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The habenula is activated in response to stressful and aversive events, resulting in exploratory inhibition. Al-
though possible mechanisms for habenula activation have been proposed, the effects of chronic stress on the
habenular structure have never been studied. Herein, we assessed changes in volume, cell density and dendritic
structure of habenular cells after chronic stress exposure using stereological and 3D morphological analysis. This
study shows for the first time that there is a hemispherical asymmetry in the medial habenula (MHDb) of the adult
rat, with the right MHb containing more neurons than its left counterpart. Additionally, it shows that chronic

ﬁiﬁfﬁ;‘ﬁ' stress induces a bilateral atrophy of both the MHb and the lateral habenula (LHb). This atrophy was accompanied
Stress by a reduction of the number of neurons in the right MHb and the number of glial cells in the bilateral LHb, but not
Anxiety by changes in the dendritic arbors of multipolar neurons. Importantly, these structural changes were correlated
Stereology with elevated levels of serum corticosterone and increased anxious-like behavior in stressed animals. To further

Corticosterone assess the role of the habenula in stress-related anxiety, bilateral lesions of the LHb were performed; interesting-
ly, in lesioned animals the chronic stress protocol did not trigger increases in circulating corticosterone or anx-

ious-like behavior. This study highlights the role of the habenula in the stress responses and how its sub-

regions are structurally impacted by chronic stress with physiological and behavioral consequences.

© 2016 Published by Elsevier Inc.

1. Introduction

The habenula is a small bilateral brain region that together with the
pineal gland forms the epithalamus and is phylogenetically preserved in
almost all vertebrates (Andres et al., 1999; Stephenson-Jones et al.,
2012). The habenular nuclei, which consist of the medial and lateral
sub-regions (MHb and LHb, respectively), have been described as a
relay interface between the basal ganglia and the limbic system since
forebrain projections from both converge there (Herkenham and
Nauta, 1977) and are able to modulate downstream limbic midbrain do-
pamine and serotonin circuits (Hikosaka et al., 2008; Hikosaka 2010;
Stephenson-Jones et al., 2012; Zhao et al., 2015). This modulation can
both promote or inhibit release of dopamine and serotonin in the
brain since the habenula is strongly connected with the ventral tegmen-
tal area (VTA) - via the rostromedial tegmental nucleus (rMTG) - and
the raphe nucleus (RN) - via the interpeduncular nucleus (IPN)
(Christoph et al., 1986; Ferraro et al., 1996; Lecourtier et al., 2008;
Zhao etal., 2015) -, the major sources of dopaminergic and serotonergic
projections in the brain, respectively (Vertes, 1991; Russo and Nestler,
2013). Although the LHb appears to be the only habenula sub-region ca-
pable of directly controlling dopamine release, serotonergic modulation
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is likely more complex as both structures exert influence on the IPN -
the MHb directly and the LHb indirectly - and the RN (Hikosaka et al.,
2008; Hikosaka, 2010; Stephenson-Jones et al., 2012; Zhao et al,,
2015), suggesting that the combined output of both structures is partic-
ularly critical for the serotonergic system. Moreover, the MHDb also pro-
jects to the LHb (Kim and Chang, 2005) and both sub-structures share
several efferent inputs (Herkenham and Nauta, 1977) further highlight-
ing the complexity of the combined net output of the habenula This crit-
ical modulatory role of the monoamines circuits has been linked to
several different behaviors and conditions (Hikosaka, 2010; Fakhoury
and Lopez, 2014; Proulx et al., 2014), therefore attracting increased at-
tention from researchers focusing on mood disorders, depression and
stress (Hikosaka, 2010).

The particular involvement of the habenula in the stress response
was initially attributed to the observation that habenular neurons
were activated by a variety of stressors (Wirtshafterm et al., 1994)
and aversive/unpleasant stimuli including both the presence of punish-
ment and the absence of reward (Matsumoto and Hikosak, 2009). Addi-
tionally, stimulation of the habenula produced autonomic responses
similar to those observed in emotional stress (Ootsuka and
Mohammed, 2015) and LHb activity was correlated with behavioral in-
hibition in normal and stressful contexts (Lee and Huang, 1988). This in-
hibitory role has been linked to the modulation of dopamine and
serotonin release in the brain and has been additionally shown in sever-
al lesion (Murphy et al., 1996; Yang et al., 2008; Tian and Uchida, 2015),
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excitation (Christoph et al., 1986; Ji and Shepard, 2007) and inhibition
(Winter et al., 2011; Sachs et al., 2015) and optogenetic (Stamatakis
and Stuber, 2012; Amo et al., 2014) studies.

