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Serotonin release in the habenula during emotional
contagion promotes resilience
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Negative emotional contagion—witnessing others in distress—affects an individual’'s emotional
responsivity. However, whether it shapes coping strategies when facing future threats remains
unknown. We found that mice that briefly observe a conspecific being harmed become resilient,
withstanding behavioral despair after an adverse experience. Photometric recordings during
negative emotional contagion revealed increased serotonin (5-HT) release in the lateral habenula.
Whereas 5-HT and emotional contagion reduced habenular burst firing, limiting 5-HT synthesis
prevented burst plasticity. Enhancing raphe-to-habenula 5-HT was sufficient to recapitulate
resilience. In contrast, reducing 5-HT release in the habenula made witnessing a conspecific in
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threats but also adversity-driven negative affect
through excessive neuronal bursting (10, II).
However, it remains elusive whether emotional
contagion adjusts an individual’s affective state
to produce resilience and whether habenular
mechanisms underlie these processes.

NEC promotes resilience

To examine the behavioral relevance of vicar-
ious emotions, we used a task wherein mice
[bystanders (BY)] experienced NEC (see meth-
ods in the supplementary materials; Fig. 1A).
Here, mice observed a cage mate (demonstrator)
submitted to a harmful experience (one ses-
sion of 19 foot shocks over the course of 20 min).
Control mice spent a similar amount of time in
the apparatus while observing a nonshocked
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control mice (Fig. 1, B and C, and fig. S1, A to C).
Pause and investigation were sequentially
structured, which was not the case for rearing
events (i.e., actions unrelated to the demon-
strator) (Fig. 1, D and E, and fig. S1, D to G).
Pause, investigation, and rearing were similar
between bystanders and control mice before
the vicarious experience (fig. S1C). Further-
more, bystanders’ locomotion, sociability, be-
havioral reactivity to foot shocks, and despair
[measured as the immobility time in a tail sus-
pension test (TST)] remained comparable to
controls after NEC (Fig. 1G and fig. S2, A to
E). To understand whether NEC modulation
of the individuals’ affective state shapes the
behavioral responses to future challenges,
bystander and control mice were next exposed
to an aversive paradigm known to generate
depressive-like symptoms (i.e., behavioral des-
pair; Fig. 1F) (12). Control mice remained im-
mobilized for longer during a TST—a sign of
despair—after receiving a series of foot shocks
(one session of 19 foot shocks over the course of
20 min) (72, 13). The immobility of bystander
mice, on the other hand, remained compara-
ble to that of the nonshocked counterpart (Fig.
1G). Such a resilient phenotype lasted up to
7 days, scaled up relatively to the foot shocks
experienced by demonstrators, emerged in
both male and female mice, and was equally
observed using the novelty-suppressed feed-
ing test (Fig. 1G and fig. S2, F and G). The
immobility time observed during the TST
correlated with the pause-to-investigation
transitions (Fig. 1, H and I), supporting a
relationship between the behavioral features
emerging during NEC and the subsequent
resilience. In contrast, pause-to-rearing transi-
tions during NEC did not relate to immobility,
indicating that phenotypes disconnected from
NEC (rearing) are also unrelated to despair
(Fig. 1, H and I, and fig. S2, H and I). Alto-
gether, these findings indicate that NEC pro-
motes resilience in mice.

Serotonin release in the habenula
during NEC

We then explored the neural circuit mecha-
nisms underlying the resilient phenotype.
Serotonin (5-HT) release and reuptake contrib-
ute to aspects of vulnerability and resilience
to trauma, profoundly shaping the individ-
ual affective state (3). In turn, hyperactivity of
the LHb underlies susceptibility to a depressive-
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Fig. 2. 5-HT release in the LHb during NEC. (A) Experimental protocol. (B) Fiber optic placement and
GRABs. 1 expression in the LHb. 3DV, third dorsal ventricle; MHb, medial habenula. (C) Heatmap z-score of
GRABs.yr dynamics of all controls and bystanders during NEC (5 min baseline and 15 min of NEC). (D) Average
of 10-min z-score of GRABs.7 dynamics (ner. = 8, ngy = 11, two-way repeated measures ANOVA;
interaction effect, Fo3, = 5.894, P = 0.0063, with Holm-Sidk post hoc test). (E) Experimental protocol and
light-evoked 5-HT transients in the LHb after somatic activation of raphe neurons. (F) Fiber optic placement,
GRABs.41, and ChRimson terminal expression in the LHb. (G) Experimental protocol. (H) Example z-score

of GRABs..yr dynamics after light stimulation in the raphe in control and bystander. (I) Quantification of
GRABs. 1 dynamics before and after NEC (ner. = 7, ngy = 11, two-way repeated measures ANOVA; time
effect, F116 = 7.287, P = 0.0158, with Holm-Sidak post hoc test). Error bars represent mean + SEM or

median + min-to-max whiskers.

