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Mesocortical BDNF signaling mediates antidepressive-like

effects of lithium
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Lithium has been used to treat major depressive disorder, yet the neural circuit mechanisms underlying this therapeutic effect
remain unknown. Here, we demonstrated that the ventral tegmental area (VTA) dopamine (DA) neurons that project to the medial
prefrontal cortex (mPFC), but not to nucleus accumbens (NAc), contributed to the antidepressive-like effects of lithium. Projection-
specific electrophysiological recordings revealed that high concentrations of lithium increased firing rates in mPFC-, but not NAc-,
projecting VTA DA neurons in mice treated with chronic unpredictable mild stress (CMS). In parallel, chronic administration of high-
dose lithium in CMS mice restored the firing properties of mPFC-projecting DA neurons, and also rescued CMS-induced depressive-
like behaviors. Nevertheless, chronic lithium treatment was insufficient to change the basal firing rates in NAc-projecting VTA DA
neurons. Furthermore, chemogenetic activation of mPFC-, but not NAc-, projecting VTA DA neurons mimicked the antidepressive-
like effects of lithium in CMS mice. Chemogenetic downregulation of VTA-mPFC DA neurons’ firing activity abolished the
antidepressive-like effects of lithium in CMS mice. Finally, we found that the antidepressant-like effects induced by high-dose
lithium were mediated by BNDF signaling in the mesocortical DA circuit. Together, these results demonstrated the role of
mesocortical DA projection in antidepressive-like effects of lithium and established a circuit foundation for lithium-based

antidepressive treatment.
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INTRODUCTION

In addition to bipolar disorders, lithium is also used to treat major
depressive disorder with promising efficacies [1-4], including
therapy for treatment-resistant depression [5, 6] and augmentation
of antidepressants [7, 8]. Through pharmacological, molecular, and
genetic methods, numerous studies have explored that several
molecular targets including glycogen synthase kinase 3, CREB,
mTOR, Wnt, and inositol signaling pathways may mediate lithium's
therapeutic efficacy [9-12]. However, the neural circuit and cellular
mechanisms underlying the antidepressive-like effects of lithium
remain poorly understood.

In rodent models, depressive-like behaviors are causally
associated with the abnormal neuronal activity of mesocortico-
limbic ventral tegmental area (VTA) dopamine (DA) neurons
[13-18]. The mesocorticolimbic DA circuits, which are composed
of two separate populations of VTA DA neurons that project to the
medial prefrontal cortex (mPFC) and the nucleus accumbens
(NAc), respectively, show considerable functional heterogeneity
[19-22]. For instance, in the social defeat stress model of
depression, NAc-projecting VTA DA neurons exhibit an increased
firing rate while those projecting to mPFC show a dramatically
decreased firing activity [14, 15]. Optogenetic inhibition of the
VTA-NAc projection induces resilience, whereas inhibition of the

VTA-mPFC projection promotes susceptibility to social defeat
stress [14, 15]. Inhibition of the DA neuron firing by expression of
KCNQ3 (potassium voltage-gated channel subfamily Q member 3)
in the VTA-NAc pathway, but not in the VTA-mPFC pathway,
results in a reversal of depressive-like behaviors in susceptible
mice to social defeat [23]. These studies demonstrate the
differential roles of the mesocorticolimbic DA circuits in the
development of depression-like behavioral abnormalities. Previous
studies have shown that the mesocorticolimbic DA systems are
regulated by lithium treatment. For example, lithium administra-
tion decreases the spontaneous firing rates of VTA DA neurons in
a mouse model in which circadian rhythm and sleep are impaired
[24]. Furthermore, lithium administration ameliorates manic-like
phenotypes by restoring the homeostasis in VTA DA neurons
[25-27]. These results lead to our hypothesis that the mesocorti-
colimbic DA circuits may be the primary targets of lithium to
produce antidepressive-like effects.

Molecular studies have implicated that the brain-derived
neurotrophic factor (BDNF), which is known to play roles in
neuronal survival, neuroplasticity, and depression [28-31], may
underlie the therapeutic actions of lithium. Consistent with these
investigations, the antidepressive-like effects of lithium treatments
are associated with activation of BDNF signaling and increased
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BDNF expression within the hippocampus and the prefrontal
cortex [32-35]. Clinical study also shows that BDNF serum
concentrations in depressed patients are increased during lithium
augmentation of antidepressants [36]. Taken together, these
findings suggest that BDNF may play essential roles in contribut-
ing to the therapeutic properties of lithium. However, it remains
unclear whether the pathophysiological functions of BDNF within
the mesocorticolimbic circuits are involved in the antidepressive
actions of lithium.