Chronic exposure to stress leads to monoamines dysfunction with
behavioral consequences (Chaouloff et al., 1999; Pani et al., 2000;
Bambico et al., 2009) that mimic those described for overactivation of
the habenula. Moreover, several depression studies that use chronic
stress exposure as a model have shown an involvement of the habenula
in the dysregulation of the monoamines circuits with functional and be-
havioral consequences (Christensen et al., 2013; Aizawa et al., 2013;
Proulx et al., 2014). More strikingly, it was also shown that habenula-in-
duced monoamine dysfunction could be one of the causes for increased
susceptibility to stress (Sachs et al., 2015). Yet, and although some
mechanisms for habenula overactivation have been proposed (Aizawa
etal., 2013; Li et al., 2013; Cui et al., 2014), the consequences of chronic
exposure to stress on habenular structure have never been explored.

Here, we assessed how chronic exposure to stress could lead to
changes in volume, cell density and dendritic structure of habenular
cells by stereological and 3D morphological analysis of Giemsa and
Golgi stained LHb and MHb sections. We not only present, for the first
time, an unbiased estimation of the total number of neuronal cells in
the MHb and LHb and glial cells in the LHb of the adult rat in both
brain hemispheres, but also how chronic stress can disrupt the basal
structure. Anxiety-related disorders - despite of their clinical impor-
tance - have received far less attention than depression in previous
habenula studies; therefore, we additionally assessed if habenular in-
tegrity was necessary for the physiological and behavioral expression
of stress-related anxiety by exposing habenula-lesioned animals to a
chronic stress protocol and then to an anxiogenic environment. Consid-
ering it had been shown that lesions of the LHb after a stress protocol
could alleviate some of the immediate behavioral and physiological
symptoms of depressive-like behavior (Yang et al., 2008) we also hy-
pothesized that ablation of the LHb previous to the stress exposure
could block the escalation of stress-related anxiety symptoms due to
stress exposure,

2. Materials and methods
2.1. Animals

A total of 36 Male Wistar-Han rats (Charles River laboratories, Barce-
lona, Spain), weighting 300-400 g and aged 12-16 weeks were used in
this study. Animals were pair-housed under the following laboratory
conditions: room temperature of 22 °C, relative humidity of 55%, 12 h
light cycle beginning at 8 AM and food and water ad libitum. All proce-
dures performed in studies involving animals were in accordance with
the ethical standards of the institution or practice at which the studies
were conducted. Experiments were conducted in accordance with Eu-
ropean Union Directive 2010/63/EU and the Portuguese regulations
and laws on the protection of animals used for scientific purposes of
the Ministry for Agriculture, Rural Development and Fishing. This
study was approved by the Portuguese Veterinary General Direction,
Dire¢do Geral de Alimentacdo e Veterindria (DGAV).

Animals were divided into 4 groups: control (n = 12), stress (n =
12), lesion-control (n = 6) and lesion-stress (n = 6).

2.2. Surgery/electrolytic lesion

Animals from the lesion (lesion-control and lesion-stress) groups
were subjected to bilateral electrolytic ablation of the LHb by passing
a current through a concentric tungsten electrode (PI2CEA10, Micro-
probes, Gaithersburg, MD, USA). An adaptation of the lesion protocol
of (Haack et al,, 2014) was used: since the habenula has a quasi-tubular
form, anterior and posterior lesions were performed in order to increase
the extent of the lesion in the targeted area and reduce the damage to
neighboring regions. Coordinates for the sites were: —3.0 and

—3.7 mm AP, +0.8 mm ML, and — 5.4 mm DV, from bregma. Lesions
were produce by passing a current of 1 mA for 6 and 10s in the most an-
terior and most posterior sites, respectively. Lesions were confirmed in
Cresyl-violet stained 30 pm slices from the post-mortem brains. Supple-
mentary Fig. 1 shows a schematic representation of the average lesion
extent on all lesioned animals. Although the electrolytic lesions were
largely confined to the LHb, in some sites the lesion extended beyond
the LHb to surrounding structures, including the MHb. Three rats (2
from the lesion-control group and 1 from the lesion-stress group)
were removed from further data analysis due to poorly targeted lesions.
Animals were allowed to recover from surgery for 1-2 weeks.

2.3. Stress protocol

Rats from the stress groups (stress, and lesion-stress) were then ex-
posed to a chronic unpredictable stress (CUS) protocol, described else-
where (Cerqueira et al., 2007), for 28 days. Importantly, exposure to
this CUS protocol is known to induce anxiety-like behavior (Pégo et
al., 2008; Jacinto et al., 2013). Briefly, stressed animals were exposed
to a daily stressor (up to 1 h a day). In order to avoid adaptation the
stressor applied was different every day and presented at a different
and random hour of the day. Five different stressors were used: re-
straint, noise, shaking, cold water and hot air stream. All stressors
were applied in a separate experimental room from where the animals
of both groups were housed. Control group animals (control and lesion-
control) were handled for the same time during the same period.

