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Nucleus reuniens inactivation reverses stress-induced
hypodopaminergic state and altered hippocampal-accumbens
synaptic plasticity
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The nucleus reuniens of the thalamus (RE) is a pivotal area responsible for the connectivity of the prefrontal-hippocampus pathway
that regulates cognitive, executive, and fear learning processes. Recently, it was proposed that the RE participates in the
pathophysiological states related to affective dysregulation. We investigated the role of RE in motivational behavioral and
electrophysiological dysregulation induced by stress. Adult Sprague-Dawley rats were exposed to a combination of stressors
(restraint stress+footshock) for 10 days and tested one to two weeks later in the forced swim test (FST), ventral tegmental area
(VTA)dopamine (DA) neuron electrophysiological activity, and hippocampal-nucleus accumbens plasticity. The RE was inactivated
by injecting TTX prior to the procedures. The stress exposure increased the immobility in the FST and decreased VTA DA neuron
population activity. Whereas an early long-term potentiation (e-LTP) in the ventral hippocampus-nucleus accumbens pathway was
found after fimbria high-frequency stimulation in naïve animals, stressed animals showed an early long-term depression (e-LTD).
Inactivation of the RE reversed the stress-induced changes in the FST and restored dopaminergic activity. RE inactivation partially
recovered the stress-induced abnormal hippocampal-accumbens plasticity observed in controls. Our findings support the role of
the RE in regulating affective dysregulation and blunted VTA DA system function induced by stress. Also, it points to the
hippocampal-accumbens pathway as a potential neural circuit through which RE could modulate activity. Therefore, RE may
represent a key brain region involved in the neurobiology of amotivational states and may provide insights into circuit dysfunction
and markers of the maladaptive stress response.
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INTRODUCTION
The nucleus reunions of the thalamus (RE) plays a critical role in
the integration of frontocortical areas with the hippocampus (HIP)
[1–5]. Impairments in hippocampal-prefrontal connectivity have
long been described in psychiatric conditions [6–8]. For example,
abnormal activation of frontal-hippocampal connectivity during
negative valence stimulus processing and increased resting-state
functional connectivity are found in patients with major depres-
sive disorder (MDD) [9, 10]. Also, a decreased hippocampal volume
[11] and impaired blood flow in the medial prefrontal cortex
(mPFC) [12] are observed in MDD. Deficits in the mPFC-HIP
connectivity have also been observed in rodent models for
depression based on stress exposure [13]. Since the RE relays
inputs from the mPFC to the HIP, disruptions in the activity of both
the PFC and HIP and their connectivity may be related to the
ability of the RE to integrate their activity. In fact, preclinical
studies suggest that the RE is involved with affective regulation.
Thus, lesion of the RE prevented the negative motivational impact
induced by the chronic mild stress (CMS) model, which was
accompanied by a decreased connectivity between mPFC-HIP
[14]. Also, the RE lesion normalized the neuroanatomical atrophy
in the mPFC and HIP induced by CMS [14, 15].

Stress-based protocols are extensively used in rodents to model
circuit deficits associated with depression. Similar to what has
been observed in depression patients [16–18], most of these
protocols lead to anhedonia-like changes and blunted activity of
the dopaminergic reward system [17, 19–23]. We recently found
that the RE modulates dopamine (DA) neuron activity in the
ventral tegmental area (VTA) [3]. The activation of the RE increases
the number of spontaneous active VTA DA neurons in VTA
through activation of the ventral HIP (vHIP). In addition, the
increased dopaminergic activity induced by infralimbic PFC (ilPFC)
inhibition, which also involves the vHIP [24], depends on RE
activity [3], demonstrating its essential role in mPFC-HIP con-
nectivity. This pathway represents a part of a larger circuit
involved in the modulation of VTA and affective dysregulation
[21, 25–27]. For example, the vHIP and its connectivity with
nucleus accumbens (NAc) play an important role in regulating
reward responses, dopaminergic activity in the VTA and suscept-
ibility to stress [27–32]. Evidence suggest that stress-induced
decreases in VTA DA system activity may be associated with
abnormal vHIP-NAC connectivity [26]. This pathway could be
under RE regulation considering its marked projections to the vHIP
[33]. However, the role of the RE in the regulation of the
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hypodopaminergic state observed in amotivational states is still
unexplored. Here, we investigated the impact of repeated stress
exposure on VTA DA neuron activity and synaptic transmission in
the vHIP-NAc pathway, and whether the inactivation of the RE
circumvents stress-induced changes.

MATERIAL AND METHODS
Animals
Adult Sprague-Dawley male rats (post-natal day, PD58) obtained from
Envigo (Indianapolis, IN) were housed in a temperature (22 ± 1 °C) and
humidity-controlled room, with a 12 h/light-dark cycle and water/food
available ad libidum. Male rats were used in this initial study given the
marked difference in the impact of stress in males vs. females [23, 34–38].
The rats acclimated for 7 days prior to the stress procedure. The stress
protocol, forced swim test, and electrophysiology were performed during
the lights-on cycle. Behavior and electrophysiological procedure were
carried out in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal Care and Use
Committee of the University of Pittsburgh.

