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Abstract

Background—NMultiple lines of evidence support a role for the glutamatergic system in the
pathophysiology of major depressive disorder (MDD). Ketamine, an N-methyl-D-aspartate
(NMDA) antagonist, rapidly improves depressive symptoms in individuals with treatment-
resistant depression. The neural mechanisms underlying this effect remain unknown.

Methods—In this preliminary study, twenty unmedicated participants with treatment-resistant
MDD underwent positron emission tomography (PET) to measure regional cerebral glucose
metabolism at baseline and following ketamine infusion (single dose of 0.5 mg/kg i.v. over 40
minutes). Metabolic data were compared between conditions using a combination of region-of-
interest and voxelwise analyses, and differences were correlated with the associated antidepressant
response.
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Results—Whole-brain metabolism did not change significantly following ketamine. Regional
metabolism decreased significantly under ketamine in the habenula, insula, and ventrolateral and
dorsolateral prefrontal cortices of the right hemisphere. Metabolism increased post-ketamine in
bilateral occipital, right sensorimotor, left parahippocampal, and left inferior parietal cortices.
Improvement in depression ratings correlated direct/y with change in metabolism in right superior
and middle temporal gyri (STG/MTG). Conversely, clinical improvement correlated /nversely
with metabolic changes in right parahippocampal gyrus and temporoparietal cortex.

Conclusions—Although preliminary, these results indicate that treatment-resistant MDD
subjects showed decreased metabolism in the right habenula and the extended medial and orbital
prefrontal networks in association with rapid antidepressant response to ketamine. Conversely,
metabolism increased in sensory association cortices, conceivably related to the illusory
phenomena sometimes experienced with ketamine. Further studies are needed to elucidate how
these functional anatomical changes relate to the molecular mechanisms underlying ketamine’s
rapid antidepressant effects.

Keywords

major depressive disorder; NMDA receptor antagonist; PET imaging; habenula; parahippocampal
gyrus; insula

INTRODUCTION

Controlled clinical trials have demonstrated that a single intravenous infusion of the non-
competitive N-methyl-D-aspartate (NMDA) antagonist ketamine has rapid antidepressant
effects in patients with treatment-resistant major depressive disorder (MDD) (1, 2). The
clinical data regarding ketamine’s antidepressant effect are supported by preclinical
evidence showing antidepressant-like responses to ketamine and other NMDA antagonists in
animal models (3-11).

The mechanisms underlying ketamine’s antidepressant effects conceivably involve altered
glutamatergic signaling in neural circuits implicated in affective disorders. The assessment
of cerebral glucose metabolism via positron emission tomography (PET) and [18F]-
fluorodeoxyglucose (FDG) provides a relatively specific proxy measure of glutamatergic
neurotransmission in humans, because the glucose metabolic signal is dominated by the
uptake of glucose into glia in response to neuronal glutamate release (12—16). The [18F]-
FDG signal also provides a robust and reproducible measure of metabolic activity in neural
circuits.

In healthy humans studied immediately following ketamine administration, regional glucose
metabolism assessed using 18FDG-PET increased in prefrontal cortex (PFC) (17), and blood
flow assessed using 1°0-H,0 PET increased in the anterior cingulate cortex and the medial
and inferior prefrontal cortices (18, 19). These 18FDG-PET data appear consistent with
evidence from preclinical studies (20, 21) showing that ketamine administration leads
acutely to increased glutamate release (19, 22). Proton magnetic resonance spectroscopy
studies also support an association between ketamine administration and acute increases in
cortical glutamate release in healthy humans (23, 24).

A BOLD-fMRI study of the acute effects of ketamine administration in healthy men
reported that hemodynamic activity decreased in the ventromedial PFC, including
orbitofrontal cortex and subgenual anterior cingulate cortex (sgACC), and increased in the
posterior cingulate, thalamus, and temporal cortex (25). BOLD activity changes in
ventromedial PFC correlated with the dissociative effects of ketamine. These studies
examined the effects of ketamine during or immediately following infusion, during which
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ketamine produced psychotomimetic effects. In contrast, the antidepressant effects of
ketamine administration appeared later, reaching significance about two hours post-infusion
(2). Changes in neural activity seen during or immediately following ketamine infusion thus
may be more likely to reflect neurophysiological changes associated with psychotomimetic
phenomena. Also, based upon evidence that MDD is associated with abnormalities in
glutamatergic transmission (10, 26, 27), changes in neural activity induced by ketamine may
differ between depressed and healthy populations. To date, no studies have described the
effects of ketamine on regional cerebral metabolism or blood flow in depressed individuals.

