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Ketamine Modulates the Neural Correlates of
Reward Processing in Unmedicated Patients in
Remission From Depression

Vasileia Kotoula, Argyris Stringaris, Nuria Mackes, Ndabezinhle Mazibuko, Peter C.T. Hawkins,
Maura Furey, H. Valerie Curran, and Mitul A. Mehta
ISS
ABSTRACT
BACKGROUND: Ketamine as an antidepressant improves anhedonia as early as 2 hours after infusion. These drug
effects are thought to be exerted via actions on reward-related brain areas—yet these actions remain largely
unknown. Our study investigates ketamine’s effects during the anticipation and receipt of an expected reward,
after the psychotomimetic effects of ketamine have passed, when early antidepressant effects are reported.
METHODS: We examined ketamine’s effects during the anticipation and receipt of expected rewards on predefined
brain areas, namely, the dorsal and ventral striatum, ventral tegmental area, amygdala, and insula. We recruited 37
male and female participants with remitted depression who were free from symptoms and antidepressant treatments
at the time of the scan. Participants were scanned 2 hours after drug administration in a double-blind crossover
design (ketamine: 0.5 mg/kg and placebo) while performing a monetary reward task.
RESULTS: A significant main effect of ketamine was observed across all regions of interest during the anticipation
and feedback phases of win and no-win trials. The drug effects were particularly prominent in the nucleus accumbens
and putamen, which showed increased activation on the receipt of smaller rewards compared with neutral. The levels
of (2R,6R)-hydroxynorketamine 2 hours after infusion significantly correlated with the activation observed in the
ventral tegmental area for that contrast.
CONCLUSIONS: These findings demonstrate that ketamine can produce detectable changes in reward-related brain
areas 2 hours after infusion, which occur without symptom changes and support the idea that ketamine might
improve reward-related symptoms via modulation of response to feedback.

https://doi.org/10.1016/j.bpsc.2021.05.009
Major depressive disorder is characterized by altered reward
processing and a reduced ability to modulate behavior as a
function of rewards (1). Deficits in reward processing can
precede the onset of depression (2), are linked to anhedonia,
and persist during remission (3,4). Ketamine, an NMDA re-
ceptor antagonist, produces robust antidepressant effects that
occur as early as 2 hours after drug infusion, peak at 24 hours,
and last up to 1 week (5). In relation to reward processing, the
drug improves anhedonia, a symptom known to be resistant to
standard antidepressant treatment (6). To our knowledge,
however, no study has examined whether ketamine’s ability to
improve anhedonia is the result of direct modulation of reward
processing areas that is not secondary to changes in symp-
toms. In this study, we have used a well-validated functional
magnetic resonance imaging (fMRI) task, the monetary incen-
tive delay (MID) task (7), in order to examine whether the drug
engages brain areas involved in reward processing 2 hours
after its administration in a relatively large sample of treatment-
free and symptom-free volunteers with remitted depression.

In the brain, reward processing is mainly subserved by
regions that are part of the mesocorticolimbic pathway (8).
SEE COMMENTARY
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Imaging studies that have used the MID task to examine
reward processing in healthy volunteers showed that not only
striatal regions, especially the caudate and the putamen, but
also the insula and frontal brain areas are activated during
the anticipation phase of the MID task when a monetary
reward is expected (9). During the feedback phase of the task
when the expected reward is delivered, a similar set of brain
regions appear to be involved (10). Recent meta-analyses
have shown that in depression, the ventral striatum,
caudate, and putamen present with decreased activation
during the anticipation and feedback phases of the MID
(2,11–14). This hypoactivation of reward processing areas
observed in depression also persists in remission, with
studies indicating that compared with healthy control sub-
jects, volunteers with remitted depression show blunted re-
sponses to reward (3) and decreased activation in prefrontal
(4) and striatal (15) regions during loss anticipation and out-
comes. Given the central role of reward processing in
depression, compounds that target these areas are consid-
ered promising candidates for alleviating depression,
including anhedonia (16).
ON PAGE 241