Experimental design
The rats were subjected to a 10-day stress procedure or left undisturbed in
the animal room facility (Naïve) between PD64-74. Electrophysiological
measures and behavioral tests were done in an independent group of
animals and were carried out between 1 and 2 weeks (PD81-88) after stress
for all experimental designs [23]. Electrophysiological measures were
distributed across the week (2 rats per day). For the FST, two-session within
the week (PD82-83, 8–9 days after stress or PD86-87, 12–13 days after
stress) were performed to match with the timeline of electrophysiological
analysis. Correlational analysis showed no impact of the time of recording/
behavior (across 1–2 weeks post-stress) on the results (Supplementary
Fig. 1). In RE inactivation experiments, a cannula was implanted in the RE
1 day after the end of the stress protocol and the FST behavior was
assessed at the same time-point described previously in two sessions. The
RE cannulation in the electrophysiology experiments was carried out
immediately before the physiology procedures.

Stress paradigm
A 10-days stress protocol was used to match our previous studies
[23, 34, 39, 40]. The animals were subjected to a daily footshock (FS)
session (25 FS, 1 mA/2 s, 20–60 s random interval) for 10 days. FS was
combined with three sessions of 1 h restraint stress, in a Plexiglas
cylindrical tube, with the procedure occurring on days 1, 2, and 10
immediately after the FS session.

RE cannula implantation
At the end of the stress protocol, the rats were returned to the animal care
facility and a tablet of Rimadyl® was provided in the rat homecage (Bio-
Serv; Carprofen 2 mg per tablet; 1 tablet each rat). 24 h later, rats were
anesthetized with isoflurane and fixed in a stereotaxic frame. After incision
and cleaning of the scalp, a stainless-steel guide cannula was implanted
unliterally in the RE (anteroposterior: −2.3 mm from bregma; mediolateral:
+2.3 mm from midline; ventral:−7.2 mm; angle 16°), using the Paxinos and
Watson (1997) rat brain atlas as reference [41]. Acrylic cement and one
metal screw were used to fix the cannula to the skull. A subcutaneous
injection of Carprofen (5mg/kg) was done by the end of the surgical
procedure for analgesia. One day after surgery the rat received another
carprofen tablet. The rats were allowed to recover for 7 days.

Forced swim test
A 2-day forced swim test (FST) procedure was started 1 week after the
cannula implantation surgery. Naïve and stressed animals not implanted
with cannula were also tested in the FST. The procedure was carried out
using a Plexiglas cylinder (50 cm height; 20 cm diameter) filled with water
(25 ± 1 °C) to a depth of 38-40 cm. On day one, each rat was subjected to
forced swimming for 15min. The next day (day 2), the rats were placed
again in the water-filled cylinder and tested for 5 min. The time of
immobility and latency to immobility were measured. Immobility was
defined when the rat makes only the minimum necessary movements to
maintain its head above the water [42, 43]. The water was changed
between rats.

Electrophysiology
Electrophysiological recordings were performed 1–2 weeks post-stress.
Rats received an intraperitoneal injection of chloral hydrate (400mg/kg; i.
p) and the anesthesia was maintained by additional injections (i.p) as
needed to suppress the hindlimb compression reflex. The rats were fixed in
a stereotaxic frame (Kopf) and the body temperature was maintained at
37 oC by a thermostatically-controlled heating pad (TR-200, F.S.T.). In vivo
extracellular recordings were done using microelectrodes pulled from
Omegadot 2.0 mm glass tubing on a vertical electrode puller (Narishige
P-2) and the tip was broken under a microscopic. The glass electrode was
filled with 2% Chicago Sky Blue dye in 2 M NaCl to yield an impedance of
6–16MΩ. A preamplifier (2400A, Dagan) was used to amplified the signal
(×1000) and filtered with open filter settings (low frequency cut off: 10 Hz;
high frequency cut off: 30 kHz). The signal was displayed on an
oscilloscope (PM3337, Philips) and transferred via Powerlab 8/30 interface
(ADInstruments) to a computer with LabChart v.8 software. The cutoff used
for analysis was >3 signal-to-noise ratio. Different animals were used to
assess spontaneous dopamine neuron activity in the VTA and
hippocampal-accumbens plasticity recordings.
For the recordings of VTA DA neurons, the electrode was lowered into

the VTA (−5.3 mm posterior from bregma; 0.6 mm lateral to the midline
and 6.5–9.0 mm ventral from the brain surface) and six to nine vertical
tracks were sampled in a fixed pattern. Population activity (number of
spontaneously active DA neurons per track), firing rate, and percentage of
spikes occurring in bursts were the parameters analyzed. DA neuron
identification was based on well-established electrophysiological char-
acteristics [44, 45].
For evaluation of hippocampal-accumbens connectivity, the electrode

