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ABSTRACT

BACKGROUND: Neurocognitive factors including aberrant reward learning, blunted GABA (gamma-aminobutyric
acid), and potentiated stress sensitivity have been linked to anhedonia, a hallmark depressive symptom, possibly
in a sex-dependent manner. However, previous research has not investigated the putative associations among
these factors or the extent to which they represent trait- or state-based vulnerabilities for depression.
METHODS: Young adults with current major depressive disorder (MDD) (n = 44), remitted MDD (n = 42), and healthy
control participants (HCs) (n = 44), stratified by sex assigned at birth, underwent magnetic resonance spectroscopy to
assess macromolecular contaminated GABA (GABA+) and then a reward learning task before and after acute stress.
We assessed changes in reward learning after stress and associations with GABA+.

RESULTS: Results revealed blunted baseline reward learning in participants with remitted MDD versus participants
with current MDD and HCs but, surprisingly, no differences between participants with current MDD and HCs. Reward
learning was reduced following acute stress regardless of depressive history. GABA+ in the rostral anterior cingulate
cortex, but not the dorsolateral prefrontal cortex, was associated with reduced baseline reward learning only in female
participants. GABA+ did not predict stress-related changes in reward learning.

CONCLUSIONS: To our knowledge, this is the first study to investigate associations among GABA, reward learning,
and stress reactivity in current versus past depression. Hypothesized depression-related differences in reward
learning did not emerge, precluding claims about state versus trait vulnerabilities. However, our finding that
blunted GABA was associated with greater reward learning in female participants provides novel insights into sex-
selective associations between the frontal GABAergic inhibitory system and reward processing.

https://doi.org/10.1016/j.bpsc.2024.02.009

The prevalence of major depressive disorder (MDD) has been
rising (1), with 17% of young adults reporting at least one past-year
depressive episode (2). Anhedonia, or the loss of interest or
pleasure in activities, is a hallmark symptom of MDD that is
associated with poor prognosis, predicting treatment resistance,

Reward Learning in Depression

Reduced reward learning is a well-established behavioral
manifestation of anhedonia (5,6), but it is unclear whether
these differences are state based or represent a more persis-
tent vulnerability. For example, adults with current MDD

functional impairment, and suicidal ideation above and beyond
other depressive symptoms (3). As such, elucidating behavioral or
neurochemical mechanisms that underlie anhedonia is a priority.
Furthermore, the extent to which mechanisms of anhedonia and
MDD are state or trait based remains an unanswered question.
Studies examining whether correlates of MDD persist after full
remission are needed to identify putative targets for preventing
future episodes. Finally, testing for sex-dependent mechanisms is
needed given elevated rates of depression in females (4).
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developed a lower response bias toward a more frequently
rewarded stimulus than control participants, and this effect
was correlated with anhedonia severity (7,8). Blunted reward
learning also emerged in remitted MDD (rMDD), as well as in
never-depressed, asymptomatic offspring of parents with
MDD, suggesting a possible trait-level vulnerability (9-11).
Studies that include past and current depression in the same
sample are needed to clarify the state- versus trait-like nature
of reward deficits in MDD.
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GABA, Stress, and Reward Learning in Depression

The Role of Stress. Stress is a well-established contributor
to depression and anhedonia (5,12), and altered reward learning
is strongly implicated in the relationship between stress and
depression (5). Chronic stress reliably reduces reward motivation
in animals and humans and may sensitize an organism to the
effects of subsequent stressors (12-16). Meanwhile, research on
the effects of acute stress on reward learning has produced
mixed results, with studies reporting both acute stress-induced
increases (17,18) and decreases in reward learing (12,19-21).
Thus, while aberrant reward learning is clearly linked to chronic
stress and depression, the specific relationship between acute
stress and reward learning merits further investigation.

Furthermore, few studies have examined whether reward
response deficits under stress represent a state- or trait-
dependent marker for depression. Greater stress-induced
blunting in reward learning was associated with current
anhedonia in a community sample (20). To our knowledge, the
association between reward learning and stress in rMDD has
not been tested. Reward response deficits may moderate the
effects of stress on depression (a trait-level marker), develop
alongside depression (a state-dependent marker), or mediate
the relationship between stress and depression (13).

The Role of GABA. Alongside stress, atypical signaling of
GABA (gamma-aminobutyric acid) has been implicated in
depression (22) and anhedonia more specifically (23,24). Studies
have described blunted GABA in both the anterior cingulate
cortex (ACC) and dorsolateral prefrontal cortex (dIPFC) in current
and past MDD (23-28). However, the findings have been mixed
overall (29-32) and generally based on small sample sizes (all but
one group analysis utilized N < 81) (23-32).

Some early preclinical and clinical evidence has supported the
notion that GABA deficits may contribute to depression via
impaired reward processing (33). While the precise neural circuitry
that underlies this effect remains poorly understood, prefrontal
cortical projections are known to innervate classic reward areas
including the striatum and ventral tegmental area (34). Moreover,
preclinical findings have shown that infusion of a GABA antago-
nist into the PFC interferes with reward sensitivity and valuation,
which may be due to downstream effects in the nucleus
accumbens (35). Meanwhile, the results of initial studies of ACC
GABA and reward have been mixed. In a study of 37 healthy
participants, higher ACC GABA during the baseline condition of a
reward task predicted better subsequent learning performance
(36); in contrast, another study found that higher ACC GABA at
baseline predicted poorer learning on a reward task in 30 healthy
participants (37). Clearly, additional studies are needed.

Furthermore, whether this putative association between
GABA and reward learning is modulated by sex remains largely
unexplored, although early research indicates a nuanced
relationship. Females with depression have been found to have
larger reductions in ACC GABA interneurons than males, while
males with depression show a greater reduction in synthesiz-
ing enzymes in the ACC (38). GABA signaling has also been
shown to be suppressed by estrogens in ex vivo and animal
work (39). Furthermore, there is initial preclinical evidence of
sex differences (i.e., stronger in females) in the associations
between alterations in cortical GABAergic signaling and dif-
ferences in learning, although the directionality of GABAergic
effects on learning have been mixed (40,41).
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Despite evidence connecting both GABA and stress to
aberrant reward learning, the role of GABA in stress-induced
reward response deficits has received little study. Czéh et al.
(42) found that rats that developed anhedonic-like behavior
under chronic stress showed fewer neuropeptide Y-positive
GABAergic neurons in the infralimbic cortex than stress-
resilient rats, possibly related to stress-induced alterations in
reward learning. Sex differences have been found in the
structure and function of brain regions that are involved in
stress and reward circuitry in humans (43-46), but to our
knowledge, they have not been assessed in the context of
GABA and stress-induced changes in reward learning.
Research is needed directly probing the relationship between
acute stress, sex, reward, and GABA.

The Current Study

To address these gaps, the current study examined associations
among reward learning, GABA, sex, and acute stress sensitivity
in current and past depression. Specifically, we hypothesized the
following: 1) Reward learning would be blunted in participants
with lifetime depression compared to healthy control participants
(HCs) (indicating a trait-level vulnerability), but particularly among
those with current compared to remitted MDD (a state-
dependent change), regardless of sex. 2) Reward learning
would decrease after a stress induction across all participants,
and especially in those with lifetime depression (i.e., either cur-
rent or remitted MDD) versus HCs, indicating a trait-level
vulnerability, regardless of sex. 3) Higher rostral ACC (rACC)
and dIPFC macromolecular-contaminated GABA (GABA+)
would be associated with greater reward learning across all
participants, with the strongest association among females. 4)
Higher rACC and dIPFC GABA+ would buffer against potential
changes in reward learning after a stress induction across all
participants, with the strongest association among females.

METHODS AND MATERIALS

Participants

A sample of 130 young adults (ages 18-25 years [mean = 21.3,
SD = 2.2]; balanced by sex assigned at birth) was recruited
from the greater Boston area. The sample comprised 3 groups:
current depression (MDD, n = 44), rMDD (n = 42), and HCs with
no psychopathology history (n = 44). See Table 1 for de-
mographics and the Supplement for more detail.