shed by Elsevier Inc. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Ketamine Modulates Reward-Processing Brain Areas
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Ketamine improves anhedonia as early as 2 hours after a
single infusion, although the neural basis of these effects is
only beginning to be understood. Using 18F-fluorodeox-
yglucose positron emission tomography imaging at 2 hours
after dosing, glucose metabolism in the dorsal anterior
cingulate cortex and the putamen correlated with reduced
anhedonia in patients with treatment-resistant bipolar
depression (17). In patients with major depressive disorder,
reductions in anhedonia correlated with increased glucose
metabolism in the dorsal anterior cingulate cortex and hippo-
campus (18). Anhedonia is not a unitary construct, with
separable components including reward anticipation and
feedback or delivery (19) as measured by the MID. Research in
nonhuman primates suggests that ketamine treatment could
ameliorate blunted anticipatory responses to appetitive stimuli
by normalizing brain activation in the subgenual anterior
cingulate cortex (sgACC) (20). One study in patients with
depression investigated ketamine-induced changes in brain
activity and anhedonia using a reward-related fMRI task,
demonstrating a reduction in sgACC hyperactivity to positive
feedback in 14 patients tested within 5 days of a ketamine
infusion (21). The fact that the changes in the metabolism and
activation of reward-associated brain areas temporally overlap
with symptom changes makes it difficult to determine whether
these changes are due to the primary effects of the drug or are
secondary to the effect of ketamine on depressive symptoms.
While these positron emission tomography and fMRI studies
provide insights into the neural mechanisms that accompany
ketamine’s early antidepressant action, the effects on brain
regions associated with anticipatory and feedback compo-
nents of reward tasks during the emergent period of the anti-
depressant response (2–24 hours) are not known.

At a neuronal level, ketamine and its main metabolite, nor-
ketamine, indirectly activate the postsynaptic AMPA receptors
and trigger molecular pathways, including BDNF (brain-derived
neurotrophic factor) and mTOR (mechanistic target of rapa-
mycin) pathways that lead to an increase in synaptic plasticity,
which has been linked to the antidepressant effects of the
drug. [for review, see (22)]. Another metabolite, (2R,6R)-
hydroxynorketamine [(2R,6R)-HNK], can bind and activate
AMPA receptors directly and thus trigger the initiation of
plasticity-related molecular processes (23). In animal models of
anhedonia, changes in plasticity markers after administration
of ketamine have been linked to increased activations of the
reward pathways that are mainly mediated by dopamine [for
review, see (24)]. While direct actions of (2R,6R)-HNK are a
candidate for such improvements, its action as an antide-
pressant remains to be tested in humans, and links between
this metabolite and anhedonia-related changes in brain acti-
vations have yet to be observed.

In this study, we aimed to investigate the effects of ketamine
on task performance and functional brain response to the MID
task 2 hours after infusion—the time at which early antide-
pressant effects are reported—in a cohort of participants with
remitted depression. We chose to recruit treatment-free par-
ticipants with remitted depression because they present with
altered brain activations in reward-related areas (3,25,26) that
might resemble those observed in depression and would allow
the examination of ketamine’s effects without the confounds of
antidepressant treatment or concurrent symptom change. We
286 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
have focused on specific regions of interest (ROIs) associated
with reward processing that are activated during the MID task,
namely, the striatum, ventral tegmental area (VTA), amygdala,
and insula (2,9–12). We hypothesized that ketamine would in-
crease activation in those areas. We also examined cortical
areas associated with reward in an exploratory whole-brain
analysis. The difference in the activation between ketamine
and placebo in the sgACC was included in an exploratory, post
hoc analysis. Moreover, we measured the levels of ketamine’s
metabolites to explore whether (2R,6R)-HNK levels correlate
with any ketamine-related changes in the activation of reward
processing brain areas.
METHODS AND MATERIALS