was lowered into NAc shell (anteroposterior: +1.5–1.1 mm from bregma,
mediolateral: +1.1–1.5 mm from the midline; ventral: −5.5–8mm from the
brain surface). For stimulation, concentric bipolar electrodes (NEX-100X;
Rhodes Medical Instruments) targeted the fimbria (anteroposterior: −1.3
mm from bregma; mediolateral: −1.5 mm from the midline; ventral: 4.8
mm from the skull) for single-pulse and high-frequency stimulation (HFS;
20 Hz; 10 s at suprathreshold). A dual-output stimulator (S8800; Grass
Technologies) was used to apply single-pulse stimulation to the fimbria (1
mA intensity/0.5 Hz frequency/0.25 ms pulse duration) in order to search
for a responsive neuron in the NAc shell. The current intensity was
adjusted to evoke an action potential approximately 50% of the time after
a monosynaptically activated neuron was found. Monosynaptic connec-
tivity was determined according to previous criteria [26, 46], which
includes variability in latency to evoked spike discharge during the single-
pulse stimulus baseline period. All the neurons recorded displayed spike
durations >2 ms, characteristic of projection neurons [46]. The baseline
spike probability was measured for 10 min before and after RE
tetrodotoxin (TTX) injection. After HFS, neuron responsivity was measured
for an additional 30 min. Spike probability was calculated by dividing the
number of spikes by the total number of single-pulse stimuli and only
one neuron in the NAc shell was recorded per animal. At the end of the
recordings, the brains were removed for histological verification of
stimulation, recording, and injection sites.

RE inactivation
The Na+ channel blocker, TTX, was used to evaluate the impact of
inhibition of RE on behavior and electrophysiological responses. TTX was
diluted in Dulbecco’s PBS (dPBS; Sigma-Aldrich). TTX 1M in 0.2 μL and
dPBS (Veh; 0.2 μL) were delivered at a rate of 0.5 μl/min using a 2 μL
Hamilton syringe (Hamilton, Co., USA) [3]. The infusion cannula (33 gauge)
was used for the injection and was 1mm longer than the guide cannula.
The needles remained in place for 1 min after the injection to limit
injection spread. In the behavioral experiment, TTX or Veh was infused into
the RE 10min before the FST on day 2. For electrophysiological recordings,
TTX was administrated 10min before recordings of VTA DA neurons or 10
min after monosynaptic connectivity evoked by fimbria stimulation in the
NAc shell was found.

Histology
After the electrophysiological recordings, the localization of the electrode
was evaluated by ejecting Chicago Blue dye with a constant negative
current of −20 µA for 20min. In the connectivity experiment, the location
of the fimbria stimulating electrode was marked by delivering 10 s
cathodal current at 200 µA. The brains were removed after decapitation
and fixed in 8% paraformaldehyde solution for 48 h followed by 25%
sucrose for cryoprotection. The brains were frozen after saturation and
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sliced coronally (60 µm) using a cryostat (Leica Frigocut 2800). Brain
sections containing the NAc, fimbria, RE, and VTA were displayed on
gelatin-chormalum-coated slides and stained with neutral red and cresyl
violet.

Statistical analysis
Data are presented as mean ± SEM. The experiments testing the impact of
stress on the FST and VTA recordings were analyzed using t-test to
compare naïve and stress conditions. For the experiments involving RE
inactivation, two and/or three-way ANOVA were used with condition
(Naïve × Stress) and treatment (Veh × TTX) as main factors, and time in case
of repeated measures, followed by Tukey’s posthoc test. Except for the
data of VTA DA neurons burst activity in experiment 1 that was analyzed
by the Mann-Whitney test and in experiment 2 by Kruskal-Wallis test since
% burst data did not follow a normal distribution. The effect size was
calculated for each experiment (Cohen’s d for t-test and Cohen’s f for
ANOVA). A table showing the effect size and power values is presented in
the Supplementary Table S1. p < 0.05 was defined as significant.

RESULTS
Stress increases immobility in the FST, causes a
hypodopaminergic state in the VTA and long-term depression
in the NAc shell induced by vHIP stimulation
Adult rats subjected to the repeated stress protocol were tested
1–2 weeks post-stress in the FST and VTA recordings (Fig. 1A).
Stressed rats presented a decreased latency to immobility (Naïve,
n= 12, 111.2 ± 7.94 s; Stress, n= 12, 66.17 ± 11.57 s; t22= 3.21,
p= 0.0041; d= 1.31; Fig. 1B) and increased time of immobility
in the FST (Naïve, n= 12, 76.42 ± 6.66 s; Stress, n= 12, 109.4 ±
13.08 s; t22= 2.25, p= 0.035; d= 0.92; Fig. 1C). Moreover, the adult
stress decreased the number of spontaneously active VTA DA
neurons (Naïve, n= 7 rats, 0.78 ± 0.06 cells/track; Stress, n= 7, 28
cells, 0.33 ± 0.08 cells/track; t12= 4.36, p= 0.0009; d= 2.33; Fig. 1D)
without changing the average firing rate (Naïve, 50 cells, 4.67 ±
0.29 Hz; Stress, 28 cells, 4.17 ± 0.41 Hz; t76= 0.047, p= 0.937;
Fig. 1E) and burst activity of these neurons. (Naïve, 50 cells,
36.46 ± 3.96% burst; Stress, 28 cells, 41.77 ± 5.82%burst; U= 624,
p= 0.43; Fig. 1F). The effect of stress was evaluated on
circuit plasticity of vHIP-NAC shell (fimbria HFS on NAc shell
monosynaptically-evoked spike discharge). During baseline, no
difference was observed for current intensity (Naïve, n= 6, 0.42 ±
0.095mA; Stress, n= 7, 0.71 ± 0.13 mA; t11= 1.74, p= 0.11; Fig. 1G),
basal spike probability (Naïve, n= 6, 0.49 ± 0.05; Stress, n= 7, 0.51
± 0.03; t11= 0.33, p= 0.75; Fig. 1H) and Latency (Naïve, n= 6,
21.58 ± 0.33 ms; Stress, n= 7, 20.26 ± 0.63 ms; t11= 1.76, p= 0.11;
Fig. 1I). After fimbria HFS, there was a change in evoked
spike probability (Fig. 1J; f= 2.47) with respect to condition
(naïve or stressed; F1,11= 68.7, p < 0.0001) and time (F7,77= 3.47,
p= 0.0028) with interaction between factors (Condition × Time,
F7,77= 43.25, p < 0.0001). Stress produced a marked decrease
in the mean % change in fimbria-evoked spike probability (Naïve,
n= 6, 73.81 ± 14.67; Stress, n= 7, −67.33 ± 7.97; t11= 8.81, p <
0.0001; d= 4.79; Fig. 1K),