Using projection-specific electrophysiological recordings, che-
mogenetics, molecular, and behavioral approaches, our study
detects modulatory effects of lithium on the mPFC- and NAc-
projecting VTA DA neurons in a CMS-induced mouse model of
depression. Furthermore, we demonstrate that the antidepressive-
like effects of lithium are mediated by BNDF signaling in the
mesocortical DA circuit. These findings reveal circuit-based
mechanisms underlying the antidepressive-like effects of lithium
and may provide new insights into the neural circuit mechanisms
of lithium therapy.

MATERIALS AND METHODS

Animals

Adult male C57BL/6J mice, around 7-weeks of age, were supplied
by the Experimental Animal Center of Xuzhou Medical University,
China. Mice were maintained with unrestricted access to food and
water on a 12h light cycle, and experiments were conducted
during the light portion. Animals were housed 4-5 per cage and
randomly assigned into experimental groups. All procedures were
conducted in accordance with the U.S. National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Chronic unpredictable mild stress protocol

Chronic unpredictable mild stress (CMS) was administered to each
cohort of mice in a weekly-rotating schedule according to the
previously described method [16]. In brief, mice were subjected to
5 consecutive weeks of CMS. The CMS protocols consisted of
fasting (24 h), water deprivation (24 h), cage tilted 45° overnight,
tail pinching (3 min, 1.5 cm from the tail tip), 4 °C cold bath (5 min),
damp bedding (200 ml water in padding), and day/night inversion,
with 5-7 stressors involved randomly each week.

Drugs

Clozapine-N-oxide (CNO) was dissolved in dimethyl sulfoxide
(DMSO) and diluted with 0.9% saline to a final concentration of
5uM CNO and 0.001% DMSO. 0.3 ul CNO was infused into the
VTA to generate in vivo manipulation of dopamine neurons in
mice expressing AAV2/9-DIO-hM4Di(Gi)-mCherry or AAV2/9-DIO-
hM3Dq(Gq)-mCherry. Mice received 37.5 mg/L, 75 mg/L, 150 mg/L,
300 mg/L, 600 mg/L, or 1200 mg/L of lithium chloride (Sigma-
Aldrich) in drinking water for 14 days (henceforth referred to as
Li*37.5-, Li*75-, LiT150-, Li*300-, Li*600-, or Li"1200-treated
mice). This procedure was chosen based on drug effectiveness
and results from previous studies [37, 38]. Controls were given
normal drinking water.

Stereotactic surgeries

Animals were anesthetized with 1.5% sevoflurane at an oxygen
flow rate of 1 L/min (for single microinjection or cannula implant),
and mounted on a stereotaxic apparatus (Stoelting Co, Wooddale,
IL). Eyes were lubricated with an ophthalmic ointment. The fur was
shaved, and the incision site was sterilized prior to surgical
procedures. Mouse skull surface was exposed, and lumafluor,
chemicals or virus were unilaterally microinjected with 33-gauge
needle in the mPFC, NAc shell or VTA at the following coordinates
(in millimeter): mPFC (anterior—posterior, +1.8; lateral-medial, 0.4;
dorsal-ventral, —2.5), or NAc shell (anterior-posterior, +1.6;
lateral-medial, 0.8; dorsal-ventral, —4.5), VTA (anterior—posterior,
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—3.5; lateral-medial, 0.5; dorsal-ventral, —4.0). Microinjection was
performed in a volume of 0.15-0.3 ul at a rate of 0.1 ul/min
followed by 5min of rest for lumafluor, chemicals, or virus to
diffuse. The green and red retrograde beads were purchased from
Lumafluor Inc (Lumafluor Inc, Durham, NC). Adeno-associated
viruses AAV2/9-TH-Cre-SV40-WPRE (AAV2/5-Cre), AAV2/9-DIO-
hM3Dq(Gq)-mCherry-WPREs-pA  and  AAV2/9-DIO-hM4Di(Gi)-
mCherry-WPREs-pA or its control AAV2/9-DIO-mCherry-WPREs-pA
(BrainVTA, Wuhan, China) were prepared at titers of ~2-5x 102
vg/ml. For behavioral tests, mice received an intra-mPFC injection
of TrkB-Fc (20 ng/0.2 pL, T8694; Sigma-Aldrich), or its control IgG-
Fc [16, 39]. All drugs were diluted in PBS and injected through the
cannula at a rate of 0.1 pl/min followed by 5min of rest. The
detailed timeline of microinjections and behavior tests for each
experiment were presented in each figure and figure legend
accordingly.

Behavioral tests

For all behavior tests, mice were allowed to acclimatize in
temperature-controlled (25 °C) and noise-free testing room for 1 h
before testing. The mice were only used for a given behavioral
task. All of the tests were conducted in a blinded manner.

Tail suspension test (TST)

The TST was conducted as previously described methods [16].
Animals were suspended 50 cm above the floor padding. The
immobility time for 5 min was calculated.