like phenotype (10). Serotonergic innervation
within the LHb stems from neurons located in
the raphe nucleus (both the median and dorsal
territories), and exogenous 5-HT application
in the LHb modulates neuronal activity and
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neurotransmission (14-19). However, little is
known about 5-HT release dynamics within
the LHb or their functional and behavioral
relevance. We virally expressed a biosensor
enabling 5-HT release detection in the LHb
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Fig. 3. 5-HT and NEC diminish LHb burst firing.
(A) Schematic of recordings. (B) Bursts induced
by hyperpolarization and quantification (=20,

=40, and -60 pA for 0.8 s, n_g.yt = 19, Ny5.pr = 14,
two-way repeated measures ANOVA; 5-HT effect,
F131=10.97, P = 0.0024, with Holm-Sidak post hoc
test). (C) Burst index of LHb neurons in the
presence or absence of 5-HT (Mann-Whitney test,
N_s.HT = 19, Ny5HT = 14, P = 0006) (D) Schematic
of NEC. (E) Burst induced by hyperpolarization

in controls and bystanders. Number of bursts
induced by hyperpolarization (=20, -40, and -60 pA
for 0.8 s, ner = 39, ngy = 47, two-way repeated
measures ANOVA; current x NEC interaction, F,165 =
4501, P = 0.0125, with Holm-Sidak post hoc test).
(F) Burst index in controls and bystanders (Mann-
Whitney test, ncr. = 39, ngy = 47, P = 0.0031).
(G) Example trace of LHb burst before and after
5-HT and number of bursts induced by hyper-
polarization (=60 pA for 0.8 s) in controls and
bystanders (two-way repeated measures ANOVA,
nere = 9, ngy = 9: 5-HT x NEC interaction, Fo16 =
17.49, P = 0.0007, with Holm-Sidak post hoc test).
(H) Percent change of burst induced by hyper-
polarization after 5-HT bath application (Mann-
Whitney test, ncr. =9, ngy = 9, P < 0.0001).

(I) Experimental protocol with PCPA (three intra-
peritoneal injections the day before NEC).

(J) Example of burst induced by hyperpolarization in
LHb slice of control PCPA and bystander injected
with PCPA. Number of bursts induced by hyper-
polarization (=20, -40, and =60 pA for 0.8 s,
two-way repeated measures ANOVA, ncry = 26, ngy =
21; current x group effect, F, g0 = 1.53, P = 0.2211, with
Holm-Sidak post hoc test). (K) Burst index of LHb
neurons in control and bystander mice (Mann-Whitney
test, ner. = 26, ngy = 21, P = 0.24). Error bars
represent mean + SEM or median + min-to-max
whiskers.

(GRAB;.; Fig. 2, A and B, and fig. S3, A and B)
(20). Tonic GRAB; gt fluorescence increased
in bystanders across NEC compared with con-
trols (Fig. 2, C and D, and fig. S3C). GRAB5.t
transients were time-locked with investigation
bouts but not pause and rearing, supporting a
relationship between behavioral features emerg-
ing during NEC and 5-HT release (fig. S2D). To
corroborate these observations, we virally ex-
pressed the red-shifted opsin ChRimson in
the raphe to optically evoke 5-HT release, con-
comitantly with the GRAB;_ i1 sensor in the
LHDb (Fig. 2, E and F, and fig. S3, E and F).
Increasing light-pulse duration at 638 nm
through a fiber optic in the raphe produced
increasingly larger GRAB; yr transients in
the LHb, which is indicative of tunable 5-HT
release (Fig. 2E). We then quantified 5-HT re-
lease before and after NEC in both control and
bystander mice. In line with increased 5-HT
release in the LHb during NEC, we observed
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larger light-evoked 5-HT transients after
NEC in bystanders but not in controls (Fig.
2, Hand I).