Procedures: Screening Session

Participants provided informed consent in compliance with the
Mass General Brigham Human Research Protection Program.
Participants were assessed for lifetime psychopathology via
the Structured Clinical Interview for DSM-5 (47), clinician-rated
Quick Inventory of Depressive Symptomatology (48), and
Hamilton Depression Rating Scale (49) by a master- or Ph.D.-
level clinician. See Table 2 for clinical characteristics of the
sample and the Supplement for detailed eligibility criteria,
interrater reliability metrics, and quality control steps. Partici-
pants who met criteria for nondepressive psychiatric disorders
were excluded, except for those with anxiety (when secondary
to MDD) and cannabis use disorders due to high rates of co-
morbidity (50,51). Participants were excluded if they were
taking psychoactive medications.
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Table 1. Demographic Characteristics of Study Participants

GABA, Stress, and Reward Learning in Depression

Table 2. Clinical Characteristics of Study Participants

MDD, rMDD, HC, Total, MDD, rMDD, HC, Total,
n=44 n=42 n=44 N=130 Characteristic n=44 n=42 n=44 N=130
Age, Years 20.8 (2.1) 21.6 (2.0 21.4(2.3) 21.3(2.2) Depression Metrics
Sex SHAPS 33.9 (5.0) 18.4 (4.0) 19.2 (4.6) 23.8 (8.4)
Assigned female at birth 50.00% 52.38% 47.73%  50.00% QIDS 142 (2.7) 0.7 (1.1) 0.4(0.8) 4.3(6.3)
Assigned male at birth 50.00% 47.62% 52.27% 50.00% HDRS 16.6 (4.00 1.1 (1.5) 0.3(0.8) 6.1(7.9
Ethnicity Number of depressive 2.3(1.3) 1.6(0.9 - 1.9(1.2)
Hispanic or Latine 2500%  9.52% 11.36% 15.38% episodes
Non-Hispanic or Non-Latine 75.00% 90.48% 88.64%  84.62% Age of depression onset, years 16.9 (3.5 17.7 2.4) -  17.2(3.0)
Race Secondary Comorbidities
American Indian or 0.00%  0.00%  000%  0.00% Generalized anxiety disorder  22.73% - - 7.69%
Alaskan Native Social anxiety disorder 15.91% - - 5.38%
Asian 15.91% 11.90% 27.27% 18.46% Specific phobia 9.09% - - 3.08%
Black or African American 11.36% 4.76% 11.36% 9.23% Cannabis use disorder 227% 4.76% - 2.31%
Native Hawaiian or 0.00% 2.38% 0.00% 0.77% Values are presented as mean (SD) or %. The table shows clinical characteristics
Other Pacific Islander of the participants split by diagnostic group. Participants could report a maximum of
Multiracial 6.82% 11.90% 9.09% 9.23% 5 depressive episodes (>5 episodes or “too many to count” were coded as 5 to
White 56.82% 66.67% 50.00% 57.69% facilitate computing the mear? én‘d- SD). AII anxiety disorders were requirfed Fol be
5 p % 297% 4.62% secondary to MDD to meet eligibility requirements. rMDD and HCs were ineligible
Undisclosed 9.09% 2.38% ' ° . ° if they met criteria for a current anxiety disorder, and HCs were also ineligible if
Education they met criteria for a cannabis use disorder. Participants with any current
High school 20.45% 238% 20.45% 14.62% psychiatric comorbidities that are not listed above (e.g., panic disorder,
Some college 50.00% 54.76% 20.45% 41.54% pos.ttrau.matic stress ldislor-der, agoraphobia, obsessive-(.:ompulﬁive disorder,
0 o 2727%  25.38% eating disorders) were ineligible for the study regardless of diagnostic group.
4-year college degree 18.18%  30.95% 7 0 ' ° HC, healthy control participant; HDRS, Hamilton Depression Rating Scale;
Postgraduate 9.09% 11.90% 25.00% 15.38% MDD, major depressive disorder; QIDS, Quick Inventory of Depressive
Undisclosed 227% 0.00% 6.82% 3.08% Symptomatology; rMDD, remitted MDD; SHAPS, Snaith-Hamilton Pleasure Scale.
Family Annual Income
<$10,000 11.36% 11.90% 18.18%  13.85% techniques suffer from notable limitations (e.g., frequency drift)
~$10,000-$24,999 18.18%  9.52%  9.09% 12.31% (54) and thus were not employed. GABA+ was fit from the dif-
~$25,000-$49,999 2727% 16.67% 18.18% 20.77% ference spectrum using LCModel (55). See Duda et al. (56) for
~$50,000-$74,999 15.91%  9.52% 13.64% 13.08% further description of magnetic resonance spectroscopy methods
~$75,000-$99,000 18.18% 16.67% 15.91% 16.92% and reliability analyses and the Supplement for quality assurance
>$100,000 9.09% 3571% 22.73% 22.31% procedures. Group differences in rACC and dIPFC GABA+ are
Undisclosed 000%  0.00%  227%  077% reported separately (57). Results showed significantly higher

Values are presented as mean (SD) or %. The table shows descriptive statistics
for self-identified demographic information split by diagnostic group. Education was
measured using number of years completed rather than degrees obtained and was
operationalized as 12 years = high school, 13 to 15 years = some college, 16 years =
4-year college degree, and 17+ years = postgraduate. If financially independent,
participants were instructed to report only personal income; if participants were
financially dependent, they were instructed to include parental or guardian income.

HC, healthy control participant; MDD, major depressive disorder; rMDD,
remitted major depressive disorder.

Procedures: Scanning Session

Scanning session procedures included 1) resting-state mag-
netic resonance spectroscopy, 2) subsequent functional
magnetic resonance imaging with a psychosocial stressor
(44,52), and 3) 2 runs of a reward learning paradigm (proba-
bilistic reward task [PRT]) (53) completed outside the scanner
before and after a second psychosocial stressor. Figure 1
depicts the flow of study procedures.

Spectroscopy. Voxels were placed in the rACC (17.5 mL;
35 X 20 X 25 mm®) and left dIPFC (18.75 mL; 25 X 30 X
25 mm?®) using a T1-weighted structural image. GABA+ was
acquired via a Meshcher-Garwood point resolved spectros-
copy sequence. Current macromolecular suppression
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rACC GABA+ in HCs than in participants with a lifetime history
of depression, consistent with a trait-level vulnerability, and no
significant group differences in dIPFC GABA+.

Initial Stress Induction. Next, participants underwent a
hybrid psychosocial stressor in the scanner comprising
the Montreal Imaging Stress Task (MIST) (58) and the
Maastricht Acute Stress Test (MAST) (59). For details
regarding functional magnetic resonance imaging findings
and the hybrid stressor, see the Supplement and Ironside
et al. (52).

PRT and Second Stress Induction. Before completing
the PRT, participants engaged in neutral activities (reading or
writing) for 90 minutes after the onset of the MIST/MAST
stressor. To assess baseline reward learning, participants
completed a first run of the PRT [prestress onset (53)] (see the
Supplement for detailed task information). Next, stress was
reintroduced by experimenters falsely informing participants
that they would need to complete the MIST/MAST stressor a
second time due to inferior performance (PRT stressor). Par-
ticipants then completed a second PRT run (poststress onset).
Stress induction via the threat of an upcoming stressor such as a
cold pressor task has been used in previous literature and shown
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Figure 1. A schematic outlining study procedures at the scanning session. Neuroimaging scans began with the acquisition of GABA+ (gamma-aminobutyric
acid with macromolecular contamination) in the rostral anterior cingulate cortex and dorsolateral prefrontal cortex at rest followed by functional magnetic
resonance imaging (fMRI) scans while participants completed a hybrid psychosocial stressor. After exiting the scanner, participants sat quietly while either
reading or writing neutral materials to allow cortisol to return to baseline. Participants then completed the first administration of the probabilistic reward task
(PRT) (approximately 105 min after the initiation of the Montreal Imaging Stress Task and Maastricht Acute Stress Test [MIST/MAST] stressor), after which
stress was reintroduced when a study team member informed them that they would need to repeat the MIST/MAST stressor due to poor performance. A
second, poststress administration of the PRT was then completed before participants were debriefed and the study visit concluded. MRS, magnetic resonance

spectroscopy.

to reliably induce a stress response [for a summary, see (60)].
Furthermore, it has been shown that repeated administrations of
a socially evaluated cold pressor test continued to induce a
stress response (utilizing a 24-hour delay between administra-
tions) [see (61)l. A response bias metric for the PRT was
computed consistent with previous studies (7) to assess reward
learning (6). PRT response bias has been shown to have modest
test-retest reliability over a much longer period of 3 weeks (r =
0.59, p < .004) (D. Dillon, Ph.D., et al., unpublished data,
December 2023).

Cortisol. Serum cortisol was collected at 9 time points via a
saline-lock intravenous line (see the Supplement for details).
Stress-induced cortisol reactivity was calculated using area
under the curve with respect to increase (AUC)) (62) as a
manipulation check.

Affective Ratings. As a further stress manipulation check,
Visual Analog Mood Scale measuring tenseness versus
relaxedness, hostility versus friendliness, and sadness versus
happiness were administered at 6 time points. Changes in
affect were calculated with AUC;s.

Analysis

Analyses were performed in RStudio. Continuous predictors
were mean centered, and categorical variables were contrast
coded, which yielded 2 clinical contrasts: healthy versus clin-
ical (combined MDD and rMDD) and MDD versus rMDD.
Alternate group contrasts (HC vs. MDD; rMDD vs. combined
HC and MDD) were also run for the reward learning models to
test for hypothesized differences between currently depressed
and healthy participants. All mixed-effects models included
fixed effects of sex and a random intercept for subject, and
stress models also included a fixed effect of condition and
random slope for condition (pre- vs. poststress onset). Outliers
were removed based on Cook’s distance. For specific details
of each model and additional results based on dimensional
symptoms of depression, see the Supplement.

