
 
 

Delft University of Technology

Aberrant Aversive Learning Signals in the Habenula in Remitted Patients With Recurrent
Depression

de Klerk-Sluis, Jessica M.; Geugies, Hanneke; Mocking, Roel J.T.; Figueroa, Caroline A.; Groot, Paul F.C.;
Marsman, Jan Bernard C.; van Eijndhoven, Philip F.P.; Geurts, Dirk E.M.; Ruhé, Henricus G.
DOI
10.1016/j.bpsc.2025.04.006
Publication date
2025
Document Version
Final published version
Published in
Biological Psychiatry: Cognitive Neuroscience and Neuroimaging

Citation (APA)
de Klerk-Sluis, J. M., Geugies, H., Mocking, R. J. T., Figueroa, C. A., Groot, P. F. C., Marsman, J. B. C., van
Eijndhoven, P. F. P., Geurts, D. E. M., & Ruhé, H. G. (2025). Aberrant Aversive Learning Signals in the
Habenula in Remitted Patients With Recurrent Depression. Biological Psychiatry: Cognitive Neuroscience
and Neuroimaging, 10(9), 978-987. https://doi.org/10.1016/j.bpsc.2025.04.006
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.bpsc.2025.04.006
https://doi.org/10.1016/j.bpsc.2025.04.006


Biological
Psychiatry
CNNI
978

Biolog

:
 Archival Report
Aberrant Aversive Learning Signals in the
Habenula in Remitted Patients With Recurrent
Depression

Jessica M. de Klerk-Sluis, Hanneke Geugies, Roel J.T. Mocking, Caroline A. Figueroa,
Paul F.C. Groot, Jan-Bernard C. Marsman, Philip F.P. van Eijndhoven, Dirk E.M. Geurts, and
Henricus G. Ruhé
ABSTRACT
BACKGROUND: Hypersensitivity to punishment is one of the core features of major depressive disorder (MDD).
Hypersensitivity to punishment has been proposed to originate from aberrant aversive learning. One of the key areas
in aversive learning is the habenula. Although evidence for dysfunctional aversive learning in patients with depression
is well established, whether this dysfunction and its neural correlates persist during symptomatic remission of
depression remains largely unexplored.
METHODS: Functional magnetic resonance imaging data from 36 medication-free remitted patients with recurrent
MDD and 27 healthy control participants participating in a Pavlovian classical conditioning task were assessed
within a computational modeling framework to evaluate temporal difference–related activation of the habenula
during aversive learning. Furthermore, generalized psychophysiological interaction analyses were performed to
assess functional connectivity of the temporal difference signal with the habenula as an a priori region of interest.
RESULTS: Relative to healthy control participants, patients showed significantly increased temporal difference–
related aversive learning activation in the bilateral habenula. This activation was correlated with residual symptoms
in the remitted MDD group. Furthermore, patients exhibited decreased functional connectivity between the
habenula and the ventral tegmental area compared with control participants.
CONCLUSIONS: The increased habenula activity during aversive learning, particularly during the expectation of
punishment, together with decreased functional habenula–ventral tegmental area connectivity in remitted patients
with MDD, reflect hypersensitivity to and/or inability to regulate the impact of aversive environmental cues and
punishment.

https://doi.org/10.1016/j.bpsc.2025.04.006
Major depressive disorder (MDD) poses a significant societal
and financial burden, with recurrence rates reaching up to 80%
within 5 years (1) and annual costs exceeding $326 billion
in the United States (2). This necessitates prediction and
prevention of recurrence, which requires identification and
understanding of underlying pathophysiological mechanisms.
MDD is characterized by hypersensitivity to stress, particularly
punishment (3,4). This hypersensitivity often persists as a
residual symptom after remission (5). It has been proposed that
hypersensitivity to punishment originates from aberrant aver-
sive learning (6).