On the day following the end of the stress protocol blood samples
were drawn from all animals (from the 4 groups) via tail venipuncture
for serum corticosterone levels assessment. Blood samples were collect-
ed in the morning (8 AM). The samples were centrifuged at 13000 rpm
for 10 min. Serum was extracted and stored at — 80 °C for posterior
analysis. Serum corticosterone levels were measured by immunoassay
using a commercially available ELISA kit (Corticosterone ELISA Kkit,
Enzo Life Sciences, Farmingdale, NY, USA).

2.4. Behavior

Following one day of rest after blood collection, animals from all
groups were exposed to the Elevated-Plus Maze (EPM) test for 5 min.
The EPM is a validated test to assess anxiety-like behavior in rodents
and the protocol has been described elsewhere (Sousa et al., 2006).
Briefly, the test apparatus consists of an elevated plus shape where
two of the plus' arms are surrounded by high walls and the two other
are not. The test explores the conflict of appetitive and aversive motiva-
tions to explore novel environments and avoid brightly lit and elevated
spaces, respectively, Responsiveness to the anxiety-inducing environ-
ment was measured as the time animals spent exploring the open
arms of the EPM, regarded as most aversive areas of the test. Animals
which present higher anxiety-levels (or higher response to anxiety-in-
ducing stimuli) tend to spend less time exploring the open arms (Pégo
et al., 2008). Since the EPM was performed at different times across dif-
ferent groups and subtle environmental variations may impact on be-
havior - even though the order of the animals was randomized -, the
time spent in the open arms was transformed in a z-score when all
groups were compared. The averaged non-z-transformed data is also
shown as Supplementary Fig. 2.

2.5. Stereology

Stereological procedures were similar to the ones described in
(Cerqueira et al., 2007). On the day following the behavioral testing
part of the rats from the control (n = 6) and stress (n = 6) groups
were anaesthetized with an overdose of pentobarbital injected intraper-
itoneally and perfused transcardially with a fresh solution of 0.9% saline
followed by a fixative solution (4% paraformaldehyde). The brains were
removed, cut in a 5 mm section that included all of the habenula, with
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the help of a brain slicer (Zivic, Pittsburgh, PA, USA) and placed in fixa-
tive solution for at least 3 weeks. The blocks were then sequentially
dehydrated in alcohol solutions and then embedded in glycolmetha
crylate (Tecnovit 7100, Heraeus Kulzer, Werheim, Germany). The
glycolmethacrylate-embedded blocks were marked for laterality with
a cut on the top-right side of the block with a blade and finally cut in a
microtome in 30 um coronal sections. Every section was collected on
noncoated glass slides, stained with Giemsa (Sigma-Aldrich, Saint-
Louise, MO, USA) and mounted with Entellan (Merck, Darmstad,
Germany).

2.5.1. Region boundaries

MHD and LHb regions were demarked based on the rat brain atlas of
Paxinos and Watson (2006) and previous stereological and patch clamp
works (Kim and Chang, 2005; Zhang and Oorschot, 2006). The MHb
consisted of a small region with closely packed cells surrounded by en-
dothelial cells bordering the third ventricle and neighbored by the LHb
to the side opposite the ventricle. The LHb was larger than the MHb in
the majority of sections although presenting cells that were more
sparsely distributed. The differential packaging of cells stained the
MHb much more darkly than the LHb. Both MHb and LHb were bor-
dered on top by the stria medularis on the majority of sections and
were clearly separated from the dorsal thalamus at the bottom by a
thin layer of cells, likely belonging to the fasciculus retroflexus. Supple-
mentary Fig. 3 shows demarked MHb and LHb regions on
exemplificative sections.

2.5.2. Cell identification

In both the MHD and the LHb it was possible to clearly identify two
distinct cell populations: glial cells and neurons (Zhang and Oorschot,
2006). The distinct populations were divided based on morphological
characteristics such as size, distribution of euchromatin, visibility of nu-
cleolus and nucleoplasm. Glial cells displayed round, smaller and darkly
stained nucleus (due to the presence of heterochromatin aggregates)
without a visible nucleolus or nucleoplasm (Davanlou and Smith
2004; Zhang and Oorschot, 2006; Garcia-Amado and Prensa, 2012) - al-
though microglia may present an elongated form with dense peripheral
chromatin (Davanlou and Smith 2004; Pelvig et al., 2008). Neurons, on
the other hand, presented larger, spherical or ovoidal, nucleus with a
pale and homogeneous nucleoplasma almost always with a clear nucle-
olus nucleoplasm (Davanlou and Smith 2004; Zhang and Oorschot,
2006; Garcia-Amado and Prensa, 2012). The distinction between differ-
ent types of neurons or glial cells was not taken into account and would
only be accurate with additional immunohistochemistry staining,
which was not performed - however, in an initial pilot stereological
study in the LHb no differences were seen on neuronal cell numbers be-
tween control and stressed rats and an additional stereological pilot
with GFAP stained LHb sections showed a reduction on the number of
stained cells in stressed rats (data not shown). Endothelial cells were
also observed, especially in the MHb lining the border with the ventri-
cle, presenting a curved or triangular shape and without visible chroma-
tin or nucleolus (Davanlou and Smith, 2004 ), but were not counted.
Cells which raised doubts regarding their type were counted separately
but accounted for <1% of the total number of cells counted on each rat.
Supplementary Fig. 4 shows different cell types identified through mor-
phology on the LHb.

