and arousal [9, 10]; dopamine (DA) release in the NAc is
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linked to behavioral activation and energy expenditure [10].
These observations support the hypothesis that reduced
behavioral activation caused by constitutive serotonin-
transporter gene ablation (SERT-KO) [11] and perinatal
SSRI exposure [4] involve functional changes in the DR >
VTA >NAc pathway. While SHT itself exerts inhibitory
effects on DAergic neurons [12-14], it has recently been
shown that serotonergic neurons may excite VTA-DAergic
neurons via glutamatergic co-transmission [15, 16]. However,
these results have been challenged by work that suggest that
glutamatergic activation of VTA-DAergic neurons arises from
RN non-serotonergic neurons and that activation of ser-
otonergic terminals in the VTA is not rewarding [17, 18].

Here we show that RN serotonergic axons in the VTA
co-express vesicular glutamate transporter (VGLUT3), and
that optogenetic activation of serotonergic terminals in the
VTA can activate DAergic neurons through AMPA recep-
tors. Supporting our hypothesis that the functional proper-
ties of the DR>VTA >NAc pathway are sensitive to
developmental SHT perturbation, we show that early post-
natal SSRI exposure alters the glutamatergic component of
RN to VTA synaptic transmission. Furthermore, we show
that exploration deficits observed in mice postnatally
exposed to a SSRIs are mimicked by knocking-out VGlut3
from serotonergic neurons and can be reversed by optoge-
netic activation of VTA-DAergic neurons.

Methods
Subjects

Experiments were performed at the Nathan Kline Institute
(NKI) and at the Rodent Neurobehavioral Analysis Core at
NYS Psychiatric Institute, Columbia University Medical
Center. Experiments were conducted blind to the treatment
group and in compliance with the Principles of Laboratory
Animal Care National Institutes of Health (NIH) guidelines,
under protocols approved by NKI, Columbia University and
NYSPI TACUCs. Double transgenics and their single trans-
genic littermate controls were housed in groups (two to five
mice per cage) and maintained on a 12 h light/dark cycle with
access to food and water ad libitum. Approximately equal
numbers of male and female mice were used in the experi-
ments. Mice were tested as adults, between 3 and 5 months of
age. The ePetl-cre [19] line was originally generated on the
(C57BL/6 x SIL)F2 background. This line was backcrossed
to 129SvEv/Tac for >10 generations. Another set of animals
from this line was backcrossed onto a C57BL/6J background
for five generations. For conditional expression of channel
rhodopsin2 (ChR2), we used the ROSA26-floxed-STOP-
CAG-ChR2-EYFP (ChR2") Ai32 line [20]. This line was
generated on the (129S6/SvEvTac x C57BL/6NCrl)F1
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background and was backcrossed to 129SvEv/Tac for 6
generations. Serotonergic neurons express vesicular glutamate
transporter expressed VGLUT3 [21].

To ablate VGLUT3 conditionally, we used mice with the
conditional vglur3 allele (VGLUT3") which were originally
derived from 129/0Ola ES cells and C57BL/6J blastocysts
[22]. Founders were backcrossed 5 generations to C57BL/6J.
Floxed mice were crossed with Cre-lines of the same strain.
For ChR2 expression in serotonergic terminals, we used
Pet]1 “+;,ChR2"" (Pet1-ChR2) and Petl **;ChR2V as con-
trols. For ChR2 expression in serotonergic cell bodies in
the RN, mice heterozygous for ChR2 were used: Pet] €+
ChR2™ (Pet1-ChR2) and Petl™*;ChR2™ (Control). For
ablation of VGIut3 from serotonergic neurons, we used
Pet1“+;VGLUT3"  (VGLUT3-cKO) and  Petl™";
VGLUT3" (Control). To express ChR2 in DAergic neurons
selectively we crossed a DA-transporter Cre-driver-line
(DatRESC) 23] with the ChR2Y® line. Two genotypes
were used: Dat®ESC+.ChR2" (Dat-ChR2) and Dat™*;
ChR2" (Control). We previously showed that hemizygous
expression of Pet1< [24] or DatRESC™ [25] does not produce
a behavioral phenotype in the tests used here. The use of
conditional ChR2-expressing mice instead of viral vectors
produces more consistent labeling of the entire population of
cells enhancing between-group comparisons.

Drugs

Postnatal SSRI treatment: Postnatal day (P)2 pups were
randomly assigned to saline (vehicle) or 10 mg/kg fluox-
etine treatment groups. The mice received daily i.p. injec-
tions of the assigned treatment from P2 to P11 as previously
described [5]. For electrophysiology, pharmacological
agents were applied to the slice preparation by dissolving
them in perfused artificial cerebrospinal fluid (ACSF).
CNQX (Sigma) was bath applied in ACSF for 10 min.

Immunohistochemistry and stereological cell counts

Mice were transcardially perfused with ice cold 0.1 M
phosphate-buffered saline followed by buffered 4% paraf-
ormaldehyde (PFA). Isolated brains were immersed in PFA
overnight and then embedded in agar for simultaneous
processing, coronally sectioned into 50 um thick sections
on a freezing microtome and processed for immuno-
fluorescence as previously described [26]. Double or triple
immunofluorescent labeling combined primary antibodies
from different species, including rabbit anti-SHT (Sigma,
Cat# S5545), guinea pig anti-VGLUT3 (Synaptic Systems,
Cat# 135204), rabbit anti-tyrosine hydroxylase (TH) (Pel-
Freez, Cat# P40101) or mouse anti-TH (Chemicon, Cat#
MAB318), and chicken anti-GFP to label ChR2-eYFP
expression in Petl+ neurons (Abcam, Cat# ab13970). For
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SHT/VGLUT?3 colocalization and RN cells, anti-SHT was
visualized with Alexa Fluor 488 secondary antibody (Invi-
trogen cat# A11034) colocalized with anti-VGLUT3 cou-
pled to a biotinylated antibody (Vectastain Cat# BA-7000)
and streptavidin 594 (Invitrogen Cat# S11227). For SHT/
VGLUT?3 colocalization in VTA axons, DA cells were
additionally visualized with mouse anti-TH and Alexa Fluor
405 goat anti-mouse (Invitrogen Cat# A31553). For PET1/
5HT in RN cells, anti-GFP (for PET1 neurons) was coupled
to Alexa Fluor 488 antibody (Abcam, cat# 150185) and
anti-SHT was coupled to a biotinylated antibody (Vectastain
Cat# BA-1000) followed by streptavidin 594. For PET1/
VGLUTS3 in the RN, anti-GFP coupled to Alexa Fluor 488
was colocalized with anti-VGLUT3 coupled to a biotiny-
lated antibody (Vectastain Cat# BA-7000) followed by
streptavidin 594. For PET1/ VGLUTS3 in the VTA, strep-
tavidin 647 (Invitrogen Cat# S21374) was used to visualize
VGLUTS3, and TH cells were identified by rabbit anti-TH
conjugated to goat anti-rabbit Alexa Fluor 555 (Invitrogen,
or A21428).

Stereological estimates of cell number used the fractio-
nator method [27], as previously described [26]. Cell counts
in the RN evaluated all SHT or Petl neurons in the cell
groups B5 to B9 [28, 29], thus including the dorsal and
medial RN and rostrally the supralemniscal (B9) and caudal
linear nuclei. The RN was sampled in every fourth con-
secutive section, yielding 6-11 sections for analysis. Sec-
tions were systematically sampled at a grid of sites, and a Z-
stack of six 2 um spaced images was captured at each site
with a Foculus FO442 digital camera (Net GMBH, Ger-
many) using a 40x, 1.3 numerical aperture (NA) oil-
immersion objective. Cell counting was done on optical
dissector counting boxes drawn onto each Z-stack. Esti-
mates of measurement precision [30] showed coefficients of
error less than 0.1 for all cell number estimates except for
the small populations of SHT+/VGLUT3+ neurons in
VGLUT3-KO animals, or the SHT neurons that lacked
ChR2-eYFP.