Sucrose preference test (SPT)

The mouse was placed (5:00 p.m.) in individual cages, with ad
libitum access to 1% sucrose solution or tap water in 2 bottles
(50 mL) fitted with ball-point sipper tubes [16]. To obviate side
preference, the position of the bottles was interchanged every
12 h, with the liquids weighed at the end of the experiment
(5:00 p.m. the next day). Sucrose preference was calculated as a
percentage of sucrose solution intakes relative to total consump-
tion for a 24 h duration.

Statistical analyses

Data were expressed as mean = SEM or box and whiskers plot.
Normality was tested and statistics were analyzed with GraphPad
Prism 6.0. Biochemical, electrophysiological, and behavioral data
were analyzed with one-way ANOVA followed by Tukey’s post hoc
test or Bonferroni’s post hoc test. Two-way repeated-measures
ANOVA was used to compare the behavioral data from different
time points with Tukey’s post hoc test. The sample sizes in
each experiment were determined based on previous experience
to yield sufficient testing power. The criterion for statistical
significance was p < 0.05.

RESULTS

Lithium differentially regulates the firing rates of mPFC- and NAc-
projecting VTA DA neurons in CMS mice

Given the important roles of the VTA-mPFC and VTA-NAc circuits
in regulating depressive-like behaviors [13-18], we investigated
whether these two projections were regulated by lithium. To label
the VTA-mPFC and VTA-NAc neurons, retrograde lumafluor was
injected into the mPFC or NAc shell (Fig. STA). Immunofluores-
cence staining revealed that the majority of the VTA-mPFC and
VTA-NAc cells were DA neurons (Fig. S1B). Previous study shows
<1% overlap of VTA DA neurons that project to both the mPFC
and NAc [14]. Under our experimental conditions, we detected
similarly low overlapping rate (~2%; Fig. S1C-E), indicating that
mPFC- and NAc-projecting DA neurons were two separate
subpopulations of neurons in the VTA. Using projection-specific
labeling, we next measured the percentage changes in sponta-
neous firing rates of mPFC- and NAc-projecting VTA DA neurons in
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Fig. 1 Lithium differentially regulated the firing activity of mPFC- and NAc-projecting VTA DA neurons in CMS mice. a Confocal images
(left) showing labeling of VTA-mPFC neurons and IR-DIC images (right) of a lumafluor-expressing VTA neuron (arrow) and the glass peptide
(dashed lines) during electrophysiological recording. Scales, 50 pm (left), 25 pm (right). b Representative traces showing in vitro spontaneous
firings of mPFC-projecting VTA DA neurons before (pre-lithium) and after (post-lithium) bath application of lithium at different concentrations
(227.8, 341.7, and 512.6 pM). ¢ Bath administration of hight-doses lithium (227.8, 341.7, and 512.6 pM) in VTA slices induced dramatic
increment in the firing rates of VTA-mPFC dopamine neurons in mice under depressive-like status (*p < 0.05; **p < 0.01 vs. VTA-mPFC (Ctrl)
group; n=4 animals/5 neurons per group). d Confocal images (left) showing labeling of VTA-NAc neurons and IR-DIC images (right) of a
lumafluor-expressing VTA neuron (arrow) and the glass peptide (dashed lines) during electrophysiological recording. Scales, 50 pm (left),
25 um (right). e Representative traces showing in vitro spontaneous firings of NAc shell-projecting VTA DA neurons before (pre-lithium) and
after (post-lithium) bath application of lithium at different concentrations (227.8, 341.7, and 512.6 pM). f Bath administration of lithium in VTA
slices could not induce significant changes in the firing activity of VTA-NAc DA neurons in mice under depressive-like status (Unpaired t test,
p>0.05 vs. VTA-NAc (Ctrl) group; n=6 animals/8 neurons per group). The box represents the 25-75th percentiles. Whiskers represent
minimum and maximum. See also Fig. S1.

response to bath-applied lithium (from 67.5 to 512.6 uM, 1.5 times p <0.0001]) in CMS mice (Fig. 2b, c). Furthermore, electrophysiolo-
for each stepwise increase) in control and CMS mice (Fig. 1a, d). gical recording in VTA slices showed that the mPFC-projecting VTA
Results showed that 227.8 uM (unpaired t test [tg=3.640, p= DA neurons exhibited a ~60% decrease in the firing rates in CMS
0.0066]), 341.7 UM (unpaired t test [tg =2.970, p =0.0179]), and mice when compared with stress-naive control mice. This decrease
5126 UM (unpaired t test [tg=2.473, p=0.0385]) lithium was restored in CMS mice administrated with high-(600 mg/L), but
increased the firing rates in mPFC-projecting VTA DA neurons in not low-(75 mg/L), dose of lithium (one-way ANOVA [Fs 4o = 7.859,
CMS mice (Fig. 1b, ). However, bath application of lithium at p<0.0001]; Fig. 2d, e). In contrast, these differences were not
different dosages was insufficient to change the firing activity observed in the NAc-projecting VTA DA neurons (one-way ANOVA
of the NAc-projecting VTA DA neurons in both stress-naive control [Fs37=0.2774, p=0.9226]; Fig. 2f, g). Collectively, these data
mice and CMS mice (Fig. 1e, f). These findings suggested confirmed the importance of increased firing rates of VTA-mPFC
that lithium’s regulation on the firing activity of VTA DA neurons DA neurons for promoting alleviation of depression-like behavioral
displayed the concentration-, state-, and circuit-dependent abnormalities in CMS mice received chronic administration of high-
properties. dose lithium.