RESULTS

Manipulation Checks: Affect and Cortisol

One-sample t tests showed that cortisol (AUC)) increased
following the MIST/MAST stressor (t91 = 7.08, p < .001) and
returned to baseline after 90 minutes (i.e., no difference from

baseline (to; = —0.25, p = .800). In contrast, following the
second introduction of stress (PRT stressor), participants
showed a significant decrease in cortisol over 90 minutes
(ts7 = —5.80, p < .001) despite reporting heightened tension
(t10s = 9.46, p < .001), sadness, (tipg = 3.71, p < .001), and
hostility (t10s = 5.20, p < .001).

To better understand the diminished cortisol reactivity in
response to the second stressor, an exploratory linear model
assessed the association between cortisol responses (AUC;s)
to the MIST/MAST and PRT stressors and revealed a signifi-
cant negative association, tgg = —4.04, p < .001 (Figure S1).
These data indicate a possible cortisol habituation effect, with
greater cortisol responses to the initial stress induction pre-
dicting lower cortisol reactivity during stress reintroduction
(see the Supplement for group analyses of cortisol findings).

Hypothesis 1: Reward Learning and Depression

A mixed-effects model predicting baseline reward learning
with fixed effects of block, group, sex, the interactions of group
and sex, and a subject-specific random intercept revealed no
significant reward learning differences between the current
MDD group and HCs (t10s = 0.67, p = .504) or between the
MDD group and HCs (t10g = 0.47, p = .641), in contrast to our
hypotheses. Interestingly, participants with rMDD had signifi-
cantly blunted reward learning compared to those with current
MDD and HCs (ti0s = —2.12, p = .036). An unexpected inter-
action between sex and the HC versus MDD contrast emerged
(t10s = 2.30, p = .023), but post hoc tests run separately for
males and females revealed no significant group differences in
reward learning.

Hypothesis 2: Reward Learning After Stress

A similar mixed-effects model was run predicting pre- and
poststress reward learning, adding a fixed effect of condition
(pre- or poststress onset), its interactions with group and sex,
and a random slope for condition (Figure 2). Results revealed
that participants’ response bias was significantly lower post-
stress onset versus prestress (tio; = —2.85, p = .005),
consistent with our hypotheses. Contrary to our hypotheses,
group did not interact with condition to predict response bias
(ps > .087). An unexpected simple effect of sex emerged, with
female participants showing greater reward learning, averaging
across stress (tios = 2.05, p = .043). Finally, results also
revealed an effect of block (foo4 = 5.45, p < .001), reflecting
improvements in performance during the task.
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Figure 2. Box plots of pre- and poststress reward learning operationalized as response bias on the probabilistic reward task, by clinical group and sex
assigned at birth. Outliers were removed based on Cook’s distance values > 4/n. HC, healthy control participant; MDD, major depressive disorder; rMDD,

remitted MDD.

Hypothesis 3: GABA+ and Reward Learning

Next, a similar mixed-effects model to hypothesis 1 was run
predicting baseline reward learning, but with GABA+ (rACC or
dIPFC, run separately) replacing clinical group'. Results
revealed an interaction between sex and rACC GABA+
(too = —2.30, p = .024) and a simple effect of block (tg5 =2.44, p =
.017) (Figure 3). Post hoc mixed-effects models run separately
by sex revealed no relationship between rACC GABA+ and
baseline reward learning among male participants (4 = 0.48,
p = .634); however, contrary to our hypotheses, there was a
significant negative relationship between rACC GABA+ and

'We evaluated the relationship between GABA+ and reward
learning across all participants (without group as a covariate)
because we did not hypothesize that the strength of the rela-
tionship between GABA+ and reward learning would differ by
diagnosis and were concerned about limited power as well as
collinearity between GABA+ and group. Additionally, given that
we predicted that GABAergic-related impairments in reward
processing might be one mechanism by which depression is
maintained, there was concern that controlling for depression
might mask this effect.

610

reward learning for female participants (t;4 = —2.45, p = .018).
Notably, an exploratory linear model revealed no overall sex
differences in rACC GABA+ (t101 = 0.18, p = .855). Contrary to
our hypotheses, a similar model with dIPFC replacing rACC
GABA+ revealed no significant effect of dIPFC GABA+ on
baseline reward learning (t9; = —0.62, p = .535) ora sex X dIPFC
GABA+ interaction (tg7 = —0.27, p = .786).

Hypothesis 4: GABA+ and Reward Learning After
Stress

Next, the mixed-effects model predicting reward learning pre-
and poststress onset was estimated with GABA+ levels replacing
clinical group. Contrary to our hypotheses, results revealed no
significant interaction between condition and rACC GABA+
(tos = —0.31, p = .758) or dIPFC GABA+ (t105 = —0.23, p = .823),
and sex did not moderate these relationships (ps > .399).

DISCUSSION

In the current study, we examined—to the best of our knowl-
edge, for the first time—putative associations among GABA,
reward learning, and stress sensitivity in a moderately large
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Figure 3. Prestress response bias by sex and (A) rostral anterior cingulate cortex (rACC) GABA+ (gamma-aminobutyric acid with macromolecular
contamination) or (B) dorsolateral prefrontal cortex (dIPFC) GABA+. Reward learning was operationalized as response bias on the probabilistic reward task.
Outliers were removed based on Cook’s distance values > 4/n. Females showed a significant negative relationship between rACC GABA+ and baseline
response bias. The relationship between rACC GABA+ and response bias was not significant for males. There were no significant associations between dIPFC
GABA+ and response bias.

sample of young adults with current and past depression. and HCs. However, we observed reduced baseline reward
Contrary to hypothesis 1, we found no baseline differences in learning in rIMDD compared to current depression or no history
reward learning between participants with current depression of psychopathology. This finding is consistent with previous
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research that has shown blunted response bias in rMDD
(10,11), although these earlier studies did not include a
currently depressed comparison group. Previous studies
interpreted diminished response bias in rMDD as evidence of a
trait-level abnormality, and the current results partially support
this hypothesis. However, the lack of blunted response bias in
our current MDD group complicates the interpretation, and
thus this question remains unanswered. The reasons that we
did not replicate blunted reward learning in the MDD group are
unclear, although several explanations are possible. First, our
MDD group may have experienced less severe depressive
episodes than our remitted group for 2 reasons: 1) individuals
may have been less motivated to enroll in studies during a
severe depressive episode, whereas remitted participants with
past severe episodes may have been more likely to participate;
and 2) recent psychiatric medication use was grounds for
exclusion, and thus participants experiencing severe current
depression that required medication could not participate.
Second, our MDD sample may have less severe depression
than samples from previous studies with the PRT that have
utilized inpatient samples [e.g., (8)]. Third, only 27.3% of our
participants met criteria for the melancholic subtype of
depression, which has been specifically associated with
reduced response bias on the PRT (63). In addition to differing
sample characteristics, our failure to replicate blunted reward
learning in current MDD could also relate to the heterogeneity
of depression, which may reflect multiple phenotypes (5).

In support of hypothesis 2, we found that reward learning
was lower after stress, replicating results of past studies
(19,20,64). This could reflect transient stress-induced anhe-
donic behavior across the sample. Contrary to our hypotheses,
we found no significant differences in stress-related changes in
reward learning between participants with lifetime depression
and control participants (20,65), and thus, claims cannot be
made about whether stress-related changes in reward learning
represent a state versus trait vulnerability for depression. The
lack of a cortisol response to the second stressor should be
considered when interpreting these results; however, the
elevated self-reported negative affect after stress suggests
that the stress induction was successful, and the finding of a
cortisol habituation effect (i.e., greater early cortisol respon-
siveness predicting subsequently blunted cortisol reactivity)
may explain the surprising lack of a cortisol response.

Contrary to hypothesis 3, we did not find an overall rela-
tionship between GABA+ and baseline reward learning.
Interestingly, results revealed a sex X rACC GABA+ interac-
tion on baseline response bias, with GABA+ being negatively
associated with reward learning among females but not males,
in contrast to our hypotheses. These sex-related functional
differences in the rACC mirror structural differences by sex in
this region (45). Interpretation of these findings is challenged
by a paucity of studies that have probed sex differences in the
relationship between GABA and reward learning. In a preclin-
ical study, cortical GABA was associated with greater
depressive behavior specifically in females, possibly related to
alterations in PFC and amygdala function (40), although reward
learning was not assessed. Scholl et al. (37) demonstrated a
similarly negative relationship between dorsal ACC GABA and
the use of learned information in decision making (a measure of
reward learning) but did not directly probe response biases or
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examine sex differences. Future studies are needed to repli-
cate a negative relationship between ACC GABA and reward
learning in female participants. Finally, claims about trait
versus state vulnerabilities cannot be made with these models,
because group predictors were omitted due to an expectation
that GABA would serve as a mechanism of blunted reward
learning (and thus that this association would not depend on
depression status). We expected reduced rACC GABA to be
associated with lower reward learning, because both blunted
rACC GABA and reward learning have been implicated in
depression. However, our findings that lower rACC GABA was
associated with greater reward learning suggests that these
associations may be more complex than was previously
thought.