The frequency of VGLUT3 expression in SHT axon
boutons was estimated in the VTA at or caudal to the level
of the medial lemniscus. Axons were sampled using a 63x
oil objective on a Zeiss 510 confocal microscope, capturing
10-15 z-stack images distributed across the VTA in 2 sec-
tions per animal. Each z-stack image had X and Y dimen-
sions of 143 ym and 4 equally spaced 1 um optical slices.
Colocalization was evaluated by identifying 10 SHT axon
boutons per image, that were subsequently evaluated for the
presence or absence of VGLUT3 immunofluorescence. The
same approach was used to quantify Petl/VGLUT3 co-
expression in fluoxetine experiments, although sampling
was restricted to the caudal linear nucleus of the VTA in
order to compare with the site of electrophysiological
sampling.

The same confocal images through the caudal linear
nucleus of the VTA were additionally used to evaluate Petl
axon density, by counting axon contacts with 16 hemi-
spheric probes evenly distributed across each confocal
image [31]. Axon densities are expressed as number of
contacts per 4 um diameter hemispheric probe.

Stereotaxic surgery

Fiber optic implants were prepared using 1.25 mm zirconia
ferrules (Precision Fiber Products) with a 200 um optical
fiber (ThorLabs) as previously described [32]. Starting at
2 months of age, using standard stereotaxic procedures
[33], fiber optic implants were placed targeting the DR
(AP: —5.0, L: 0, DV: —3.2), VTA (AP: —34, L: +0.5,
DV: —4.3), NAc (AP: 1.2, L: £1.4, DV: —4), PFC (AP: 1.5,
L: 0, DV: —1.6), or Amygdala (AP: —1.1, L: 3.2,
DV: —4.4). All coordinates are in reference to Bregma. Mice
were allowed to recover for at least 2 weeks after surgery.

For labeling of DAergic neurons for electro-
physiological recordings we used AAV-TH-dsRed virus.
The TH-dsRed plasmid was generously provided by Dr
Kwang-Soo Kim’s laboratory [34]. AAV-TH-dsRed virus
microinjection was performed using a stereotaxically
placed glass micropipette. The micropipette was connected
via PE tubing to a Hamilton syringe placed in an infusion
pump. In total, 200 n] deposits of virus were pressure-
injected over 5 min. After the injection, the micropipette
was left in place for an additional 15 min and then with-
drawn slowly. One week was allowed for recovery post-
surgery.

Electrophysiological recording and analysis of DA
neuron response to serotonergic terminal
stimulation in naive mice

One week post virus injection, mice (P60-70) were anes-
thetized with an i.p. injection of ketamine (80 mg/kg)/
xylazine (20 mg/kg) mixture. After confirmation of full
anesthesia with gentle paw pressure, mice were decapitated
and brains removed in ice-cold high-glucose ACSF (in mM:
75 NaCl, 2.5 KCl, 26 NaHCOs3, 1.25 NaH,PO,, 0.7 CaCl,,
2 MgCl, and 100 glucose, pH 7.4; saturated with mixture of
95%0,—5%C0,). In total, 300 um thick horizontal sections
of the ventral midbrain were made with a vibratome
(VT1200S, Leica). The slices were preincubated in high-
glucose ACSF for 1h at room temperature for recovery,
then transferred to the recording chamber (submerged,
500 ul volume) on the stage of an upright fluorescent
microscope (BX61WI, Olympus), which was continuously
perfused with regular ACSF (in mM: 125 NaCl, 2.5 KCl, 25
NaHCOs;, 1.25 NaH,POy, 2 CaCl,, 1 MgCl, and 25 glucose,
pH 7.4; saturated with mixture of 95%0,-5%CO,).
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Recorded neurons were visualized using enhanced visible
light differential interference contrast (DIC) optics with a
scientific c-MOS camera (ORCA-Flash4.0LT, Hamamatsu
Photonics).

Current clamp and voltage clamp recordings were done at
32-33°C (TC 344B Temperature Controller, Warner Instru-
ments). DAergic neurons in the lateral VTA and substantia
nigra (SN) pars compacta (SNc) were identified visually and
confirmed by membrane properties. These DAergic neurons
have large oval (lateral VTA) or spindle (SNc) shaped cell
bodies, voltage sag at hyperpolarized membrane potentials,
relatively slow spontaneous firing (~1-4 Hz), and a slower
afterhyperpolarization. For identification of medial VTA-
DAergic neurons, which do not show typical DAergic neu-
ron hallmarks, TH-dsRed expression was confirmed by fluor-
escence stimulated by 590nm LED illumination (DC4100,
Thorlabs). Recording patch pipettes were fabricated from
standard-wall borosilicate glass capillary with filament (World
Precision Instruments). Pipette resistance was 4—6 M(). Com-
position of intracellular solution was (in mM): 135 K" -methane
sulfonate (MeSQy), 5 KCl, 2 MgCl,, 0.1 CaCl,, 10 HEPES, 1
EGTA, 2 ATP and 0.1 GTP, pH 7.25. Some EPSC recordings
were performed with CsT-based intracellular solution; K-
MeSO, was replaced with CsT-MeSO,, and QX314 (lidocaine
N-ethyl bromide) 5mM was added to block unclamped Na*
currents. Recordings from spontaneously active DA neurons
were performed with an Axopatch 200B amplifier (Molecular
Devices) in fast current-clamp mode or voltage clamp, holding
at —70mV, or +40 mV for NMDA receptor responses. Series
resistance (10-30 MQ) was compensated online by 70%.
Liquid junction potentials (1012 mV) were adjusted online.
Synaptic responses were evoked with 5ms field illumination
with a high-power blue LED (470 nm; Thorlabs) delivered as a
single pulse at 0.1 Hz, or in a train of five pulses at 20 Hz,
repeated at 30 s intervals. Drugs were delivered by perfusion.

Electrophysiological signals were filtered at 5 kHz using
a 4-pole Bessel filter, digitized at 5 kHz (Digidata 1550A,
Molecular Devices) and recorded using pClamp 10 (Mole-
cular Devices). Data were analyzed with Axograph X
(Axograph Scientific) and Igor Pro (Wavemetrics). Action
potentials were automatically detected with voltage thresh-
old of 0 mV. Baseline firing frequencies were calculated
from 2 s windows before train stimulation. Firing z-score
during train photostimulation was calculated as the differ-
ence of average firing frequency during (0-0.4 s from train
onset) and the average baseline firing frequency, divided by
the standard deviation of baseline firing frequency. A plus
score indicates increased firing from baseline, while a minus
score indicates decreased firing. Z-scores larger than +2 or
smaller than —2 were regarded as significant increases or
decreases of firing, respectively. Amplitudes of evoked
EPSCs were evaluated from averages made from 10 con-
secutive traces. Statistical analyses were done with R 3.5.2
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with stats package, or JASP 0.9 (JASP Team, 2019; www.
http//jasp-stats.org). Data are shown as mean = SEM.