Behavioral literature has demonstrated that the difference
between the expectancy of an aversive stimulus and the actual
outcome causes learning about the event. This difference can
be captured by a concept called the prediction error (PE).
Aversive PEs occur when an aversive stimulus is unexpectedly
absent or less severe than anticipated or when an aversive
stimulus is unexpectedly present or more severe than
expected (7). In Pavlovian learning, PEs can be captured by a
ª 2025 Society of Biological Psychiatry. Published by Elsevier Inc.
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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temporal difference (TD) learning algorithm (8). A meta-analysis
of healthy individuals found aversive PE activity to be most
prominent in the habenula and insula (7). In patients with MDD,
habenula activation appears to be altered, showing either
blunted responses during instrumental learning tasks (9,10) or
even a negative relationship between the strength of aversive
associations during a Pavlovian learning task and habenula
blood oxygen level–dependent (BOLD) signal (11).

Given its central role in processing negative stimuli, the
habenula is a key region of interest (ROI) in the study of MDD
(12,13). A recent systematic review further supports the role of
the habenula in depression, with 24 clinical studies having
reported abnormalities in habenula connectivity, volume, and
molecular markers (14). It has been suggested that in MDD,
decreased serotonergic transmission elevates the activity of the
habenula, which in turn inhibits the dopaminergic ventral
tegmental area (VTA), thereby mediating depressive symptoms
(15). Robust associations have been found between aberrant
activity of the lateral habenula and depressive symptomatology
This is an open access article under the
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(16,17). Suppression of habenula hyperactivity has been shown
to reduce depressive symptoms in rats (18). Furthermore, tar-
geting habenula hyperactivity in rats by blocking habenula firing
with ketamine elevated mood quickly and caused rapid relief of
depressive symptoms (19). Moreover, deep brain stimulation in
the lateral habenula caused remission of symptoms in a patient
with treatment-resistant depression (20).

Because hypersensitivity to punishment and aversive learning
abnormalities have been proposed as vulnerability markers for
relapse, understanding habenula function in remitted MDD is
crucial. Although evidence for a dysfunction in aversive learning
in patients with MDD is well established (21), whether habenula
dysfunction persists during remission remains largely unex-
plored. Furthermore, it is unknown whether alterations in func-
tional connectivity between areas involved in aversive learning
exist during remission. To address this gap in the literature, we
evaluated, in remitted medication-free individuals with recurrent
MDD, 1) TD-related activation of the habenula during a classical
aversive condition functional magnetic resonance imaging (fMRI)
task and 2) functional connectivity with the habenula as an a priori
ROI. Based on work with currently depressed individuals, we
hypothesized that there would be aberrant habenula activation
and connectivity in the remitted MDD group compared with
healthy control participants (HCs).

METHODS AND MATERIALS

Participants

The current study was part of a larger neuroimaging study
investigating vulnerability for recurrence in MDD (between 2012
and 2016) (22). Participants ages 35 to 65 years with a known
recurrent depressive disorder, currently in stable remission
without medication, were recruited by advertisements and
through contact with previous clinical treatment and/or previous
studies. HCs were recruited via advertisements. All participants
gave written informed consent. Permission for the study was
obtained from the local ethics committee (22). Depression
severity was assessed by an observer-rated 17-item Hamilton
Depression Rating Scale (HDRS17) (23), which was measured
twice, once at intake and then again on the day of the MRI scan.
The mean interval between assessments was 39.2 days and
ranged from 1 to 129 days. Inclusion criteria for patients with
MDD were 1) the presence of a recurrent depression defined as
$2 MDD episodes according to a structured interview for DSM-
IV (Structured Clinical Interview for DSM-IV [SCID]) and 2) stable
remission defined as both an Inventory for Depressive
Symptomatology—Self-Report (IDS-SR) score #14 and an
HDRS17 score #7 for at least 10 subsequent weeks. HCs were
matched on sex, age, and years of education. Exclusion criteria
for both groups were 1) psychotic or bipolar disorder, 2) current
alcohol or drug dependence, 3) primary anxiety disorder, 4) MRI
participation contraindications, 5) electroconvulsive therapy ,2
months before scanning, and 6) a history of neurological dis-
ease. Furthermore, HCs were excluded if they had a psychiatric
disorder (SCID) or first-degree relatives with a psychiatric dis-
order or if they scored .14 on the IDS-SR. All participants were
free from psychopharmacological medication for .4 weeks. Of
the 62 patients with remitted recurrent MDD (rrMDD) and 41
HCs initially scanned, 3 patients and 2 HCs were excluded due
to structural abnormalities. Additionally, 5 patients and 4 HCs
Biological Psychiatry: Cognitive Neuroscience and Neuroim
were excluded due to missing task data, and 18 patients and 8
HCs were excluded due to corrupt or missing physiological
data. This resulted in a final sample of 36 patients and 27 HCs.

