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ABSTRACT
BACKGROUND: Ketamine is a highly attractive candidate for developing fast-onset antidepressant agents;
however, the relevant brain circuits that underlie sustained, efficacious antidepressant effects remain largely
unknown.
METHODS: We used a holistic scheme combining whole-brain resting-state fMRI and graph theoretical analysis to
examine the sustained effects on brain networks after administration of a single dose of ketamine and to identify the
brain regions and circuits preferentially targeted by ketamine. Topological differences in functional networks of
anesthetized macaque monkeys were compared between ketamine (.5 mg/kg) and saline treatment after 18 hours.
RESULTS: We observed persistent global reconfiguration of small-world properties in response to ketamine intake,
accompanied by large-scale downregulation of functional connectivity, most prominently in the orbital prefrontal
cortex, the subgenual and posterior cingulate cortices, and the nucleus accumbens. Intriguingly, intrinsic
connectivity with the medial prefrontal areas in the reward circuits were selectively downregulated. Global and
regional regulations of the brain networks precisely opposed the maladaptive alterations in the depressed brain.
CONCLUSIONS: Our results demonstrated that local synaptic plasticity triggered by blockade of N-methyl-D-
aspartic acid receptors was capable of translating into prolonged network reconfiguration in the distributed cortico-
limbic-striatal circuit, providing mechanistic insight into developing specific loci or circuit-targeted, long-term
therapeutics.
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Mood disorders, such as major depressive disorder (MDD), are
likely accompanied by distributed system-level disturbances in
brain circuitry (1–6). There is increasing recognition that
therapeutic interventions could generate structural and func-
tional network reorganization through the possible neural
plasticity (4,7) and regulate system-level abnormalities in the
brain, eventually leading to complete rehabilitation. Converg-
ing evidence has demonstrated that a single subanesthetic
dose of ketamine, a noncompetitive N-methyl-D-aspartic acid
(NMDA) receptor antagonist, produces a rapid-acting and
long-lasting antidepressant response (8–13) attributable to
synaptic plasticity rather than simple antagonism of NMDA
receptors (7,11). These features are extremely attractive for
novel pharmacological strategies (14) and have inspired a
flurry of preclinical and clinical studies of the neurobiological
mechanisms of ketamine action (15,16). To date, however,
several key questions regarding the antidepressant action of
ketamine remain largely unsolved. First, what are the relevant
brain circuits that underlie the long-term, efficacious action of
ketamine? Second, why do many patients show a response 24
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hours after ketamine administration? (17). Accordingly, is there
sustained neural network reconfiguration after acute ketamine
treatment, considering the metabolic half-life of ketamine is
shorter than 3 to 4 hours? (18). Finally, although synaptic
plasticity triggered by the transient blockade of NMDA recep-
tors could help restore disrupted homeostatic regulation and
lost synaptic connections (4,7,11), the involved brain regions
where synaptic plasticity occurs in complex mood and emo-
tion circuitry, thereby contributing to long-lasting antidepres-
sant effects, remains unknown.

To address these questions, we tested the therapeutic
effects of a single dose of ketamine on healthy adult macaque
monkeys. Growing evidence has validated the use of resting-
state functional magnetic resonance imaging (rsfMRI) in
anesthetized macaques (19–27) and has underscored its
potential to bridge information between human and animal
models (28–31). Although the effect of anesthetic agents on
functional brain networks remains poorly understood, recent
study has demonstrated that stable functional connectivity
patterns under a narrow range of medium level isoflurane
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(e.g., 6.25%) are suitable for anesthetized nonhuman primate
investigations (26). Furthermore, whole-brain rsfMRI allows
unbiased, simultaneous identification of all pharmacologically
affected regions in the brain. Through transiently and rever-
sibly controlled neurochemical perturbations, nonhuman pri-
mate models may serve as ideal testing benchmarks to clarify
the underlying biomechanisms of drug action in the absence
of any pre-existing homeostatic dysfunction as part of the
complex disease process (e.g., multidimensional symptoma-
tology in psychiatric disorders), comorbidity, or medication
status.