Electrophysiological recording and analysis of DA
neuron response to serotonergic terminal
stimulation in postnatally treated animals

Mice were anesthetized with a mixture of ketamine (50 mg/
kg) and xylazine (4.5 mg/kg) and perfused transcardially
with 5-10ml ice-cold ACSF containing (in mM): 124
NaCl, 3 KCl, 1 CaCl,, 1.5 MgCl,, 26 NaHCO3, 1 NaH,;PO,,
and 16.66 glucose, continuously saturated with carbogen
(95%0, and 5%CQO,). Horizontal slices of ventral midbrain
were transferred to a preincubation chamber with ACSF
containing (in mM) 2 CaCl,, 1 MgCl,, at 35 °C for 60 min,
then they were stored at room temperature until recording.
The recording electrode contained (in mM) for current-
clamp recording: 135 K-gluconate, 7 KCI, 10 HEPES, 10
Na-phosphocreatine, 4 Mg,-ATP, and 0.4 NaGTP
(290-295 mOsm, pH 7.35 with KOH). Voltage clamp
recordings were done with Cs'-based pipette solution,
which was composed of (in mM): 135 Cs-gluconate, 10
HEPES, 10 Naphosphocreatine, 4 Mg,-ATP, and 0.4
NaGTP (290-295 mOsm, pH 7.35 with CsOH). ChR2-+
serotonergic terminals in the VTA were stimulated with
light pulses (470 nm, 1 ms duration, coherent). Paired-pulse
(100 ms interval, between the first and second stimuli)
excitatory postsynaptic currents (EPSCs) were recorded
from neurons in the VTA. The paired-pulse ratio of the
amplitudes (PPR = EPSC2/EPSC1) were calculated from
averaged traces made from 3 consecutive traces.

To evaluate AMPA/NMDA ratios, photo-evoked EPSCs
of serotonergic neurons onto VTA neurons were recorded at
—70mV and +40 mV. AMPAR currents were measured as
peak amplitudes at —70 mV, since NMDAR currents are
not observed at that potential because of Mg,+block.
NMDAR currents were measured at +40 mV at the time
point where the AMPAR-current dropped by more than
75% from peak amplitude to minimize AMPAR contribu-
tion [35, 36].

Behavioral testing

After recovery from surgery, mice were tested in the open-
field or in the real-time or conditioned placed-preference
tests. ChR2 and their respective controls were stimulated
using blue light pulses (473 nm, 20 Hz, 10 ms, 10 mW).
Real-time place preference was performed in a standard rat
cage divided into two sections by Plexiglas dividers. During
the duration of the test, one side of the cage was paired with
optic stimulation (473 nm, 20 Hz, 10 ms, 10 mW) of DR
while the other was not (counterbalanced). There were no
distinct marks in each side of the cage. In the conditioned-
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place-preference test, mice were free to explore a two-sided
box for 20 min a day for 2 days. Each side of the box had
distinct visual and tactile cues. One side of the chamber was
paired with optical stimulation (473 nm, 20 Hz, 10 ms, 10
mW) of the DR (counterbalanced). On the third day the
mice were allowed to explore the box for 20 min without
stimulation.

We used two apparatus to measure activity. One open
field apparatus consisted of square Plexiglas activity
chambers equipped with infrared detectors to track animal
movement. The other open field apparatus consisted of
square Plexiglas activity chambers equipped with video
cameras via which the animals were tracked with Anymaze
software. Mice were allowed to walk freely over the dura-
tion of the trial. Photostimulation (473 nm, 10 mW) was
delivered in periods of 180s (20Hz, 10ms pulses).
Elevated-Plus Maze, Forced Swim Test, Novelty Sup-
pressed Feeding and Light-Dark preference tests were per-
formed as described [37, 38].

Statistics

Sample sizes were chosen based on previous studies [5, 25].
Parametric statistical tests were used, with a = 0.05, two-
tailed. Samples presented normal distribution. Student’s ¢
test was used for comparisons between two groups, and
repeated measures ANOVA was used for comparisons
between groups across time, followed by #-tests correcting
for multiple comparisons using the Holm—Sidak method in
Prism (GraphPad). Data are expressed as mean + SEM.

Results

Serotonergic neurons projecting to the VTA
co-express glutamatergic markers

In the raphe, both VGLUT2 and VGLUT3 are present.
VGLUT?2 is expressed by non-5HT cells while VGLUT3 is
expressed in non-SHT neurons and some but not all SHT
neurons [16, 21, 39, 40]. Here, we first characterized the
expression of VGLUT3 in SHT+ neurons of the DR and
MR. Plotting the distribution of SHT+/VGLUT3+ neurons
in the RN revealed their presence throughout the rostral-
caudal extent of the DR, with high density in the ventral
subdivision (DRv) and few SHT+/VGLUT3+ neurons in
the dorsal (DRd) and lateral (DRI) subdivisions (Fig. 1a). In
addition, SHT+/VGLUT3 neurons were scattered
throughout the medial raphe (MR) and supralemniscal cell
group (B9). Stereological cell counting showed that
approximately 36% of SHT neurons in the RN nuclei co-
expressed VGLUT3 in control animals (8003 +925 SHT
+/VGLUT3+ neurons, among 22,504 + 513 SHT neurons,

n = 3). For conditional ablation of VGLUT3 in serotonergic
neurons we used Petl“™*;VGLUT3" (VGLUT3-cKO)
animals. VGLUT3-cKO mice did not show evidence of
reduced SHT neuron number (22,336 + 1187 SHT neurons,
n =73, p=0.94), but only ~5% of SHT+ neurons expressed
VGLUT3 (1109 £211 neurons, n =3, p<0.01) (Fig. 1b).
Examination of SHT+ axons in the caudal VTA revealed
that 53 +0.7% of SHT+ axon boutons are VGLUT3+ in
control animals and 14 +4.8% of SHT+ axon boutons co-
label for VGLUT3 in VGLUT3-cKO animals (n = 3; 122 +
13 buttons per animal; Fig. 1c).

Optogenetic activation of serotonergic terminals in
the VTA activates DAergic neurons via glutamate

To see how serotonergic cell activity modulates cell circuit
function and behavior, we established a mouse line that
expresses a channelrhodopsin2-enhanced yellow fluorescent
fusion protein (ChR2-eYFP) exclusively in serotonergic
neurons [24]. We combined the ai32 allele, which consists
of floxed-STOP ChR2-eYFP cassette targeted to the (Gt)
ROSA26Sor locus [20], with the transgenic ePetl-Cre
allele, which expresses Cre-recombinase under the pet!
promoter, exclusively active in serotonergic neurons [19].
To establish the specificity and efficiency of the Pet]<™*
transgene, we evaluated the colocalization of eYFP and
5HT immunolabeling in Pet]“*;ChR2V mice (n=2).
We found that 95.1% of SHT+ neurons clearly expressed
ChR2-eYFP (23,656 ChR2-eYFP+/5HT+ in a total of
24,876 SHT+), and 82.7% of ChR2-eYFP-+ neurons
clearly expressed SHT (23,656 ChR2-eYFP+/SHT+ in a
total of 28,845 ChR2-eYFP+; Fig. 2a).