Task

A Pavlovian classical conditioning paradigm was used to
assess aversive learning, utilizing a modified version of the
task previously used by Kumar et al. (24). Participants were
asked to abstain from liquids for 6 hours prior to scanning to
ensure thirstiness. The task started with 1 block of 30 trials on
which one of 2 pictures were presented (the to-be-
conditioned stimuli [CS]) but without fluid delivery, as a
neutral condition. Thereafter, the task contained 3 blocks of
30 trials, with each trial lasting for 8 seconds (Figure 1A). To
create an aversive condition, 0.2 mL of bitter water (4 mol/L
magnesium sulfate solution) was delivered as an uncondi-
tioned stimulus (US) at different probabilities. Two seconds
after the start of a trial, one of 2 pictures was presented on the
screen (CS), followed approximately 2 seconds later by the
US. The probabilities of US delivery varied across blocks as
follows: block 1: picture 1 = 80%, picture 2 = 20%; block 2:
picture 1 = 20%, picture 2 = 80%; block 3: picture 1 = 80%,
picture 2 = 20%. Before and after the task, participants
received 0.2 mL of bitter water, after which they were asked
to use a visual analog scale to rate how much they enjoyed/
disliked the taste of the fluid (liking) and how much money
they were willing to receive/pay to get more fluid (wanting).
The bitter water was delivered through a polyethylene tube
connected to a Braun-Infusomat pump interfaced with the
stimulus computer. Stimuli were presented using E-prime 2
(Psychology Software Tools). Participants were instructed to
try to find a pattern in which pictures predicted fluid delivery.
It was explained that this association could change over time.
TD signals were calculated based on the changing probabil-
ities of fluid delivery (24).

TD Learning Model

For the TD analysis, we used a model-based fMRI approach
incorporating a reinforcement learning algorithm (24,25). Each
trial (i) was modeled consisting of 8 time points (t), where CS
presentation was modeled at time point 3, and US delivery was
modeled at time point 6. Based on previous literature,
parameter settings were set as equal for all participants
(11,21,26–28). For calculation of our TD error signal, we fol-
lowed the procedure described by Geugies et al. (29). The
predicted value (V) at any time point t was defined as

bV ðtÞ ¼ X
i
wixiðtÞ (1)

where xiðtÞ is a vector with a 1 or a 0 (for all time points) rep-
resenting the presence or absence of a CS at time point t. wi

represents a weight that was updated on a trial-by-trial basis in
order to capture learning by

Dwi ¼ a
X

t
xiðtÞdðtÞ (2)

where a represents the learning rate. We selected plausible
learning rates from the literature (0.4 and 0.5) and explored
which learning rate fit our data best (11,26,30). For both
aging September 2025; 10:978–987 www.sobp.org/BPCNNI 979
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Figure 1. Pavlovian reinforcement task paradigm. (A) Timing of the conditioned stimulus (CS) and unconditioned stimulus (US) within 1 trial. (B) Example of a
temporal difference (TD) error signal of one participant across 90 trials, showing 180 time points corresponding to the CS and US. (C) Visualization of the CS
and US for the neutral condition and each of the 3 blocks.
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learning rates, we calculated signal-to-noise values within our
a priori habenula ROI. We also determined estimation effi-
ciency values of statistical parametric mapping designs (31).
Both methods supported a learning rate of a = .5 (see Figure 2).

The TD error signal was defined as

dðtÞ ¼ rðtÞ1gbV ðt1 1Þ2 bV ðtÞ (3)
980 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging S
where rðtÞ is a vector with a 1 or a 0 (for all time points) for the
presence or absence of bitter water, respectively and g cor-
responds to a factor chosen in advance that determined the
importance of later reinforcements compared with previous
ones. Following previous studies, g ¼ 1:0 was used (24,32).
Figure 1B shows an example of the TD error signal for 1
participant.
Figure 2. Model efficacy for different learning
rates. (A) Signal-to-noise ratio (SNR) based on
1-group (all participants) contrast map. (B)
Estimation efficiency of statistical parametric map-
ping designs across all participants. *p , .05.
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Table 1. Demographic and Clinical Characteristics of Study
Participants