The extent to which neural changes associated with ketamine’s antidepressant effects
resemble those of conventional antidepressant drugs remains unclear. It is conceivable that
antidepressant treatments that appear diverse with respect to their primary receptor
pharmacology may share common functional anatomical pathways that support the
resolution of depressive symptoms. In the current study, we identified candidate structures
of interest a priori, based upon studies reporting metabolic changes associated with other
antidepressant treatments. These structures comprised the amygdala, SJACC, and habenula,
where clinical and/or preclinical studies have reported reduced metabolic activity in
response to antidepressant treatments (28-34).

Notably, the importance of the sJACC in MDD has been well established (see, for example,
(32)). In addition, many forms of effective antidepressant treatment decrease glucose
metabolism in the sgACC, indicating that this may be an important region in MDD
symptomatology (reviewed in (30)). Activity in the sgJACC during the performance of a
variety of cognitive tasks has also been shown to change with effective antidepressant
treatment (35). Similarly, the role of the amygdala in the pathophysiolgy of MDD has also
been established (reviewed in (31)). As with the sgACC, effective antidepressant treatment
appears to lower amygdala metabolism (29). Several studies have also reported changes in
amygdalar-cortical connectivity with antidepressant treatment (36, 37). Animal studies also
suggest that the amygdala is vital to plasticity changes induced by antidepressant agents
(38). Finally, much recent evidence implicates the habenula in the modulation of
antidepressant response. In animal models, inhibition of the lateral habenula (39), or
depleting habenula transmitter release (40), reduce depressive-like behaviors. Moreover,
deep brain stimulation (DBS) in the sgACC and the habenula has been associated with
antidepressant response in treatment-refractory depressed subjects (41-43). Finally,
metabolic or hemodynamic activity has been shown to increase in the sJACC, habenula, and
amygdala during rapid induction of depressed mood using tryptophan and/or catecholamine
depletion (44-48).

Based upon these findings, we hypothesized that by scanning individuals with MDD during
a time frame consistent with the onset of ketamine’s antidepressant effects, we would
observe decreased glucose metabolism in these regions. Post hoc analyses investigated the
effects of ketamine on other structures via whole-brain voxel-wise analysis.

METHODS AND MATERIALS

Participants

Volunteers aged 18-65 years were recruited through physician referrals to the National
Institute of Mental Health (NIMH) and by media advertisements. The participants (n=20)
included males and females who met criteria for MDD (DSM-V-TR). Patients had to have
scored =22 on the Montgomery-Asberg Depression Rating Scale (MADRS (49)) at the time
of both the baseline scan and the ketamine infusion, and were defined as treatment-resistant.
Additional details regarding subject selection and screening, as well as the definition of
treatment resistance appear in the Supplemental Methods.
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Written informed consent was obtained as approved by the Combined Neuroscience
Institutional Review Board and the Radiation Safety Committee at the National Institutes of
Health (NIH).

Experimental design

Pharmacological intervention—Following screening, a two-week drug-free period, and
baseline ratings, participants underwent open-label constant infusion of racemic ketamine
hydrochloride (0.5 mg/kg 1V) over 40 minutes via Baxter infusion pump (Deerfield,
[linois).

Assessment of clinical response to ketamine—Depressive symptoms were rated
using the MADRS at baseline (60 minutes prior to infusion) and at 40, 80, 110, and 230
minutes post-ketamine infusion. The percent change between the —60 and 230 minute
MADRS was selected a priorias the primary clinical outcome measure for correlation with
imaging results. To assess ketamine-associated changes in other symptom domains,
participants were administered the Brief Psychiatric Rating Scale (BPRS) (50) and the
Clinician-Administered Dissociative States Scale (CADSS) (51) at the same time points.
Responders were defined as those subjects experiencing at least a 50% decrease in MADRS
at the 230-minute time point.

Image acquisition and analysis—~Participants underwent a baseline scan performed
one to three days before ketamine infusion, and a post-ketamine scan initiated approximately
120 minutes post-infusion. This timing was based upon the onset of antidepressant effects
observed in our previous study in a similar population (2). Both scans were performed at
approximately the same time of day on a GE Advance PET scanner (GE Medical Systems,
Waukesha, Wisconsin) in 3D mode (35 contiguous slices, 4.25 mm plane separations;
reconstructed resolution=6 mm full-width at half-maximum in all planes). Details regarding
PET acquisition, preprocessing, and modeling appear in the Supplemental Methods.