To characterize the functional connections of SHT+
neurons to DAergic neurons, we performed whole-cell
recordings of synaptic responses from DAergic neurons in
the VTA and SN. To identify DAergic neurons, we injected
a viral vector expressing dsRed fluorescent protein driven
by the TH promoter (AAV-TH-dsRed) in the ventral mid-
brain (Fig. 2b). Red fluorescent protein (RFP) was expres-
sed mostly in the VTA and some in medial SN. Nearly all
RFP+ (magenta) neurons were also TH+ (green), showing
high specificity of RFP expression (Fig. 2c). We recorded
firing of DAergic neurons in the mVTA, lateral VTA
(IVTA) and SNc during SHT terminal activation with train
photostimulion (5 pulses at 20 Hz of blue light) (Fig. 2d—f).
SHT terminal stimulation elicited three types of responses: a
firing increase, no effect, or firing pause (Fig. 2f). To
evaluate change in firing, we calculated firing z-scores
during train stimulation (0-0.3 s from onset of the train),
compared with the preceding baseline. A positive z-score
indicates a firing increase, while a negative z-score indicates
decrease. In 6 of 16 recorded mVTA DAergic neurons,
firing increased during train stimulation, while only one cell
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Fig. 1 Serotonin—VGLUT3
colocalization.
Immunofluorescence labeling
was used evaluate the number
and distribution of VGLUT3
+/SHT+ cells. a The
distribution of VGLUT3+/
SHT+ cells (white dots) was
plotted onto low magnification
photomontages of
immunofluorescence-labeled
SHT cells. The photomontages
were digitally inverted to
enhance contrast. VGLUT3
+/5HT+ cells were
concentrated in the ventral
subdivision of the dorsal raphe
(DRv) with fewer cells in its
dorsal subdivision (DRd) and
lateral (DRI) divisions, and with
scattered cells throughout the
medial raphe (MR) and
supralemniscal (B9) cell group.
In Pet1 €™, vGLUT3"
(VGLUT3-cKO) animals only a
few VGLUT3+/5HT+ were
found. b High magnification
images at the level of the

DRv show SHT cells with
VGLUT3+ labeling that were
common in control animals but
sparse in VGLUT3-cKO
animals. Stereological
quantification found VGLUT3
expression in about 36% of
SHT cells in control animals, but
only in 5% of SHT cells in
VGLUT3-cKO animals.

¢ Counts of SHT axon boutons
in the caudal VTA found that
about 47% were co-labeled with
VGLUT3 in control animals
(top) whereas 14% were co-
labeled in VGLUT3-KO
animals (bottom). Scale bar

in a= 100 um, b =10 pm,
c=2pum.

VGLUT3-cKO

showed a firing pause and the rest did not a change (Fig. 2e,
f). In the IVTA and SNc, most DAergic neurons did not
show significant changes; only one SNc DAergic neuron
showed a modest increase in firing (Fig. 2e, f).

Under voltage clamp at —70 mV, a single 0.1 Hz sti-
mulation generated fast inward currents in DAergic neurons
(Fig. 2d, right). In the sole neuron showing a firing pause in
the mVTA, fast EPSCs were negligible, but slow outward
currents were observed (Fig. 2d, bottom, right, inset).
Average amplitude of EPSCs was 27.0+6.2pA in the
mVTA, 44.6 £9.5pA in the IVTA, and 26.3+7.2 in the
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KX/ GLUT3-cKO

SNc, without significant regional differences (Fig. 2g; one-
way ANOVA, F, 23)=1.63, p=0.21). EPSCs in DAergic
neurons were blocked by bath application of the AMPA
receptor antagonist CNQX (40 uM) (Fig. 2h, i; Paired 7 test:
o2y =12.13 df =22, p<0.0001). EPSC amplitude sig-
nificantly correlated with firing z-score in the mVTA (linear
regression; R> = 0.69, p=0.0001; Fig. 2j), but not in the
IVTA/SNc (R*=0.017, p=0.64). EPSC amplitudes did
not show a regional difference, and only mVTA EPSCs
positively correlated to DA neuron firing. This regional
correlation in excitability was not due to differences in input
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resistance or action potential threshold (one-way ANOVA; course of the afterhyperpolarization during spontaneous
Fp05 =049, p=0.62; F(2,31)=0.09, p=0.92, respec- firing (Fp31y=13.5, p<0.001), and not its amplitude
tively; Supplemental Fig. 1A, B). Rather the different time  (Fp31y=2.7, p =0.08), appeared to account for regional
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Fig. 2 Optogenetic stimulation of serotonergic terminals activates
dopaminergic cells via glutamate. a Double immunofluorescence
showed that in Pet1 ©"*;ChR2"" animals, ChR2-eYFP was highly co-
expressed with SHT throughout the raphe nucleus, although occasional
cells expressed only SHT (asterisk). b To label dopaminergic cells we
injected AVV-TH-dsRed into the VTA of Petl“®*;ChR2"" mice
(left). A green cell and axon indicate SHT neuron expressing ChR2-
EYFP and its projection to the ventral midbrain. One week after
injection, VTA-DAergic neurons expressed RFP (right, red cell).
¢ RFP expression (magenta) and TH immunostaining (green) in the
VTA from AAV-Th-dsRed injected Pet]®®*+;ChR2™ mice. Scale
bar = 10 um. d Sample traces from RFP+ cells in the medial VTA
(mVTA). (Left) Sample traces of DAergic neuron firing, showing
firing increase (top), no effects (middle), and firing pause (bottom) in
response to a train stimulus onto SHT neuron terminals. A train sti-
mulus of 5 pulses at 20 Hz (470 nm, 5 ms duration) was applied at the
time indicated by the blue bars. (Middle) Peristimulus histograms of
action potentials made from 10 consecutive traces shown in left col-
umn. The bin width is 100 ms. The timing of a stimulation train
is indicated by blue bars. (Right) Sample traces of fast EPSCs at
—70mV, recorded from the same cells after firing. The EPSCs were
evoked by a single stimulus at 0.1 Hz. Timings of the stimulation are
shown with blue lines. In the cell that showed firing pause (bottom),
slow outward currents were observed, whose entire time course is
shown in the inset. e Distribution of firing Z-scores in the mVTA,
lateral VTA (IVTA), and substantia nigra pars compacta (SNc). Gray
shaded area shows ‘no effect’ range: <2 SD change from baseline.
f Pie chart showing ratio of firing responses in each region. Firing
increase (black) indicates Z-score > 2 (more than 2 SD increase), firing
decrease (red) indicates Z-score < —2 (more than 2 SD decrease), and
no effect (gray) indicates Z-score is between —2 and 2, in gray shaded
area in (d). g Average peak amplitude of EPSCs evoked by a single
0.1 Hz stimulus in the three ventral midbrain regions. h, i The fast
EPSCs were mediated by AMPA/kainite receptors. h Sample trances
of the fast EPSCs evoked by a single stimulus at 0.1 Hz recorded from
mVTA DA neurons under control condition (Ctrl, black), after
application of 40 uM CNQX (red), and after wash (gray). i Summary
of the effects of CNQX. CNQX blocked the fast EPSCs (n =23, p<
0.001). Sample EPSC traces were averages from 10 consecutive traces.
Numbers of recorded cells are in parentheses. j Linear regression
analysis of EPSC amplitudes and firing Z-scores. In the mVTA, EPSC
amplitude and firing Z-scores were positively correlated (magenta,
R*=10.69, p =0.0001), while no significant correlation was observed
in merged IVTA/SNc (blue—green, R>=0.017, p=0.64).

differences (Supplemental Fig. 1C, D). The longer after-
hyperpolarization kept the membrane potential more
hyperpolarized and prevented glutamate EPSCs from
reaching firing thresholds in IVTA/SNc DA neurons, in
contrast to the shorter afterhyperpolarizations in mVTA DA
neurons (Fig. 2d top; Supplemental Fig. 1E). These results
show that SHT neuron inputs can activate mVTA DA
neurons via glutamatergic excitation.

