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Abstract
Background—Increased activity of the habenula has been implicated in the etiology of major
depressive disorder (MDD), in which reductions in habenula volume are present at postmortem.
We conducted the first MRI analysis of habenula volume in MDD and bipolar disorder (BD).

Methods—High-resolution images (resolution≈0.4mm3) were acquired using a 3T scanner, and a
pulse sequence optimized for tissue contrast resolution. The habenula was manually segmented by
one rater blind to diagnosis. Seventy-four healthy controls (HC) were compared to both medicated
(lithium/divalproex, n=15) and unmedicated, depressed BD (n=22) patients, unmedicated,
depressed MDD patients (n=28), and unmedicated MDD patients in remission (RD, n=32).

Results—The unmedicated BD patients displayed significantly smaller absolute (p<0.01) and
normalized (p<0.05) habenula volumes than the HC subjects. In post hoc assessments analyzing
males and females separately, the currently-depressed females with MDD had smaller absolute
(p<0.05) habenula volumes than the healthy control females. None of the other psychiatric groups
differed significantly from the HC group.
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Conclusions—We provide further evidence for the involvement of the habenula in affective
illness, but suggest that a reduction in volume may be more pronounced in unmedicated,
depressed BD subjects and female, currently depressed MDD subjects. The habenula plays major
roles in the long-term modification of monoamine transmission and behavioral responses to stress,
and in the suppression of dopamine cell activity following the absence of an expected reward. A
reduction in habenula volume may thus have functional consequences which contribute to the risk
for developing affective disease.

Keywords
major depressive disorder; bipolar disorder; habenula; magnetic resonance imaging; high
resolution; lithium

Background
The habenula is an epithalamic structure that serves as a point of convergence for striatal
and limbic input, and provides forebrain control over serotonergic and dopaminergic
transmission from the midbrain. The major afferent projections to the habenula originate
from inter alia, the lateral hypothalamus, central amygdala, globus pallidus, nucleus
accumbens, and prefrontal cortex, while the habenula’s efferent projections target nuclei
such as the dorsal raphe nucleus, the ventral tegmental area (VTA), and the mesopontine
rostromedial tegmental nucleus(1–4). Efferent neurotransmission from the habenula to these
latter structures results in inhibition of the tonic firing activity of serotonergic and
dopaminergic neurons(1–4). The habenula is thus uniquely positioned to integrate
information received from the cerebral and limbic cortex, and to regulate the activity of
ascending monoaminergic projections from the brainstem(5). Preclinical studies support this
conclusion, by providing evidence that the habenula plays a role in the long-term
modification of monoamine transmission and behavioral responses to stress(6,7), as well as
the suppression of dopamine cell activity following the absence of an expected reward(8,9).

Consistent with the monoaminergic hypothesis of depression, increased metabolism of the
habenula has been observed in animal models of stress(10) and depression(11,12).
Moreover, antidepressant medication attenuated the metabolic response to experimental
manipulations that induced behavioral analogs of depression(11) and lesions to the habenula
ameliorated the behavioral response to repeated stress(6,13). In humans, Roiser et al.(14)
showed that acute tryptophan depletion (ATD) was associated with greater blood flow in the
left habenula of remitted patients with MDD but not healthy controls. These data are
consistent with an earlier study which reported a positive correlation between depressive
symptoms and habenula metabolism during ATD(15), and a report that deep brain
stimulation of the lateral habenula induced remission of symptoms in a patient with
treatment refractory MDD(16). Further, a recent postmortem study reported a 24% reduction
in volume of the right medial habenular nucleus (p<0.05; a 20% reduction on the left
showed a trend toward significance) in a mixed sample of 6 MDD and 8 BD patients versus
controls. In addition, the MDD and BD patients displayed a significant reduction in volume
(20%) of the right lateral habenular nucleus, and a significant reduction (∼30–40%) in
neuronal numbers and neuronal cell area in the medial habenular nucleus bilaterally(17).