In contrast to hypothesis 4, GABA levels did not explain
variability in reward learning under stress, and sex did not
moderate these effects. While GABA has been connected to
anhedonic behavior under chronic stress in rats (42), studies
have not yet examined the relationship between GABA and
acute stress-induced changes in reward learning in humans.
Thus, additional research is needed to substantiate these
findings, especially with a larger sample size for testing 3-way
interactions.

The current study has a number of strengths, including a
moderately large unmedicated sample with current or past
depression, which allowed for the examination of possible
state or trait effects. Additionally, participants who were
assigned male and female at birth were recruited in equal
numbers to test possible sex effects. Female participants were
scanned during the follicular phase of their menstrual cycles to
control for cyclical changes in neural GABA levels (66), and the
visits consistently began in the early afternoon to account for
diurnal variation in cortisol levels (67). Finally, inclusion criteria
were strict to limit confounds.

However, several important limitations should be consid-
ered. A study utilizing a larger sample would have better power
to capture interaction effects, and it is possible that some of
our null findings (especially the 3-way interaction between sex,
stress, and GABA+) are due to a lack of power. Additionally,
the initial MIST/MAST stressor may have impacted subsequent
prestress PRT results, although there was a >90-minute gap
between these procedures to allow cortisol levels to return to
baseline. The lack of a comparison condition for the second
stressor also prevents ruling out practice or fatigue effects on
reward learning, although participants reported increased
tension after the stress induction, and our results are consis-
tent with previous studies that have shown stress-induced
reductions in response bias (12,20). The ecologic validity of
laboratory-based stressors also limits generalizability, and we
did not collect measures of participant life stress. The current
study also relied on a single measure of reward learning (the
PRT); applying a battery of tasks would likely result in a more
generalizable assessment of reward processing. Furthermore,
the use of categorical measures of depression may have
masked more specific associations between depressive
symptoms and reward learning (although see the Supplement
for nonsignificant dimensional analyses). Additionally,
acquiring GABA+ via magnetic resonance spectroscopy is
technically challenging, with evidence of only moderate
test-retest reliability in the rACC (56). Finally, findings of sex
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differences may stem from biology or the social environment and
often reflect overlapping distributions of traits (68). Research
should disentangle the effects of sex at birth, the social envi-
ronment, and diverse gender identities on these factors.

Conclusions

The current study is a novel investigation into relationships
among 3 key neurocognitive correlates of depression (GABA,
reward learning, and stress sensitivity) in both symptomatic
and remitted young adults with depression. Contrary to our
expectations, we found reduced reward learning at baseline
only in participants with remitted, but not current, depression
and no group differences in changes in reward learning
following stress. Given the mixed nature of these findings, we
cannot answer the question of whether baseline or stress-
induced reward learning deficits in depression are state or trait.

Nevertheless, our results contribute several important findings
to the literature. First, we replicated findings of blunted reward
learning after stress (11,19) using a within-subject design and a
relatively large sample, thereby adding to the body of literature
indicating that stress may alter reward-related behavior. We also
found a sex-specific association between GABA and reward
learning, with lower rACC GABA being associated with greater
reward learning only in female participants. Results challenge
previous hypotheses [e.g., (69)] that blunted GABA is associated
with anhedonia via impaired reward processing but are consis-
tent with preclinical work indicating an association between
cortical GABA and depressive behaviors in female mice (40).
Notably, this study is one of the first to translate preclinical re-
sults of sex-dependent associations between GABA and
depressive behaviors to a human population.

Our results raise a number of questions, including possible
sex differences in the relationship between GABA and reward
learning. Replication is needed to substantiate these findings,
particularly in a larger sample, and to further explore the re-
lationships between GABA, sex, stress, and reward learning in
depression. Better understanding the associations among
these neurocognitive mechanisms may be an important step
toward elucidating the etiology of depression.

ACKNOWLEDGMENTS AND DISCLOSURES

This work was supported by the National Institute of Mental Health (Grant
No. RO1MH108602 [to DAP and JMG]). In addition, the National Institute of
Mental Health provided partial support to DAP (Grant No. R37 MH068376)
and JMG and LMH (Grant No. ORWH-NIMH U54 MH118919 [to JMG and
Stuart A. Tobet]). Ml was supported by a Rappaport Mental Health Fellow-
ship from McLean Hospital, a center grant from the National Institute of
General Medical Sciences (Grant No. P20GM121312), and by the National
Institute of Mental Health (Grant No. RO1MH132565). The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health. The funding organization
had no role in the design and conduct of the study; collection, management,
analysis, and interpretation of the data; preparation, review, or approval of
the manuscript; and the decision to submit the manuscript for publication.

The Meshcher-Garwood point resolved spectroscopy sequence was
developed by Edward J. Auerbach and Matgorzata Marjariska and provided
by the University of Minnesota under a C2P agreement. We thank Nara
Nascimento, Meghan Lauze, Amita Bose, Monica Landi, and David Crowley
for their significant contributions to data collection, cleaning, and storage, as
well as Dr. Boyu Ren for valued statistical support.

Previous publications utilized data from the current sample and reported
results based on separate hypotheses and analyses (44,52,56).

Biological
Psychiatry:
CNNI

JMD and ADM were responsible for formal analysis. JMD, ADM, M,
KEN, CSZ, SME, SP, CER, RL, and MA were responsible for investigation.
JMD, ADM, MI, KEN, CSZ, FD, SME, XC, SP, CER, RL, and MA were
responsible for data curation. JMD and ADM were responsible for writing the
original draft. JMD, ADM, MI, KEN, LMH, CSZ, FD, SME, XC, SP, CER, RL,
MA, MM, JMG, and DAP were responsible for the review and editing of the
manuscript. Ml was responsible for software. MIl, LMH, MM, JMG, and DAP
were responsible for supervision. MIl, LMH, MM, JMG, and DAP were
responsible for project administration. JMG and DAP were responsible for
conceptualization, methodology, and funding acquisition.

Preliminary results related to these hypotheses were presented in a
poster presentation at the Anxiety and Depression Association of America
Annual Conference March 17-20, 2022, Denver, Colorado. The hypotheses
and analyses in the current manuscript have not been published previously.

Data from the current study have been uploaded to the National Institute
of Mental Health Data Archive (Collection ID 2485) and are available
following guidelines from the National Institutes of Health.

Over the past 3 years, DAP has received consulting fees from Boehringer
Ingelheim, Compass Pathways, Engrail Therapeutics, Neumora Therapeutics
(formerly BlackThorn Therapeutics), Otsuka Pharmaceuticals, Sage Therapeu-
tics, Sama Therapeutics, and Takeda Pharmaceuticals; honoraria from the
American Psychological Association, the Psychonomic Society, and Springer (for
editorial work) as well as Alkermes; and research funding from the Bird Foun-
dation, Brain and Behavior Research Foundation, Dana Foundation, DARPA,
Millennium Pharmaceuticals, the National Institute of Mental Health, and Well-
come Leap. In addition, he has received stock options from Compass Pathways,
Engrail Therapeutics, Neumora Therapeutics, and Neuroscience Software; he
has a financial interest in Neumora Therapeutics, which has licensed the copy-
right to the probabilistic reward task through Harvard University. DAP’s interests
were reviewed and are managed by MclLean Hospital and Partners HealthCare in
accordance with their conflict of interest policies. JMG is on the scientific advi-
sory board and has an equity interest in Cala Health, a neuromodulation device
company. MM has served on the advisory board of Ipsen and AbbVie and served
as a consultant for AbbVie and Sanofi. She also receives royalties from UpTo-
Date. There are no conflicts of interest with the work conducted in this study. No
funding from these entities was used to support the current work, and all views
expressed are solely those of the authors. All other authors reported no
biomedical financial interests or potential conflicts of interest.