RE inactivation reverses the increased immobility induced by
stress
The surgery to implant a guide cannulate targeting the RE was
performed one day after the end of the stress protocol and the
rats were subjected to the FST 1–2 weeks later (Naïve-Veh, n= 6;
Naïve-TTX, n= 5; Stress-Veh, n= 7; Stress-TTX, n= 8; Fig. 2A). TTX
was infused into the RE 10min before the animal was subjected to
the FST (Fig. 2A, B; Schematic representation of RE injection
placements in Supplementary Fig. 2). No effect of stress exposure
and RE inactivation was found for the latency to immobility
(Naïve-Veh, 150.8 ± 18.92 s; Naïve-TTX, 141.4 ± 30.59 s; Stress-Veh,
114.3 ± 17.41 s; Stress-TTX, 174.1 ± 16.86 s; Stress: F1,22= 0.009,
p= 0.93; treatment: F1,22= 1.52, p= 0.23; interaction: F1,22= 2.86,
p= 0.10; two-way ANOVA; Fig. 2C). However, the stress-induced

increased immobility in the FST was reversed by inactivation of
the RE with TTX (Naïve-Veh, 43.5 ± 5.67 s; Naïve-TTX, 41.6 ± 6.34 s;
Stress-Veh, 78.14 ± 10.33 s; Stress-TTX, 39.5 ± 5.01 s; Stress: F1,31=
14.54, p= 0.0006; treatment: F2,31= 7.44, p= 0.011; interaction:
F2,31= 4.46, p= 0.02; 2-way ANOVA; f= 0.95; Fig. 2D).
In cases in which the TTX was administered outside of the RE

boundaries (TTX/OUT), there was no impact of TTX administration
on the factors measured in the FST (Latency: Stress-TTX/OUT,
111.0 ± 16.66 s; Naïve-Veh × Stress-TTX/OUT, t9= 1.55, p= 0.16, t-
test; Immobility: Stress-TTX/OUT, Stress-TTX/OUT, 75.6 ± 8.00 s;
Naïve-Veh × Stress-TTX/OUT, t9= 3.357, p= 0.008, d= 2.03).

Inactivation of the RE reverses the stress-induced
hypodopaminergic state in the VTA
TTX was injected into the RE 10min before recording VTA DA
neurons (Fig. 3A; Schematic representation of RE injection
placements is in the Supplementary Fig. 3). Representative
photomicrographs showing the site of VTA recording and RE
injection are shown in Fig. 3B, C, respectively. RE inactivation with
TTX reversed the decrease in the number of spontaneously active
VTA DA neurons induced by stress to control levels (Naïve-Veh,
n= 9 rats, 63 cells, 1.09 ± 0.08 cells/track; Naïve-TTX, n= 9 rats, 59
cells, 1.09 ± 0.6 cells/track; Stress-Veh, n= 9, 37 cells, 0.6 ± 0.04
cells/track; Stress-TTX, n= 7 rats, 57 cells, 1.18 ± 0.08 cells/track;
stress: F1,30= 8.98, p < 0.001; treatment: F1,30= 19.47, p= 0.005;
interaction: F1,30= 19.01, p < 0.001; two-way ANOVA; f= 1.23;
Fig. 3D). No effect on firing rate (Naïve-Veh, 4.21 ± 0.31 Hz;
Naïve-TTX, 3.53 ± 0.31 Hz; Stress-Veh, 3.08 ± 0.33 Hz; Stress-TTX,
3.45 ± 0.36 Hz; stress: F1,213= 3.64, p= 0.053; treatment: F1,213=
0.32, p= 0.57; interaction: F1,213= 2.21, p= 0.14; 2-way ANOVA;
Fig. 3E). An effect on burst activity was found (Naïve-Veh, 34.92 ±
3.44% burst; Naïve-TTX, 24.76 ± 3.71% burst; Stress-Veh, 22.11 ±
3.93% burst; Stress-TTX, 27.61 ± 3.84% burst; Kruskal-Wallis, H=
7.94, p= 0.047). However, Dunn’s multiple comparisons did not
demonstrate any difference between the groups (Fig. 3F).
The administration of TTX outside of the RE boundaries (TTX/