Optogenetic stimulation of RN serotonergic neurons
or VTA serotonergic terminals results in
hyperlocomotion and place-preference

Next, we studied the consequences of optogenetic stimu-
lation of serotonergic neurons on locomotion and place

preference. Stimulation of serotonergic neurons may cause

SPRINGER NATURE

two opposing effects on VTA-DAergic neurons. SHT
release can inhibit DAergic tone via activation of SHT2C
receptors on VTA-GABAergic neurons [14]. Or, con-
versely, glutamate release from serotonin neuron terminals
can directly activate DAergic neurons as observed in our
electrophysiological experiments (Fig. 2). First, we tested
Pet1“+;ChR2"" (Pet1-ChR2) mice and their non-ChR2-
expressing littermate controls (Petl™";ChR2") in a real-
time place preference protocol, with optical fiber implants in
the DR (Supplemental Fig. 2A). Mice were placed in a two-
compartment arena and allowed to explore both compart-
ments freely; photostimulation (Light pulses: 473 nm,
20Hz, 10 ms, 10 mW) was delivered whenever the mice
were in the stimulated compartment. As seen in Supple-
mental Fig. 2B-E, mice started exploring both compart-
ments equally, but as the experiment progressed, Petl-
ChR2 mice spent increasingly more time in the stimulated
compartment (repeated measures ANOVA; Time x Loca-
tion: F(s 100y = 6.556, p <0.0001) while littermate controls
showed no preference (repeated measures ANOVA; Time x
Location: Fs 409, =1.652, p = 0.1687).

In a second cohort, we implanted optical fibers targeting
the DR of ePetl-ChR2 mice (Fig. 3a) and tested their
locomotor response to optogenetic stimulation. Mice were
placed in an open field and locomotion was recorded in
1.5 min bins. Optogenetic stimulation (Light pulses: 473 nm,
20Hz, 10 ms, 10 mW), represented in the figures by blue
vertical bars, resulted in an increase in distance traveled in
Pet1-ChR2 (Fig. 3b; Time x Genotype: F s 135y =5.168, p =
0.0002). Next, we tested whether stimulating serotonergic
neurons could induce conditioned-place-preference (in con-
trast to the real-time place preference from Supplemental
Fig. 2). In the place-preference protocol, mice were free to
explore a two-compartment arena for 20min a day for
2 days. Each side of the box had distinct visual and tactile
cues. One side of the chamber was paired with optical sti-
mulation of the DR. On the third day, the mice were allowed
to explore the box for 20 min without stimulation. Petl-
ChR2 mice showed a strong preference for the previously
stimulated side (#;9) = 3.999, p = 0.0008) while their litter-
mate controls spent approximately half their time in each
chamber (Fig. 3c). Interestingly, the pattern of activity and
conditioning place-preference seen in Petl-ChR2 animals
was mimicked by optogenetic stimulation of DAergic neu-
rons. DatRESC+.ChR2M! (Dat-ChR2) animals implanted
with optical fibers in the VTA (Fig. 3d) showed a similar
increase in locomotion when submitted to the same protocol
of photostimulation (Fig. 3e; Time x Genotype: F(s, ¢0) =
4.649, p =0.0012). Similarly, photostimulation of DAergic
neurons led to conditioned-place preference in Dat-Cre™™;
Ai32""" animals (Fig. 3f, 7)) = 3.215, p = 0.0082).

To confirm the effects on locomotion were due to direct
projections from the DR to the VTA, we examined effects
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Fig. 3 Optogenetic activation of serotonergic cells elicits place-
preference and hyperlocomotion by activating the VTA. a, b Petl-
ChR2 mice increased their locomotion in the open-field when
receiving optical stimulation; n = 14—15. ¢ Pet]-ChR2 mice and their
littermate controls were subjected to a place-preference protocol. Mice
were free to explore a 2-sided box for 20 min a day for 2 days. Each
side of the box had distinct visual and tactile cues. One side of the
chamber was paired with optical stimulation of the DR. On the third
day, the mice were allowed to explore the box for 20 min without
stimulation. Pet]1-ChR2 showed a strong preference for the previously
stimulated side while their littermate controls spent approximately half
their time in each chamber; n =9-11. d, e As with stimulation of

of SHT neuron terminal stimulation in other projection
regions. We found that only stimulation of serotonergic
terminals in the VTA (Fig. 3g, k, F5, 150)=7.150, p<
0.0001) but not in other regions (Fig. 3h—j) led to an
increase in locomotion in Pet1-ChR2 animals. Consistently,
optogenetic stimulation of serotonergic terminals in the
VTA induced real-time place-preference (Supplemental
Fig. 3, Time x Location: F3 192 = 19.92, p <0.0001). Thus
photostimulation of SHT neurons increases VTA-DAergic
neuron activity to increase locomotion.

Postnatal-fluoxetine treatment results in deficits in
glutamatergic transmission from serotonergic
neurons to VTA-DAergic ones

Several studies have revealed that postnatal SSRI admin-
istration reduces exploration [4, 5]. Similarly, mice lacking
SHT transporters (SERT-KO mice) show striking reduc-
tions in exploration and activity in novelty-based tests [11].
This led us to hypothesize that an increase in serotonergic
tone during development (caused by SERT inhibition) may
result in DAergic dysfunction, and diminished behavioral

Time (1.5 min bins)

3 4 56 01 2 3 456 012 3 4 5 6
Time (1.5 min bins) Time (1.5 min bins)
serotonergic cells expressing ChR2 in the DR, stimulation of ChR2-
expressing dopaminergic cells in the VTA induced hyperlocomotion;
n=7-8. f Dat®™*":ChR2"" (Dat-ChR2) and their littermate controls
(Dat™'*:ChR2") were subjected to the same place-protocol as in (c).
Similarly, stimulation of dopaminergic cells induced conditioned-
place-preference; n =4-9. *p <0.05. Vertical blue columns represent
the periods of optical stimulation: 473 nm, 20 Hz, 10 ms, 10 mW.
(g-k) Petl-ChR2 mice, which express ChR2 in serotonergic cells
(a), increased locomotion during blue light stimulation of serotonergic
terminals (Blue columns: 473 nm, 20 Hz, 10 ms, 10 mW) in the VTA
(k) but not in the prefrontal cortex (PFC) (h), nucleus accumbens
(NAc) (i), or amygdala (Amy) (j). n = 14-18; *p <0.05.

activation [41, 42]. To uncover the underlying mechanism
of postnatal SSRI exposure related behavioral effects, we
recorded serotonergic neuron glutamate EPSCs in VTA-
DAergic neurons in brain slices made from control (saline
treated) and postnatal fluoxetine-treated (Postnatal day
2-11; 10 mg/kg/day IP) Pet1-ChR2 mice (Fig. 4a).

First, we characterized the intrinsic electrophysiological
properties of DAergic neurons in SSRI treated versus con-
trol mice, and observed no significant differences in resting
electrical properties (Fig. 4b). We, therefore, conclude that
early life fluoxetine exposure does not affect the electrical
properties of these neurons. Next, we measured paired pulse
ratios of glutamate EPSCs evoked by stimulating the SHT
input onto DAergic neurons in the mVTA with two blue
light pulses at a 100 ms interval. We observed paired pulse
depression (PPD) in all neurons; however PPD in neurons
from fluoxetine-exposed mice was decreased, indicating a
decrease in release probability at SHT>DA neuron
synapses (Fig. 4c, d, 15 =3.095, p =0.0062). Next, we
compared AMPA/NMDA ratios in saline- and fluoxetine-
treated mice. We performed whole-cell recordings from
DAergic neurons in the mVTA while evoking AMPA

SPRINGER NATURE
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Fig. 4 Postnatal-fluoxetine exposure led to deficits in glutamatergic
transmission. a Experimental configuration and circuit schematic.
Pet1-ChR2 mice were treated daily with fluoxetine (10 mg/kg) or
saline from P2 to P11. After 3 month of age these mice were stereo-
taxically infused with AVV-TH-dsRed into the VTA to label dopa-
minergic cells. One week later the brains were processed for
electrophysiology. b Intrinsic electrophysiological properties of
DAergic neurons of animals postnatally treated with saline or fluox-
etine. ¢ Sample traces of voltage clamp recording during paired pulse
stimulation of the SHT input onto DAergic neurons of the mVTA of
saline injected versus fluoxetine-treated mice. d Summary graph of
paired pulse ratios (PPR) evaluated at 100-ms intervals, whose values
were calculated as the ratio of the second stimulus-evoked EPSC peak
divided by the first stimulus-evoked EPSC peak. The PPRs of saline
and fluoxetine injected mVTA slices (saline DAergic n = 10, fluox-
etine DAergic n = 10) were calculated from the averaged PPR values.