ARTICLE INFORMATION

From the Center for Depression, Anxiety and Stress Research, McLean
Hospital, Belmont, Massachusetts (JMD, ADM, MI, KEN, SME, SP, CER, RL,
MA, DAP); Department of Psychology, Yale University, New Haven, Con-
necticut (JMD); Department of Psychology and Neuroscience, University of
Colorado Boulder, Boulder, Colorado (ADM); Laureate Institute for Brain
Research, Tulsa, Oklahoma (MI); Department of Psychology, University of
California Los Angeles, Los Angeles, California (KEN); Harvard Medical
School, Boston, Massachusetts (LMH, CSZ, FD, XC, MM, JMG, DAP); Di-
vision of Women'’s Health, Department of Medicine, Brigham and Women’s
Hospital, Boston, Massachusetts (LMH, JMG); Department of Psychiatry,
Brigham and Women’s Hospital, Boston, Massachusetts (LMH); McLean
Imaging Center, McLean Hospital, Belmont, Massachusetts (CSZ, FD, XC,
DAP); Division of Pediatric Endocrinology, Massachusetts General Hospital,
Boston, Massachusetts (MM); Department of Psychiatry, Massachusetts
General Hospital, Boston, Massachusetts (JMG); and Innovation Center on
Sex Differences in Medicine, Massachusetts General Hospital, Boston,
Massachusetts (JMG).

JMD and ADM are joint first authors.

JMG and DAP are joint senior authors.

Address correspondence to Diego A. Pizzagalli, Ph.D., at dap@mclean.
harvard.edu.

Received Sep 8, 2023; revised Feb 15, 2024; accepted Feb 19, 2024.

Supplementary material cited in this article is available online at https://
doi.org/10.1016/j.bpsc.2024.02.009.

REFERENCES

1. Mojtabai R, Olfson M, Han B (2016): National trends in the prevalence
and treatment of depression in adolescents and young adults. Pedi-
atrics 138:e20161878.

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging June 2024; 9:606-615 www.sobp.org/BPCNNI 613

Downloaded for Anonymous User (n/a) at Harvard University from ClinicalKey.com by Elsevier on June 07, 2024.
For personal use only. No other uses without permission. Copyright ©2024. Elsevier Inc. All rights reserved.


mailto:dap@mclean.harvard.edu
mailto:dap@mclean.harvard.edu
https://doi.org/10.1016/j.bpsc.2024.02.009
https://doi.org/10.1016/j.bpsc.2024.02.009
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref1
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref1
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref1
http://www.sobp.org/BPCNNI

Biological
Psychiatry:
CNNI

20.

21.

22.

23.

24,

614

Substance Abuse and Mental Health Services Administration (2021):
Key Substance Use and Mental Health Indicators in the United States:
Results From the 2020 National Survey on Drug Use and Health.
Rockville, MD: Center for Behavioral Health Statistics and Quality,
Substance Abuse and Mental Health Services Administration. Avail-
able at: https://www.samhsa.gov/data/. Accessed May 21, 2023.
Pizzagalli DA (2022): Anhedonia: Preclinical, Translational, and Clinical
Integration. Cham: Springer International Publishing.

Bangasser DA, Cuarenta A (2021): Sex differences in anxiety and
depression: Circuits and mechanisms. Nat Rev Neurosci 22:674-684.
Pizzagalli DA (2014): Depression, stress, and anhedonia: Toward a
synthesis and integrated model. Annu Rev Clin Psychol 10:393-423.
Pizzagalli DA (2022): Toward a better understanding of the mecha-
nisms and pathophysiology of anhedonia: Are we ready for trans-
lation? Am J Psychiatry 179:458-469.

Pizzagalli DA, losifescu D, Hallett LA, Ratner KG, Fava M (2008):
Reduced hedonic capacity in major depressive disorder: Evidence
from a probabilistic reward task. J Psychiatr Res 43:76-87.

Vrieze E, Pizzagalli DA, Demyttenaere K, Hompes T, Sienaert P, De
Boer P, et al. (2013): Reduced reward learning predicts outcome in
major depressive disorder. Biol Psychiatry 73:639-645.

Belleau EL, Kremens R, Ang YS, Pisoni A, Bondy E, Durham K, et al.
(2021): Reward functioning abnormalities in adolescents at high fa-
milial risk for depressive disorders. Biol Psychiatry Cogn Neurosci
Neuroimaging 6:270-279.

Pechtel P, Dutra SJ, Goetz EL, Pizzagalli DA (2013): Blunted reward
responsiveness in remitted depression. J Psychiatr Res 47:1864-1869.
Whitton AE, Kakani P, Foti D, Van'T Veer A, Haile A, Crowley DJ,
Pizzagalli DA (2016): Blunted neural responses to reward in remitted
major depression: A high-density event-related potential study. Biol
Psychiatry Cogn Neurosci Neuroimaging 1:87-95.

Pizzagalli DA, Bogdan R, Ratner KG, Jahn AL (2007): Increased
perceived stress is associated with blunted hedonic capacity: Potential
implications for depression research. Behav Res Ther 45:2742-2753.
Auerbach RP, Admon R, Pizzagalli DA (2014): Adolescent depression:
Stress and reward dysfunction. Harv Rev Psychiatry 22:139-148.
Ironside M, Kumar P, Kang MS, Pizzagalli DA (2018): Brain mecha-
nisms mediating effects of stress on reward sensitivity. Curr Opin
Behav Sci 22:106-113.

Rygula R, Abumaria N, Fligge G, Fuchs E, Ruther E, Havemann-
Reinecke U (2005): Anhedonia and motivational deficits in rats: Impact
of chronic social stress. Behav Brain Res 162:127-134.

Cabib S, Puglisi-Allegra S (2012): The mesoaccumbens dopamine in
coping with stress. Neurosci Biobehav Rev 36:79-89.

Bryce CA, Adalbert AJ, Claes MM, van Holstein M, Floresco SB (2020):
Differential effects of corticotropin-releasing factor and acute stress on
different forms of risk/reward decision-making. Neurobiol Learn Mem
169:107167.

Stelly CE, Tritley SC, Rafati Y, Wanat MJ (2020): Acute stress en-
hances associative learning via dopamine signaling in the ventral
lateral striatum. J Neurosci 40:4391-4400.

Berghorst LH, Bogdan R, Frank MJ, Pizzagalli DA (2013): Acute stress
selectively reduces reward sensitivity. Front Hum Neurosci 7:133.
Bogdan R, Pizzagalli DA (2006): Acute stress reduces reward
responsiveness: Implications for depression. Biol Psychiatry 60:1147—-
1154,

Lamontagne SJ, Melendez S|, Olmstead MC (2018): Investigating
dopamine and glucocorticoid systems as underlying mechanisms of
anhedonia. Psychopharmacol (Berl) 235:3103-3113.

Schir RR, Draisma LWR, Wijnen JP, Boks MP, Koevoets MGJC,
Joéls M, et al. (2016): Brain GABA levels across psychiatric disorders:
A systematic literature review and meta-analysis of 1H-MRS studies.
Hum Brain Mapp 37:3337-3352.

Gabbay V, Bradley KA, Mao X, Ostrover R, Kang G, Shungu DC (2017):
Anterior cingulate cortex y-aminobutyric acid deficits in youth with
depression. Transl Psychiatry 7:e1216.

Gabbay V, Mao X, Klein RG, Ely BA, Babb JS, Panzer AM, et al.
(2012): Anterior cingulate cortex y-aminobutyric acid in depressed
adolescents: Relationship to anhedonia. Arch Gen Psychiatry
69:139-149.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

GABA, Stress, and Reward Learning in Depression

Kantrowitz JT, Dong Z, Milak MS, Rashid R, Kegeles LS, Javitt DC,
et al. (2021): Ventromedial prefrontal cortex/anterior cingulate cortex
Glx, glutamate, and GABA levels in medication-free major depressive
disorder. Transl Psychiatry 11:419.

Bhagwagar Z, Wylezinska M, Jezzard P, Evans J, Boorman E, M
Matthews PM, J Cowen P (2008): Low GABA concentrations in oc-
cipital cortex and anterior cingulate cortex in medication-free, recov-
ered depressed patients. Int J Neuropsychopharmacol 11:255-260.
Ritter C, Buchmann A, Mtiller ST, Volleberg M, Haynes M, Ghisleni C,
et al. (2022): Evaluation of prefrontal y-aminobutyric acid and gluta-
mate levels in individuals with major depressive disorder using proton
magnetic resonance spectroscopy. JAMA Psychiatry 79:1209-1216.
Tran KH, Luki J, Hanstock S, Hanstock CC, Seres P, Aitchison K, Le
Melledo JM (2023): Decreased GABA+ ratios referenced to creatine
and phosphocreatine in the left dorsolateral prefrontal cortex of fe-
males of reproductive age with major depression. J Psychiatry Neu-
rosci 48:E285-E294.

Preuss N, Salehi B, Van Der Veen JW, Shen J, Drevets WC,
Hodgkinson C, et al. (2013): Associations between prefrontal y-ami-
nobutyric acid concentration and the tryptophan hydroxylase isoform
2 gene, a panic disorder risk allele in women. Int J Neuro-
psychopharmacol 16:1707-1717.

Price RB, Shungu DC, Mao X, Nestadt P, Kelly C, Collins KA, et al.
(2009): Amino acid neurotransmitters assessed by proton magnetic
resonance spectroscopy: Relationship to treatment resistance in ma-
jor depressive disorder. Biol Psychiatry 65:792-800.