To provide an anatomical framework for the PET image analysis, MRI scans were obtained
using a 3.0-T scanner (Signa, GE Medical Systems) and 3D MPRAGE sequence
(TE-2.982ms, TR=7.5ms, inversion time=725ms, voxel size=0.90%0.90x1.2 mm). Non-
brain tissues were removed from the brain images using the brain extraction tool (BET) (52),
then manually edited. The resulting whole brain images were segmented into gray matter,
white matter, and cerebrospinal fluid (CSF) components using the FMRIB automated
segmentation tool (FAST) (53), and separate binary mask images were created for each
component.

To test a priori hypotheses involving small structures, an MRI-based region-of-interest
(ROI) analysis was performed to assess metabolism in the amygdala, habenula, and sgACC.
Using MEDXx software (Medical Numerics, Sterling, VA), mean rCMRGIlu measurements
were obtained from predefined ROIs positioned on individual subjects” MRI scans by a
single investigator (PJC) and masked with the gray matter mask. To assess the specificity of
metabolic data obtained in amygdala and habenula, ROI were placed in the anterior
hippocampus and the medial thalamus adjacent to the ROI of primary interest. Thus, if
significant results were found only in the amygdala and/or habenula, but not the
hippocampus or thalamus, we could be more confident that our results were specific to our a
prioriregions, and not due to partial volume effects. Whole brain CMRGIu was obtained to
assess the global effects of ketamine within the entire gray matter mask, and to normalize
mean regional metabolic values. ROIs in the amygdala, sgJACC, anterior hippocampus, and
medial thalamus were placed as previously described (54). Details regarding habenula
placement appear in the Supplemental Methods; a sample placement is shown in Figure 1.
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The a priori hypotheses were tested using paired #tests. In addition, metabolic changes
between conditions were correlated with the percent change in MADRS scores from
baseline to 230 minutes following ketamine administration to assess treatment-related
effects. Given the preliminary nature of this study, and the small sample size, results are
presented without correction for multiple comparisons. Effect sizes and confidence intervals
are also reported.

To assess metabolic changes in other regions, voxel-wise analysis was performed post hoc
using Statistical Parametric Mapping software (SPM5) (Wellcome Department of Imaging
Neuroscience, London, UK) within MATLAB 6.0 (MathWorks Inc, Natick, MA). PET
images were co-registered to the MRI scans and spatially normalized to the Montreal
Neurological Institute (MNI) brain template. Images were filtered with a 6-mm Gaussian
smoothing kernel to compensate for anatomic variability and misalignment error. All
statistical models incorporated global normalization, whereby each image was divided by
the mean of that image (as implemented in SPM5). Within SPM5, paired £tests were
performed using baseline and post-ketamine scans. To assess the metabolic correlates of
clinical response to ketamine, the percent change in MADRS scores between baseline and
230 minutes was correlated with the change in metabolism. The MNI coordinates were
nonlinearly translated to the stereotaxic spatial array of Talairach and Tournoux (http://
imaging.mrc-cbu.com.ac.uk/downloads/MNI2tal/mni2tal.m), and brain atlases (55, 56) were
consulted for localization. The uncorrected voxel threshold for the paired #tests and
correlational analyses was set at p<0. 05, but only those clusters that remained significant
after stringent correction for multiple corrections using Gaussian random field theory are
reported (57). In addition, we report clusters that overlap our a prioriregions (amygdala,
habenula, and subgenual ACC) when the peak voxel had an uncorrected p-value less that
0.005, and the extent of the cluster was greater than the “expected voxels per cluster”.
Although this voxel extent threshold is not appropriate to use as a threshold by itself, we
applied it as an additional control for our a priori regions. It should be noted that because all
metabolic values were normalized by a global value, our findings reflect changes in relative
but not absolute metabolism. For the sake of simplicity, however, we refer to “increased” or
“decreased” metabolism throughout the text.

Behavioral response to ketamine

PET Results

Twenty subjects (six females) with treatment-resistant MDD underwent ketamine infusion
and both PET scan sessions (see Table 1 for demographic/clinical data). The mean decrease
in MADRS scores between baseline and 230 minutes post-ketamine was 29.7% (+/- 28.0%
SD). Six of the 20 subjects had a decrease in MADRS score =250% at 230 minutes. Details
regarding the observed dissociative symptoms are reported in the Supplemental Results.