5-HT and NEC diminish LHb burst firing

Different modalities of neuronal firing (single-
spike and bursting) are features of LHb neu-
rons (10). Notably, enhanced LHb neuronal
bursting is a hallmark of behavioral despair
emerging in response to adverse conditions
(21). If NEC limits behavioral despair by pro-
moting resilience and increases 5-HT release
in the LHb, we postulated that NEC and 5-HT
would similarly diminish neuronal bursting.
We examined neuronal firing at baseline and
neuronal excitability. Additionally, bursting
activity was quantified at baseline, during de-
polarization, and after a series of hyperpolar-
izing pulses (Fig. 3, A and B, and fig. S4, A to
E). We computed a burst index for each neu-
ron as the combined capacity of bursting dur-
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ing baseline and in response to positive and
negative current injections, allowing us to
classify bursting and nonbursting neurons
(see methods). Current-clamp recordings in
acute slices revealed that 5-HT (1 uM) reduced
bursting of LHb neurons without affecting
regular neuronal firing (Fig. 3, A to C, and fig.
S4, A to F). Enhancing extracellular 5-HT lev-
els with citalopram (10 mg/kg, injected intra-
peritoneally) diminished LHb bursting (fig.
S4, G and I). Similarly, bystander mice showed
burst reduction (both ex vivo and in vivo) and
a decreased fraction of neurons bursting and
burst index but unaltered excitability or rest-
ing membrane potential (Fig. 3, D to F, and fig.
S5, A to J). 5-HT bath application failed to fur-
ther reduce burst firing in LHb neurons from
bystander mice, indicative of occlusion of this
form of plasticity (Fig. 3, G and H, and fig. S5,
E to G). Finally, pharmacologically depleting
5-HT by inhibiting tryptophan hydroxylase with
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Fig. 4. Modulation of behavioral despair by 5-HT manipulation. (A) Schematic
of surgery. (B) Serotonin optogenetic terminal activation before brain slice
recordings. (C) Burst index of LHb neurons in 5-HT'Toma® gnd 5-HTCRIMSoN e
(Mann-Whitney, NMtatomato = 20, Nchrimson = 23, P = 0.026). (D) Schematic of
optogenetic terminal manipulation before mice received O or 19 foot shocks (no
Fs and Fs, respectively) and performed the TST. (E) Immobility time of
5-HTtdTomato gng 5-HTCRImsoN mice in no Fs or Fs condition (two-way ANOVA,
MidTomato-nofs = 7+ NchRimson-nofs = 7+ MidTomato-Fs = /. nChRimson—vnoFs = &; immobility
time x Fs interaction, 1,4 = 5.500, P = 0.0276, with Holm-Sidak post hoc
test). (F) Schematic of 5-HT optogenetic terminals inhibition in the LHb during
NEC before receiving 19 foot shocks and performing the TST. (G) Investigation

and pause cumulative time per mouse during NEC (Ngromato = 8, Neopnz = 12,
Mann-Whitney, Pinvest. = 0.115, Student’s t test, Ppause = 0.0142). (H) Immobility
time during the TST (Student's t test, P = 0.0211). (I) Relationship between
pause-to-investigation events and TST immobility time in bystanders that
received foot shocks (linear regression, Nigromato = 8. Neopnz = 12, 5-HTATemat0
R? = 0.4511, P = 0.0168, 5-HT®°"™3 R? = 0.2317, P = 0.2271). (J) Immobility time
during the TST (nBYFS,Sahne =12, NeyFs-pcpa = 11, Student's t test, P = 00287)

(K) Relationship between pause-to-investigation events and TST immobility time in
controls and bystanders that received foot shocks (linear regression, Ngyrs-saine = 12,
Nevrspopa = 11, BY-Fs saline R? = 0.3526, P = 0.0418, BY-Fs PCPA R? = 0.0378,

P = 0.5667). Error bars represent mean + SEM or median + min-to-max whiskers.

para-chlorophenylalanine (PCPA, three intra-
peritoneal injections of 200 mg/kg) (22) pre-
vented NEC reduction of LHb neuronal bursting
(Fig. 3, I to K, and fig. S5, K to M).

Mondoloni et al., Science 385, 1081-1086 (2024

Modulation of behavioral despair

by 5-HT manipulation

Given that NEC promotes resilience and ha-
benular 5-HT release, we wondered whether
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manipulating 5-HT release in the LHb is suf-
ficient and necessary for controlling the mouse
emotional responsivity. We expressed Cre-
dependent ChRimson-tdTomato or tdTomato
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(control) in raphe 5-HT neurons of Sert-Cre
mice (Fig. 4A). Optically activating 5-HT inputs
(10-ms pulses at 10 Hz for 10 min) in the LHb,
which emulates increased 5-HT during NEC,
reduced LHb neuronal bursting (Fig. 4, B and
C, and fig. S6, A to C). When the same protocol
was applied before the adverse experience, it
promoted resilience, precluding the expression
of behavioral despair and thereby recapitulat-
ing the resilient phenotype after NEC (Fig. 4, D
and E). The high level of immobility in the TST
(i.e., behavioral despair) was instead the pheno-
type present in mice injected with a control virus
and exposed to adverse conditions (Fig. 4, D and
E). Next, we tested whether silencing 5-HT re-
lease would impair the resilient phenotype
produced by NEC. We expressed a targeting-
enhanced mosquito homolog of the vertebrate
encephalopsin (eOPN3) that is temporally ef-
fective in suppressing presynaptic transmis-
sion (23). Disrupting 5-HT release throughout
the NEC task (0.2 Hz for 1 s; see methods) re-
duced bystanders’ pausing during NEC, conse-
quently leading to the expression of behavioral
despair after an adverse experience (Fig. 4, G
and H, and fig. S6D). Moreover, the immobility
in the TST correlated with pause-to-investigation
transitions and pausing time in 5-HT'dTomato
but not in 5-HT*°™ bystander mice (Fig. 41
and fig. S6E). Pharmacologically depleting
5-HT with PCPA also disrupted the relation-
ship between the behavioral phenotypes during
NEC and despair after an adverse experience,
further corroborating these observations (Fig.
4, J and K, and fig. S6F).