Walter M, Henning A, Grimm S, Schulte RF, Beck J, Dydak U, et al.
(2009): The relationship between aberrant neuronal activation in the
pregenual anterior cingulate, altered glutamatergic metabolism, and
anhedonia in major depression. Arch Gen Psychiatry 66:478-486.
Erchinger VJ, Miller J, Jones T, Kessler U, Bustillo J, Haavik J, et al.
(2020): Anterior cingulate gamma-aminobutyric acid concentrations
and electroconvulsive therapy. Brain Behav 10:e01833.

Wang S, Leri F, Rizvi SJ (2021): Anhedonia as a central factor in
depression: Neural mechanisms revealed from preclinical to clinical
evidence. Prog Neuropsychopharmacol Biol Psychiatry 110:110289.
Sesack SR, Grace AA (2010): Cortico-Basal Ganglia reward network:
Microcircuitry. Neuropsychopharmacology 35:27-47.

Piantadosi PT, Khayambashi S, Schluter MG, Kutarna A, Floresco SB
(2016): Perturbations in reward-related decision-making induced by
reduced prefrontal cortical GABA transmission: Relevance for psy-
chiatric disorders. Neuropharmacology 101:279-290.

Bezalel V, Paz R, Tal A (2019): Inhibitory and excitatory mechanisms in the
human cingulate-cortex support reinforcement learning: A functional Pro-
ton Magnetic Resonance Spectroscopy study. Neurolmage 184:25-35.
Scholl J, Kolling N, Nelissen N, Stagg CJ, Harmer CJ, Rushworth MFS
(2017): Excitation and inhibition in anterior cingulate predict use of past
experiences. eLife 6:e20365.

Seney ML, Glausier J, Sibille E (2022): Large-scale transcriptomics
studies provide insight into sex differences in depression. Biol Psy-
chiatry 91:14-24.

Krolick KN, Zhu Q, Shi H (2018): Effects of estrogens on central ner-
vous system neurotransmission: Implications for sex differences in
mental disorders. Prog Mol Biol Transl Sci 160:105-171.

Shepard R, Page CE, Coutellier L (2016): Sensitivity of the prefrontal
GABAergic system to chronic stress in male and female mice: Relevance
for sex differences in stress-related disorders. Neuroscience 332:1-12.
Maeng LY, Waddell J, Shors TJ (2010): The prefrontal cortex com-
municates with the amygdala to impair learning after acute stress in
females but not in males. J Neurosci 30:16188-16196.

Czéh B, Vardya |, Varga Z, Febbraro F, Csabai D, Martis LS, et al.
(2018): Long-term stress disrupts the structural and functional integrity
of GABAergic neuronal networks in the medial prefrontal cortex of rats.
Front Cell Neurosci 12:148.

Goldstein JM, Jerram M, Abbs B, Whitfield-Gabrieli S, Makris N (2010):
Sex differences in stress response circuitry activation dependent on
female hormonal cycle. J Neurosci 30:431-438.

Cohen JE, Holsen LM, Ironside M, Moser AD, Duda JM, Null KE, et al.
(2023): Neural response to stress differs by sex in young adulthood.
Psychiatry Res Neuroimaging 332:111646.

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging June 2024; 9:606-615 www.sobp.org/BPCNNI

Downloaded for Anonymous User (n/a) at Harvard University from ClinicalKey.com by Elsevier on June 07, 2024.
For personal use only. No other uses without permission. Copyright ©2024. Elsevier Inc. All rights reserved.


https://www.samhsa.gov/data/
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref3
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref3
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref4
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref4
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref5
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref5
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref6
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref6
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref6
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref7
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref7
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref7
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref8
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref8
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref8
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref9
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref9
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref9
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref9
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref10
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref10
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref11
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref11
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref11
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref11
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref12
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref12
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref12
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref13
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref13
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref14
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref14
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref14
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref15
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref15
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref15
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref16
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref16
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref17
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref17
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref17
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref17
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref18
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref18
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref18
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref19
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref19
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref20
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref20
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref20
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref21
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref21
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref21
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref22
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref22
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref22
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref22
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref23
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref23
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref23
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref24
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref24
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref24
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref24
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref25
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref25
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref25
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref25
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref26
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref26
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref26
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref26
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref27
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref27
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref27
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref27
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref28
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref28
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref28
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref28
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref28
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref28
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref29
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref29
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref29
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref29
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref29
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref30
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref30
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref30
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref30
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref31
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref31
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref31
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref31
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref32
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref32
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref32
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref33
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref33
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref33
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref34
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref34
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref35
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref35
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref35
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref35
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref36
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref36
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref36
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref37
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref37
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref37
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref38
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref38
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref38
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref39
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref39
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref39
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref40
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref40
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref40
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref41
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref41
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref41
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref42
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref42
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref42
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref42
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref43
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref43
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref43
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref44
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref44
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref44
http://www.sobp.org/BPCNNI

Biological
Psychiatry:
CNNI

GABA, Stress, and Reward Learning in Depression

45. Goldstein JM, Seidman LJ, Horton NJ, Makris N, Kennedy DN, connectivity in young adults with lifetime depression: A multimodal
Caviness VS, et al. (2001): Normal sexual dimorphism of the adult imaging investigation of trait and state efects [published online Apr 30].
human brain assessed by in vivo magnetic resonance imaging. Cereb Am J Psychiatry.

Cortex 11:490-497. 58. Dedovic K, Renwick R, Mahani NK, Engert V, Lupien SJ,

46. Warthen KG, Boyse-Peacor A, Jones KG, Sanford B, Love TM, Pruessner JC (2005): The Montreal Imaging Stress Task: Using
Mickey BJ (2020): Sex differences in the human reward system: functional imaging to investigate the effects of perceiving and pro-
Convergent behavioral, autonomic and neural evidence. Soc Cogn cessing psychosocial stress in the human brain. J Psychiatry Neu-
Affect Neurosci 15:789-801. rosci 30:319-325.

47. First MB, Williams JB, Karg RS, Spitzer RL (2015): Structured Clinical 59. Smeets T, Cornelisse S, Quaedflieg CWEM, Meyer T, Jelicic M,
Interview for DSM-5—Research version. Arlington, VA: American Merckelbach H (2012): Introducing the Maastricht Acute Stress Test
Psychiatric Association. (MAST): A quick and non-invasive approach to elicit robust autonomic

48. Rush AJ, Trivedi MH, Ibrahim HM, Carmody TJ, Arnow B, Klein DN, and glucocorticoid stress responses. Psychoneuroendocrinology
et al. (2003): The 16-item quick inventory of depressive symptom- 37:1998-2008.
atology (QIDS), clinician rating (QIDS-C), and self-report (QIDS-SR): A 60. Neubauer AB, Smyth JM, Sliwinski MJ (2018): When you see it com-
psychometric evaluation in patients with chronic major depression. ing: Stressor anticipation modulates stress effects on negative affect.
Biol Psychiatry 54:573-583. Emotion 18:342-354.

49. Hamilton M (1960): A rating scale for depression. J Neurol Neurosurg 61. Minkley N, Schroder TP, Wolf OT, Kirchner WH (2014): The socially
Psychiatry 23:56-62. evaluated cold-pressor test (SECPT) for groups: Effects of repeated

50. Feingold D, Weinstein A (2021): Cannabis and depression. In: Murillo- administration of a combined physiological and psychological
Rodriguez E, Pandi-Perumal SR, Monti JM, editors. Cannabinoids and stressor. Psychoneuroendocrinology 45:119-127.

Neuropsychiatric Disorders. Cham: Springer International Publishing, 62. Pruessner JC, Kirschbaum C, Meinlschmid G, Hellhammer DH (2003):
67-80. Two formulas for computation of the area under the curve represent

51. Kessler RC, Sampson NA, Berglund P, Gruber MJ, Al-Hamzawi A, measures of total hormone concentration versus time-dependent
Andrade L, et al. (2015): Anxious and non-anxious major depressive change. Psychoneuroendocrinology 28:916-931.
disorder in the World Health Organization World Mental Health Sur- 63. Fletcher K, Parker G, Paterson A, Fava M, losifescu D, Pizzagalli DA
veys. Epidemiol Psychiatr Sci 24:210-226. (2015): Anhedonia in melancholic and non-melancholic depressive

52. lIronside M, Moser AD, Holsen LM, Zuo CS, Du F, Perlo S, et al. disorders. J Affect Disord 184:81-88.