Here, using high-resolution imaging (volumetric resolution≈0.4mm3), we conduct the first
MRI study of habenula volume in MDD, and the first imaging study of the habenula in BD.
Given the above-mentioned postmortem findings(17), we hypothesized that the habenula
volume would be decreased in both the MDD and currently depressed BD samples. Further,
based on the results of our recent analysis of amygdala volume in BD, in which we reported
decreased amygdala volume in unmedicated BD patients but increased amygdala volume in
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medicated BD patients compared with HC(18), we hypothesized that mood-stabilizing
medication would attenuate habenula volume loss in our medicated BD sample. Finally, we
also included a sample of unmedicated, fully-remitted patients with MDD (RD) in order to
test the effects of depressive symptomatology on habenula volume. We remained agnostic
regarding habenula volume loss in patients with RD, however, since in addition to their
currently euthymic mood state they showed the capacity to remain in remission while
untreated, introducing a potential selection bias that may influence the presence of
neuropathological changes.

Methods
Subjects gave written informed consent to participate, as approved by the NIMH IRB.
Participants met DSM-IV criteria for BD, most recent episode depressed, MDD in a current
major depressive episode, MDD in full remission (RD) based on the structured clinical
interview for the DSM-IV (SCID-IV)(19) and an unstructured clinical interview with a
psychiatrist. The following exclusion criteria applied: significant medical or neurological
disorders, past head injury with loss of consciousness, significant risk of suicide, meeting
DSM-IV criteria for substance abuse within the previous 6 months or substance dependence
within the previous 5 years, pregnancy, general MRI exclusion criteria or electrolyte
disturbance, anemia, or positive illicit drug or HIV screen on laboratory testing. Healthy
control (HC) subjects (n=74) met the same exclusion criteria, had no lifetime history of a
psychiatric disorder, and no first degree relative with a mood or anxiety disorder, as
established using the Family Interview for Genetic Studies (FIGS)(20).

The unmedicated BD group consisted of 22 subjects who had not been exposed to
psychotropic medications at least 2 months prior to scanning. Of these patients, 8 were naïve
to psychotropic drugs and the remaining 14 were unmedicated for an average of 86±103
(range 10 to 345) weeks. Unmedicated patients with BD had the following comorbid
conditions: post-traumatic stress disorder (PTSD) and social phobia (n=2); generalized
anxiety disorder (GAD) (n=2); social phobia and panic disorder (n=2); social phobia and
bulimia nervosa (n=1), and social phobia and obsessive compulsive disorder (OCD) (n=1).
Five unmedicated BD patients met criteria for alcohol abuse in the remote past. One
unmedicated individual with BD had a remote history of cannabis dependence, and 1
individual had a remote history of alcohol dependence.

The medicated group (n=15) consisted of 8 cases taking lithium, 6 cases taking divalproex,
and 1 case taking chlorpromazine (lithium and divalproex therapeutic blood levels
documented within several days of scanning). The following comorbid conditions were
recorded: panic disorder (n=1); OCD (n=1); PTSD and GAD (n=1), social phobia and PTSD
(n=1); panic disorder, social phobia, and PTSD (n=2); bulimia nervosa (n=2); and social
phobia and PTSD (n=1). Six medicated subjects with BD had a past history of alcohol
abuse, and 1 patient had abused both cannabis and phencyclidine (PCP). Two medicated BD
patients had a remote history of alcohol dependence.

All MDD (n=28) and RD (n=32) patients were either medication-naïve or were unmedicated
for at least 4 weeks (6 for fluoxetine). One MDD patient had co-occurring OCD, and 3 had a
history of alcohol abuse. Three patients with RD had a past history of alcohol abuse.

High-resolution anatomical images were acquired using a GE 3T MRI scanner; a standard
head radiofrequency coil; and a magnetization-prepared, rapid gradient echo (MP-RAGE)
pulse sequence: (echo time [TE]=2.1 msec, repetition time [TR]=7.8msec, prep time = 725
msec, delay time=1400 msec, flip angle=6°). One hundred twenty-four axial slices (slice
thickness=0.6 mm) were acquired with a 14 cm field-of-view and in-plane resolution of
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224×224 voxels, resampled to 256×256x124 voxels for reconstruction, resulting in a
displayed resolution of 0.55×0.55×0.6 mm. Three to four 13 minute scans were
consecutively acquired, coregistered, and summed to increase signal-to-noise ratio. To
enhance the accuract of manual segmentation, prior to analysis the signal-to-noise ratio was
increased by summing each two consecutive coronal planes to enhance the accuracy of
manual segmentation.