Characteristic
rrMDD,
n = 36

Healthy
Control, n = 27

Age, Years 54 [36–65] 50 [36–63]

Sex

Female 26 (72.2%) 19 (70.4%)

Male 10 (27.6%) 8 (29.6%)

Education Levels

Low 2 (5.6%) 0 (0.0%)

Middle 14 (38.9%) 13 (48.1%)

High 20 (55.6%) 14 (51.9%)

IQ 108 (8.9) 105 (9.9)

HDRS Intake, Median (IQR) 3 (4) 0 (1)

HDRS MRI, Median (IQR) 3.5 (4) 1 (2)

Number of Lifetime Episodes 9.2 (11.7) –

Age of Onset, Years 24.7 (10.9) –

Values are presented as n (%), mean (SD), or mean [range] unless otherwise
specified.

HDRS, Hamilton Depression Rating Scale; IQR, interquartile range; MRI,
magnetic resonance imaging; rrMDD, remitted recurrent major depressive
disorder.
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MRI Acquisition

MRI data were acquired with a 3T Philips Achieva XT scanner
equipped with a 32-channel SENSE head coil. Functional im-
ages were acquired using a T2*-weighted gradient echo-planar
imaging sequence. Imaging parameters were as follows: 25
slices (acquired in ascending order oriented with 30� tilt from
the anterior commissure–posterior commissure transverse
plane); TR = 1500 ms; TE = 28 ms; FOV = 240 3 240 mm and
matrix = 80 3 80; voxel size = 3 mm; 1125 volumes. For
anatomical reference, a high-resolution whole-brain T1-
weighted image was acquired with the following parameters:
220 slices; TR = 8.3 ms; TE = 3.8 ms; FOV = 240 3 188 mm
and matrix = 240 3 240; voxel size = 1 mm. During the scan,
respiratory and cardiac signals were collected and were used
in the analysis to correct for physiological noise.

MRI Data Processing and Analysis

Images were preprocessed and analyzed using SPM12 (http://
www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB (version
R2023b; The MathWorks, Inc.) (see detailed Supplemental
Methods). Demographic and clinical data were analyzed us-
ing SPSS version 29 (IBM Corp.). Normally distributed data
were compared using t tests; non-normally distributed data
were compared using Mann-Whitney U tests; and categorical
data were compared using c2 tests. Repeated-measures
analysis of variance was used to compare group differences
in wanting and liking ratings, with the HDRS17 score as a co-
variate. Imaging data were analyzed with an event-related
random effects design. Effects were modeled for CS and US
conditions (time points 3 and 6, respectively). Parametric
modulations were included by entering TD PE values for both
CS and US. Functional connectivity between the habenula and
VTA during aversive learning was investigated with a general-
ized psychophysiological interaction (gPPI) analysis with the
bilateral habenula as the seed region (33). Group and sex dif-
ferences were examined with 2-sample t tests. Associations
between 1) the habenula TD signal and residual symptoms
(HDRS17) and 2) habenula-VTA gPPI connectivity and residual
symptoms were evaluated with 2 separate multiple regression
analyses. Given the habenula’s proximity to the cerebral cis-
terns, we repeated the analysis using the third ventricle as the
ROI to determine whether the effects observed in the habenula
were specific to this region rather than being due to spurious
signal in the cerebrospinal fluid. More detailed information
about the statistical analysis is provided in the Supplement.
RESULTS

Sample Characteristics

Table 1 shows characteristics of the included participants.
Residual severity scores (HDRS17; 3.5 vs. 1, p , .001) were
significantly higher in patients than in control participants. At
the time of inclusion, all participants had an HDRS17 score of
#7. However, at the time of MRI acquisition, 5 participants had
an HDRS17 score between 9 and 16, indicating worsening of
symptoms. These participants, who did not meet the criteria
for a new depressive episode, had not restarted their
Biological Psychiatry: Cognitive Neuroscience and Neuroim
antidepressants before the scan. Of these 5 participants, 4
experienced a relapse later during the study period.
Behavioral Results