Discussion

A plasticity mechanism in the habenula thus
emerges as underlying an unprecedented mod-
ulatory role of 5-HT for resilience. In naive
mice, detrimental experiences including expo-
sure to persistent inescapable foot shock or stress
lead to depressive-like symptoms including be-
havioral despair (24). We demonstrated that in
bystander mice, the transfer of negative emo-
tions adjusts their affective state to cope with
subsequent adverse experiences, thus leading
to a resilient phenotype. Such behavioral re-
modeling requires enhanced 5-HT release in the
LHb, which in turn reduces the discrete neu-
ronal activity pattern of neuronal bursting.
We propose a neural mechanism occurring
during a rapid observational experience in mice
that results in an efficient transfer of emo-
tions, referred to here as negative emotional
contagion (5). Whether negative emotional
contagion emerges after witnessing adverse
experiences other than foot shocks remains to
be addressed. Social contagion between indi-
viduals extends across diverse modalities, in-
cluding food safety, pain, learning (6, 25, 26),
and, as shown here, affective state. Indeed, by-
standers can acquire various behaviors from
demonstrators, ranging from food and shock
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avoidance to pain reaction (6, 25, 26), but re-
main shielded from developing behavioral de-
spair. The bystander mice exhibit potential
facets of empathy: (i) they integrate informa-
tion about another’s affective state and (ii) they
display social interest (i.e., investigation in-
creases during the task) (26, 27). As a conse-
quence, these empathy-like features may likely
favor coping behaviors over vulnerability to ad-
versity (28). Our data provide a complementary
aspect to the framework of social contagion,
that is, the protection from the emergence of
negative affect (behavioral despair) likely en-
hancing the fitness of individuals. These find-
ings support the notion that, as is the case in
humans, graded trauma can promote resilience,
enabling individuals to cope with future chal-
lenges (2, 3, 29, 30).

The negative emotional contagion task mod-
ulates LHb function. To date, the accepted
model proposes that adverse experience pro-
motes habenular hyperactivity and enhanced
bursting, causing depressive-like symptoms
(12, 21, 31, 32). The findings here describe the
capacity of a vicarious affective experience to
lessen LHb burst activity. This suggests that
neuronal activity in the LHb moves along the
individuals’ emotional gradient, whereby indi-
rect and nonphysical experience lowers burst-
ing and thus promotes resilience, whereas
direct physical adverse conditions boost LHb
firing, promoting despair. These findings ex-
pand the clinical implication of LHb neuronal
activity by suggesting that the emergence of
depressive-like symptoms can be both limited
and reversed by manipulating LHb bursting (21).

The contribution of 5-HT release during
negative emotional contagion in promoting
resilience through the reduction in LHb burst
activity is in line with the demonstration that
5-HT reduces synaptic excitation onto LHb neu-
rons (17, 33-35). Although this suggests that one
feature of 5-HT is to diminish LHb synaptic
function and activity, it only partly covers the
many repercussions that 5-HT release has on
the LHb. Ex vivo and in vivo recordings indicate
that 5-HT increases neuronal excitability and
reduces presynaptic y-aminobutyric acid re-
lease (18, 33, 36). In addition, 5-HT terminals
from the raphe, concomitantly with 5-HT, could
co-release glutamate (37, 38). Thus, manipula-
tion of 5-HT terminals may modulate bursting
through fast or volume neurotransmission.
Related to 5-HT neuromodulation, pharma-
cological and transcriptomic data from LHb
cells identify several 5-HT receptors, including
the 1, 2¢, and 5b subtypes (16, 39, 40). Acting on
metabotropic receptors, 5-HT may modulate
intrinsic conductances, which are shown to be
relevant for LHb bursting (21, 41). Understand-
ing the circuit-specific localization of such recep-
tors, their function in modulating LHb activity,
and the repercussions on LHb targets and be-
haviors are important matters for future studies.
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The present behavioral and mechanistic in-
vestigation expands the understanding of neuro-
modulatory signaling that controls the affective
state and how monoamines influence haben-
ular circuits (42-44). This may open new ther-
apeutically relevant applications combining
the study of the serotonergic system and novel
pharmacological 5-HT actuators (psychedelics,
for instance) in the context of psychiatry (45).
In summary, 5-HT release resets the individu-
als’ emotional state to face adverse conditions
by acting on key neuronal circuits and activity
modalities, thereby refining the current circuit
model for depression.
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