A second MP-RAGE image of the entire brain also was acquired to measure whole brain
volume (WBV) (TE=4.94msec; TR=11.6 msec, prep time=725 msec; delay time=1400msec,
voxel size=0.85 × 0.85 × 1.2 mm).

The habenula was segmented by one rater (WB) blind to diagnosis, in each coronal plane in
which this structure was seen bulging into the third ventricle along the ventromedial aspect
of the thalamus or lying ventral and medial to the stria medullaris of the thalamus (figure 1;
Mai et al. (21)). The medial boundary was formed by the cerebrospinal fluid of the third
ventricle, and the ventral boundary by the white matter of the posterior commissure. The
dorsal and lateral borders were defined by the white matter of the stria medullaris of the
thalamus in anterior planes or the mediodorsal thalamic nucleus, limitans nucleus or
pretectal area in posterior planes (figure 1,(21)). The inter-rater reliability scores for the
segmentation of 10 images was assessed using an interrater correlation coefficient.

Whole brain volume (WBV) was measured using an automated technique, as described
previously(18). Briefly, the FSL tool, FAST, was used to segment the whole brain image
into gray matter, white matter and CSF images, after correcting for intensity nonuniformity
using the minc tool, N3. The gray and white matter components then were summed to
generate the WBV.

The a priori hypothesis that the habenula volume would be decreased bilaterally in
depressed MDD subjects and unmedicated, depressed BD subjects versus healthy controls
was tested by comparing absolute and normalized (absolute habenula volume ÷ WBV)
volumes across groups. First, repeated measures ANOVAs with left versus right hemisphere
as the within subjects factor was used to test for absolute and normalized habenula volume
differences between the 3 groups (MDD, unmedicated BD and HC). Thereafter, independent
sample t-tests were used to test the individual group contrasts except where demographic or
clinical variables differed between diagnostic groups, in which case a general linear model
with the appropriate covariates was used instead. In post hoc analyses aimed at addressing
the specificity of the findings from these comparisons, the habenula volume of the
medicated BD group was compared to the HC group using a general linear model,
controlling for handedness and age. The RD group did not differ from the HC group in any
demographic variable, and therefore the difference in habenula volumes between these 2
groups was compared using an independent sample t-test.

Finally, exploratory analyses were performed post hoc to assess sex effects on the habenular
volumes within the mood disorder samples, and to evaluate potential associations between
habenular volumes and clinical parameters of age-at illness-onset, illness duration, time
spent medication free, symptom severity, bipolar subtype (I versus II). BD I is characterized
by episodes of major depression and mania while patients with BD II suffer from episodes
of major depression and sub-threshold symptoms of mania, that is, hypomania(22).

Results
Results are shown in tables 1 and 2, and figures 2 through 4, as well as in Supplement 1.
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The interrater reliability coefficient was 0.970 for the left habenula and 0.945 for the right
habenula.

None of the subject groups differed from each other in WBV.