Participants rated the aversive stimulus in terms of wanting and
liking. The mean wanting score was 20.94 (SD = 0.76), while the
mean liking score was 20.99 (SD = 0.84) on a scale ranging
from 22 to 2. These negative scores indicate that participants
perceived the stimulus as aversive. No main effect of time or
group was demonstrated for wanting or liking ratings. Moreover,
no significant group3 time interactions were observed (Figure 3).
fMRI Results

We observed a main effect of TD-related activation in the bilateral
habenula (Table 2 and Figure 4A), showing that our reinforcement
learning task was capable of eliciting habenula activation.
Furthermore, we demonstrated increased TD error–related ac-
tivity (CS 3 TD contrast) in patients with rrMDD compared with
HCs in the left and right habenula (z = 2.89 and 2.79; familywise
error small volume–corrected p [pFWE-SVC] = .012 and .016,
respectively). Mismatches between aversive expectations and
current states with respect to aversive outcomes (as modeled by
the TD model) at the presentation of the CS led to higher BOLD
responses in the habenula for patients with rrMDD than for HCs
(Table 3 and Figure 4B). Importantly, this effect remained signif-
icant for the right habenula even after patients with an HDRS17

score .7 were excluded (z = 2.41; pFWE-SVC = .044). No sex
differences were found in habenula response to aversive stimuli
(t61 = 0.247, p = .805). No group differences were found in the
CS3 TD1 US3 TD and US3 TD contrast. For all contrasts, no
significant group differences were observed when voxels from
the adjacent third ventricle were analyzed (see Table S1).
aging September 2025; 10:978–987 www.sobp.org/BPCNNI 981
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Figure 3. Liking and wanting ratings. (A) Liking ratings (estimated marginal means 6 1 SEM [adjusted for any other variables in the model]): no significant
main effect of group (F1,57 = 0.03, p = .854), no significant main effect of time (F1,57 = 0.42, p = .519), and no significant group 3 time interaction (F1,57 = 1.21,
p = .277). (B) Wanting ratings (estimated marginal means 6 1 SEM [adjusted for any other variables in the model]): no significant main effect of group (F1,57 =
1.06, p = .307), no significant main effect of time (F1,57 = 2.34, p = .131), and no significant group 3 time interaction (F1,57 = 0.16, p = .691). HC, healthy control
participant; rrMDD, remitted recurrent major depressive disorder.
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The gPPI analyses revealed main habenula-VTA connec-
tivity regardless of task (z . 8, p , .001), but there were no
differences between groups. Moreover, we observed main
habenula-VTA connectivity during the task regardless of TD
modulation (z . 8, p , .001), but again there were no group
differences. During aversive learning, which was modulated by
TD errors (CS 3 TD contrast), we found main habenula-VTA
connectivity (z = 2.78, p = .003) that differed between the
groups: Patients with rrMDD exhibited decreased functional
connectivity as a function of TD (the degree of expectation of
punishment during CS presentation) between the habenula
and the VTA compared with HCs (z = 3.73, p = .002) (see
Tables 2 and 3; Figure 4C). This difference remained significant
even after we excluded patients with an HDRS17 score .7 (z =
3.94, p = .001). During aversive learning, which was modulated
Table 2. Main Effects (Activation and Connectivity)

Activation and Connectivity Contrast Locat

TD Activation

Total TD signal, CS 3 TD 1 US 3 TD rrMDD 1 HCs Haben

Cue presentation, CS 3 TD rrMDD 1 HCs Haben

Outcome delivery, US 3 TD rrMDD 1 HCs –

gPPI: Habenula Seed

Main connectivity regardless of task rrMDD 1 HCs VTA

Main connectivity task without TD rrMDD 1 HCs VTA

Main connectivity task with TD rrMDD 1 HCs VTA

CS, conditioned stimuli; gPPI, generalized psychophysiological interaction; HC, h
recurrent major depressive disorder; TD, temporal difference; US, unconditioned stimu

982 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging S
by TD errors (CS 3 TD contrast), we found no significant sex
differences in habenula-VTA connectivity (t61 = 0.136 p = .893).
No group differences were observed in functional connectivity
between the third ventricle and the VTA during TD-modulated
aversive learning (see Table S1).