OUT) did not impact number of active DA cells (Stress-TTX/OUT,
n= 3, 0.61 ± 0.15 cells/track; Naïve-Veh × Stress-TTX/OUT, t10=
2.88, p= 0.02, Effect size, d= 1.912), firing rate (Stress-TTX/OUT,
3.43 ± 0.66 Hz; Naïve-Veh × Stress-TTX/OUT, t72= 0.99, p= 0,32)
and burst activity (Stress-TTX/OUT, 27.1 ± 8.13% burst; Naïve-Veh
× Stress-TTX/OUT, U= 298, p= 0.47, Mann-Whitney).

Inactivation of the RE partially rescues long-term potentiation
in the NAc shell induced by vHIP stimulation in stressed rats
The effect of vHIP (fimbria) HFS on NAc shell monosynaptically-
evoked spike discharge was assessed 1–2 weeks post-stress
(Fig. 4A–C; Schematic representation of recording and stimulation
placements in Supplementary Fig. 4A, B). TTX infusion into the RE
was performed 10min after the beginning of baseline recording
(Naïve-Veh, n= 6; Naïve-TTX, n= 5; Stress-Veh, n= 6; Stress-TTX,
n= 6; Stress-TTX/OUT, n= 4; Schematic representation of RE
injections placements is in Supplementary Fig. 4C). The baseline
recording was maintained for an additional 10 min after TTX
injection and was followed by fimbria HFS. During the baseline
period, no change in spike probability was observed after TTX
injection in the RE in naïve and stressed rats (p > 0.05; 2-way
ANOVA; Supplementary Fig. 5). At the post-injection baseline
period, no significant difference was observed for current intensity
and basal spike probability across the groups (Basal spike
probability: Naïve-Veh, 0.45 ± 0.03; Naïve-TTX, 0.51 ± 0.07; Stress-
Veh, 0.55 ± 0.06; Stress-TTX, 0.42 ± 0.06; Stress, F1,19= 0.018, p=
0.89; Treatment, F1,19= 0.38, p= 0.54; Interaction, F1,19= 2.45, p=
0.13; 2-Way ANOVA; Fig. 4D; Current Intensity: Naïve-Veh, 0.37 ±
0.12; Naïve-TTX, 0.31 ± 0.04; Stress-Veh, 0.63 ± 0.28; Stress-TTX,
0.72 ± 0.22; Stress, F1,19= 2.85, p= 0.11; Treatment, F1,19= 0.008,
p= 0.93; Interaction, F1,19= 0.16, p= 0.69; 2-Way ANOVA; Fig. 4E).
For latency, a significant effect of treatment and condition
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interaction was observed, with Stress-Vehicle group differing from
Naïve-Vehicle (Naïve-Veh, 24.64 ± 1.05; Naïve-TTX, 23.19 ± 1.71;
Stress-Veh, 20.06 ± 0.62; Stress-TTX, 23.52 ± 1.22; Stress, F1,19=
3.31, p= 0.08; Treatment, F1,19= 0.80, p= 0.4; Interaction, F1,19=
4.42, p= 0.049; 2-Way ANOVA; f= 0.64; Fig. 4F). After fimbria HFS,
% change of spike probability in NAc differed with regard to
condition (naïve or stressed; F1,19= 25.88, p < 0.001), time (F9,171=
3.71, p= 0.02), but not for treatment (Veh or TTX; F1,19= 0.89,

p > 0.05). Significant interactions were found between factors
(condition × treatment, F1,19= 15.01, p= 0.001; time × condition,
F9,171= 13.44, p < 0.001; time × condition × treatment, F9,171=
8.99, p < 0.001; three-way ANOVA; f= 1.63), but no interaction
for time × treatment (F9,171= 1.37, p > 0.05). Post-hoc analyses
indicated that fimbria HFS increased the probability of evoking
spikes in NAc shell neurons of naive animals and decreased the
spike probability in stressed rats (Fig. 4G), similar to that reported