Participants

A total of 37 volunteers with remitted depression (21 female,
mean age = 28.5 years) took part in a randomized, double-
blind, placebo-controlled, crossover study. The Mini-
International Neuropsychiatric Interview was used to confirm
history of depression and remission at study entry. Inclusion
criteria included a minimum of 3 months of no antidepressant
treatment before taking part. Exclusion criteria included any
history of other psychiatric or neurologic disorder; a previous
adverse response to ketamine; any medical conditions that
affect hepatic, renal, or gastrointestinal functions; cardiac ab-
normalities; hypertension; a significant history of substance
abuse or a positive test for drugs of abuse at screening or a
study day; use of nicotine ($5 cigarettes per day), alcohol ($28
units/week), or caffeine ($6 cups per day); or any MRI con-
traindications. All participants gave written informed consent
for the study, which was approved by the Psychiatry, Nursing
and Midwifery Research Ethics Subcommittee (reference: HR-
14/15-0650).

Study Procedures

Participants who met eligibility criteria were randomized to
receive either a single intravenous infusion of ketamine (0.5
mg/kg) or placebo (0.9% saline solution) during the first ses-
sion and the other treatment in the second session. Ketamine
and saline were administered during a 40-minute steady-state
infusion (27), and the sessions were at least 7 days apart.
Participants were scanned 2 hours after the end of the infusion.

Scales and Questionnaires

The Psychotomimetic States Inventory was used to assess the
psychotomimetic symptoms that ketamine might produce (28)
and completed at the end of each infusion. A greater Psy-
chotomimetic States Inventory score indicates more drug-
induced psychotomimetic experiences.

The Snaith-Hamilton Pleasure Scale (SHAPS) was used to
assess anhedonia at the beginning of each scanning session
as well as 2 hours after each infusion (29). Owing to multiple
administration during the study, instructions to the SHAPS
were modified, asking participants to rate their ability to
experience pleasure at the time of the assessment. Higher
SHAPS scores indicate higher levels of anhedonia present.
arch 2022; 7:285–292 www.sobp.org/BPCNNI
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Image Acquisition and Preprocessing

All scans were acquired using a GE MR750 3T scanner (GE
Healthcare) and a 16-channel head coil. Functional scans were
obtained using T2* sensitive gradient-echo echo-planar im-
aging (repetition time = 2000 ms, echo time = 30 ms, flip
angle = 75�, field of view = 214 mm, slice thickness = 3 mm,
number of slices = 42). The initial four volumes of each time
series were discarded to minimize steady-state effects on the
signal amplitude. A total of 414 volumes were analyzed for
each time series acquired. A T1-weighted magnetization pre-
pared rapid acquisition gradient-echo scan (field of view = 204
mm, repetition time = 7.3 ms, echo time = 3 ms, 256 3 256 3

156 matrix, slice thickness = 1.2 mm) was acquired on each
session and was used for the reconstruction of a DARTEL
template (30).

All structural and functional data were analyzed using
SPM12. Preprocessing steps included realignment of the
scans for each session as well as between sessions, cor-
egistration to the magnetization prepared rapid acquisition
gradient-echo image, and normalization using the DARTEL
flow fields. The normalized images were then smoothed using
an 8-mm full width at half maximum kernel. During the first-
level modeling, the six motion parameters estimated during
the realignment were used as regressors along with framewise
displacement (31). One participant was excluded from the
analysis owing to excessive movement—head motion excee-
ded 3 mm, and framewise displacement was no more than 1
mm. There were no significant differences (paired t test, p .

.05) in the framewise displacement between the ketamine and
placebo conditions (ketamine: mean framewise displacement
6 SD = 0.091 6 0.057 mm; placebo: mean framewise
displacement 6 SD = 0.083 6 0.045 mm).

The MID Task

The version of the task closely followed that described in
Knutson et al. (7) with a detailed description in the Supplement.
The task consists of 96 trials of different reward magnitudes
(high-win trials, low-win trials, neutral trials) signaled by the
initial cue. The cue image is followed by a variable delay, after
which a target appears on the screen and participants have to
respond with a left button press. During the feedback phase,
the outcome of the trial and the total amount won are pre-
sented to participants. For the anticipation phase of the task, 3
regressors were created corresponding to different reward
magnitudes associated with the task cues: high-win anticipa-
tion, low-win anticipation, and neutral anticipation. The feed-
back phase of the win and no-win trials of the task were
modeled separately and four regressors were created: high-
win feedback, low-win feedback, high no-win feedback, and
low no-win feedback. All the anticipation and feedback con-
trasts were examined separately for the ketamine and placebo
session and compared between the two drug conditions. A
more detailed description of the task and the contrasts that
were examined for this study is included in the Supplement.