2.5.3. Stereological procedures

Volume and cell number estimations were performed using Stereo
Investigator software (MBF Bioscience, Williston, VT, USA) and a camera
(DXC-390; Sony, Tokyo, Japan) attached to a motorized microscope
(Axioplan 2; Carl Zeiss, Oberkochen, Germany). Volume estimation
was based on planimetric data from the demarked regions of each sec-
tion. Although this estimate is not unbiased it can provide a good esti-
mation of volume given that the region of interest is properly
delimitated (Cotter et al., 1999; Acer et al., 2008) and has been used

successfully in rodent studies (Healy-Stoffel et al., 2001). Average cell
numbers for each brain and region were estimated using the optical
fractionator method, described elsewhere (West et al., 1991). The opti-
cal fractionator method allows the unbiased estimation of the total
number of cells from thick sections, sampled in a predetermined se-
quential manner. Each selected section was randomly sampled by a
set of unbiased virtual 3-D counting boxes covering each region of inter-
est with a uniform distanced between counting sites in X, Y directions
where cells were counted through a thickness of 20 um. For both the
MHb and the LHb each fourth section was used. A counting frame of
20 x 20 um and 30 x 30 um was used for the MHb and LHb respectively.
The X, Y spacing of each counting frame was 90 x 90 um and 110 x 110
um for the MHb and LHDb respectively. Cells were counted within each
counting frame according to pre-defined counting rules (West et al.,
1991). Neurons and glial cells that fell within the description above
were labeled accordingly.

Coefficients of error for the cell number estimates were automatical-
ly calculated according to the formulas of HJG et al. (1999) and were
within the optimal range (<0.10) for all rats, except for the estimation
glial cell numbers in MHb in one-third of the rats and thus were not
taken into consideration. Estimated coefficients of error for the plani-
metric volume estimates were also under 0.10.

2.6. Morphological analysis of dendritic arborization

2.6.1. Golgi processing

One day after behavior, additional control (n = 6) and stressed rats
(n = 6) were transcardialy perfused with 0.9% saline under pentobarbi-
tal anesthesia and brains were removed for Golgi-Cox staining (Gibb
and Kolb, 1986). Brains were immersed in Golgi-Cox solution (a 1:1 so-
lution of 5% potassium dichromate; Merck) and 5% mercuric chloride
(Merck) diluted 4:10 with 5% potassium chromate (Merck) for
14 days; then transferred to 30% sucrose solution where they were
kept in the dark and at 4 °C until processing. Coronal vibratome
200 um thick sections were collected and blotted dry onto clean slides,
alkalinized in 18.7% ammonia, developed in Dektol (Kodak, Linda-a-
Velha, Portugal), fixed, dehydrated through a graded series of ethanol,
cleared in xylene, mounted with Entellan (Merck) and coverslipped.

2.6.2. Morphometrical analysis

Multipolar habenular neurons were chosen randomly in the LHb
within the regional boundaries previously described in the stereology
section brain. 3-4 neurons were counted per brain. Note that the low
number of neurons counted per brain is due to the fact that Golgi stain-
ing of habenular neurons is technically challenging as few neurons are
stained through this technique, even using modified protocols as de-
scribed below. The criteria to choose Golgi impregnated neurons were
the same as described previously (Uylings et al., 1986): dendritic
branches that were not incomplete, broken or non-impregnated; den-
drites that did not show overlap with other branches; neurons that
were visually well isolated. Eighteen to 20 neurons per experimental
group were studied. For each selected neuron, all branches of the den-
dritic tree were reconstructed at 600 x magnification using a motorized
microscope (BX51; Olympus, Tokyo, Japan) with oil objectives attached
to a camera (MBF Bioscience) and using the Neurolucida software (IMBF
Bioscience). Neuron morphology in the habenula is diverse (Kim and
Chang, 2005) and for the sake of consistency only multipolar neurons
with 3 to 6 dendrites were drawn. The total dendritic length of each
neuron was calculated since it can be used as a measure of neuron plas-
ticity, reflecting increased probability of inter-neuronal connection
(Sala and Segal, 2014).

2.7. Statistics

Multi-group comparisons (z-time in EPM open arms and corticoste-
rone for all animals) were performed with one-way analysis of variance
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(ANOVA) followed by post-hoc pairwise comparisons using Tukey's HSD
test. Two-way ANOVA was used to assess interactions between control/
stress and left/right for stereology estimates followed by post-hoc
pairwise comparisons using Tukey's HSD test. Comparisons of control/
stress for the morphology data were done by Welch's t-test. All datasets
were tested for normality using the Shapiro-Wilk test. Results are
expressed as mean + standard error of the mean (sem).