High-dose lithium restores the firing rates of mPFC-projecting VTA The increase in the firing activity of mPFC-, but not NAc-,

DA neurons and relieves depressive-like behaviors projecting VTA DA neurons mimics the antidepressive-like effects
Next, we tested the effects of chronic treatment with different of lithium

doses of lithium on depressive-like behaviors in CMS mice (Fig. 2a). Given that the firing activity of mPFC-projecting VTA DA neurons
The high-doses lithium used in our study results in brain lithium was inhibited in CMS mice and high-dose lithium could restore
levels of ~0.8-1 mM, which is comparable to the therapeutic levels this inhibition and produce antidepressive-like effects, it was
in humans [38, 40, 41]. Chronic administration of high-doses (600 reasonable to speculate that regulation of firing activity in the
and 1200 mg/L), but not low-doses (37.5-300 mg/L; dissolved in mPFC-projecting VTA DA neurons was required for the antide-
drinking water for 14 days), lithium produced an antidepressive- pressive actions of high-dose lithium. Therefore, we first examined
like effect, as evidenced by decreased immobility time in the whether activation of mPFC-projecting VTA DA neurons with
TST (one-way ANOVA [Fge3 =8.995, p<0.0001]) and increased chemogenetic approach was antidepressive. To selectively tar-
sucrose consumption in the SPT (one-way ANOVA [Fge3 = 7.504, geted VTA DA neurons that project to the mPFC, we injected a
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Fig. 2 Chronic treatment of high-dose lithium relieved depressive-like behaviors and increased the firing activity in VTA-mPFC DA
neurons in CMS mice. a Schematic showing the experimental design for studying the effects of chronic lithium treatment on the depressive-
like behaviors in CMS mice. b High-dose but not low-dose lithium treatment decreased the immobility time in CMS mice in the tail suspension
test (TST) (*p < 0.05; **p < 0.01; n = 8 mice/group). ¢ High-dose but not low-dose lithium increased the 1% sucrose preference of CMS mice in
the sucrose preference test (*p < 0.05; **p < 0.01; n = 8 mice/group). d Sample traces showing in vitro spontaneous firing of VTA-mPFC DA
neurons in VTA slices. e Comparison of spontaneous firing in putative VTA-mPFC DA neurons from stress-naive control and CMS mice that
were subjected to chronic lithium treatment (0, 75, and 600 mg/L) (*p < 0.05; **p < 0.01; n =6 animals/7-9 neurons per group). f, g Sample
traces (f) and comparison (g) of in vitro spontaneous firing rates of VTA-NAc DA neurons in VTA slices of stress-naive control and CMS mice
that were subjected to chronic lithium treatment (0, 75, and 600 mg/L) (n =4 animals/6-8 neurons per group). n.s. not significant. The box

represents the 25-75th percentiles and the whiskers represent minimum and maximum.

retrograde AAV-TH (Tyrosine Hydroxylase)-Cre into the mPFC
and Cre-dependent AAV-DIO-mCherry or AAV-DIO-hM3Dq(Gq)-
mCherry into the VTA (Figs. 3a and S2A). In VTA slices prepared
from these mice, the mCherry-positive neurons also expressed TH
(Fig. 3a). Furthermore, slice recordings showed that bath
application of CNO (5uM) increased the spontaneous firing
activity in a hM3Dq(Gg)-mCherry-positive VTA neuron (Fig. 3b).
To specifically activate the mPFC-projecting VTA DA neurons, CNO
(0.15 pl, 5 uM) was micro-infused into the VTA in control mice or
CMS mice expressed AAV-DIO-mCherry or AAV-DIO-hM3Dq(Gq)-
mCherry, and infusion of its vehicle was used as a control. The
depression-like behavioral tests were measured at 1 h after CNO
injection (Fig. 3c). Results showed that the CMS mice expressed
AAV-DIO-hM3Dq(Gqg)-mCherry exhibited a decreased immobility
time in TST (two-way RM ANOVA; group X time interaction [F3 55 =
3.791, p=10.0212]; main effect group [Fs,g=28.23, p <0.0001];
Fig. 3d) and increased sucrose consumption in SPT (two-way RM
ANOVA; group x time interaction [F3,g = 1.167, p = 0.3397]; main
effect group [F3,3=12.89, p <0.0001]; Fig. 3e) when compared
with those expressed AAV-DIO-mCherry, suggesting that activa-
tion of mPFC-projecting VTA DA neurons ameliorated the
depression-like behaviors in CMS mice. This effect was not seen
in CMS mice with DMSO injection (Fig. S2B-D).