Fig. 1 Stress induces affective dysregulation and VTA hypodopaminergic states. A The rats were exposed to a 10-day stress protocol and
subjected to FST and VTA recording 1–2 weeks later. Exposure to stress decreased the latency to immobility (B) and increased the immobility
duration (C). Stressed rats showed downregulation of spontaneous active DA neurons (D) with no changes in firing rate (E) and % of spikes in
bursts (F). For vHIP-Nac plasticity, stress did not affect current intensity (G), basal spike probability (H), and latency (I). Decreased % change was
observed in stress animals (J: time-course; K: Mean). FST: Naïve, n= 12; Stress, n= 12. DA: Naïve, n= 7; Stress, n= 7. vHIP-NAc: Naïve, n= 6;
Stress, n= 7. *p < 0.05, t-test.
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previously [26]. TTX injection into the RE attenuated the increased
spike probability in NAc shell after fimbria HFS in naive rats and
partially reversed the decreased spike probability in the stressed
group (baseline evoked-spike probability 30 min post-HFS:
vehicle-treated naïve animals, 0.81 ± 0.04; vehicle-treated stressed
animals 0.14 ± 0.06). RE inactivation reversed stress-induced
deficits in vHIP-NAc synaptic plasticity (baseline evoked spike
probability in TTX-treated stressed rats was 0.42 ± 0.06 and
changed slightly to 0.43 ± 0.07 30min post-HFS). The repeated
stress protocol induced a marked decrease in the mean % change
in fimbria-evoked spike probability, which was ameliorated with
RE inactivation (Naïve-Veh, 82.44 ± 7.76; Naïve-TTX, 33.36 ± 13.17;
Stress-Veh, −75.29 ± 9.53; Stress-TTX, 14.04 ± 29.06; F1,19= 25.63,
p < 0.001; treatment: F1,19= 1.34, p > 0.05; interaction: F1,19=
15.51, p < 0.001; 2-way ANOVA; f= 1.64; Fig. 4H), indicating that
the RE may play a role in the disrupted vHIP-NAc plasticity
following stress. Post-hoc analysis indicated that the mean %
change in fimbria-evoked spike probability is higher in naïve
animals (p < 0.05 vs. naïve-TTX, stress-Veh, stress-TTX; Tukey).
The administration of TTX outside of the RE boundaries (TTX/

OUT) did not impact basal spike probability (Stress-TTX/OUT,
0.52 ± 0.06; Naïve-Veh x Stress-TTX/OUT, t8= 1.10, p= 0.30),
current intensity (Stress-TTX/OUT, 0.73 ± 0.17; Naïve-Veh × Stress-
TTX/OUT, t8= 1.75, p= 0.12), latency (Stress-TTX/OUT, 20.8 ± 0.94;
Naïve-Veh × Stress-TTX/OUT, t8= 2.54, p= 0.0.034; d= 1.64), %
Change (Naïve-Veh × Stress-TTX/OUT, Time, F9,72= 2.58, p= 0.012;
Condition/treatment, F1,8= 90.63, p= <0.0001; Interaction, F9,72=
35.34, p < 0.0001), and Mean % of change (Stress-TTX/OUT,
−57.29 ± 10.74; Naïve-Veh × Stress-TTX/OUT, t8= 10.84, p <
0.0001, t-test, d= 7.00).

DISCUSSION
Repeated stress applied to adult rats induces behavioral and
electrophysiological changes as indicated by increased immo-
bility in the FST and a hypodopaminergic state in the VTA. These
changes were reversed by RE inactivation. Moreover, stress
exposure induced long-term depression (LTD) in vHIP-NAc
plasticity, in which HFS typically produces early long-term
potentiation (e-LTP) in normal rats. Although the RE inactivation
in naïve rats slightly attenuated the NAc e-LTP induced by
fimbria stimulation, in stressed rats the vHIP-NAc plasticity

disruption was partially reversed by inactivation of the RE. These
findings support the role of the RE in affective dysregulation and
VTA DA activity induced by repeated adult stress.
The exposure of rodents to repeated stress has been used

extensively to model behavioral and physiological aspects of
psychiatric disorders, including depression [47–50]. Models such as
chronic mild stress and repeated chronic stressors induce amotiva-
tional states which can be reflected by increased immobility time in
the FST [19, 20, 51]. Similarly, we found that rats subjected to
repeated stress presented increased immobility time and decreased
latency to immobility. Evidence indicates that affective dysregulation
observed in rodents is accompanied by a hypodopaminergic state
[23, 51]. As reported previously [23], the stress procedure used here
blunted VTA DA neuron population activity. This hypodopaminergic
state is consistent with previous literature showing that stress-
inducing disruption in motivational behavior is linked with
dopaminergic activity downregulation [25, 26, 51–55]. Moreover, in
clinic depression, disrupted dopaminergic activity in areas asso-
ciated with reward response has been described [16–18].
The affective dysregulation observed in stress-based models

strongly affects the anatomy and activity of the PFC and vHIP [56–63]
and it is associated with MDD [64]. These areas and their intrinsic
connectivity are essential for stress coping and are linked to affective
dysregulation in which their dysfunction can be associated with poor
stress outcomes [58, 65–68]. The RE is a brain area related to HIP-PFC
connectivity [1, 2, 5] which is involved in the regulation of a variety of
behaviors, such as fear responses, passive avoidance, motivation, and
working memory [14, 69–77]. In addition, the RE was described
recently to be involved in the affective dysregulation induced by
stress exposure [14]. Prior lesion of the RE prevented the behavioral
changes and dendritic PFC and HIP atrophy induced by CMS [14, 15].
Our data support the role of RE inactivation in reversing the impact
of stress exposure on motivational responses. As described
previously, the repeated stress regimen increases the immobility in
the FST, which was normalized by RE inactivation performed prior to
the test. Also, TTX-induced inactivation of the RE did not affect the
immobility response of naïve rats. These data are not consistent with
the decreased immobility in RE lesioned naïve animals reported by
others [14], which could be due to the potential for adaptive
changes [78] following the lesion of the RE prior to both FST
exposures instead of selective inactivation performed before the test
phase in our study. One potential caveat in our study relates to the