Given the ubiquitous distribution of NMDA receptors
throughout the brain (14), a randomized, placebo-controlled
functional connectome study was conducted in anesthetized
monkeys 18 hours after ketamine and saline administration.
The dose used (.5 mg per kg) has achieved clinically mean-
ingful improvements in MDD patients (8–10,17), and the time
point was chosen for the most prominent antidepressant
response (9), without additional schizophrenia-like symptoms
(32). Although recent rsfMRI studies have evaluated the
antidepressant effects of ketamine at a priori selection of
candidate brain regions or pathways (33–35), a global view of
the action of ketamine on the whole-brain scale is still lacking.
Therefore, we applied graph theoretical analysis to quantita-
tively examine the overall topological organization of brain
networks (36) and used network-based statistics (NBS) (37) to
characterize specific features within a network. This study
represents the first fMRI investigation of the antidepressant
effects of ketamine in nonhuman primates, using a holistic
scheme that could possibly identify hitherto unidentified
systems relevant to novel therapeutic targets in the brain
reward circuitry. Our primary hypotheses were that a single
subanesthetic dose of ketamine would produce sustained
network reconfiguration in healthy subjects after it was
metabolically eliminated and that this prolonged action, which
counteracts abnormalities of functional networks in MDD
patients, would provide a plausible mechanistic underpinning
for the long-term antidepressant effects of ketamine.
METHODS AND MATERIALS

Animal Preparation

All experimental procedures in nonhuman primate research in
this study were approved by the Institute of Neuroscience
Animal Care and Use Committee and by the Shanghai Institute
for Biological Sciences Biomedical Research Ethics Commit-
tee and conformed to the National Institutes of Health guide-
lines for the humane care and use of laboratory animals.

Nine adult macaque monkeys (3 male and 1 female Macaca
fascicularis and 5 male Macaca mulatta) weighing 5.0 to 10.0
kg (7.7 6 1.8 kg) were prepared and maintained for fMRI
scans. Animals were intramuscularly injected with either a
single subanesthetic dose of ketamine (.5 mg per kg) or
placebo saline (.90% w/v of NaCl) in random order
(Figure 1A). In light of previous nonhuman primate (38) and
human clinical studies (17), the ketamine dose was determined
to produce sufficient regulatory effects in subjects. Follow-up
fMRI scans were scheduled 18 hours after ketamine or saline
administration. The imaging interval between saline and
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ketamine administration was spaced at least 1 month apart
to avoid possible carry-over effects. Before each scanning
session, an anesthesia cocktail of dexmedetomidine (18–30 μg
per kg) and midazolam (.2–.3 mg per kg), supplemented with
atropine sulfate (.05 mg per kg), was introduced to the
animals. After monkeys were intubated, under an anesthesi-
ologist’s guidance (GL), the anesthesia was maintained using
the lowest possible concentration of isoflurane gas. For all
animal scans, the mean (6SD) inhaled concentration was
.92% (6.26%). Subjects received intermittent positive pres-
sure ventilation by an MRI-compatible ventilator (CWE Inc.,
Weston, Wisconsin) to ensure a constant respiration rate (31.8
6 2.3 breaths/min). Vital signs, including blood oxygenation,
rectal temperature, heart rate (Small Animal Instruments Inc.,
Stonybrook, New York), respiration rate, and end-tidal CO2

(Smiths Medical ASD Inc., Dublin, Ohio), were continuously
monitored during the experiment and maintained tightly within
normal limits. Oxygen saturation was maintained over 95%,
and body temperature was kept constant using a hot water
blanket (Gaymar Industries Inc., Orchard Park, New York).
Lactated Ringer’s solution was given at 10 mL per kg per hour
during the anesthesia procedure.

Image Acquisition

A cohort of image data was acquired from the Institute of
Neuroscience on a 3-T whole-body scanner (Siemens Health-
care, Germany) running with or without an enhanced gradient
coil insert (AC88; 80 mT/m maximum gradient strength, 800
mT �m21 � s21 maximum slew rate). A total of 57 of 96 imaging
datasets were obtained from the standard Trio system, using a
protocol similar to that used with AC88. Two sets of custom-
made 8-channel phased-array transceiver coils were used for
the imaging sessions on the AC88 and Trio systems (provided
by Dr. Lawrence Wald’s laboratory at Massachusetts General
Hospital, Boston, Massachusetts, and developed in-house),
respectively.