The VTA-NAc DA pathway has also been implicated in stress
responses [14], we thus carried out experiments to investigate the
roles of this pathway in promoting antidepressive-like effects
observed in this study. We first injected a retrograde traveling
AAV-TH-Cre into the NAc shell and the Cre-dependent AAV-DIO-
mCherry or AAV-DIO-hM3Dq(Gq)-mCherry into the VTA (Figs. 3f
and S3A). Immunohistochemical and electrophysiological valida-
tion confirmed the viability of using TH-Cre to express functional
hM3Dq in VTA-NAc DA neurons (Fig. 3f, g). We next tested the

SPRINGERNATURE

effect of activating VTA-NAc DA neurons on depressive-like
behaviors in CMS mice (Fig. 3h). Results showed that this
manipulation was insufficient to change the immobility time
(two-way RM ANOVA; group X time interaction [F; 5 = 0.3332, p =
0.8014]; main effect group [F3,5 = 65.24, p < 0.0001]; Fig. 3i) and
sucrose consumption (two-way RM ANOVA; group X time interac-
tion [F3,8 =0.1922, p = 0.9088]; main effect group [F35=11.17,
p <0.0001]; Fig. 3j) in CMS mice when compared with those
expressed AAV-DIO-mCherry. The depressive-like phenotypes
were also not changed in CMS mice with DMSO injection
(Fig. S3B-D). These results further confirmed the critical roles of
the mesocortical DA circuit in mediating CMS-induced depressive-
like behaviors.

The increase in the firing activity of mPFC-projecting VTA DA
neurons is required for the antidepressive-like effects of high-dose
lithium

Next, to explore whether upregulation of firing activity in mPFC-
projecting VTA DA neurons was required for the antidepressive
actions of high-dose lithium, we injected AAV-TH-Cre into the
mPFC and AAV-DIO-mCherry or AAV-DIO-hM4Di(Gi)-mCherry into
the VTA in the CMS mice received chronic lithium treatment
(600 mg/L) (Figs. 4a and S4A). Immunohistochemistry verified that
93% of the mCherry-positive neurons in the VTA expressed TH
and projected to the mPFC with terminals spreading around mPFC
neurons (Fig. 4a-c). Furthermore, slice recordings confirmed
decreased spontaneous action potentials in a hM4Di(Gi)-
mCherry-positive VTA neuron by bath application of CNO (5 uM)
(Fig. 4d). Behavioral results showed that inhibition of mPFC-
projecting VTA DA neurons via intra-VTA injection of CNO
abolished the antidepressive-like effects of high-dose lithium in
CMS mice (two-way RM ANOVA; for TST: group X time interaction
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Fig. 3 Chemogenetic activation of VTA-mPFC, but not VTA-NAc, DA neurons rescued depressive-like behaviors in CMS mice. a Schematic

showing viral surgeries and confocal image (left) showing expres
sections. The high magnification images (middle) and quantification

sion of AAV-DIO-hM3Dg-mCherry in TH-positive DA neurons from VTA
(right) showed that ~90.2% of hM3Dg-mCherry-expressing neurons were

TH positive in the VTA (n = 10 sections from five animals). Scales, 100 um (left), 20 pm (middle). b Cell-attached recordings from an AAV-DIO-
hM3Dg-mCherry infected VTA-mPFC DA neuron in slice exhibited notable increment in neuronal activity after bath application of CNO (5 pM).
c Timeline of behavioral experiments. d, e The tail suspension test (d) and sucrose preference test (e) showed that specific activation of the
VTA-mPFC DA neurons rescued depressive-like phenotypes in CMS mice (*p < 0.05; **p < 0.01; ***p < 0.001; n =8 mice/group). f Schematic

showing viral surgeries, confocal images (left and middle), and quan

tification (right) showing co-expression of hM3Dg-mCherry and TH in the

VTA. Scales, 100 pm (left), 20 pm (middle). g Bath application of CNO (5 uM) significantly increased the firing activity in an AAV-DIO-hM3Dg-
mCherry infected VTA-NAc DA neuron during cell-attached recordings. h Timeline of behavioral experiments. i, j Chemogenetic activation of
the VTA-NAc DA neurons did not change depressive-like behaviors in CMS mice, as shown by the tail suspension test (i) and sucrose
preference test (j) (*p < 0.05; **p < 0.01; ***p < 0.001 vs. either Ctrl-mCherry or Ctrl-hM3Dq group; p > 0.05 vs. CMS-mCherry group; n = 8 mice/
group). n.s. not significant. The box represents the 25-75th percentiles. Whiskers represent minimum and maximum. See also Figs. S2 and S3.