Whole brain CMRGIu was successfully modeled in both pre- and post-treatment scans for
19 of the 20 subjects (mean CMRGIu=0.074 +/- 0.009 and 0.076 +/- 0.013 mg/min/mL,
respectively). In one subject, a technical problem precluded acquisition of the absolute data,
so this subject’s results were used only in analyses of the normalized PET data. Absolute
whole brain metabolism did not differ between baseline and ketamine conditions (p=0.341).
Relative to baseline, normalized metabolism decreased significantly following ketamine in
the right habenula (p=0.023; Table 2). Normalized metabolism also increased in the right
amygdala ROI (p=.04). Changes in sgACC, left amygdala, and left habenula ROI were not
significant. Metabolism did not change significantly in control ROls in the medial thalamus
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and hippocampus (p>0.2). No significant correlations were observed between change in
metabolism and change in MADRS score in any a priori ROI.

Voxel-wise analysis (N=20, Table 3, Figure 2) showed significant metabolic increases
following ketamine infusion in occipital cortex, postcentral gyrus, and inferior parietal
cortex. Conversely, metabolism decreased following ketamine in insula, ventrolateral
prefrontal cortex (VLPFC), and dorsolateral PFC (DLPFC). In addition, clusters meeting our
criteria for a prioriregions were noted in the right habenula, bilateral ventral ACC and left
amygdala.

In the voxelwise correlational analysis, improvement in depressive symptoms significantly
correlated with increasing metabolism in superior and middle temporal gyri (STG/MTG),
and cerebellum. Conversely, clinical improvement significantly correlated with decreasing
metabolism in more ventral and medial loci within the STG/MTG, along with
parahippocampal gyrus (PHG), inferior parietal cortex, and temporo-occipital cortex (Table
4). An additional cluster meeting our criteria for a priori regions was noted in the ventral
ACC.

DISCUSSION

This preliminary study is the first to describe the functional anatomical correlates of the
rapid antidepressant effects of ketamine in patients with MDD. Ketamine administration did
not significantly affect whole brain metabolism during the time frame assessed herein,
suggesting that the delay between ketamine infusion and FDG injection was sufficiently
long to allow the acute effects of ketamine to subside. We predicted that metabolism would
decrease under ketamine in the amygdala, habenula and sgACC ROIs. Partly consistent with
our hypothesis, we found that the normalized metabolism decreased in the right habenula
and right amygdala. While metabolism also decreased nominally in the adjacent ROI in the
medial thalamus, the smaller magnitude and non-significance of this change confirmed the
specificity of the difference in the habenula. Consistent with the results of the ROI analysis,
the voxel-wise analysis showed reduced metabolism under ketamine in a cluster that
included the right habenula. The voxel-wise analysis also showed significant metabolic
decreases under ketamine in areas within the ventrolateral and dorsolateral PFC.

Notably, the habenula plays a key role in the long-term modification of monoamine
transmission in response to stress (58, 59), and in the suppression of dopamine cell activity
following omission of an expected reward (60, 61). In this latter role, habenular activity is
thought to drive the “frustration” response associated with having an unfulfilled expectation
of reward. Increased habenular metabolism occurs in animal models of stress (62) and
depression (34, 63). Moreover, antidepressant drugs attenuated the metabolic response to
experimental manipulations that induced behavioral analogs of depression (34), and
habenular lesions ameliorated behavioral response to repeated stress (58, 64). In humans
with mood disorders, both gray matter volume and neuronal counts are decreased in the
habenula (65, 66). Finally, studies noting that habenular activity increased during induction
of depressed mood via tryptophan depletion (44, 45) and that DBS in the habenula had
antidepressant effects in treatment-resistant MDD (42, 43) support the relevance of reduced
habenular metabolism to rapid antidepressant response. The voxel-wise results also showed
a small cluster in the vicinity of the habenula, further confirming our ROI results. It should
also be noted that the area reported for the right habenula ROI is larger than the left. This
should not be interpreted as an actual difference in volume, although one may exist, because
this is simply the volume of grey matter voxels identified within the predefined ROI and not
the absolute area. Differences in contrast between the left and right habenula may have
affected this measure. Nevertheless, the habenula does appear to show significant laterality

Biol Psychiatry. Author manuscript; available in PMC 2014 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carlson et al.

Page 7

effects in some species (67), although the nature and significance of this effect in humans in
unknown.