Fig. 2 RE inactivation reversed the increased immobility in FST induced by stress. A Rats were anesthetized and implanted with a cannula
in the RE 1 day following the stress protocol and were tested in the FST after 1 week. B Photograph of the microinjection site in the RE.
C Latency to immobility was not affected by stress and RE inactivation. D RE inactivation prevented the increased immobility duration induced
by stress. Naïve-Veh, n= 6; Naïve-TTX, n= 5; Stress-Veh, n= 7; Stress-TTX, n= 8; TTX injections that missed RE (Stress-TTX/OUT), n= 5. *p <
0.05 vs. naïve-vehicle, ANOVA.
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finding that surgical cannula implantation appeared to alter the
immobility latency in the FST. Stress has been described to
upregulate several inflammatory markers in the brain, including
COX-2 [79]. Since surgery took place 24 h after stress, the injection of
postoperative carprofen (COX-2 inhibitor) could have potentially
impacted the stress-induced FST latency measure. Nonetheless,
these data still support the role of RE regulating motivation and
underlying the stress outcomes observed here.
Impairment of affective response typically is accompanied by

downregulation of dopaminergic activity in the VTA
[25, 26, 51, 52, 54]. In our study, the animals subjected to the
stress procedure presented a decreased number of spontaneously
active DA neurons in the VTA, which was normalized by previous
RE inactivation. In fact, the RE represents a key node in modulating
the circuit involved in the regulation of dopaminergic activity [3].
It was shown previously that activation of RE increases the number
of active DA neurons in the VTA which is prevented by vHIP
inactivation. Also, the hyperdopaminergic state induced by the
inactivation of ilPFC is driven by RE activity, reflecting the role of
RE as a node between HIP and PFC in terms of regulating
dopaminergic neuron activity. While these previous studies
demonstrate that RE modulates dopaminergic activity indirectly
through vHIP, RE does have sparse direct projections to VTA [5].
However, given our data that vHIP inactivation prevents the effect

of RE on the VTA, and that VTA population activity is dependent
on the ventral pallidum (VP) [80], we propose that the RE
modulation of VTA activity observed here involves the vHIP, as the
RE-HIP connectivity appears to be anatomically and functionally
more relevant [3, 5]. Altogether, the direct projection might be
affecting the firing rate but would not impact population activity.
The present data support the role of RE in dopaminergic activity
regulation and provides additional information in relation to
stress-dependent RE modulation of DA function, suggesting the
engagement of RE in the hypodopaminergic state. However, the
recordings of VTA DA neurons were performed in anesthetized
animals, which could potentially impact the results. Nonetheless,
this approach was used since population activity metrics cannot
be assessed in awake animals [44, 45]. Furthermore, results using
this approach have been shown to be highly correlated with
behavior [21, 27] and therefore is likely to be relevant to the
behavioral outcomes observed here.
An important pathway involved in the modulation of dopami-

nergic activity and affective dysregulation is the vHIP-NAc
projection [21, 26, 32]. The ventral subiculum of the hippocampus
(vSub) regulates contextual information of behaviors and stress
responses [81]. The NAc has been extensively implicated in reward
responses [22, 82], as has its connectivity with the vHIP [30]. As
described above, the RE represents an important node of

Fig. 3 RE inactivation rescues the hypodopaminergic state in the VTA induced by stress exposure. A Rats underwent VTA recording
1–2 weeks after the stress procedure termination. Representative photomicrographs of RE injection (B) and recording electrodes in the VTA
placements (C). D Identified DA neurons were recorded in the VTA in a well-characterized grid pattern to assess the number of active DA
neurons in each track. RE inactivation rescued the downregulation of active DA neurons/track (E) but did not impact the firing rate (F) and %
spikes in burst (G). Naïve-Veh, n= 9; Naïve-TTX, n= 9; Stress-Veh, n= 9; Stress-TTX, n= 7; Stress-TTX/OUT, n= 3. *p < 0.05 vs. naïve-
vehicle, ANOVA.
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regulation of dopaminergic activity via the vHIP as well as an
integrator of PFC outputs [3]. Thus, disruption of the hippocam-
pus, the NAc, and their connectivity may underlie the responses to
repeated stress. It has been reported that chronic stress impairs
e-LTP in the vHIP-NAc pathway and decreases sucrose preference

[30]. Also, we found previously that animals showing helpless
behavior present a vSub-NAc shell pathway disruption and e-LTD
instead of the e-LTP observed in naïve and nonhelpless rats [26].
Our data point to similar impairments in vSub-NAc shell plasticity
induced by repeated stress. The inability of the vSub to induce