[Fs56 =3.972, p=0.0022]; main effect group [F3,s=7.773, p<
0.001]; for SPT: group x time interaction [Fg 56 = 4.933, p = 0.0004];
main effect group [F3,8=7.287, p<0.001]; Fig. 4e-g). The
antidepressive-like effects of high-dose lithium in these mice
were not changed after micro-infusion of DMSO, the vehicle
control for CNOQ, into the VTA (Fig. S4B-D). These results suggested
the VTA-mPFC DA projection as a key circuit basis for the
antidepressive-like effects of high-dose lithium.

BDNF signaling in VTA-mPFC circuit mediates the antidepressive-
like effects of high-dose lithium

Multiple lines of evidences have demonstrated that BDNF
signaling in mesolimbic circuitry regulates depressive-like
behaviors under chronic stress [28-31]. Our recent study also
showed that intra-mPFC injection of exogenous BDNF attenu-
ated depressive-like behaviors, and blocking BDNF signaling in
mPFC prevented the relief of depressive-like behaviors induced
by VTA DA neuronal activation in CMS mice [16]. These results
lead us to hypothesize that BDNF signaling in the VTA-mPFC DA

Neuropsychopharmacology (2020) 45:1557 - 1566

circuit may mediate the antidepressive-like effects of high-dose
lithium. To test this hypothesis, ELISA assay and western blot
analysis were used to measure BDNF protein levels in the mPFC,
and FISH was conducted to detect Bdnf mRNA expression in the
VTA in CMS mice treatment with high (600 mg/L) and low (75
mg/L) dose lithium (Fig. 5a). We found that CMS downregulated
BDNF protein expression in the mPFC, which was reversed by
high-dose (one-way ANOVA [F316=9.628, p =0.0007]; Fig. 5¢),
but not low-dose lithium (one-way ANOVA, [F33=5.815 p=
0.0208]; Fig. 5b). Furthermore, ELISA assay showed that BDNF
release in the cultured mPFC slices was decreased in CMS mice,
which was restored by high-dose lithium (one-way ANOVA,
[F516 =6.203, p = 0.0053]; Fig. 5d). However, these effects were
not seen in the NAc in CMS mice treated with high-dose lithium
(Fig. S5A-C; one-way ANOVA, [F3;,=0.2851, p=0.8352],
Fig. S5B; one-way ANOVA, [F;3 16 = 0.6943, p = 0.5688], Fig. S5C),
indicating that lithium’s modulation of BDNF expression in the
VTA DA neurons displayed the circuit-specific property under
depression state.
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Fig.4 VTA-mPFC DA circuit contributed to the antidepressive-like effects of high-dose lithium in CMS mice. a Confocal image showing co-
expression of AAV-DIO-hM4Di-mCherry in TH-positive DA neurons from VTA sections. Scale, 20 pm. b Quantification shows that ~93% of
hM4Di-expressing neurons are TH positive in the VTA (n = 10 sections from five animals). ¢ Viral hM4Di expression in projection-specific VTA
DA neurons allowed for selective control of VTA-mPFC neurons. The hM4Di expression was confirmed by visualization of fluorescent terminals
in the mPFC, but not in NAc shell. d Cell-attached recordings from a mCherry-expression (top) and a hM4Di-mCherry-expression (middle and
bottom) VTA-mPFC DA neurons in slices with bath application of CNO (5 pM). e Timeline of behavioral experiments. f, g The tail suspension
test (f) and sucrose preference test (g) showed that chemogenetic inhibition of the VTA-mPFC DA neurons reversed the antidepressive-like
effects of high-dose lithium in CMS mice (*p < 0.05; **p < 0.01; ***p < 0.001; n =8 mice/group). For behavioral data, the box represents the
25-75th percentiles and the whiskers represent minimum and maximum. The morphological data are represented as mean + SEM. See also

Fig. S4.
Previous studies have demonstrated anterograde axonal DISCUSSION
BDNF transportation within the mesocorticolimbic DA circuitry, The mesocorticolimbic DA system has been critically implicated in

and there was a strong association between firing rates in VTA a variety of psychiatric disorders [13-18]. Consistent with a
DA neurons and BDNF levels in its target regions [42, 43]. In the previous study [16], we found that VTA DA neurons anatomically

present study, we found that CMS downregulated the expres- send nonoverlapping projections to the mPFC and NAc shell.
sion of Bdnf mRNA within mPFC-projecting VTA neurons, which These two projections play distinct roles in the regulation of
was reversed by systemic high-dose lithium (Fig. 5e). Impor- stress-induced depression [14, 15, 19-22]. Selectively, manipula-