ROI Definition

The ROIs that we selected comprised the amygdala, ventral
and dorsal striatum, VTA, and insula. The bilateral ROI for the
ventral striatum (nucleus accumbens [NAc]) was defined as
Biological Psychiatry: Cognitive Neuroscience and Ne
described in Montgomery et al. (32), based on previous work
from Mawlawi et al. (33). The amygdala, dorsal striatum, VTA,
and insula were anatomically defined using the FSL Harvard-
Oxford atlas (34). The bilateral ROI for the sgACC was
defined as in Morris et al. (21) and included Brodmann area 25.
All ROIs were thresholded for gray matter with the minimal
probability index set at 20% and binarized. The mean beta
estimates from the first-level modeling were extracted for each
ROI using MarsBaR. The ROI values were extracted for each
subject and for each contrast for the ketamine and placebo
sessions and were analyzed in SPSS version 25 (IBM Corp.).

Ketamine’s Metabolites

Blood samples were collected at the beginning of each study
session, immediately after the drug infusion, and 2 hours after
the end of the infusion. Ketamine, norketamine, and the two
isoforms of hydroxynorketamine [(2R,6R)-HNK; (2S,6S)-HNK]
were measured in these samples. The values were used as a
correlates with the ROI data to explore whether changes in
brain activations induced by ketamine were related to the
plasma exposure to ketamine and its main metabolites.

Statistical Analyses

The overall effect of treatment on each task contrast was
examined using a mixed-effects model in SPSS. Each contrast
was explored further by comparing the ROI activation between
ketamine and placebo using a paired t test and within each
treatment session by using a one-sample t test. Bonferroni
correction for multiple comparisons was applied (p = .008).

To examine whether the ketamine metabolite levels 2 hours
after infusion would predict the ROI activation under ketamine,
we performed robust regressions. The placebo beta values
were used as a covariate in this analysis to account for indi-
vidual differences in brain activations, and false discovery rate
(FDR) correction was applied.

RESULTS

Subjective Effects of Ketamine

The established increase in psychotomimetic effects on ke-
tamine were shown with the Psychotomimetic States Inventory
total score (ketamine = 48.4 6 22.9; placebo = 15.1 6 10.6)
and 6 subscales (Figure 1). The immediate effects of ketamine
were as expected, and the low placebo scores also aligned
with expectations for this group of volunteers with remitted
depression who did not experience any significant symptoms
including anhedonia. This was also confirmed by the SHAPS,
which, as expected, indicated very low levels of anhedonia
before infusion (preplacebo score = 22.7 6 5.6; preketamine
score = 21.8 6 5.4; Wilcoxon signed-rank test, z = 20.811,
p . .05) that remained unchanged after ketamine (2-hours
postketamine score = 21.9 6 5.3; Wilcoxon signed-rank test,
z = 20.981, p . .05).

The MID Task

Task Performance. The total amount of money won during
the task did not significantly differ (paired t test, p . .05) be-
tween the ketamine and placebo sessions (ketamine = 45.1 6
5.5; placebo = 43.3 6 9.1). For reaction times, there was a
uroimaging March 2022; 7:285–292 www.sobp.org/BPCNNI 287
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Distortions Total Score

Ketamine 8.33(±4.6) 16.47(±8.1) 5.63(±6.0) 5.57(±3.9) 4.01(±4.7) 8.37(±5.6) 48.37(±22.9)

Placebo 5.43(±2.5) 4.10(±3.4) 1.47(±2.9) 2.77(±2.5) 0.66(±1.4) 0.67(±1.5) 15.1(±10.5)

✽ ✽ ✽ ✽ ✽

✽

The Psychotomimetic Effects of Ketamine Figure 1. Ketamine administration produced
robust psychotomimetic effects as measured by
the Psychotomimetic States Inventory right after the
infusion. Significant increases were observed in the
total score as well as the six Psychotomimetic
States Inventory subscales for the ketamine session
compared with the placebo session (paired t test,
p , .05). *Signifies a statistically significant differ-
ence between the ketamine and placebo groups.
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main effect of reward magnitude with faster responses for
high-win trials (F2,36 = 23.2, p , .0001) and no interaction with
drug.