currents at —70 mV, and NMDA currents at +40 mV with
photostimulations of SHT neuron terminals. DAergic neu-
rons from fluoxetine-exposed mice displayed a significant
decrease in AMPA/NMDA ratios (Fig. 4e, f, #43) =5.807,
p <0.0001). Interestingly, differences in paired pulse ratios
and AMPA/NMDA ratios in postnatal fluoxetine-treated
mice were observed in DAergic neurons but not VTA-
GABAergic neurons (Supplemental Fig. 4). Changes in the
probability of neurotransmitter release correlate with dif-
ferences in paired-pulse ratio values [43, 44]. To test further
our hypothesis that raphe-VTA glutamatergic synaptic
transmission is affected by postnatal fluoxetine exposure we

SPRINGER NATURE

e Example traces of DAergic recordings in the mVTA, of saline and
fluoxetine-treated mice during blue laser stimulation; n =10 in each
group. f Relative AMPA/NMDA receptor contribution was decreased
in SHT-DA synapses in fluoxetine-treated mice compared with saline
injected mice. g Frequency of mini-EPSPs is reduced in mice that were
exposed to fluoxetine early in life. h Amplitude of mini-EPSPs in mice
that were exposed to saline or fluoxetine early in life. i Experimental
configuration and circuit schematic. Pet]®®";VGLUT3""* (Pet1Cre
——control) and Pet1®®*;VGLUT3" (VGLUT3-cKO) were infused
with AAVretro-floxed-ChR2 and TH-dsRed virus in the VTA. Four
weeks later the brains were processed for electrophysiology. j We
found no differences in DAergic intrinsic electrophysiological prop-
erties in the two genotypes. k Sample EPSC traces. 1 eEPSP responses
were absent in VGLUT3-cKO animals. m Frequency of mini-EPSPs is
reduced in VGLUT3-cKO animals. n Amplitude of mini-EPSPs is not
changed in VGLUT3-cKO animals. *p <0.05.

examined miniature EPSPs, a measure of neurotransmitter
release probability. Our data show that the frequency of
mini-EPSPs is reduced in mice by early life fluoxetine
exposure (Fig. 4g, t16=3.97, p=0.0011). We did not
observe differences in mini-EPSP amplitudes (Fig. 4h),
arguing further for a presynaptic reduction in postnatal
fluoxetine-exposed animals.

To test whether the observed functional deficits were
associated with structural deficits we quantified the total
number of serotonergic cells in the raphe stereologically and
their colocalization with VGLUT3. We did not find sig-
nificant differences between postnatal treatments (Raphe
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Petl+ cells: Saline: 29483+2205, Fluoxetine: 31,739 +
1456, n=8-10, #;6 =0.8838, p=0.39; Raphe Petl+/
VGLUT3+: Saline 8027 + 1357, Fluoxetine: 8807 + 828,
n=8-10, t46=0.5121, p = 0.62). Nor did we find differ-
ences in the percent of Petl axons boutons that co-express
VGLUT3 in the VTA (Saline: 40.1% +5.5, Fluoxetine:
46.8% +17.7, n=4, t16=0.6419, p =0.54), or in Petl+
axonal density in the VTA evaluated as number of axon
contacts per spherical probe (Saline: 1.06 +0.22, Fluox-
etine: 1.00+0.11, n =4, 1, = 0.2474, p = 0.81).

To determine whether glutamatergic co-transmission is
responsible for the observed neuronal activity modulation,
we characterized the intrinsic electrophysiological properties
of DAergic neurons in VGLUT3-cKO (Pet1“™*;VGLUT3"
) versus control PetlCre mice (Petl“™";VGLUT3""™) in
whole-cell patch-clamp recordings (Fig. 4i, j). To express
ChR2 in serotonergic projections to the VTA, we infused an
AAVretro-EFla-double floxed-hChR2 (Addgene #20298-
AAVrg) in the VTA. At the same time, we infused a AAV-
TH-dsRed virus to label DAergic neurons (Fig. 4i). No
significant differences were observed between the resting
electrical properties of PetlCre control and VGlut3-cKO
DAergic neurons (Fig. 4j). We next asked whether illumi-
nation of ChR2 would evoke EPSCs in DAergic neurons of
VGLUT3-cKO and compared those to EPSCs of DAergic
neurons in PetlCre mice. For this purpose, large spots
(0.4 mm?) of blue light were used to illuminate acute brain
slices of the VTA. Illumination generated outward currents
(Fig. 4k, 1) in PetlCre mice. In stark contrast, EPSC
amplitudes in DAergic neurons of VGLUT3-cKO mice were
almost eliminated, confirming that the elicited currents were
due to raphe neuron serotonin neuron glutamatergic co-
transmission. Comparing miniature EPSPs in DAergic neu-
rons in VGLUT3-cKO and Pet1Cre control mice showed
that the frequency of mini-EPSPs in DAergic neurons was
reduced in VGLUT3-cKO mice (Fig. 4m, t9)=3.09, p=
0.012), while amplitude was unaffected (Fig. 4n), consistent
with a decrease in the probability of neurotransmitter release.
This pattern mimics that of fluoxetine-treated animals. These
observations suggest that postnatal fluoxetine exposure
weakens excitatory synaptic inputs from SHT+ neurons to
VTA-DAergic neurons by reducing the strength of the glu-
tamate co-transmission. Furthermore, our data suggest that at
least part of this deficit is mediated by diminished pre-
synaptic neurotransmitter release.

Exploration deficits in postnatally fluoxetine-treated
animals can be mimicked by VGLUT3 deletion and
overridden by DAergic cell photostimulation

Previous studies have shown deficits in exploration in animals
perinatally treated with SSRIs [4, 5]. Consistent with these
results, we observed reduced locomotion in the open field in

animals treated with fluoxetine from P2 to P11 (Fig. 5a,
f9y=2.612, p=0.0141). We hypothesized that this hypo-
locomotion was due to deficits in serotonergic neuron gluta-
mate co-transmission to VTA-DAergic neurons. To test this
hypothesis, we removed glutamate co-transmission from SHT
neurons by conditionally knocking out (VGLUT3-cKO)
VGLUT3 from Petl+neurons (Petl“™*;VGLUT3"), and
examined locomotion [22]. Interestingly, removing VGLUT3
from serotonergic neurons mimicked the hypolocomotion
phenotype observed in mice administered fluoxetine during
early life (Fig. 5b, f20)=3.659, p =0.0014).

To test whether other behavioral deficits induced by
developmental exposure to SSRIs were similarly affected
in VGLUT3-cKO mice we analyzed these two manip-
ulations in the open-field, in the elevated-plus-maze and
in Light-Dark choice. In addition to the deficits in distance
traveled we observed a decrease in the number of center
entries both in fluoxetine and VGLUT3-cKO mice
(Fig. 5c, d). There was no difference in either group in the
time spent in the center zone (Fig. Se, f). On the elevated-
plus maze, both fluoxetine-treated and VGLUT3-cKO
mice showed a reduction in the total distance traveled in
comparison to their respective controls (Fig. Sgh), but did
not differ in the time spent in the open arms (Fig. 5i, j). In
the light-dark choice test, only VGLUT3-cKO mice had
an increased latency to exit the dark side (Fig. 5k, I).
However, both fluoxetine-treated and VGLUT3-cKO
mice spent significantly less time in the light side
(Fig. 5m, n). The summary of the statistical results of
these tests can be found in Supplemental Fig. 5. Together
these data point to a strong influence of postnatal fluox-
etine treatment on exploration that can be mimicked by
the conditional deletion of VGLUT3 from 5SHT+ neurons.