A priori hypotheses
The omnibus ANOVA was indicative of a significant difference between the MDD,
unmedicated BD and HC groups in habenula volume (F=5.1, p=0.008). The within-subjects
factor, hemisphere, was significant (F=5.9, p=0.017) but there was no significant interaction
between hemisphere and diagnosis (F=1.3, p=0.278), indicating that the left habenula was
larger than the right habenula across all three diagnostic groups. In addition, a trend towards
a significant difference between the MDD, unmedicated BD and HC groups in normalized
habenula volume was observed (F=2.7, p=0.074). For the normalized volumes, no
significant effects were found for the within-subjects factor, hemisphere (F=2.4, p=0.123),
and there was no significant interaction between hemisphere and diagnosis (F=0.5,
p=0.616). The total habenula of the MDD group was 5% smaller than that of the habenula of
the HC group (left habenula 2%, right habenula 8%). This volumetric difference was not
statistically significant (p>0.15). Nevertheless, after analyzing males and females separately,
we found that the female MDD group had a smaller absolute total habenula volume (F=5.4,
p=0.025) than the female HC group. The effect was driven by a decrease in right habenula
volume (right: F=6.1, p=0.017; left: F=2.0, p=0.165) By contrast, the male MDD group did
not differ from the male HC group in total, left or right habenula volume (p-values>0.7).
The MDD group did not differ from the HC in total normalized habenula volume (F=0.4,
p=0.540) but the female MDD patients showed a trend towards having smaller total
normalized habenula volumes than the female HC group (F=3.2, p=0.081). A difference in
normalized habenula volumes between the female MDD and the female HC groups was
found for the right (F=4.6, p=0.036) but not left (F=1.1, p=0.310) habenula.The
unmedicated BD patients displayed significantly smaller absolute total (17%, F=9.8,
p=0.002), habenula volumes than the HC subjects. The unmedicated BD patients also had
smaller normalized habenula volumes than HC subjects (F=5.4, p=0.022) (table 1, and
Figures S1 – S3 in Supplement 1). Both male and female unmedicated BD patients had
smaller habenula volumes than male and female healthy controls. The unmedicated BD
group also showed a trend toward having smaller absolute total habenula volumes than the
MDD group (12%, F=3.9, p=0.054). The effect was primarily driven by a decrease in left
habenula volumes in the unmedicated BD group compared with the MDD group (left: 15%,
F=4.7, p=0.035; right: 10%, F=0.8, p=0.371). The unmedicated BD group also showed a
trend towards smaller normalized habenula volumes than the MDD group (F=3.7, p=0.061).
The statistical trend was the result of a left (F=4.8, p=0.033), but not right-sided (F=1.2,
p=0.281) habenula volume decrease in the unmedicated BD group compared with the MDD
group.

In order to ensure that the reduction in habenula volume in the unmedicated BD group was
not an artifact of the increased frequency of sinistrality in that group, we re-analyzed the
data with right-handed subjects, only. Similar results were obtained (Table S1 and Figures
S4 and S5 in Supplement 1).

Post-Hoc hypotheses
No significant difference in absolute or normalized habenula volume was found between the
medicated BD sample and the HC sample or between a combined medicated and
unmedicated BD group and the HC sample (p-values>0.2). The absolute habenula volume of
the unmedicated BD sample was 16% smaller than the absolute habenula volume of the
medicated BD sample (table 1, figures 2 through 4). However, this difference in volume did
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not reach statistical significance (F=1.0, p=0.324). Both males and females within the
unmedicated BD group showed a nominal reduction in habenula volume versus males and
females of the medicated BD group, although the results of the gender-stratified analyses did
not reach significance. In addition, no significant difference in normalized habenula volume
was found between the unmedicated and medicated BD patients (F=1.4, p=0.244) (Figures
S1 – S3 in Supplement 1).

In both the unmedicated and medicated BD sample there was no correlation between age at
onset, number of weeks medication free, Montgomery-Asberg Depression Rating Scale
(MADRS) or Young Mania Rating Scale (YMRS) scores and absolute or normalized
habenula volume. In the medicated, but not the unmedicated BD sample, illness duration
correlated positively with absolute (r=0.65, p=0.013) and normalized (r=0.63, p=0.016)
habenula volume (table 2).

The unmedicated BDI (n=6) and BDII (n=16) patients did not differ significantly from each
other in absolute or normalized habenula volume. The medicated BDI (n=4) and BDII
(n=11) patients also did not differ significantly from each other in absolute or normalized
habenula volume. Medicated BD patients treated with lithium did not differ from BD
patients treated with divalproex in absolute or normalized habenula volume (p-values>0.6).