Association Between fMRI Results and Residual
Symptoms
The regression model with HDRS17 scores, group, and their
interaction as independent variables and aversive learning
signals in the habenula as the dependent variable showed a
significant group 3 HDRS17 interaction (t59 = 2.37, p = .021)
(Figure 5), which explained 21.8% of the variance of the
total model (F3,62 = 5.478, p = .002). No main effect of group
or HDRS17 was observed. In the rrMDD group, higher
ion MNI Coordinates: x, y, z z Significance

ula 3, 221, 3 1.81 .035

23, 224, 3 1.76 .039

ula 3, 221, 3 2.53 .006

23, 224, 3 2.59 .005

No significant habenula cluster

0, 221, 0 .8 ,.001

26, 221, 23 .8 ,.001

3, 221, 26 2.78 .003

ealthy control participant; MNI, Montreal Neurological Institute; rrMDD, remitted
li; VTA, ventral tegmental area.
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Figure 4. (A) Main effect of task. Temporal difference (TD) error–related habenula activation in the CS 3 TD 1 US 3 TD contrast (left habenula: z = 1.83, p =
.034; right habenula: z = 1.71, p = .044, uncorrected to display the extend of the signal). (B) TD error–related activation comparing patients with remitted
recurrent major depressive disorder (rrMDD) vs. healthy control participants (HCs). Patients with rrMDD show more TD-related activation (CS 3 TD contrast) in
the bilateral habenula than HCs (left habenula: z = 2.89, p = .012; right habenula: z = 2.79, p = .016 familywise error [FWE] corrected on peak level, small volume
corrected). (C) Generalized psychophysiological interaction results with the habenula as seed. Patients with rrMDD showed decreased functional connectivity
between the habenula and the ventral tegmental area compared with HCs during aversive learning (z = 3.73, p = .002, FWE corrected on peak level, small
volume corrected). *p , .05. CS, conditioned stimulus; US, unconditioned stimulus.
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residual severity, as measured by the HDRS17, positively
correlated with more aversive learning signals in the habe-
nula (r = 0.407, p = .014). After exclusion of 2 outliers with
moderate depressive symptoms when scanned, these ef-
fects in the rrMDD group were no longer significant
(r = 0.210, p = .233).

For habenula-VTA connectivity, the regression model with
HDRS17 scores, group, and group 3 HDRS17 interaction
Biological Psychiatry: Cognitive Neuroscience and Neuroim
explained 23% of the variance of the total model (F3,62 =
5.78, p = .002). A main effect of group was observed
(t59 = 23.60, p = .001). No main effect of HDRS17 scores and
no significant group 3 HDRS17 interaction were found. In the
rrMDD group, higher residual severity, as measured by
HDRS17 scores, was not significantly correlated with
habenula-VTA connectivity. Exclusion of the 2 outliers did
not change these results.
aging September 2025; 10:978–987 www.sobp.org/BPCNNI 983
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Table 3. Between-Group Differences in Activation and Connectivity

Activation and Connectivity Contrast Location MNI Coordinates: x, y, z z Significance

TD Signal

Total TD signal, CS 3 TD 1 US 3 TD rrMDD . HC Habenula 23, 224, 3 2.29 .059

3, 221, 3 2.19 .081

HC . rrMDD No clusters survived threshold

CS 3 TD rrMDD . HC Habenula 23, 224, 3 2.89 .012

3, 221, 3 2.79 .016

HC . rrMDD No clusters survived threshold

US 3 TD rrMDD . HC No clusters survived threshold

HC . rrMDD No clusters survived threshold

gPPI

Habenula seed HC . rrMDD VTA 0, 218, 26 3.73 .002

CS, conditioned stimuli; gPPI, generalized psychophysiological interaction; HC, healthy control participant; MNI, Montreal Neurological Institute; rrMDD, remitted
recurrent major depressive disorder; TD, temporal difference; US, unconditioned stimuli; VTA, ventral tegmental area.
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DISCUSSION

Using a classical conditioning task, we investigated the neural
response of the habenula during aversive learning in
medication-free patients with rrMDD compared with HCs. We
found that, relative to HCs, patients with rrMDD showed
significantly increased TD-related activation in the bilateral
habenula, with a positive correlation between signal magnitude
and the severity of residual symptoms. Furthermore, patients
with rrMDD exhibited decreased functional connectivity be-
tween the habenula and the VTA, based on the TD-related
activations during CS presentation.