Brain Activations on Placebo. The brain activations dur-
ing the anticipation and feedback phases of the MID task
aligned with expectations based on previous studies
(Figure S1).

Ketamine’s Effects on the MID Task. For the whole-
brain analyses, there were no differences between the keta-
mine and placebo sessions.

The a priori–defined ROIs were examined for all the con-
trasts that were created for the MID task, and here we present
the specific contrasts for which ROI activation significantly
changed between the ketamine and placebo sessions. The
statistical values for the main effects are provided in the text
and for the ROIs in the figures and legends.

Anticipation Phase. A main effect of ketamine increasing
activity was identified for the anticipation of all win trials
compared with neutral trials across the predefined ROIs
(F1,36 = 9.261, p = .003). No main drug effect was identified
when the anticipation phases of high- and low-win trials
compared with neutral trials were examined separately or
compared with each other. When individual ROIs were exam-
ined separately for each of the anticipation contrasts, ketamine
produced significant changes in the NAc and caudate, when
anticipation of high-win trials was contrasted to neutral trials
(Figure 2A). This finding, however, did not survive testing for
multiple comparisons.

Feedback Phase—Win Trials. A main effect of ketamine
increasing activity was identified for the feedback phase of
low-win trials compared with neutral trials across the pre-
defined ROIs (F1,36 = 4.563, p , .001).

When the feedback phase of win trials was explored further,
ketamine, compared with placebo, increased activations in the
NAc and the putamen during the feedback phase of low-win
trials compared with neutral trials (Figure 2B). This effect sur-
vived correction for multiple comparisons.
288 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
Feedback Phase—No-Win Trials. A main effect of keta-
mine, across all predefined ROIs, was observed when the
feedback phase of all the no-win trials was contrasted to the
neutral trials (F1,36 = 5.467, p , .001) and when the feedback
phase of high no-win trials was compared with neutral trials
(F1,36 = 5.859, p = .016). For individual ROIs, none of these
effects survived correction for multiple comparisons
(Figure 2C–E).

Feedback Phase—Win Trials Versus No-Win Trials. A
main effect of ketamine was identified across all predefined
ROIs when all the win trials were compared with the no-win
trials (F1,36 = 5.036, p , .001), but no single ROI showed a
significant change by itself after correction for multiple com-
parisons (Figure 2F).

Association of ROI Activation With (2R,6R)-HNK
Levels. A positive correlation was identified, using robust
regression, between the VTA activation 2 hours after keta-
mine infusion and the plasma levels of (2R,6R)-HNK, 2 hours
after the ketamine infusion (n = 22, pFDR = .03). This corre-
lation was identified when the feedback phase of low-win
trials was contrasted to that of neutral trials (Figure 3). A
positive correlation was also identified for the activation of the
caudate 2 hours after ketamine infusion and the plasma levels
of (2R,6R)-HNK when high no-win trials were contrasted to
neutral trials. This finding did not survive testing for multiple
comparisons.

There were no relationships between ROI values and keta-
mine, norketamine, and (2S,6S)-HNK plasma levels for any of
the task contrasts.

Exploratory Analysis. Ketamine did not produce any sig-
nificant changes in the activation of the sgACC 2 hours after
administration in any of the task contrasts that were examined.
The results of this analysis are presented in Figure S2.