The RD group did not differ significantly from the HC sample in absolute or normalized
habenula volume (all p-values>0.7) (figures 2 through 4 and A through C). The unmedicated
BD group had significantly smaller total absolute habenula volumes than the RD group
(F=12.5, p=0.001). The unmedicated BD group also had smaller total normalized habenula
volumes than the RD group (F=12.3, p=0.001).

Conclusions
On the basis of a recent postmortem study(17), which reported a reduction in neuron
numbers and density of the habenula in a mixed sample of patients with BD and MDD, we
expected to find volumetric decreases in our currently depressed MDD and unmedicated BD
subjects compared with HC subjects. We also scanned a medicated BD sample in order to
evaluate the effects of mood stabilizer treatment with lithium or valproate on habenula
volume, and a group of subjects with RD in order to evaluate the effects of mood state on
habenular volume.

Our main finding was that BD subjects who were medication-naïve or had been
unmedicated for at least two months displayed smaller habenula volumes than the HC
group. Conversely, the medicated BD subjects did not differ significantly in habenula
volume from the HC group. These data echo our recent report of an amygdala volume
reduction in unmedicated BD subjects but an amygdala volume increase in medicated BD
patients compared with HC(18). Our result also appears broadly consistent with evidence for
increased whole brain, ACC(23,24), and hippocampal volumes(25) in longitudinal studies of
lithium-treated BD patients, although habenula volumes did not differ significantly between
the unmedicated and medicated BD samples assessed cross-sectionally in the current study.

The cause of the reduction in habenula volume in our unmedicated BD sample remains
unclear. In the hippocampus, medial prefrontal cortex, and some amygdala nuclei, the
elevated adrenal steroid secretion associated with repeated stress has been shown to
facilitate dendritic atrophy in rodents by increasing N-methyl-D-aspartate (NMDA) receptor
signaling through the modulation of NMDA and GABA-A receptor gene expression, the
activation of voltage-gated calcium channels, and a reduction in the expression of the
glutamate transporter(26). Conceivably, stress-induced excitotoxicity in the habenula may
be correlated with previously reported increases in habenula activity in MDD patients, and
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dendritic atrophy may explain the previously reported decrease in habenula volume in MDD
subjects studied post mortem(17) as well as the decrease in habenula volume of unmedicated
BD patients presented here. Moreover, the significant reduction (∼30–40%) in neuronal
counts and cell area of the medial habenula reported in the Ranft et al.(17) postmortem
study, raises the possibility that the reduction in habenula volume in our unmedicated BD
group may reflect more than dendritic remodeling – perhaps a neurotoxic process leading to
neuronal death.

As we have pointed out elsewhere(27) developmental factors may also account for the
volumetric changes observed in some regions of the brain in affective disorders.
Conceivably, the reduction in habenula volume observed in our unmedicated BD group may
be due to a congenital abnormality that increases the risk for the subsequent development of
mood disorders.

Animal studies suggest that lithium and divalproex increase the mRNA expression of
several genes that enhance synaptic plasticity, facilitate neurogenesis, and promote cellular
resilience to physiological stress(28), perhaps explaining why our medicated BD sample did
not differ in habenula volume from our HC sample. The positive correlation between
duration of illness and habenula volume, which was only present in the medicated BD
sample, could conceivably reflect the extent of lifetime medication use. However, because
of the confounding effects of medication class, dose, and treatment compliance, as well as
the difficulty in obtaining accurate information from patients about the duration of their past
medication use, we were unable to test this hypothesis.

The absence of habenula volume differences between the MDD and HC groups may be a
consequence of reduced statistical power. The absolute right habenula volume was 8%
smaller in the MDD versus the HC group (figure 2 and figure 4) which taken together with
the Ranft et al.(17) finding of reduced right habenula volume in MDD and BD subjects
studied post mortem, raises the possibility that in a larger sample the MRI-based volumetric
difference in MDD may become statistically significant. Nevertheless, because the Ranft et
al.(17) sample was composed of both BD and MDD patients, it is possible that the reduction
in habenula volume reported by the authors was primarily driven by the BD subsample. In
addition, there may be a gender effect such that females with MDD are more vulnerable to
developmental abnormalities of the habenula or more likely to suffer from excitotoxic
damage than males with MDD. Nevertheless, the Ranft et al.(17) postmortem sample
consisted of approximately equal numbers of males and females and no gender differences
were reported by the authors.