The analysis of behavioral responses revealed no group
differences in subjective wanting or liking processing of aver-
sive stimuli. A similar lack of group differences has been
described before in a sample of patients with remitted
depression (34). This indicates that the increased BOLD re-
sponses demonstrated here were not driven by subjective
Figure 5. Association of aversive prediction error signal in the habenula
with residual Hamilton Depression Rating Scale (HDRS) ratings. Significant
group 3 HDRS interaction (t59 = 2.37, p = .021) and significant positive
habenula-HDRS correlation in the remitted recurrent MDD (rrMDD) group
(r = 0.407, p = .014). HC, healthy control participant.

984 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging S
reportable differences in how aversive stimuli were anticipated
and experienced.

Our findings of aberrant response of the habenula in our
patient group could be interpreted in the context of studies that
have used animal models for depression. These studies indi-
cate hyperactivity of the habenula (16,17) and suggest that the
habenula plays a central role in behavioral responses to pun-
ishment (35). It has been hypothesized that overactivity of the
habenula may lead to increased sensitivity to aversive events
(16). In our study, this increased habenula activity during
aversive learning was specifically apparent during CS pro-
cessing. This may reflect an overly active coupling between
environmental cues and punishment, being present when in
remission from MDD, which may be important for recurrence
vulnerability. However, whether this represents a trait-like
characteristic needs to be determined by replication in larger
longitudinal samples.

While our research is partially consistent with findings from
animal studies, previous investigations of humans have shown
blunted habenula activation (9,10) or even decreased habenula
activation in patients with MDD (11). An important difference is
that we investigated patients with remitted MDD instead of
patients with current depression. A distinction in the interplay
between tonic and phasic activity of the habenula may exist
between patients with remitted depression and patients who
are currently depressed. It could be hypothesized that the
habenula shows heightened tonic activation in individuals with
current MDD, potentially resulting in diminished relative effects
of phasic responsivity (reactive bursting in response to stimuli).
This hypothesis of heighted tonic activation gains support from
a positron emission tomography (PET) study that revealed a
correlation between depressive symptoms and increased
metabolism of the habenula following tryptophan depletion
(36). Notably, this study was conducted with 8 male patients
with remitted MDD, most of whom were on antidepressant
treatment. Therefore, this hypothesis warrants additional
investigation by combining PET with fMRI.

A key distinction between our study and previous research
on habenula activity during aversive learning is the type of
reinforcer used. While 2 earlier studies relied on secondary
reinforcers (e.g., money), we used a primary reinforcer (aver-
sive liquid), which has innate biological significance. In
eptember 2025; 10:978–987 www.sobp.org/BPCNNI
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contrast, secondary reinforcers gain value through learned
associations. Lawson et al. (11) also used a primary reinforcer
(electric shock) and found that habenula activation in in-
dividuals with MDD decreased as CS became more strongly
associated with the shock (11). This finding highlights how
habenula responses to primary aversive reinforcers may not
only vary depending on the specific reinforcer used but may
also be modulated by differences in clinical populations (cur-
rent vs. remitted MDD). Ulrich et al. (37) examined negative PE
activity for sex, food, and money rewards and showed that the
anterior insula responded to all reinforcers, whereas the VTA
responded to sex and money, and the habenula responded
specifically to sex (37). Therefore, even among primary re-
inforcers, responses vary according to the region being stud-
ied. Thus, caution is warranted when comparing our study with
previous research, because differences in reinforcer type might
have influenced neural activation patterns.

Differences in results could also be attributed to the
complexity of interpreting the BOLD signal. In fMRI, the
measured BOLD signal may indicate the activation of both
excitatory and inhibitory synapses (38). Taking these consid-
erations into account, our findings nevertheless add to the
evidence that aberrant habenula activity during aversive
learning is associated with depression and extend the evi-
dence by showing that aberrant habenula functioning can
persist during remission.

The positive association between TD aversive learning
activation in the habenula and residual symptom severity rat-
ings in patients with rrMDD is consistent with Liu et al. (10),
who found greater habenula activation in patients with more
severe depression. This association may result from reduced
serotonergic input from the raphe nuclei (39). Reduced sero-
tonergic input may elevate the activity of the habenula, which
in turn inhibits the dopaminergic VTA, which together mediate
depressive symptoms (15,39). However, in our study, the as-
sociation between habenula activity and residual illness
severity was no longer significant after the exclusion of 2
outliers, which either reduces the contrast of the observations
or suggests a possible nonlinear association and therefore
should be interpreted with caution.