DISCUSSION

Ketamine, approximately 2 hours after its administration,
modulated brain activity during the MID task, in areas that are
important for reward processing. To our knowledge, our study
arch 2022; 7:285–292 www.sobp.org/BPCNNI
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Figure 2. The activation of our predefined regions of interest (ROIs) was examined for the anticipation (A) and feedback phase of the high- and low-win and
no-win trials (B–F). The beta values extracted for each contrast were compared between the ketamine and placebo sessions. All significant comparisons
(paired t test, p , .05) are indicated with an asterisk. When the feedback phase of the low-win trials was contrasted to the feedback phase of neutral trials, the
ventral striatum/nucleus accumbens and the dorsal striatum/putamen presented with significant increases 2 hours after ketamine compared with placebo (B),
and this result survived Bonferroni correction for multiple comparisons (pCORR = .008), indicated with a red asterisk. The ROIs that were significantly activated
(pFDR_CORR , .05) for the same contrast in the placebo session alone are indicated with a cross. The task activations under placebo are presented in more
detail in the Supplement. MID, monetary incentive delay. FDR CORR, false discovery rate-corrected.
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is the first to demonstrate that ketamine can produce detect-
able changes in the activation of brain areas that are important
for reward processing and anhedonia 2 hours after infusion
without concurrent changes in depressive symptoms and the
confounding effects of antidepressant treatment.

Previous studies have shown that ketamine, 24 hours after
its administration, normalizes some of the connectivity
changes observed in depression (35, 36) and reduces hyper-
activation in the sgACC during a reward-processing task (21).
Biological Psychiatry: Cognitive Neuroscience and Ne
All these effects, at the time point when they were observed,
were accompanied by improvements in depressive symptoms
and thus either could be attributed to the primary effects of the
drug on neural processes that are affected in depression or
could be the secondary effect of symptom changes that ke-
tamine produces. In our cohort of volunteers with remitted
depression, depressive symptoms and anhedonia were not
present and did not change with ketamine, suggesting that the
drug can directly modulate reward-related neural processes
uroimaging March 2022; 7:285–292 www.sobp.org/BPCNNI 289
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End of Infusion
Postinfustion (2h)

Figure 3. (A) The levels of (2R,6R)-HNK, as measured 2 hours after infusion, significantly correlated (rs = 0.33, p = .03) with the activation (beta values) of the
ventral tegmental area (VTA) during the ketamine session and when the feedback phase of low-win trials was contrasted to that of neutral trials. This finding
remained significant (pFDR CORR = .033) when a robust regression was performed using the placebo beta values as a covariate to account for individual
differences in brain activation during that contrast. (B) The blood concentrations for ketamine and its main metabolites were measured at the end of the 40-
minute infusion and 2 hours after infusion. FDR CORR, false discovery rate-corrected.

Ketamine Modulates Reward-Processing Brain Areas
Biological
Psychiatry:
CNNI
(17,18,21), producing differential effects depending on the task
contrast.

Ketamine increased the activation of the NAc, putamen,
insula, and caudate when the feedback phase of win and no-
win trials was compared with that of neutral trials (Figure 1B–
D). Recent meta-analyses have shown that striatal regions
present with decreased activations during the anticipation and
feedback phase of the MID task in patients with a mixture of
mood disorders (2,12). Moreover, striatal hypofunction persists
during remission (15), and altered brain activations in those
areas could also contribute to the blunted responses to posi-
tive feedback that characterize individuals with remitted
depression (37). Individuals with remitted depression and in-
dividuals with depression also demonstrate heightened neural
responses to negative feedback (38), which has been related to
anhedonia.

The fact that ketamine, during the feedback phase of the
MID task, approximately 2 hours after administration, altered
the activation within the mesolimbic reward pathway provides
a plausible mechanism by which ketamine could modulate
abnormal responses to positive and negative feedback. In
addition, ketamine’s effects are more prominent for the feed-
back phase of no-win trials, which could indicate that the drug
increases the salience of these trials in our cohort of those with
remitted depression. This effect could increase motivation
especially in relation to no-win trials and be beneficial for
anhedonia. Several of the brain areas where ketamine-induced
alterations were observed in our study are also target areas for
antidepressant treatments with different pharmacology (39),
and changes in their activation and connectivity predict treat-
ment response (40,41). Taken together, these findings indicate
that the effects observed in our study 2 hours after ketamine
administration could be relevant to the improvement of
symptoms in depression. However, to fully understand the
consequence of these changes in the modulation of specific
290 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
symptoms such as anhedonia and guilt (38), studies in patients
with active depression will be needed.