(2021): Reductions in rostral anterior cingulate GABA are asso- 64. Bogdan R, Nikolova YS, Pizzagalli DA (2013): Neurogenetics of
ciated with stress circuitry in females with major depression: A depression: A focus on reward processing and stress sensitivity.
multimodal imaging investigation. Neuropsychopharmacology Neurobiol Dis 52:12-23.

46:2188-2196. 65. Liu WH, Chan RC, Wang LZ, Huang J, Cheung EF, Gong QY,

53. Pizzagalli DA, Jahn AL, O’Shea JP (2005): Toward an objective char- Gollan JK (2011): Deficits in sustaining reward responses in sub-
acterization of an anhedonic phenotype: A signal-detection approach. syndromal and syndromal major depression. Prog Neuro-
Biol Psychiatry 57:319-327. psychopharmacol Biol Psychiatry 35:1045-1052.

54. Peek AL, Rebbeck TJ, Leaver AM, Foster SL, Refshauge KM, Puts NA, 66. Silveri MM, Sneider JT, Crowley DJ, Covell MJ, Acharya D, Rosso IM,
et al. (2023): A comprehensive guide to MEGA-PRESS for GABA Jensen JE (2013): Frontal lobe y-aminobutyric acid Levels during
measurement. Anal Biochem 669:115113. adolescence: Associations with impulsivity and response inhibition.

55. Provencher SW (1993): Estimation of metabolite concentrations from Biol Psychiatry 74:296-304.
localized in vivo proton NMR spectra. Magn Reson Med 30:672-679. 67. Adam EK, Kumari M (2009): Assessing salivary cortisol in large-scale,

56. Duda JM, Moser AD, Zuo CS, Du F, Chen X, Perlo S, et al. (2021): Repeat- epidemiological research. Psychoneuroendocrinology 34:1423-1436.
ability and reliability of GABA measurements with magnetic resonance 68. Maney DL (2016): Perils and pitfalls of reporting sex differences. Philos
spectroscopy in healthy young adults. Magn Reson Med 85:2359-2369. Trans R Soc B Biol Sci 371:20150119.

57. lIronside M, Duda JM, Moser AD, Holsen LM, Zuo CS, Du F, et al. 69. Ely BA, Nguyen TNB, Tobe RH, Walker AM, Gabbay V (2021): Multi-

(2024): Association of lower rostral anterior cingulate GABA+ and
dysregulated cortisol stress response with altered functional

modal investigations of reward circuitry and anhedonia in adolescent
depression. Front Psychiatry 12:678709.

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging June 2024; 9:606-615 www.sobp.org/BPCNNI 615

Downloaded for Anonymous User (n/a) at Harvard University from ClinicalKey.com by Elsevier on June 07, 2024.
For personal use only. No other uses without permission. Copyright ©2024. Elsevier Inc. All rights reserved.


http://refhub.elsevier.com/S2451-9022(24)00061-2/sref45
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref45
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref45
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref45
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref46
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref46
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref46
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref46
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref47
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref47
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref47
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref48
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref48
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref48
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref48
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref48
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref49
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref49
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref50
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref50
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref50
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref50
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref51
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref51
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref51
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref51
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref52
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref52
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref52
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref52
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref52
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref53
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref53
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref53
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref54
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref54
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref54
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref55
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref55
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref56
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref56
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref56
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref0
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref0
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref0
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref0
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref0
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref0
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref58
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref58
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref58
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref58
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref58
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref59
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref59
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref59
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref59
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref59
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref60
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref60
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref60
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref61
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref61
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref61
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref61
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref62
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref62
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref62
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref62
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref63
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref63
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref63
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref64
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref64
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref64
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref65
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref65
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref65
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref65
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref66
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref66
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref66
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref66
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref67
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref67
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref68
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref68
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref69
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref69
http://refhub.elsevier.com/S2451-9022(24)00061-2/sref69
http://www.sobp.org/BPCNNI

SUPPLEMENTARY INFORMATION

Effects of GABA, Sex, and Stress on Reward Learning
in Current and Remitted Major Depression

Duda et al.



Supplemental Information

Methods

Eligibility Criteria

To be eligible for the major depressive disorder (MDD) group, participants were required
to meet criteria for a current depressive episode according to the Structured Clinical Interview
for DSM-5 [SCID-5 (1)], have a minimum Beck Depression Inventory-11 [BDI-II; (2)] score of
13, and either a Quick Inventory of Depressive Symptomatology [QIDS-C (3)] score above 10 or
a Hamilton Depression Rating Scale (4) score above 15. As the SCID-5 assesses symptoms in
the past month, these additional score requirements were designed to ensure symptoms persisted
at the time of the session. To be eligible for the remitted MDD (rMDD) group, participants were
required to meet criteria for one fully-remitted depressive episode lasting at least two months (or
two prior episodes lasting at least two weeks) in the past five years, given concerns around
possible biases in retrospective reporting. RMDD participants were required to be in remission
for at least 8 weeks (i.e., with no anhedonia or low mood and with no more than two sub-
threshold symptoms among the other seven diagnostic criteria of depression). On average, MDD
participants’ most recent episode had remitted 1.5 years prior (range = 2 months-4.5 years).
Healthy control (HC) participants were required to have no history of psychopathology
according to the SCID-5. Both rMDD and HC participants were additionally required to have a
current BDI-II score of less than or equal to 10, QIDS-C score of less than or equal to 5, and
HDRS score of less than or equal to 7. Scores were entered into REDCap by trained research
assistants and entries were checked for accuracy by a second research assistant. Diagnostic
(SCID) interviews were performed by masters- or PhD-level clinicians, who underwent various
calibration processes. An inter-rater reliability analysis for the current study demonstrated high
diagnostic agreement on the SCID-5 depression diagnosis (kappa coefficient=0.94), HDRS score
(ICC =0.95), and QIDS score [ICC=0.96; see supplement of (5)].

Participants were excluded for recent recreational substance use aside from marijuana,
greater than five lifetime alcohol-related blackouts, or an alcohol use disorder, given the well-
established relationship between alcohol and neural GABA levels (6).

Scanning Session

The scanning session with spectroscopy was completed within a month of the initial
screening visit. Female participants completed their visit during the follicular phase of their
menstrual cycle (1-11 days after cycle onset, M = 4.5 days), given known effects of the
menstrual cycle on neural GABA levels (7) and stress-induced cortisol secretion (8)].

Spectroscopy

GABA+ datapoints were excluded based on signal-to-noise ratios < 20 and linewidth
values > .07 ppm. Two additional participants were excluded for severe baseline distortion based
on visual inspection by MR physicists (XC and FD). After quality assurance, we had a sample of
Naprc =114 and Nracc= 108.

Initial Stressor

Participants completed the Montreal Imaging Stress Test [MIST (54)] and the Maastricht
Acute Stress Task [MAST (55); together “MIST/MAST”] (See Figure 1 in main text). The
MIST involved blocks of arithmetic problems (some timed and some untimed) with real-time



feedback provided about performance. Between the first and second block, participants
completed the MAST stressor while lying on the scanner table, in which two experimenters
acting as “doctors” asked participants to perform blocks of mental arithmetic (counting backward
from a large number in steps of 17) interspersed with placing their hand in ice water. Participants
then completed three more blocks of the MIST. Between the third and fourth block of the MIST,
a “doctor” told the participant via the intercom that their performance was below average to
induce further stress. Affective ratings (see Affective Ratings section of main text) and serum
cortisol (see Cortisol section below) were utilized to assess stress response.

Probabilistic Reward Task (PRT)

Participants completed the 2-block version of the PRT (9), with 100 trials per block. On
each trial of the PRT, participants were briefly (150 ms) shown one of two highly similar faces
and were asked to identify which stimulus was shown by pressing a corresponding key. To
induce a response bias (serving as a measure of reward learning), some correct responses yielded
a reward of $0.20 based on an asymmetric reward ratio, with correct identifications of one face
(rich stimulus) rewarded 3x more frequently than the other face (lean stimulus). Participants
were informed that only some correct responses would be rewarded but were not told of the
asymmetric reward ratio. Participants completed the task twice, before and after undergoing a
psychosocial stressor (“PRT Stressor”, in which they were falsely informed they would need to
redo the earlier hybrid MIST/MAST stressor in the scanner due to inferior performance). To
avoid practice effects, separate versions of the task were administered pre vs. post stress onset
(counterbalanced across participants): a “mouth” version with two highly similar mouths (1 1mm
vs. 10mm) and a “nose” version with noses of similar lengths (5.3mm vs. 5.0mm). To ensure
data quality, trials with response times of less than 150 ms or greater than 2500 ms were
excluded from analyses. Runs were excluded if at least one block had 1) >20 invalid trials (e.g.,
due to outlier response times), 2) fewer than 20 rich rewarded trials or six lean rewarded trials,
or 3) a ratio of rewards between rich and lean trials of less than 2:1.