Furthermore, we found decreased functional connectivity as
a function of the TD signal between the habenula and the VTA
in patients with rrMDD compared with HCs. In healthy partic-
ipants, functional coupling between the habenula and VTA
during aversive stimulation has been established (40,41).
Because of the (indirect) inhibitory influence of the habenula on
the VTA, aberrant activity of the habenula in combination with
decreased functional connectivity may influence this functional
coupling and could result in a net decoupling of the VTA from
the habenula. Our connectivity results are surprising when
compared with Kumar et al. (26), who found no differences
between patients with MDD and HCs in VTA-habenula con-
nectivity during loss trials of a monetary instrumental learning
task. One possibility is that Kumar et al. (26) investigated
functional connectivity between the habenula and the VTA
without TD modulation whereas we observed group differ-
ences in functional connectivity as a function of TD PE (i.e., the
difference between expectation of punishment and the actual
situation). When exploring our results without TD modulation,
we also found no group differences. This suggests that the TD
Biological Psychiatry: Cognitive Neuroscience and Neuroim
modulation may give a more accurate representation of
aversion-related functional connectivity between the habenula
and VTA. Importantly, differences between paradigms (e.g.,
primary vs. secondary reinforcement) may also account for
these differences, because animal studies suggest that the
habenula and VTA predominantly show firing with primary re-
inforcements (42). Therefore, our task may be more sensitive in
mapping connectivity between the habenula and VTA as
opposed to the paradigm with secondary reinforcements (i.e.,
monetary) (26).

Some limitations of the current study are worth mentioning.
First, fMRI resolution is limited for small structures such as the
VTA and the habenula. This complicates the distinction of the
lateral from the medial habenula. Nonetheless, by eliminating
physiological noise with DRIFTER (43) in conjunction with a
priori computational modeling specific for aversive learning, we
interpret our findings as representing aversive learning–related
differences between groups and thereby valuable in contrib-
uting to finding the pathophysiology that underlies recurrence
in depression. Furthermore, the additional analysis with the
third ventricle as ROI substantiates that our main results are
not due to spurious signal in adjacent cerebrospinal fluid.
Second, the exclusion of participants due to invalid physio-
logical noise data is another limitation of this study. While
including these participants could increase sample size, we
chose a priori to correct for physiological noise, as is
commonly done in similar studies, because it significantly im-
pacts oxygenation-sensitive neuroimaging, particularly in small
regions such as the habenula and VTA (11,30,44,45). Third, we
used gPPI to investigate functional connectivity between the
habenula and VTA. PPI measures the temporal correlation
between remote neuronal activity but does not specify the
direction of influence between brain regions. Effective con-
nectivity could measure the influence that one neural system
exerts over another (46). Fourth, a potential limitation of our
study is that we predefined the learning rates rather than fitting
them to individual data because the design of our study did not
allow for the latter. While this predefined approach has been
used in previous research, it may not provide the optimal pa-
rameters for this specific dataset. However, previous work
suggests that variations in learning rate may have a limited
impact on neural results in model-based fMRI, implying that
precise model fitting is not always critical (28). Finally, the high
proportion of highly educated participants in our sample,
although not significantly different between groups, potentially
complicates the generalizability of our findings.
Conclusions

We demonstrated aberrant habenula activity and decreased
habenula-VTA functional connectivity during aversive learning
in patients with rrMDD compared with HCs. Collectively, these
findings reveal insight into the involvement of aberrant aversive
learning habenula functioning during remission. Future studies
should examine—within the same participants—how different
reinforcer types influence neural activation patterns, because
variations in primary and secondary reinforcers may contribute
to differences in aversive learning and associated neural
processes. It is also important to determine whether habenula
dysfunction represents a state-dependent or trait-like
aging September 2025; 10:978–987 www.sobp.org/BPCNNI 985
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characteristic. Longitudinal research could investigate whether
habenula dysfunction fluctuates with changes in clinical status,
such as relapse versus remission in patients with rrMDD, but
also whether it can be used as a predictor for relapse.
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