To test which behavioral phenotypes are affected by
activation of the serotonergic system, mice were treated
daily with fluoxetine (10 mg/kg) or saline from P2 to P11,
and implanted with an optical fiber in the DR at 3 months of
age. The mice were tested in the open-field, EPM, Forced-
Swim-Test (FST), Novelty-Suppressed-Feeding (NST) or
feeding in the home cage (Supplemental Fig. 6). As in the
previous experiments, ChR2-negative mice that were
exposed postnatally to fluoxetine showed a lower distance
traveled in the open-field and EPM (Supplemental Fig. 6C,
G). Also, they spent more time immobile in the FST
(Supplemental Fig. 6K). Interestingly, although ChR2
activation during bouts of optogenetic stimulation increased
locomotion in postnatal fluoxetine-treated mice, this acti-
vation was blunted when compared with that of saline-
treated animals (Supplemental Fig. 6B, F). Consistent with
our previous experiment, postnatal fluoxetine treatment did
not alter time in the center in the open-field test (Supple-
mental Fig. 6E) nor time spent in the open arms in the EPM
(Supplemental Fig. 6I). These two measures were not

SPRINGER NATURE
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eat a food pellet placed in the center of an open arena in the
NSF test (Supplemental Fig. 6L). Optogenetic stimulation
of the serotonergic system not only did not rescue this
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Fig. 5 Postnatal-fluoxetine exposure led to deficits in exploration
that were mimicked by ablation of VGLUT3 in Petl-+ cells. a Mice
were treated daily with fluoxetine (10 mg/kg) or saline from P2 to P11.
After 3 months of age these mice were tested in the open-field. Postnatal-
fluoxetine-treated mice showed significantly reduced locomotion in the
open-field (n = 14-17). Traces show locomotory path of a representative
saline and fluoxetine-treated animal. b Petlcre/*;VGLUT?aﬂ/ﬂ mice
(VGLUT3-cKO) showed significantly reduced locomotion in the open-
field compared with controls (Pethre’/ *;VGLUT3ﬂ/ﬂ; n=11-13).
Traces show locomotor path of a representative PetlCre-VGLUT3 and
Control animal. ¢, d Number of center entries in the open-field in
postnatal-fluoxetine treatment (n = 14-17) or VGLUT3-cKO experi-
mental groups (n = 11-13). e, f Time in the center zone of the open-field
in postnatal-fluoxetine treatment (n = 14—17) or VGLUT3-cKO experi-
mental groups (n = 11-13). g, h Distance traveled in the elevated plus-
maze in postnatal-fluoxetine treatment (n=9-13) or VGLUT3-cKO
experimental groups (n = 25-26). i, j Time in open arms in the elevated
plus-maze in postnatal-fluoxetine treatment (n=9-13) or VGLUT3-
cKO experimental groups (n =25-26). k, i Latency to exit the dark side
on a light-dark test in postnatal-fluoxetine treatment (n=9-13) or
VGLUT3-cKO experimental groups (n =25-26). m, n Time in the light
side on a light-dark test in postnatal-fluoxetine treatment (n = 9-13) or
VGLUT3-cKO experimental groups (n = 25-26). *p <0.05.

phenotype but increased the time the mice took to eat the
pellet. Notably, none of the ChR2 stimulated mice ate the
food pellet until the end of the test (10 min) (Supplemental
Fig. 6L). This phenotype was likely caused by the hyper-
locomotor effects of stimulation, likely linked to activation
of the DAergic system and consequent anorexia. To test
whether this stimulation also reduced food intake in the
home cage, we introduced a food pellet in the home cage of
food deprived mice. We observed a significant reduction of
food intake in ChR2-positive mice. Interestingly, this
reduction of food intake was higher in saline-treated ani-
mals than in postnatal fluoxetine-treated mice (Supple-
mental Fig. 6M), further supporting the hypothesis of a
blunted activation of this pathway.

Supporting our hypothesis that locomotion deficits in
fluoxetine-treated animals are due to deficits downstream of
the RN, likely in the RN > VTA connection, photoactiva-
tion of serotonergic cell bodies in the RN (Supplemental
Fig. 7, Fp3, 230)= 3.807, p <0.0001) or serotonergic term-
inals in the VTA, using Pet]“™®*;ChR2"% did not fully
rescue the hypolocomotor phenotype (Fig. 6a, b, SSRI
treatment: F(; 14 = 15.99, p=0.0013). However, photo-
stimulation of DA neurons in the VTA, downstream of the
RN, in Dat'RES-Cre/+.ChR2A mice, completely abolished the
phenotype (Fig. 6¢, d, SSRI treatment: F(; gy = 0.08498,
p =0.7781). Supplemental Fig. 8 shows the lack of effect of
photostimulation on Control, ChR2-negative animals and a
reduction in postnatal fluoxetine-treated animals (SSRI
treatment: F; 15y=5.877, p =0.0284), suggesting that the
increase in locomotion was not an artifact of blue light
illumination. Supplemental Fig. 9 shows the placement of
the fibers in the experiments performed.
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Fig. 6 Stimulation of serotonergic terminals in the VTA did not
fully rescue the hypolocomotor phenotype of fluoxetine-treated
mice. Stimulation of dopaminergic cells did. Mice were treated daily
with fluoxetine (10 mg/kg) or saline from P2 to P11. After 3 months of
age these mice were subjected to stereotaxic surgery and then tested in
the open-field. a Pet]-ChR2 mice were implanted with optical fibers
targeting the VTA; n=8-9. b Pet]l-ChR2 mice were placed in an
open-field and their locomotion was recorded in 1.5 min bins. We
observed lower locomotion in fluoxetine-treated animals even during
optogenetic stimulation periods (vertical blue bars: 473 nm, 20 Hz,
10 ms, 10 mW). ¢ Dat-ChR2 mice were implanted with optical fibers
targeting the VTA. d Dat-ChR2 mice were placed in an open-field and
their locomotion was recorded in 3 min bins. We observed no differ-
ence between saline and fluoxetine-treated animals; n = 5; *p <0.05.

Discussion

Our results show that modulation of the levels of SHT
during development has life-long effects on glutamatergic
function of serotonergic neurons. Our data confirmed that
serotonergic neuron inputs to the VTA express the gluta-
matergic marker VGLUT3. Also, we showed that photo-
stimulation of serotonergic terminals in the VTA can excite
DAergic neurons through AMPA receptors. Photostimula-
tion of these serotonergic terminals in the VTA led to
increased locomotion and promoted place preference.
Blocking SERT during development using the SSRI
fluoxetine led to reduction in glutamatergic co-transmission
between serotonergic and DAergic neurons and decreased
exploratory activity. The decrease of exploration was
mimicked by removal of glutamate co-transmission in ser-
otonergic neurons. The decrease of locomotion in
fluoxetine-treated animals was not fully rescued by stimu-
lation of serotonergic cell bodies or serotonergic terminals

SPRINGER NATURE
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in the VTA but was fully abolished by stimulation of
downstream VTA-DAergic neurons

Serotonergic—DAergic interaction

Classical studies suggest opposite roles of SHT and
DA, with inhibitory effects of SHT on DAergic activity
[12—14, 45-48]. SHT inhibits the reinforcement effects of
intracranial self-stimulation [12, 49-51] and the ser-
otonergic system is activated by noxious stimuli [52].
Chronic blockade of SERT elicits dysfunction in the basal
ganglia that manifests as motor impairments that can be
reversed by administration of L-DOPA [53]. Several side
effects of SSRIs are thought to be DA-dependent and linked
to DAergic inhibition: extrapyramidal symptoms, sexual
dysfunction, cognitive dysfunction [reviewed in [54]].
Interestingly, accumbens DA is implicated in effort-related
processes [41, 55] and although SSRIs are used to treat
depression, they do not improve or have a negative impact
on motivated behaviors [56]. Moreover, SHT is thought to
control aggression by an inhibitory control of DAergic
activity [57].