tantly, blockage of BDNF signaling by intra-mPFC injection of tion of these two subpopulations of VTA DA neurons reshapes
the BDNF scavenger TrkB-Fc (20 ng/0.2 pl), but not its control emotional behaviors. For example, activation of the VTA-NAc
IgG-Fc, was able to abolish the antidepressive-like effects of pathway or inhibition of the VTA-mPFC circuit induces suscept-
high-dose lithium in CMS mice (two-way RM ANOVA; for TST: ibility to social defeat stress [14, 15]. Conversely, in the CMS-
group X time interaction [Fg 50 =4.952, p = 0.0005]; main effect induced depression model, photoactivation of VTA DA neurons
group [F3,5=13.15, p<0.0001]; for SPT: group X time interac- rescues depressive-like phenotypes and selective inhibition of VTA
tion [Fe 48 = 3.941, p = 0.0028]; main effect group [F3,4=17.29, DA neurons induces depressive-like behaviors [17]. Interestingly,
p < 0.0001]; Fig. 5f-h). These results suggested that upregulated in present study, we observed that chemogenetic activation of
BDNF in the VTA-mPFC circuit might serve as a mechanistic VTA-NAc pathway in control or CMS mice could not change
cause for the alleviation of depressive-like behaviors by high- depressive-like behaviors, which is partly consistent with the
dose lithium. finding that optogenetic activation of VTA-NAc DA neurons is
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Fig. 5 BDNF signaling in the VTA-mPFC circuit mediated the antidepressive-like effects of high-dose lithium in CMS mice. a Experimental
timeline for VTA Bdnf mRNA FISH, BDNF protein western blotting, and mPFC slices for BDNF ELISA assay. b Representative bands and
quantitative data showing the effects of treatment with low-dose lithium on BDNF expression in the mPFC in CMS mice (*p < 0.05 vs. Ctrl-H,O
group; **p <0.01 vs. Ctrl-Li*75 group; n=>5 mice/group). ¢ Representative bands and quantitative data showing that decreased BDNF
expression in the mPFC of CMS mice was reversed by treatment with high-dose lithium (*p <0.05 vs. CMS-H,0 group; n =3 mice/group).
d BDNF release in the mPFC was decreased in CMS mice and was rescued by chronic treatment with high-dose lithium (*p < 0.05; **p < 0.01 vs.
CMS-H,0 group, n =5 mice/group). e FISH assay showed a downregulation of Bdnf mRNA (green) in VTA-mPFC neurons (red) in CMS mice,
which was normalized by chronic treatment with high-dose lithium. The arrows indicate VTA-mPFC neurons expressing Bdnf mRNA. Scale,
50 pm. f Experimental timeline for testing the effects of intra-mPFC administration of TrkB-Fc or its control IgG-Fc on the antidepressive-like
effects by high-dose lithium in CMS mice. Tail suspension test (g) and sucrose preference test (h) consistently showed that intra-mPFC
administration of TrkB-Fc but not its control IgG-Fc reversed the established antidepressive-like effects of high-dose lithium in CMS mice (*p <
0.05; **p < 0.01; ***p < 0.001; n = 7-8 mice/group). n.s. not significant. For behavioral data, the box represents the 25-75th percentiles and the

whiskers represent minimum and maximum. For all other experiments, data are represented as mean + SEM.

unable to induce alterations in social interaction and sucrose
preference in social defeat stress-naive control mice [14].
Agreement with our current results, previous studies also found
that CMS did not change the firing activity of the lateral VTA DA
neurons that mostly project to the NAc [44, 45]. The differences
observed in effects of activating VTA-NAc DA neurons on
depressive-like behaviors in CMS versus social defeat mice may
due to the type, intensity, and duration of these stressors. CMS
model is consisted of a variety of mild but uncontrollable stressors
for 4-12 weeks, resulting in development of anhedonia, a clinical
core symptom of depression [46]. However, social defeat stress is
consisted of more severe and socially relevant stress for 10 days,
causing social avoidance and disruption in circadian and sleep
behavior in susceptible mice [14, 47]. Generally, chronic mild stress
decreases VTA DA neuronal activity, yet severe social stress
increases the activity of these neurons [48-50], indicating that VTA
DA neurons may differentially play roles in the mediation of
behavioral abnormalities observed in CMS versus social defeat
stress model. Collectively, these results suggest that the meso-
corticolimbic DA system is highly complex and functionally
heterogeneous. Results from the current study move our under-
standing one step further by showing the differential roles of the

Neuropsychopharmacology (2020) 45:1557 - 1566

VTA-mPFC and VTA-NAc projections in depression-like behavioral
abnormalities.