Goodness of fit and significance of correlations between corticoste-
rone and volume and cell number estimates were obtained by linear
regression.

3. Results
3.1. Chronic stress impacts on the structure of the MHb and LHb

A group of rats (n = 6) was exposed to a stress protocol for 28 days
while a group of control animals (n = 6) was handled during the same
period. At the end of the 28 days blood was drawn for corticosterone as-
sessment and two days after animals were exposed to the EPM, an anx-
ious-behavior inducing arena (Pégo et al., 2008). See Methods section
for details.

A MHb

Following exposure to the EPM, the brains of all animals were proc-
essed for stereological assessment of volumes and neuronal and glial
cell numbers of the bilateral LHb and MHb. Control rats displayed an
MHD of equal volume on both hemispheres, but with significantly
more neurons in the right MHb (interaction F(1,20) = 7.62; p <0.01;
post-hoc pairwise comparison p = 0.04; Fig. 1a). Chronically stressed
rats displayed a significant reduction in the volumes of the bilateral
MHb and LHb when compared with controls (MHb: F(1,20) = 50.85,
p < 0.0001; LHb: F(1,20) = 26.62, p < 0.0001; post-hoc comparison
p < 0.01 for all areas; Fig. 1a).

The observed volumetric reduction was paralleled by a significant
reduction of the total number of cells in the right MHb and the LHb in
both hemispheres (MHb: F(1,20) = 17,45, p = 0.0005; post-hoc com-
parison (MHD right) p < 0.001; LHb: F(1,20) = 119.6, p < 0.0001;
post-hoc comparison (LHb left and right) p < 0.0001; Fig. 1b). The re-
duction in the total number of cells in the right MHb was due to a signif-
icant reduction of neurons (F(1,20 = 13.05, p < 0.01; post-hoc
comparison p < 0.01; Fig. 1c), while the reduction observed in the LHb
was due to a significant reduction of glial cells (F(120) = 32.07,
p <0.0001; post-hoc comparison, for both left and right, p < 0.01; Fig.
1d). Moreover, the volumetric changes could not be attributed to
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Fig. 1. Structural changes induced by chronic stress in the MHb and LHb. (A) Estimated bilateral volumes of MHb (left) and LHb (right) for control (n = 6; black) and stressed (n = 6; red)
rats. Chronic stress induced a bilateral atrophy of both the MHb and LHb. (B) Estimated total number of cells in the bilateral MHb (left) and LHb (right) for control and stressed rats.
Stressed rats presented significantly reduced number of cells in the right MHb and in the bilateral LHb when compared with controls. (C) Estimated number of neurons in the bilateral
MHB (left) and LHb (right) for control and stressed rats. The MHb presented an asymmetry regarding the number of neurons, with the right MHB significantly containing more
neurons than the left MHB. The right MHB was also impacted by chronic stress, with stressed rats presenting a significantly lower number of neurons than controls. (D) Estimated
number of glial cells in the bilateral LHb for control and stressed rats. Stressed rats presented significantly lower numbers of glial cells than controls. *p < 0.05 for inter-hemispherical
comparisons within the same group and inter-group comparisons. Error bars represent minimum and maximum values.
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changes on dendritic arborization, as in an additional set of control
(n = 6) and stressed rats (n = 6), we did not observe significant differ-
ences in dendritic lengths of multipolar habenular neurons between ex-
perimental groups (Fig. 2).

As expected, stressed rats also presented concentrations of serum
corticosterone significantly increased when compared with controls
(p < 0.01; Fig. 3a) after the 28 days of exposure to stress. Interestingly,
the levels of corticosterone presented high and significant negative cor-
relations with the volumes of the bilateral MHb and LHb (Fig. 3c), the
number of neurons in the right MHb and glial cells in the bilateral LHb
(Supplementary Fig. 5). This means that rats that presented high levels
of corticosterone at the end of the stress protocol were also the same
that had lower volumes in the bilateral MHb and LHb, lower number
of neurons in the right MHb and lower number of glial cells in the bilat-
eral LHb.

Behaviorally, stressed rats displayed an anxiogenic phenotype, as
they spent significantly less time in the open arms of the EPM than con-
trol rats (p < 0.01; Fig. 3b). No statistical differences were found be-
tween control and stress groups for the distance travelled in the EPM
(control: 1511.63 4 74.87 cm; stress 1620.83 + 72.77 cm).

3.2. Lesions of the habenula block stress-induced endocrine and behavioral
responses

In order to assess the effects of habenular lesion in stress-related
anxiety behavior we performed bilateral electrolytic lesions in addition-
al groups of rats. Part of these animals were subjected to the CUS proto-
col (lesion-stress, n = 5) while the remaining (lesion-control, n = 4)
were handled during the same period. Blood for corticosterone assess-
ment was drawn after 28 days of stress exposure. After blood collection
animals were also exposed to the EPM and their performance compared
with the previous control (n = 12) and stress (n = 12) groups.