Several additional limitations of our study design merit comment. Even in high-resolution
images, it remains difficult to accurately segment the habenula from adjacent tissues,
particularly at the anterior and posterior aspects. However, there is no reason to expect that
the extent of any errors would differ systematically between unmedicated BD patients and
our other diagnostic groups since segmentation was performed blind to subject identity/
diagnosis. Further, the limits of current MRI technology do not allow the lateral and medial
habenula to be distinguished from each other, which may have accounted for the absence of
differences between our entire (i.e. both males and females) MDD and HC samples: in the
Ranft et al.(17) sample, neuronal loss was found in the medial habenular nuclei but could
not be assessed in the lateral habenula. Thirdly, our mood disorder patients were selected
naturalistically, raising the possibility that selection bias was introduced with respect to
illness severity or chronicity. Although there was no difference between the unmedicated
and medicated BD groups in severity of depression at the time of scanning, the medicated
BD had been ill for longer than the unmedicated BD group. Conceivably, the reduction in
habenula volume in the unmedicated BD group may reflect a non-habenular-related trait
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such as clinical course that biased the likelihood of the BD subjects being unmedicated.
Finally, our results should be treated with caution given the small sample sizes of certain
diagnostic subgroups which may have led to type II error.

In summary, we identified significant volume reduction in the habenula in unmedicated, but
not medicated BD patients. Habenula structure and function merit further study given this
structure’s central role in adaptation to stressful events(6,7,10) and negative feedback during
reward processing(8). A reduction in habenula volume may have functional consequences
contributing to the risk for developing affective disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Coronal MRI sections showing the habenula and the local anatomical landmarks which
enabled its segmentation. Because the habenular nuclei contain relatively dense white matter
plexuses they can be collectively delimited from the gray matter of the adjacent thalamus
dorsolaterally and of the limitans nucleus and pretectal area ventrolaterally (Mai et al. 2004).
Moreover, in posterior planes the habenula is clearly evident as a pyramidal-shaped structure
that bulges into the third ventricle along the ventromedial aspect of the thalamus, whereas in
anterior planes it can be delimited ventrally and medially from the thalamus by the stria
medullaris of thalamus (the white matter track that delimits the ventromedial aspect of the
medial thalamus). In the image shown the habenular location shows sufficient asymmetry
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that the typical view of the posterior aspect is illustrated by the habenular nuclear complex
located on the reader’s left, while the latter case is illustrated by the habenular complex on
the reader’s right. Finally, the habenular nuclei are delimited ventrally by the white matter of
the posterior commissure. The medial and lateral habenular nuclei could not be resolved
specifically, so were combined within a single habenular volume-of-interest. The upper and
lower panels consist of the identical image. The tracing of the habenula is shown in yellow
in the lower panel.
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Figure 2.
Bar chart showing a comparison of absolute left and right habenula volume across the
diagnostic groups. Absolute total habenula volumes (y-axis: scale = 0–40ml) are shown in
the top panel, and absolute left and right habenula volumes (y-axis: scale 0–25ml) are shown
in the bottom panel. Unmed.BD refers to the unmedicated BD sample, and Med.BD refers to
the medicated BD sample. The standard error of the mean (SEM) is displayed on the top of
each bar. The symbol, ** is indicative of a statistically significant (p<0.01) difference in
habenula volume compared with the healthy control group.
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Figure 3.
Scatterplot of absolute left habenula volumes (y-axis) for the medicated BD, unmedicated
BD, MDD, HC, and RD samples, respectively. The red horizontal bar shows the mean
volume of each group.
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Figure 4.
Scatterplot of absolute right habenula volumes (y-axis) for the medicated BD, unmedicated
BD, MDD, HC, and RD samples, respectively. The red horizontal bar shows the mean
volume of each group.
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