In our study, we found preliminary evidence to link the
changes in brain activity with the levels of an active metab-
olite of ketamine, (2R,6R)-HNK. The increases in brain activity
in the VTA during the feedback phase of low-win trials posi-
tively correlated with the levels of (2R,6R)-HNK. Increased
VTA activity during the feedback phase of a task that does not
involve new learning is rather unexpected. It is possible that
ketamine might increase sensitivity to negative feedback. As
a result, the negative outcomes of the no-win trials would be
perceived as unexpected and trigger new learning, which
would be associated with increased activation of the VTA
(42,43). The increased plasticity accompanying ketamine’s
antidepressant action might also be contributing to that
effect.

It has been suggested that direct activation of AMPA re-
ceptors by (2R,6R)-HNK triggers the plasticity-related path-
ways, mediating ketamine’s antidepressant action (23). Brain
areas of the mesolimbic pathway receive dense glutamatergic
input, and glutamate receptors of this pathway are crucial for
synaptic plasticity (44). While there is no direct evidence of
increased plasticity after ketamine in patients, positron emis-
sion tomography studies support this conclusion through
increased glucose metabolism, which correlates with im-
provements in depression symptoms and anhedonia in the
ventral striatum, dorsal anterior cingulate cortex, and putamen
2 hours after infusion (17,18). Taken together with studies of
Lally et al. (17,18), our findings demonstrate the potential value
of concurrent measurement of brain metabolism, functional
modulation of brain activity, symptom changes, and metabo-
lites levels in building a model of the effects of ketamine in
improving specific symptoms.

This study has a number of limitations. First, the absence of
a healthy volunteer group does not allow the direct
arch 2022; 7:285–292 www.sobp.org/BPCNNI
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characterization of impairments in reward processing in our
remitted group and thus does not establish whether the effect
of ketamine is toward a normalization of these changes. In
addition, to our knowledge, no other study has looked at the
effects of ketamine in reward processing 2 hours after
administration in healthy volunteers, which might assist with
the interpretability of our findings.

Second, most of the ketamine-associated changes have
been identified during the feedback phase of the MID task,
highlighting the role of positive and negative outcomes for
reward processing and anhedonia. The strength of the MID
task design is in the reward anticipation phase with fewer
trials contributing to the feedback contrasts; thus, future
studies using a reward task designed to focus on outcomes
will help in replicating the feedback effects, as well the po-
tential relationships with anticipation effects. While it remains
possible that the effects during feedback are a consequence
of the drug effects during anticipation, this is unlikely because
both increases and decreases in activity were observed
during feedback on ketamine versus placebo. These differ-
ential effects also do not fit with an interpretation of the drug
effect being understood as a change in neurovascular
coupling. In addition, in our results, we observed that keta-
mine has differential effects during the feedback phase of win
and no-win trials, potentially indicating that the drug might
produce more profound effects during the no-win condition
or even punishment. Our version of the MID task does not
have a loss condition and thus does not allow us to determine
the specificity of our effects during reward trials or explore
any potential effects that ketamine might have when mone-
tary rewards are lost instead of not gained by participants.
Future studies that are better powered to look at feedback,
including loss and no win as well win trials, are needed to
address this question.

In summary, this study demonstrates that ketamine, 2 hours
after administration, could produce detectable changes in
brain areas that are part of the mesolimbic pathway involved in
reward processing. These changes were not secondary to
symptom changes in our cohort of volunteers with remitted
depression. During the feedback phase of low-win and high
no-win trials, changes in brain activity correlate with the levels
of (2R,6R)-HNK. These findings support a model whereby ke-
tamine improves reward processing deficits via enhanced
anticipation of reward and modulation of responses to nega-
tive feedback and also highlight the importance of the drug
metabolite levels in understanding ketamine’s antidepressant
and antianhedonic actions. Future studies examining the role
of ketamine’s metabolites during reward processing task in
depression would contribute to our understanding of ket-
amine’s antidepressant action.
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