Whole-brain resting-state fMRI data were collected using a
gradient-echo echo-planar imaging (EPI) sequence (TR 5

2000 ms; TE 5 29 ms; flip angle 5 771; slices 5 32; field of
view 5 96 3 96 mm; 1.5 3 1.5 mm2 in plane resolution; slice
thickness 5 2.5 mm; GRAPPA factor 5 2). For each experi-
ment, 4 to 6 EPI runs were acquired, and each run contained
200 functional volumes. A pair of gradient echo images (echo
time: 4.22 ms and 6.68 ms, respectively) with the same
orientation and resolution as the EPI images were acquired
to generate a field map for distortion correction of the EPI
images. High-resolution T1-weighted anatomical images were
acquired using an MPRAGE sequence (TR 5 2500 ms; TE 5

3.12 ms; TI 5 1100 ms; flip angle 5 91; acquisition voxel size
5 .5 3 .5 3 .5 mm3; 144 sagittal slices). Six whole-brain
anatomical runs were acquired and averaged for better brain
segmentation and three-dimensional cortical reconstruction.
Each experiment lasted for approximately 3 to 4 hours, and a
total of 96 imaging datasets (47 for ketamine condition and 49
for saline condition) were collected from 9 monkeys.

Network Construction

Node and Edge Definition. A network is composed of
nodes and edges between nodes. Herein, nodes represent
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Figure 1. Resting state functional brain connectome study of ketamine. (A, upper panel) The experimental paradigm. Each animal functional magnetic
resonance imaging (fMRI) scan was scheduled 18 hours after a single dose administration of ketamine or saline was given in random order. The scan interval
between the saline and ketamine treatments was spaced at least 1 month apart to avoid any carry-over effects. (A, lower panel) Flow chart of graph theoretical
analysis. Panel 1: resting-state fMRI data were acquired from anesthetized monkeys. Panel 2; Entire monkey brain was charted with 94 regions, including 78
cortical and 16 subcortical regions. Panels 3 and 4: Mean time courses of each brain region were calculated and subjected to region-specific Pearson
correlation, resulting in a 94 3 94 correlation matrix. Panel 5: Topological features of the correlation matrices after ketamine and saline administration were
analyzed and statistically compared. (B) Grand mean correlation matrices of saline and ketamine regimen groups.
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brain regions, and edges represent the statistical correlation in
fMRI signals across different regions. To define the monkey
brain nodes, the regional map cortical parcellation was
mapped onto the F99 macaque standard surface template
(39) and transformed to voxel space with a 2-mm extrusion
using Caret software (http://www.nitrc.org/projects/caret/). To
construct a complete brain network, we further collated the
subcortical parcellation of the macaque monkey from the INIA19
template (40), which included the caudate, putamen, thalamus,
hypothalamus, nucleus accumbens (NAc) and globus pallidus
Biological Psychiatry ]]], 2015; ]:]]]–]]] www.sobp.org/journal 3
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(amygdala and hippocampus were included in the regional map
cortical parcellation [see Supplementary Table S1 for the
complete anatomical labels of all brain regions]). Thus, our
anatomical template contained a total of 94 brain regions, 47 of
which were mirrored from one hemisphere to the other. To
define the network edges, we calculated region-wise Pearson
correlation coefficients and generated a 94 3 94 correlation
matrix for each imaging dataset (Figure 1B shows the grand
mean correlation matrices of ketamine and saline groups). The
mean time series of each region (node) was obtained by
averaging the time series of all voxels within that region.

Threshold Selection. As there is no current consensus on
the selection of network thresholds in graph theoretical
analysis, network sparsity was determined as the threshold
according to previous studies (41,42). Sparsity level S, defined
as the ratio of the number of existing edges divided by the
maximum possible number of edges in a network, was applied
to all correlation matrices. This treatment normalized all
resultant networks to have the same number of edges and
minimized the effects of possible discrepancies in the overall
correlation strength between groups. Practically, the threshold
for each correlation matrix was determined repeatedly over a
wide range of sparsity levels with an increment of .01
according to two criteria: 1) that the average degree (node
degree is the number of connections linked to the node) over
all nodes of each threshold network was larger than 2 3 log(N)
(where N = 94 here); and 2) that the normalized clustering
coefficient γ, and the normalized characteristic path length λ,
fulfilled the criteria of [γ . 1] and [λ E 1] for all individuals (43).
This data-driven procedure guaranteed that the threshold
networks were biologically plausible, showing the properties
of small-worldness, and held sparse properties with as few
spurious edges as possible (41). After preprocessing and
network construction (see Supplementary Material for details),
76 imaging datasets entered the subsequent statistical
comparisons.