Preclinical studies demonstrated that ketamine acutely induced spine formation and
synaptogenesis in the medial PFC (mPFC) of rats via the mammalian target of rapamycin
(mTOR) pathway (11) in a time frame consistent with the antidepressant effects of
ketamine. Li and colleagues also showed that modulation of mPFC afferents onto lateral
habenula neurons produced antidepressant effects in rat models of depression (40). It is thus
conceivable that ketamine-induced neuroplasticity changes in mPFC may at least partially
underlie the decreased metabolism we observed in right habenula.

Metabolic changes were also noted in the right amygdala ROI, although in the opposite
direction to our hypothesis. The difference may reflect the fact that the ROI targeted the
lateral amygdala nuclei. In support of this theory, the voxel-wise analysis identified an area
of reduced metabolism under ketamine in left amygdala, specifically in the vicinity of the
basal and central nuclei (56). A variety of antidepressant treatments have been associated
with decreased amygdalar activity (29, 68-70), and left amygdala metabolism has been
reported to correlate positively with severity of depression (31). Because the lateral
amygdalar nucleus—which serves as the sensory interface for the amygdala complex (71)—
was targeted in the ROI analysis, the increased metabolism observed in the right amygdala
ROI could conceivably reflect heightened sensory input to the lateral nuclei following
ketamine. In addition, there is evidence for laterality differences in amygdalar function (72),
although these are poorly understood.

In the voxel-wise correlational analysis the areas where we observed the most significant
correlations between improvement in depressive symptoms and metabolic changes were in
the superior and middle temporal gyri. These findings were complex, however, as in one set
of right STG and MTG areas increasing metabolism correlated with lower depression
severity ratings (see Table 4), whereas in a more medial and caudal STG area and a more
ventral and anterior MTG area the correlation was in the opposite direction.

Decreasing metabolism post-ketamine in the right PHG correlated significantly with
improvement in depressive symptoms (Table 4). Similarly, Kennedy and colleagues found
that decreased metabolism in the right PHG was associated with successful paroxetine
treatment (73). In addition, decreased grey matter volume has been reported in the PHG in
MDD (74-76). Of particular note given the potential role of BDNF in ketamine’s
mechanism of action, the 66Met allele of the BDNF gene was associated with decreased
PHG volume (77). The PHG, rostral STG, and amygdala share extensive monosynaptic
connections with medial PFC regions including the ACC and ventromedial PFC (BA 10) to
form part of an extended *“visceromotor” network that modulates the visceral, emotional,
and behavioral aspects of emotional behavior (78). It is noteworthy that the reduced
metabolic activity in this extended network under ketamine is associated with improved
depressive symptoms (Tables 3, 4). Furthermore, decreased metabolism in the right insula
correlated with improvement in depressive symptoms. These findings echo those of
Mayberg and colleagues (33) and Kennedy and colleagues (73), which found that activity
decreased in the anterior and posterior insula in MDD subjects following successful
treatment with paroxetine.

Following ketamine, we observed widespread increases in metabolism in sensorimotor and
sensory association cortices. These changes may conceivably relate to the sensory and
dissociative phenomena induced by ketamine. Nevertheless, these ketamine-induced illusory
phenomena had resolved nearly two hours prior to 18FDG injection. Alternatively, these
increases in sensory cortices represent a reversal of baseline decreases in these areas
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previously reported in subjects with depression (79). Notably, components of the extended
medial prefrontal network constitute a “default” network of cortical areas implicated in self-
referential functions and the patterns of physiological activity within these areas in
depression have been hypothesized to relate to self-absorption or obsessive ruminations (29,
80-82). It is conceivable that, as components of this default system/visceromotor network
are deactivated under ketamine, depressive symptoms improve and various sensory cortices
reciprocally increase their activity (79).

It is also interesting to note that our ROI findings were confined to the right hemisphere.
While there is some evidence that the networks involved in mood disorders may have
differential function based on laterality, this may simply be the result of limited power due
to the small sample size.