Previous studies suggest that lithium might exert its
therapeutic actions by modulating DA neurotransmission
[24-27]. However, results about the effects of lithium on the
mesocorticolimbic DA system are inconsistent. For example,
some earlier studies report that chronic lithium treatment
significantly attenuates potassium-evoked DA release and
decreases extracellular DA levels in the NAc [27, 51]. In a
genetic Clock-A79 mouse model of mania, chronic lithium
treatment ameliorates neurophysiological deficits and decreases
DA levels in the NAc [24]. Using the fast-scan cyclic voltammetry
technique, another study also shows that chronic lithium
treatment decreases DA release in the NAc following electrical
stimulation of the VTA [26]. By contrast, some other studies
report that chronic lithium administration upregulates the basal
activity of NAc and frontal cortices [52], increases the
amphetamine-induced DA increase in the NAc [53], and
promotes food-motivated behavior by elevating DA output in
the NAc and mPFC [54]. These discrepant results may be due to
different experimental procedures and approaches. Here, the
functional heterogeneity in two separate subpopulations of VTA
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DA neurons demonstrated in our study might provide insights
into reconciling some of these results.

A relatively consistent view is that acute lithium treatment does
not significantly affect the mesocorticolimbic DA system, including
DA release, extracellular DA levels, and DA neuronal activity
[26, 51, 53]. In most of the previous studies, the DA level is used as
the main index measuring the effects of lithium on the
mesocorticolimbic DA system. It has now become possible to
perform more specific interrogation of lithium's effects on the
mesocorticolimbic DA system. Using circuit-specific electrophy-
siological recordings, we demonstrate that the firing rates of the
mPFC-, but not NAc-, projecting VTA DA neurons in CMS mice
showed a significant increase in response to high concentrations
of lithium. In parallel, chronic administration of high-dose lithium
restored the firing properties of mPFC-projecting DA neurons,
and also rescued CMS-induced depressive-like behaviors. Three
possible reasons may contribute to the dose- and circuit-specific
effects of lithium. First, different subpopulations of VTA DA
neurons exhibit intrinsic heterogeneity in expression of receptors
those regulate neuronal excitability [20]. These receptors are
potential targets for lithium treatment. For example, lithium
suppresses VTA function through the glucagon-like-peptide-1
receptor, which exists in only one subpopulation of VTA DA
neurons [55]. Second, lithium distribution varies in the central
nervous system and changes according to the administered dose
[56, 57]. Lithium therefore governs the upstream nuclei, such as
the nucleus of the solitary tract, to influence different subpopula-
tions of VTA DA neurons [58-60]. Third, lithium regulates different
intracellular signaling cascades at different doses [61-63], result-
ing in dose-dependent pathophysiological properties. Continued
dissection of the neural mechanisms for stress processing is vital
for understanding and treatment of the related neuropsychiatric
disorders. Our data demonstrated differential roles of mesocortical
and mesolimbic DA projections in depressive-like behaviors and
established a circuit foundation for lithium-based antidepressive
treatments.

Preclinical studies have provided evidences for the main
molecular determinants of lithium’s action [9-12]. A growing
literature reveals that BDNF might be a key target of lithium’s
action. Chronic lithium treatment elicits its antimanic effects via
hippocampal BDNF-TrkB dependent synaptic downscaling
[32-36, 64]. Long-term treatment of lithium increases the
intracellular and extracellular BDNF levels and upregulates exon
IV-containing Bdnf mRNA expression in primary cultures of
cortical and hippocampal neurons [35, 65]. Clinical studies also
find that lithium treatment in depressed patients restored serum
BDNF levels [36, 66, 67]. In agreement with these studies, we
demonstrate that high-dose lithium exerts its antidepressant-like
role through rescuing the decreased neural activity and restoring
the down-expressed Bdnf mRNA in VTA-mPFC DA neurons, and
thus increases BDNF levels in the mPFC.

It is interesting that chemogenetic activation of mesocortical DA
neurons induces the alleviation of depressive-like phenotypes,
which is quickly reversed by scavenging BDNF signaling in the
mPFC. Likewise, intra-NAc injection of TrkB inhibitor, ANA-12, 1 h
before optical stimulation of VTA-NAc pathway eliminates social
avoidance in subthreshold social defeat mice [28]. A potential
reason for the acute roles of blocking BDNF signaling in our study
is that VTA DA neurons release BDNF in the target regions in an
activity-dependent manner [68-70], chemogenetic manipulation
of VTA DA neurons may regulate BDNF levels in the mPFC, and
thus modulate depressive-like behaviors. BDNF acutely modulates
central synaptic transmission and neural activity in cortical
cultures [71, 72], acute brain slices [73-75] and in vivo [76].
Therefore, scavenging BDNF signaling might change neuronal
activity and result in behavioral responses [77, 78]. Taken together,
these findings suggest that regulation of BDNF signaling in
mesocortical DA circuit may be a potential mechanism underlying
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the antidepressant-like effects of high-dose lithium. A limitation of
this study, however, is that the roles of BDNF derived from local
mPFC neurons in the antidepressive effects of lithium require
further investigation.

CONCLUSIONS

Taken together, our findings provide novel insights into the roles
of BDNF within VTA-mPFC DA projection in mediating lithium'’s
actions. This study reveals new molecular and circuitry mechan-
isms underlying the therapeutic effects of lithium, shedding light
on the potential to extend lithium’s clinical applications.
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