As a measure of reward learning, a response bias metric was calculated for each block as:

. 1 Rich *Lean;
Response bias: log b ==1log ( —correct mc"”e“),
2 Richincorrect*Leancorrect
with 0.5 added to each “rich” and “lean” parameter in the formula, such that response bias could
be computed even when one of the parameters was equal to zero.

Cortisol

The IV was placed at the start of the session at least one hour prior to the beginning of the
magnetic resonance spectroscopy scan. A baseline blood draw was collected immediately before
the onset of the MIST/MAST stressor (during fMRI scanning). Subsequent draws occurred every
15 minutes following stress onset for 60 minutes, and again at 90 minutes post-stress, with the
goal of tracking cortisol’s return to baseline (10). The draw occurring 90-minutes post-
MIST/MAST stressor was used as the baseline cortisol value for the second stressor (PRT
stressor). Blood was then collected every 30 minutes for the 90 minutes following stress
reintroduction (again allowing cortisol responses to return to baseline).

A maximum of 35cc of blood was collected at each draw. Samples sat for 30 minutes to
allow clotting before centrifuging, and were then aliquoted and stored at -80 °C. Given
occasional difficulties maintaining a clear IV line while participants moved throughout their



visit, imputed values were calculated for missing serum cortisol data. These imputed values were
based on quadratic mixed effects models that allowed for the estimation of each participant’s
cortisol levels by time point.

Analysis Plan

First, as a manipulation check, one-sample #-tests evaluated whether tension, sadness, and
hostility rating AUCis and cortisol AUCis were elevated after the PRT stressor. Second, a linear
mixed effects model predicted baseline reward learning by clinical group, sex, and their
interactions, controlling for task block (Hypothesis 1). Third, the mixed effects model was re-run
to predict reward learning across both runs of the task, adding fixed effects of condition (pre or
post stress onset) and its interactions with group and sex (Hypothesis 2). Fourth, the mixed-
effects model predicting baseline (pre-stress onset) reward learning was re-run, substituting
GABA+ (either dIPFC or rACC, run separately) for clinical group (Hypothesis 3). Fifth, the
mixed-effects model predicting overall reward learning (pre and post stress onset) was re-run
substituting GABA+ (either dIPFC or rACC, run separately, in place of clinical group) and its
interaction with condition and sex as predictors (Hypothesis 4).

Results
Demographics
The three groups (HC, MDD, and rMDD) did not differ significantly by sex assigned at
birth, X*(2) = 0.19, p = 911, age, F(2,127) = 1.40, p = .249, race, two-tailed Fisher’s exact test, p
=.404, or ethnicity, two-tailed Fisher’s exact test, p =. 809. See Table 1 in the main text for
more information.

Manipulation Checks & Habituation Effect

A regression model predicting cortisol AUCis after the PRT stressor with sex and group
was not significant, /(3,85) =2.22, p =.092, nor was a model allowing sex by group
interactions, F(5,82) =1.31, p = .270.

Figure S1. Cortisol Responses to Repeated Stressors

Group

- HC

-~ MDD
MDD

PRT Stressor Cortisol AUCI

MIST/MAST Cortisol AUCI



Note. AUCi, Area Under the Curve with respect to increase; HC, Healthy Control; MDD, Major Depressive
Disorder; MIST/MAST, Montreal Imaging Stress Task and Maastricht Acute Stress Test; PRT, Probabilistic Reward
Task; tMDD, Remitted Major Depressive Disorder. The above graph depicts the significant negative correlation
between participants’ cortisol responses to the initial stressor (MIST/MAST) and the subsequent stressor (PRT
stressor), #(86) = -4.04, p <.001, with separate lines of best fit by group. There was an interaction such that MDD
participants showed a significantly weaker negative relationship in cortisol response to the two stressors than the
other groups, #(81) = 2.26, p = .027. Thus, those in the MDD and HC groups showed steeper “habituation” than
those in the MDD group. Outliers were removed based on Cook’s D values greater than 4/n.

Dimensional Measures of Depressive Symptoms and Neurocognitive Factors
Reward Learning

To specifically investigate possible associations between reward learning and
dimensional measures of depression, including current anhedonia, we also ran secondary
analyses utilizing the Snaith-Hamilton Pleasure Scale (SHAPS), QIDS, and HDRS total scores in
analyses in lieu of diagnostic group. Across diagnostic groups, current anhedonia was not
significantly associated with baseline reward learning, #(103) = 0.83, p = .408, nor was either
dimensional measure of overall depression symptoms (QIDS-C and HDRS), ps > .545.

Reward Learning Under Stress

None of the dimensional measures of depressive symptoms interacted with condition
(pre- versus post-stress) to predict response bias before and after stress (SHAPS, #107) = -0.76,
p =.447; QIDS, #(103) =-0.95, p = .343; HDRS, #111) =-1.91, p = .058).

GABA

We also tested whether anhedonia was associated with altered GABA+ in the rostral
anterior cingulate cortex (rACC) or dorsolateral prefrontal cortex (dIPFC). Anhedonia (SHAPS)
did not predict GABA+ in the rACC, #96) = -1.21, p = .229, or dIPFC, #(102) = 0.88, p = .380.
The HDRS depression measure was not associated with rACC GABA+, #(98) = -1.45, p =.150,
nor with dIPFC GABA+, #(104) =0.10, p = .924. The QIDS depression measure was not
associated with GABA+ in the rACC, #89) =-1.10, p = .274, or dIPFC, #92) = 0.10, p = .919.



References

. First MB, Williams JB, Karg RS, Spitzer RL. In: Structured clinical interview for DSM-5 -
Research version. Arlington, VA: American Psychiatric Association; 2015. p. 1-94.

. Beck AT, Steer RA, Brown GK. Beck depression inventory (BDI-II). London, UK: Pearson;
1996.

. Rush AJ, Trivedi MH, Ibrahim HM, Carmody TJ, Arnow B, Klein DN, et al. The 16-item
quick inventory of depressive symptomatology (QIDS), clinician rating (QIDS-C), and self-
report (QIDS-SR): A psychometric evaluation in patients with chronic major depression. Biol
Psychiatry. 2003 Sep 1;54(5):573-83.

. Hamilton M. A rating scale for depression. J Neurol Neurosurg Psychiatry. 1960 Feb
1;23(1):56.

. Ironside M, Moser AD, Holsen LM, Zuo CS, Du F, Perlo S, et al. Reductions in rostral
anterior cingulate GABA are associated with stress circuitry in females with major depression:

a multimodal imaging investigation. Neuropsychopharmacol Off Publ Am Coll
Neuropsychopharmacol. 2021 Nov 1;46(12):2188-96.

. Silveri MM, Cohen-Gilbert J, Crowley DJ, Rosso IM, Jensen JE, Sneider JT. Altered anterior
cingulate neurochemistry in emerging adult binge drinkers with a history of alcohol-induced
blackouts. Alcohol Clin Exp Res. 2014;38(4):969-79.

. Silveri MM, Sneider JT, Crowley DJ, Covell MJ, Acharya D, Rosso IM, et al. Frontal lobe y-
aminobutyric acid Levels during adolescence: Associations with impulsivity and response
inhibition. Biol Psychiatry. 2013 Aug 15;74(4):296-304.

. Montero-Lépez E, Santos-Ruiz A, Garcia-Rios MC, Rodriguez-Blazquez M, Rogers HL,
Peralta-Ramirez MI. The relationship between the menstrual cycle and cortisol secretion:
Daily and stress-invoked cortisol patterns. Int J Psychophysiol Off J Int Organ Psychophysiol.
2018 Sep 1;131:67-72.

. Pizzagalli DA, Jahn AL, O’Shea JP. Toward an objective characterization of an anhedonic
phenotype: a signal-detection approach. Biol Psychiatry. 2005 Feb 15;57(4):319-27.

10. Kirschbaum C, Pirke KM, Hellhammer DH. The “Trier Social Stress Test” - A tool for

investigating psychobiological stress responses in a laboratory setting. Ncuropsychobiology.
1993;28:76-8]1.



	Effects of GABA, Sex, and Stress on Reward Learning in Current and Remitted Major Depression
	flink1
	Reward Learning in Depression
	The Role of Stress
	The Role of GABA


	flink2
	The Current Study

	Methods and Materials
	Participants
	Procedures: Screening Session
	Procedures: Scanning Session
	Spectroscopy
	Initial Stress Induction
	PRT and Second Stress Induction
	Cortisol
	Affective Ratings

	Analysis

	Results
	Manipulation Checks: Affect and Cortisol
	Hypothesis 1: Reward Learning and Depression
	Hypothesis 2: Reward Learning After Stress
	Hypothesis 3: GABA+ and Reward Learning
	Hypothesis 4: GABA+ and Reward Learning After Stress

	Discussion
	Conclusions

	References