Non-lesion stressed rats displayed, at the end of the stress protocol,
serum corticosterone concentrations significantly higher than the ones
displayed by non-lesion controls, lesion-controls and lesion-stress ani-
mals (F(3,33) = 37.08, p < 0.0001; post-hoc pairwise comparisons: con-
trol vs stress p < 0.0001; stress vs lesion-control p < 0.0001; stress vs
lesion-stress p < 0.0001; Fig. 4a). There were no significant differences
between the remaining groups.

Control, lesion-control and lesion-stress animals spent significantly
more time in the open arms than non-lesioned stressed animals
(F(3,33) = 7.28, p < 0.001; post-hoc pairwise comparisons: control vs
stress p < 0.01; stress vs lesion-control p < 0.01; stress vs lesion-stress
p < 0.001; Fig. 4b). Lesion-stress animals also spent significantly more
time in the open arms than lesion-control animals (p = 0.02 post-hoc
pairwise comparison; Fig. 4b). No statistical differences were found be-
tween groups for the distance travelled in the EPM (control: 1511.63 +
74.87 cm; stress 1620.83 4 72.77 cm,; lesion-control: 1722.78 +
63.94 cm; lesion-stress: 1564.95 + 97.77 cm).
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4. Discussion

This study shows that chronic exposure to stress leads to an atrophy
of the LHb and MHDb bilaterally as well as to a reduction of the number of
neurons in the right hemisphere MHb and the number of glial cells in
the bilateral LHb. Specific structural chronic stress-induced changes in-
volving volume, neuronal cell number and morphology variations have
been shown to occur, for example, in the hippocampus-amygdala-pre-
frontal cortex (HPC-AMY-PFC) circuit, a key modulator of emotional be-
havior, among others (Cerqueira et al., 2007; Pégo et al., 2008; Sousa et
al., 2009; Pinto et al., 2015). Although it was known that the habenula,
especially its lateral sub-region (LHb), reacts to stressful events
(Wirtshafterm et al., 1994; Matsumoto and Hikosak, 2009) and that
chronic stress can disrupt intracellular cascades in the LHb
(Christensen et al., 2013), it had never been shown if repeated exposure
to stress could impact on habenular structure/morphology as we show
here. The current findings reveal that stress targets distinct cell popula-
tions in the habenula: while there is a decrease of neurons in the right
MHD, there is a decrease of glial cells in the bilateral LHb. Interestingly,
we also found an hemispheric asymmetry in the MHb in this study:
with the right MHb containing more neurons than its left counterpart
in control rats. Although laterality of the habenula has been described
in several species inducing differential expression of genes and connec-
tivity (Hendricks and Jesuthasan, 2007; Dada et al. 2010) as well as re-
sponsiveness to stress (Facchin et al., 2015; Ichijo et al., 2015), this
study shows for the first time, in a sample of 6 rats, that a structural dif-
ference also appears to exists in the rat.

4.1. Chronic stress and cell loss in the habenula

Chronic stress can target both neuronal and glial cell survival in var-
ious regions of the brain (Pittenger and Duman, 2008), as reported here-
in, despite the processes through which that occurs still being a matter
of debate. Nevertheless, some hypothesis have been proposed, includ-
ing: increased oxidative stress mediated by glucocorticoid-receptors
(GR), highly expressed in both neurons and glia in various areas of the
brain (Behl et al., 1996); impacts on neurogenesis (Duman, 2009);
GR-induced glutamate deregulation and subsequent toxicity (Conrad,
2008); and loss of structural and trophic support (Lin and Koleske,
2010). In the context of the habenula, it is important to note that al-
though GRs have not been found in this structure (Aronsson et al.,
1988) and that the existence of MR or CRF receptors has never been re-
ported, glucorticoid-induced receptor (GIR) - a receptor which has
been proposed to also mediate stress-related glucocorticoid effects in
the CNS -has been identified scattered throughout the habenula (Sah
et al,, 2005) and might be a possible mediator of the exposure to the in-
creased corticosterone levels. Additionally, the habenula receives sever-
al projections, including glutamatergic ones, from limbic areas
(Herkenham and Nauta, 1977) severely affected by glucorticoid-medi-
ated stress which may have an impact on neuronal plasticity through