Serotonergic neurons have been shown to have the
ability to signal via glutamate as well as SHT [21, 58].
VGLUT3 was found to be the VGLUT present in ser-
otonergic neurons [21, 58]. Few studies have addressed the
role of glutamatergic neurons in the RN. Consistent with
our results, Luo’s group first found that photostimulation of
serotonergic neurons leads to place-preference, self-
stimulation and activation of DAergic neurons via gluta-
matergic co-transmission [15]. However, two other groups
did not find that activation of serotonergic neurons led to
place-preference [17, 18]. At around the same time, Mor-
ales’ group described a glutamatergic reward input from RN
to VTA [59]. Together this led to the hypothesis that while
serotonergic cells mediated patience, the DR to VTA
pathway mediating reward was non-serotonergic [60].
However, recently, the Morales group extensively described
the DR to VTA connection mediating reward as co-
transmitting both serotonin and glutamate [16]. Further-
more, this study showed that stimulation of serotonergic
terminals in the VTA evoked DA release in the NAc [16].
Consistent with the results from the Luo and Morales
groups we show that DAergic neurons can be activated by
serotonergic neurons via glutamate co-transmission.
Importantly, we further show that early life manipulation of
SHT transmission can have an enduring effect on the
strength of this co-transmission.

Dopaminergic role in behavioral activation

DA is the key neurotransmitter involved in behavioral
activation. Depletion or antagonism of DA in the NAc
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suppresses novelty induced locomotion [61-64], and loco-
motor activity is reduced by inactivation of VTA DA neu-
rons using DREADDs (designer receptors exclusively
activated by designer drugs) [65]. Consistently, DA med-
iates behavioral activation and energy expenditure [66—69].
Here, we showed that activation of DAergic neurons in the
VTA leads to increased locomotion and development of
place-preference, suggesting that this activation is reward-
ing. Similarly, we observed that stimulation of serotonergic
neurons in the raphe or serotonergic terminals in the VTA
led to the same phenotype. Together with our electro-
physiological results, these data support the hypothesis that
activation of serotonergic terminals in the VTA excites
DAergic neurons leading to behavioral activation.

Recorded mVTA DA neurons were located close to the
midline, corresponding to the interfascicular nucleus or
ventral part of the caudal linear nucleus. Those neurons
project to the NAc medial shell [70-72]. IVTA neurons
were recorded from the lateral part of the parabrachial
pigmented nucleus, and DA neurons in this area project to
the NAc lateral shell [72-74]. Therefore, serotonergic
neuron inputs to the mVTA are likely to cause preferential
activation of DA neurons projecting to the NAc medial
shell. Activation of DA neuron terminals in the NAc medial
shell conveys salience [75]; e.g., DA release is increased by
consuming food or entering a new environment [76, 77].
Although interference with the NAc core function disrupts
normal locomotion [78], injection of a psychostimulant into
the NAc medial shell has been shown to increase locomo-
tion [79, 80], and optical stimulation of ventral hippocampal
inputs to the medial shell enhances cocaine-induced
hyperlocomotion [81]. These observations suggest that the
NAc shell, and not only the core, is involved in modulating
locomotion.

Increased 5HT levels during development and
behavioral inhibition

Although most antidepressants work by blocking SERT,
paradoxically, SERT-KO mice show behavioral traits
opposite to those of mice exposed to antidepressants [4].
This was found to be due to blockage of SERT during
development. SERT-KO mice as well as mice and rats
exposed to SSRIs postnatally show an anxiety-like pheno-
type, with reduced exploration and reduced social interac-
tion [4, 5, 25, 82—-84], behavioral deficits that can arise from
deficits in behavioral activation. P2 to P11 appears to
identify a critical period, as SSRI treatment during this time
window leads to behavioral deficits that are not observed if
treatment is initiated later [5, 25]. Both SERT-KO mice and
mice exposed to fluoxetine from P2 to P11 have reduced
activity in the open-field [5, 11]. Consistent with these
results, we similarly found that fluoxetine exposure from P2
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to P11 leads to hypolocomotion in the open field. Given the
role of DA in behavioral activation, these observations point
to a hypodopaminergic state in these mice. Indeed, opto-
genetic stimulation of DAergic neurons abolished this
phenotype, suggesting a deficit downstream of the ser-
otonergic system but not downstream of the DAergic
system. Importantly, we showed that glutamatergic trans-
mission from serotonergic to DAergic neurons was reduced
in fluoxetine-treated mice. Increased serotonergic tone
during development may have led to an inhibition of the
development of the serotonergic system via a negative-
feedback mechanism.

Postnatal-fluoxetine treatment reduced strength of ser-
otonergic neuron glutamate co-transmission presynaptically
by reducing release probability and postsynaptically by
reducing AMPA receptor insertion at the synaptic site.
These results show a marked permanent set-point change in
the DR > VTA pathway due to in vivo exposure to fluox-
etine during postnatal life.

These results highlight a marked form of long-term
synaptic plasticity modulation of the DR > VTA pathway
elicited by early life exposure to fluoxetine, which may
reflect a permanent and marked change in the network’s set-
point. High-levels of serotonin during development can
produce negative feedback leading to a blunted serotonergic
development via serotonin autoreceptors [85, 86]. Another
underlying mechanism for this prolonged effect could be
the modulation of epigenetic factors [87, 88] that regulate
normal development and cell differentiation [89], and also
play a role in neuroplasticity [90-93]. For example, it has
been shown that MeCP2 and the MBD1 are significantly
induced after repeated injections of fluoxetine for 10 days
[94]. Furthermore, serotonin was recently shown to have a
direct role in controlling gene expression via serotonylation
of Histone 3 [95].

The relevance of these observations for humans is based
on the high prevalence of risk factors for increased SHT
levels during development, e.g., maternal inflammation [86]
and the substantial use of SSRIs (~10%) by women during
pregnancy [96, 97]. Recent studies have implicated gesta-
tional exposure to SSRIs in the development of psychiatric
disorders. In a Finish national registry study, by age 14.9
years the incidence of depression in 15,729 offspring
exposed prenatally to SSRIs was 8.2% compared with 1.9%
in the 9651 offspring of mothers with psychiatric disorders
that had not been received SSRIs [7].

Our work demonstrates a role of serotonergic neurons in
reward involving glutamate co-transmission of serotonergic
neurons synapsing onto VTA-DAergic neurons. We fur-
thermore find the strength of this connection to be set during
a developmental period that is sensitive to serotonin sig-
naling; serotonin-transporter blockade during P2-11
robustly weakens the capacity of serotonergic neurons to

excite VTA-DAergic neurons in adulthood leading to
reduced exploratory activity of novel environments. Such
novelty induced behavioral inhibition is one of the beha-
vioral phenotypes which mice display after developmental
SSRI exposure which relates to the depression-like pheno-
type seen in a recent epidemiological study [7]. Together
our data provide translational insight into developmental
mechanisms underlying endophenotypes of neuropsychia-
tric disorders. Such insights into how environmental factors
can confer risk for later-occurring disorders could be rele-
vant to efforts to improve prevention, advance age of first
diagnoses and enhance treatment outcomes.
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