Fig. 4 RE inactivation partially rescues the impaired vHIP-NAc synaptic plasticity induced by stress exposure. 1–2 weeks following the
stress exposure, monosynaptic connectivity between vHIP and NAc shell was evaluated. A A recording electrode was placed in the NAC shell
and vHIP projections (fimbria) were electrically stimulated. Representative photomicrographs of sites of fimbria stimulation (B) and recording
electrode placement in the NAc shell (C). Baseline values of spike probability (D) and current intensity (E) were not affected by stress and TTX
injection in the RE. F Evoked spike latency was decreased in the stress-vehicle group compared to naïve-vehicle (*p < 0.05, ANOVA). Time-
course of % change in fimbria-evoked spike probability (G) and the mean values of % change in fimbria-evoked spike probability (H). HFS of
the fimbria induced e-LTP in naïve-vehicle rats which were impaired by stress showing a LTD form of plasticity. RE inactivation partially rescued
the e-LTP plasticity form of vHIP-Nac shell connectivity and attenuated the e-LTP in naïve animals (*p < 0.05 to naïve-vehicle, #p < 0.05 to
stress-vehicle, ANOVA). Naïve-Veh, n= 6; Naïve-TTX, n= 5; Stress-Veh, n= 6; Stress-TTX, n= 6; Stress-TTX/OUT, n= 4.

Fig. 5 A hypothetical circuit model mediating stress-induced hypodopaminergic state and affective dysregulation. A Normal relationship
and interconnections among mPFC, RE, vSub, BLA and NAc-VP-VTA pathway. B Stress exposure alters the relationship among these systems.
Stress exposure is proposed to facilitate the excitatory projection from the ilPFC to BLA and directly and indirectly to the RE. Enhanced activity
of RE would induce vHIP dysfunction and decrease its connectivity with the NAc, thereby attenuating NAc activation. The impairment of NAc
activation would then disinhibit the VP which sends inhibitory projection to the VTA. VP activity is also driven by BLA inputs and RE could
induce more activation of the BLA. Ultimately, the BLA excitability, RE activity, and vHIP-NAc dysfunction can contribute to the downregulation
of dopaminergic activity in VTA and affective dysregulation.
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facilitatory plasticity in the NAc may accentuate the hypodopa-
minergic state observed after stress [21]. Moreover, other factors
can influence the ability of the NAc to respond to stimuli, such as
neuromodulation by DA [83]. For example, neurons expressing D1
and D2 receptors could respond differently to the stimulus. We did
not consider the cell-type specificity in the analysis due to
previous data showing that the stimulation of hippocampus
projection to NAc shell induces increased excitatory postsynaptic
potentials which is attenuated by D1 but not D2 activation [84].
Thus, it is likely that the effect of DA over NAc activity after fimbria
HFS in stress conditions may be influenced by D1 rather than D2
receptors either located postsynaptically or presynaptically [85].
We investigated the influence of RE in the vSub-NAc plasticity,

considering its role in regulating dopaminergic activity through the
HIP [3]. Our data demonstrated that the effect of RE inactivation on
the vSub-NAc pathway was condition-dependent. Thus, in naïve
animals, RE inactivation attenuated the e-LTP in NAc shell after vSub
projection (fimbria) HFS. On the other hand, in stressed rats, RE
inactivation partially normalized the induction of e-LTP in the NAc
shell. These data suggest that the vSub-NAc disruption induced by
stress is in part regulated by RE activity. However, other brain areas
also may play a role in the changes induced by stress and are also
likely influenced by the RE, such as the basolateral amygdala (BLA)
[33, 71]. In affective dysregulation, hyperexcitability of the BLA has
been reported [21, 52, 53] in which BLA-vHIP projections can lead to
disruption of vHIP outputs. Indeed, the adult repeated stress
protocol increases BLA activity and disrupt its connectivity [39].
Therefore, the vSub-NAc dysregulation observed in the stress group
may result from the combined influence of RE and BLA activity.
Thus, the RE is likely part of a broad circuit involved in the
modulation of dopaminergic activity. The RE projections to vHIP are
proposed to be glutamatergic, as the NMDA activation changes VTA
DA activity [3]. The vHIP activation is likely increasing the excitatory
drive to the NAc shell which is a GABAergic nucleus. The inhibitory
transmission originating from NAc to ventral pallidum (VP) increases
DA neuron excitability in the VTA [27]. In the case of hypodopa-
minergic states as observed here, RE projections seem to contribute
to the disruption of vHIP excitatory projections to GABAergic cells in
the NAc shell which produce less engagement of inhibitory
transmission innervating the VP. The resultant VP disinhibition
would thereby increase the inhibitory drive of the VTA and
ultimately lead to downregulated dopaminergic activity (Fig. 5) [21].
In conclusion, our findings support the role of the RE in the

regulation of affective dysregulation and blunted VTA DA
function induced by adult repeated stress. Also, it points to
the NAc and HIP as a potential neural circuit in which the RE
modulates the behavioral and VTA DA neuron activity changes
occurring after stress. Therefore, the RE may represent a key
brain region involved in the neurobiology of amotivational
states and may provide insights on circuit dysfunction of the
maladaptive stress response.
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