50 pm

CONTROL STRESS

Fig. 2. Effects of chronic stress on LHb multipolar neurons morphology. (A) Total dendritic length of multipolar neurons (containing 3 to 6 dendrites) in the LHb for control (n = 6; black)
and stress (n = 6; red) rats. (B) Exemplificative tracing of control (left) and stressed (right) rat's multipolar neurons. No differences were seen between the dendritic length of control and

stressed rat's LHB multipolar neurons. Error bars represent sem.
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Fig. 3. Impact of chronic stress on serum corticosterone and EPM behavior and corticosterone/LHB and MHB volumes correlation. (A) Serum corticosterone for control (n = 6, black) and
stressed (n = 6, red) rats after 28 days of stress and handling, respectively. Stressed rats presented significantly higher levels of serum corticosterone than controls. (B) Time spent in the
open arms for control and stressed rats. Stressed rats display increased anxious-like behavior spending less time in the open arms than controls. (C) Correlation of measured serum
corticosterone and MHb (top) and LHb (bottom) estimated volumes on both hemispheres. Corticosterone was significantly and negatively correlated with the estimated volumes on
both hemispheres of the MHb and LHb. *p < 0.05 for inter-group comparisons. Error bars represent sem. R? is goodness of fit and p is significance of linear regression.

disrupted neuromodulator-release (Sousa and Almeida, 2012). That the
type of cells targeted by stress were different in the LHb and the MHb is
surprising; however this may be a consequence of different expression
of synaptic receptors in LHb and MHb (Meye et al., 2013) - although lit-
tle is known regarding MHb synaptic profiling - and, above all, having
segregated inputs from other brain areas which are probably affected
differently throughout the stress exposure (Sousa, 2016). We also can-
not entirely discard that stress may impact on glial cells on the MHb
since the coefficient of error for a third of our estimates of MHb glial
cells numbers were below the optimal range and these data was not
taken into consideration.

4.2. Habenula excitability and stress-related anxiety

Stress-related changes in the structure of several brain areas have
been shown to correlate with physiological and anxiety-like behavioral
alterations across various contexts (Sousa and Almeida, 2012). The
present study also shows that the stressed rats that displayed changes
in volumes and cell numbers in both the LHb and MHb are the same
that displayed increased corticosterone levels and increased response
to anxiety-inducing stimuli. Chronic stress, in particular, is known to in-
duce a state of hyper-reaction to anxiety-provoking contexts (Pégo et
al., 2008), such as the EPM. The modulation of behavioral inhibition in



52 L.R. Jacinto et al. / Experimental Neurology 289 (2017) 46-54

>

150
e g
o *
5 *
~ 100
. -
2
8 50
£ -
o
s Lomm B W
0' T T
v ] N 5
& & & &
£ & &
S S &
& °
AN
N

21 *
A . —
& 14 —— .
5
o
o
A=
N
P G
-1 T T T T
o o
éq-d’ &Qg?’ & &
3 3 & &S
o o \9*%
@d‘\ &
N

Fig. 4. LHD lesion effects on serum corticosterone and EPM behavior. (A) Serum corticosterone for control (n = 12, black) and stressed (n = 12, red), lesion-control (n = 4), lesion-stress
(n = 5) and sham-stress (n = 4) rats after 28 days of stress and handling (depending on group). Measured serum corticosterone was significantly higher in stressed rats when compared
with all other groups. (B) Z-score time spent in the EPM open arms. Stressed rats presented increased anxious-like behavior when compared with controls and lesion-stress rats. The same
was observed for sham-stress animals when compared with lesion-stress animals. *p < 0.05 for post-hoc pairwise comparison. Error bars represent sem.

an aversive context or under acute stress through habenular function
has been linked to serotonergic modulation (Teissier et al., 2015) and
dopaminergic transmission (Hikosaka et al., 2008). Indeed, increased
firing of LHb neurons, such as reported for a stressful event (Matsumoto
and Hikosaka 2009), has been correlated with the reduction of neuronal
firing of midbrain dopaminergic neurons (Matsumoto and Hikosaka,
2007; Stamatakis and Stuber, 2012) and with the inhibition of RN sero-
tonergic neurons (Park, 1987; Stern et al., 1979) - although both the
LHb, directly and indirectly, and the MHb, indirectly, can act upon the
RN with a net output that is not necessarily inhibitory (Proulx et al.,
2014). Similarly, electric stimulation of the LHb induced a major sup-
pression of dopaminergic neurons in VTA/SNc (Christoph et al., 1986;
Jiand Shepard, 2007) and raphe units (Stern et al., 1979) - although pre-
vious reports have stated that high-frequency stimulation of the
habenula produced anti-depressant effects in rats (Lim et al., 2015)
and humans (Sartorius et al., 2010). Optogenetic activation of the LHb
also induced active and passive behavioral avoidance (Stamatakis and
Stuber, 2012). In contrast, lesions of the habenula can increase dopa-
mine release in the cortex and striatum (Nishikawa et al., 1986;
Lecourtier et al., 2008) and increased serotonin turnover in the dorsal
RN (Yang et al., 2008) and are accompanied by exploratory disinhibi-
tion, even in an anxiogenic context (Murphy et al., 1996).
Coincidentally, monoaminergic dysfunction has been observed due
to chronic stress exposure (Chaouloff et al., 1999; Pani et al., 2000)
and in conditions of habenula hyperexcitability (Aizawa et al., 2013).
Accordingly, an early hypothesis of habenula involvement in chronic
stress alterations suggested that repetitive exposure to stressors
would lead to hyperexcitability of the habenula with consequent dopa-
minergic and serotonergic activity reduction and increased behavioral
inhibition (Hikosaka, 2010). There are several factors driving over-ex-
citability in the habenula (Aizawa et al., 2013; Li et al.,, 2013) including
glutamate accumulation in the synapse due to reduced clearing by
glial transport (Cui et al., 2014). Thus, the glial loss that we observed
in the LHb due to stress exposure may be contributing to the hyperexcit-
ability of LHb neurons which, in turn, dysregulates the monoamines cir-
cuits and promotes the anxious behavior. Strikingly, depressive-like
symptoms in a rodent model have been linked to glial dysfunction in
the LHb affecting glutamate clearance and driving excitability of
habenular neurons (Cui et al,, 2014). The functional impact of the reduc-
tion of neurons in the right MHb is harder to clarify since the small size
of this sub-region and its complexity have posed challenges to function-
al studies (Viswanath et al., 2014). Nevertheless, previous work showed
that silencing the neural output of the dorsal MHb produced aversive