Global and Regional Properties Analysis

The Brain Connectivity Toolbox (44) and GRETNA software
were used to investigate the topological features of the
functional networks constructed at each sparsity level within
the data-derived sparsity range S (.1 � .3). The global
measures included 1) small-world parameters involving the
clustering coefficient Cp, characteristic path length Lp, γ, λ,
and small-worldness σ; and 2) network efficiency involving
local efficiency Eloc, and global efficiency Eglob (see
Supplement 1 for details). For the calculation of γ and λ, 100
random networks were generated for each weighted network,
using a modified Maslov’s wiring program, which preserved
the original weight of each node during normalization (45).
Nonparametric permutation tests (10,000 permutations) for
global differences in these topological metrics at each sparsity
level (.1 � .3, step increment 5 .01) were tested for
significance with an false discovery rate (FDR) of 5%. To
avoid multiple comparison problems, the area under the curve
for each network metric within the chosen sparsity range was
also computed for statistical comparison (41,46). For regional
measurements, we calculated the connectivity strength of
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each node and compared differences between the two con-
ditions (permutation tests with FDR of 5%).

Functional Connectivity Analysis

To further localize specific pairs of brain regions in which
functional connectivity was altered after ketamine application,
the NBS approach was used to seek between-group differ-
ences (37). The NBS approach copes with the multiple
comparison problems of comparing connection data with
[N 3 (N 2 1)/2] connections. The correction strategy is
analogous to cluster-based strategies used in voxel-wise
MRI data analysis by evaluating the null hypothesis at the
level of connected subnetworks rather than individual con-
nections. In this method, subnetworks were identified with a
strategy similar to identifying significant clusters in fMRI
analysis (see Supplement 1 for details), and connections in
subnetworks that were significant at a corrected level of p ,

.05 were reported.
RESULTS

Ketamine-related Regulations of Small-World
Properties

We determined a data-specific small-world regimen at a
sparsity range of .1 # S # .3 to construct a simplified graphic
network model consisting of brain regions (nodes) and con-
nections (edges drawn between nodes to represent functional
connectivity) (Figure 1B). We began by examining the small-
world properties of the networks (Figure 1B) and observed that
functional networks of both saline and ketamine conditions
possessed typical features of small-worldness (i.e., γ . 1 and
λ E 1) (Figure S2 in Supplement 1). In comparison to saline
treatment, the ketamine group consistently showed significant
decreases in Cp (FDR-corrected p , .05), Eloc (FDR-corrected
p , .05), and Eglob (FDR-corrected p , .005) (Figure 2A,2F,
2G), and significant increases in Lp (FDR-corrected p , .0005)
and λ (FDR-corrected p , .05) at each sparsity level
(Figure 2B,2D). Neither changes in γ (FDR-corrected p 5 .14)
nor in σ (FDR-corrected p 5 .35) between the two groups were
statistically significant (Figure 2C,2E). These findings were
confirmed by comparing the parameter area under the curve
of each global network metric (Figure 2H).

Ketamine-related Regulations of Regional Nodal
Strength

The connectivity strength of each node was compared
between the two conditions, showing that ketamine produced
substantial downregulation (Figure 3, cold colors) and upre-
gulation (Figure 3, warm colors) in widely distributed brain
regions (Figure 3 and Table S2). For simplicity, we categorized
the affected brain nodes into two main classes by their
significance levels. The most striking reduction in connectivity
strength occurred in the bilateral orbital (orbitoinferior and
orbitomedial) frontal cortices (OFC), striatum (bilateral caudate
and putamen), bilateral globus pallidum, right gustatory cortex,
right secondary somatosensory cortex and limbic structures
including the left anterior cingulate cortex (ACC), right poste-
rior insula, and bilateral hippocampus, parahippocampus, and
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Figure 2. Ketamine-related regula-
tions of global small-world properties
of functional brain network. (A–G)
Small-world properties were plotted
as a function of sparsity level, S,
within the small-world regimen of .10
# S # .30. Asterisks in the plot
denote significant group differences
(false discovery rate corrected, p ,