Several methodological limitations of our study merit comment. First, ketamine was
administered in an open-label design, and the participants were not compared to a parallel
control sample randomized to placebo. This reflects our intention to limit the number of
subjects exposed to ionizing radiation in this preliminary study. It is also important to note
that because the antidepressant effects of ketamine were previously established in
independent, randomized, placebo-controlled trials (1, 2), it is unlikely that the effects
observed here are due solely to the placebo effect. Although a cross-over design would have
permitted exploration of placebo effects with a similar number of subjects, this would have
added the potential confound of carryover and/or order effects. Thus, we determined that the
current open-label design was best suited to test our hypotheses. Nevertheless, some
contribution of a placebo effect cannot be eliminated. In addition, this study design did not
allow us to disentangle which effects were due to ketamine specifically versus which were
consequent to a general improvement in mood. Future studies may consider incorporating a
placebo and/or active comparator control in order to address these issues. Another limitation
of this study is the subject sample size, which did not allow for comparisons between
responders and non-responders. The proportion of responders in the present study—30%—is
lower than reported in a previous study of ~52% (2), but not substantially different from
another study (83) that found a response rate of 40%. A likely reason for the lower response
rates in later cohorts is that subjects included in later studies were more treatment-resistant;
for instance, in our first study, 22% had failed ECT, whereas in the present study 40% had
failed ECT. The correlational approach using the changes in MADRS score as an additional
regressor in the SPM analysis was meant to partially address this issue. Another key point is
that the subjects in this study were treatment-resistant, so the results may not generalize to
other samples of depressed subjects. Finally, there is the issue of dissociative symptoms
potentially altering the findings. We scheduled the PET scanning procedures to begin 120
minutes after the ketamine infusion; psychotomimetic effects are typically absent before 80
minutes post-infusion. Although in no cases were dissociative effects present at the time of
scanning, we cannot rule out carry-over effects.

A technical limitation of our methods is that the spatial resolution of PET is low relative to
the small size of the habenula. We thus relied upon an MRI-based ROI method to test a
priori hypotheses in small structures. This approach allowed accurate placement of these
ROIs over the target structure in each subject to accommaodate inter-individual differences in
anatomy. To establish the specificity of our results we placed ROI in the adjacent medial
thalamus—where we did not expect to see differences in metabolism following ketamine
infusion—to ensure that any change observed in the habenula ROI did not reflect spillover
from a difference in the thalamus. Nevertheless, the metabolism measured over the habenula
ROI is influenced by partial volume effects from neighboring structures. Crucially, the
voxel-wise analysis confirmed the conclusions of the ROI analysis by identifying a cluster
that included the habenula. The stereotaxic coordinates for the peak metabolic change in this
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vicinity were approximately 4.4 mm from the center of the habenula in the Jurgen Mai atlas,
and the cluster extended well into the habenula (56) (Figure 1, Table 4). It should be noted
that due to smoothing and normalization to a standard coordinate space, the cluster of
suprathreshold voxel t-values extends beyond the habenula boundaries. Notably, glucose
metabolism has the advantage of assessing those changes in glutamatergic transmission that
may result from ketamine administration without being confounded by nonspecific effects
on cerebrovascular function.

Finally, our imaging findings may not be generalizable to imaging at other time-points
following ketamine administration. We timed the [18F]FDG uptake period to coincide with
the epoch when we observed the initial decrement in depression-ratings under ketamine
relative to placebo in our previous study (2). It remains unclear how imaging results
acquired earlier or later following ketamine administration may differ from those reported
herein.

In conclusion, decreased metabolism in the right habenula, PHG, and other components of
the extended medial and orbital prefrontal networks were associated with rapid
antidepressant effects of ketamine in treatment-resistant MDD subjects. It appears that
ketamine may exert its rapid antidepressant effect in part by regulating aberrant activity in
these networks. Taken together, our findings are compatible with hypotheses based on
preclinical data indicating that ketamine’s rapid antidepressant effects may be mediated by
synaptic plasticity within neural circuits that function abnormally in depression. Future
studies exploring the relationship between these changes in synaptic plasticity and the
function of the extended medial prefrontal network may elucidate the mechanisms
underlying rapid antidepressant response to ketamine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Region placement of the habenula on a representative subject. Medial thalamic region of
interest (ROI) is also visible.
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Figure2.

Coronal image sections obtained with a statistical parametric map of t-values software
(SPM5) (Wellcome Department of Imaging Neuroscience, London, UK) illustrating key
findings from voxelwise analysis of ketamine-induced metabolic changes in a group of
individuals with treatment-resistant major depressive disorder (MDD; N=20). The color bar
designates the corresponding voxel t-statistic value. Clusters are overlaid on a canonical
single subject image, with t-maps thresholded to show only the relevant cluster. (A) Glucose
metabolism decreased in the right habenula. The peak voxel from the habenula cluster in the
voxelwise analysis shown here is located at coordinates 6, —32, 4 (X, y, z). This voxelwise
finding corresponds with the finding in the region of interest (ROI) analysis of a significant
decrease in the right habenula ROI following ketamine infusion (Table 2). (B) Decreased
metabolism in the right insula was the most robust (i.e., peak t-value) finding in the
voxelwise analysis (Table 4).
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