and depressive behaviors (Hsu et al., 2014). Furthermore, the MHb pro-
jects almost uniquely to the interpeduncular nucleus (IPN), a region
critically involved in regulating the RN (Herkenham and Nauta, 1979;
Contestabile and Flumerfelt, 1981) and a recent study (Zhao-Shea et
al., 2015) implicated MHb-IPN glutamatergic transmission in the mod-
ulation of anxiety.

Since the impact of chronic stress on habenular anatomy/morpholo-
gy could just be a consequence of stress on the habenula and/or other
regions projecting to it, and with no functional relevance, we decide to
explore the involvement of the habenula in the stress-related anxiety
response by lesioning the habenula in an additional group of rats that
was submitted to the same CUS protocol as the group used for stereo-
logical and volume assessment. The lesions not only increased explor-
atory behavior in an anxiogenic context - in line with what was
described above - but did it even after 4 weeks of unpredictable stress
exposure. Thus, habenula lesion blocked the effects of chronic stress
on EPM exploratory behavior. Due to the small group sizes of lesioned
animals these results should be taken with caution, despite underlining
the role of the habenula on exploratory activity and on the stress
response.

Additionally, this study also shows that lesioning the habenula
blocks the corticosterone rise typically observed after chronic exposure
to stress (Sousa and Almeida, 2012). Chronic stress progressively im-
pairs the inhibition of the hypothalamus-pituitary-adrenal (HPA) axis
which leads to increasing levels of circulating corticosterone with fur-
ther structural and functional consequences (Sousa and Almeida,
2012). The involvement of habenula activity in the modulation of HPA
axis activity, measured indirectly by serum corticosterone levels, has
never been clearly established. Conflicting results had previously
shown that lesions of the habenula lowered the concentration of circu-
lating corticosterone in rats as well as abolish the circadian fluctuations
of this hormone (Montilla et al., 1982), on one hand; and that lesions of
the fasciculus retroflexus, the de facto output of the LHb, would increase
circulating corticosterone (Murphy et al., 1996), on the other hand. Sev-
eral brain areas are known to be capable of activating and/or inhibiting
the HPA axis directly and indirectly such as HPC-AMY-PFC circuit (Sousa
and Almeida, 2012). Our study, despite showing that lesions of the
habenula block the usual dysregulation of HPA axis activity brought
about by chronic stress does not clarify how the habenula may be in-
volved in this modulation. At this point we do not know if the habenula
acts directly or indirectly in the HPA axis as additional causal studies
would need to be performed - nevertheless, both possibilities are
open since the LHb projects to several areas of the hypothalamus
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(Herkenham and Nauta, 1979) and can exert monoamine dependent
modulation in several brain areas capable of regulating the axis.

5. Conclusions

The main findings herein reported may appear contradictory: on one
hand, atrophy and cell number reduction on both the MHb and LHb are
a consequence of chronic exposure to stress and correlate with anxious
behavior; and that, on another hand, fully ablating the LHb blocks the
stress effects both physiologically and behaviorally. However, what
these results suggest is that the action of chronic stress on the habenula
is complex - targeting, for example, different cell populations on each
sub-region through mechanisms that have not yet been unveiled, as
discussed above - and that the normal and pathological behavioral out-
comes most likely depend on the combined net output of these two sub-
regions. Taken together, these results reinforce the need for future stud-
ies in order to dissect the important role of the habenula in the stress
and anxiety responses. Given that neuroanatomic differences can un-
derlie stress susceptibility and stress resilience and that the habenula
has been receiving increased attention as a promising therapeutic target
for depression and anxiety this study further highlights the clinical rel-
evance of the habenula in normal and pathological conditions.

All applicable international, national, and/or institutional guidelines
for the care and use of animals were followed.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.expneurol.2016.12.003.
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