.05). (H) Altered area under the curve
(AUC) of small-world network proper-
ties in the ketamine group compared
to the saline group. Significant differ-
ences were found between the clus-
tering coefficient Cp (p 5 .0035), the
shortest path length Lp (p 5 .0001),
the normalized shortest path length
λ (p 5 .0061), the global efficiency
Eglob (p 5 .0001), and the local effi-
ciency Eloc (p 5 .0006) values of the
saline group and those of the keta-
mine group. Error bars are standard
errors of the mean.
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thalamus (FDR-corrected p , .01). Modest but significant
decreases were found in the right ACC, left posterior cingulate
cortex (PCC), sensory areas (somatosensory, visual, auditory,
motor and gustatory cortices), right ventrolateral premotor, left
medial prefrontal cortex (PFC), and right ventral temporal
cortex (FDR-corrected p , .05). In contrast, brain nodes
with increased connectivity strength were restricted to the left
superior and inferior parietal cortices (FDR-corrected p , .05).
Biological Psychiatry ]]], 2015; ]:]]]–]]] www.sobp.org/journal 5
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Figure 3. Ketamine-related alterations of nodal strength in functional brain network. Spheres in warm (red) or cold (teal and dark blue) colors indicate brain
regions with increased or decreased nodal strength in response to ketamine intake. Size of the spheres represents statistical significance, 2log10(p) (corrected
for multiple comparisons). See Table S2 for details. Brain areas were rendered on the transparent surfaces of the F99 template using BrainNet Viewer
software. L, left; R, right. See Supplementary Table S1 for abbreviations of brain regions.
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Notably, assessment of the left dorsolateral, polar and centro-
lateral PFC in ketamine versus saline controls also revealed
increased connectivity strength; however, they did not with-
stand correction for multiple comparisons (FDR-corrected p 5

.07, p 5 .09, and p 5 .10, respectively).

Ketamine-related Regulations of Functional
Connectivity

NBS analysis was conducted to characterize the specific
features within the network. As shown in Figure 4A, down-
regulated functional connectivity was persistent among the
limbic system (subgenual, retrosplenial, anterior, and posterior
cingulate cortices, hippocampus, thalamus, and anterior
insula), striatum (NAc, caudate), globus pallidum, OFC and
ventrolateral PFC, frontal eye field area, premotor cortex,
sensory areas and subareas of the temporal and parietal lobes
(see Table S3 in Supplement 1 for each decreased connection
ranked by significance level; p , .05, corrected for multiple
comparison). To illustrate higher order topological reconfigu-
ration of the network, we continued to sort each affected node
by the total number of altered connections (i.e., degree of
affected nodes) and plotted a schematic diagram according
to classic anatomical divisions of the brain (Figure 4B
and Table S4). This clearly showed that the subgenual
cingulate cortex (also known as Cg25) became a principal
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ketamine-mediated target because the connectivity between
Cg25 and the other 14 brain areas (both hemispheres)
decreased significantly in response to ketamine intake. Top-
ranked brain regions targeted by this NMDA receptor antag-
onist also included NAc and PCC, each of which had more
than nine decreased connections to other structures. Another
pronounced feature in Figure 4B is the preponderant down-
regulation of the frontocingulate and cingulate-striatal path-
ways among all altered connections. These results are
compatible with the predictive role of the frontocingulate
circuit postulated in MDD treatment response (47).

Overall Ketamine-related Regulations of Functional
Brain Networks

Taking both node and edge results into account (see Table S5
in Supplement 1 for combination criteria), we found large-scale
robust reconfiguration of the whole-brain functional network
18 hours after ketamine administration (Figure 5). The most
obviously affected areas, such as the OFC, Cg25, NAc, and
PCC, were located predominantly within the cortical-limbic-
striatal loops. Overall marked reduction in coherent neural
activity was observed primarily in the limbic system (Figure 5,
deep blue regions). By contrast, limited cortical areas involving
superior and inferior parietal cortices exhibited upregulation of
functional connectivity.
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Figure 4. Ketamine-related decrease in functional connectivity. (A) Significantly decreased intra- (left and right panels for left and right hemispheres,
respectively) and interhemisphere (middle panel) functional connectivity. Thickness of lines representing decreased functional connectivity was scaled with
the statistical significance, –log10(p). (B) A hierarchical diagram of the altered connections and connected brain regions in A was plotted to present higher
order topological reconfiguration evoked by ketamine. Size of spheres indicated the degree of relevant brain areas (i.e., number of decreased connections
with other regions). All involved brain regions (including left and right hemispheres) were depicted on a ring and categorized (color-coded) by anatomical
locations. See Table S3 for more information. L, left; R, right. See Supplementary Table S1 for abbreviations of brain regions.
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DISCUSSION

Global Regulation of Small-World Networks

The brain is organized in an economical small-world architec-
ture that supports both functional integration and segregation
(36,41,44), although this delicate balance in brain networks can
be vulnerable to disruption by various pathological processes.
Previous studies provide consistent evidence of deviant topo-
logical organization of functional brain networks in depressed
patients, characterized by decreased path length (Lp and λ) and
increased global efficiency (Eglob) (46,48). Strikingly, in the
present study, sustained regulation of the functional network
integration induced by ketamine in normal monkeys was
exactly opposite to the maladaptive alterations observed in
Biological Psychiatry ]]], 2015; ]:]]]–]]] www.sobp.org/journal 7
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Figure 5. Overall illustration of affected macaque brain regions shown by lateral (left), medial (middle), and ventral (right) views of the right hemisphere. Brain regions
were anatomically defined according to the regional map by Bezgin. Levels of downregulation (cold colors) and upregulation (warm colors) were defined on the basis of
the node (Figure 3) and edge (Figure 4) results (see Supplement 1 for detailed rules). The most prominent up- and down-regulated brain regions were labelled. Caret
software was used to visualize the results on the macaque brain surfaces with inflated F99 template. See supplementary Table S1 for abbreviations of brain regions.
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MDD patients (49). This indicates that a single exposure to
ketamine may restore the brain’s capacity for functional
information integration for a prolonged period by reversing
the impaired network integration in depression. We also found
significant decreases in network metrics representing brain
segregation (Cp and Eloc), which has not been reported in
depressed patients previously. We propose that chronic recov-
ery of MDD is concomitant with normalized balance between
functional integration and segregation, which can be achieved
by ketamine-mediated network reconfiguration.

At the network level, numerous rsfMRI studies in clinical
patients have suggested a crucial role of increased connec-
tivity within the “default-mode network” (DMN) in the patho-
physiology of major depression (46,50–52), because DMN is
supposed to subserve episodic memory retrieval and self-
referential cognition and is behaviorally linked to the rumina-
tive nature of depression in patients. A recent study demon-
strated that 10 weeks of treatment with duloxetine normalized
the abnormally increased coherence of neural activity within
the DMN network in patients with dysthymia (53). Remarkably,
the downregulated regions involving the medial PFC, PCC,
and rostral and medial temporal lobes, identified by our
network approach (rather than a priori seed-based correlation)
constituted the main nodes of DMN reported previously in
monkeys (19,28). It is interesting to speculate that single-dose
ketamine treatment caused specific network-targeted down-
regulation, which may lead to the normalization of DMN
connectivity in depression, thereby contributing to the relief
of specific symptom like rumination.

Previous studies showed that ketamine rapidly induced syn-
aptogenesis and reversed structural and functional deficits
resulting from long-term stress exposure (7,11). Our results
provide the first imaging evidence at the macroscopic scale
suggesting that local synaptic alterations triggered by the tran-
sient blockade of NMDA receptors were able to translate into a
sustained global reconfiguration of neural networks, counter-
acting the disrupted topological organization in depression.

Regional Regulation of Small-World Networks

Although NMDA receptors are ubiquitous in the entire
brain (14) and immediate ketamine action is blockage of
NMDA receptors, we demonstrated a highly heterogeneous,
persistent ketamine-related activity pattern showing that
8 Biological Psychiatry ]]], 2015; ]:]]]–]]] www.sobp.org/journal
downregulation was prominently distributed in the OFC,
striatum, and primary limbic structures, whereas upregulation
was restricted mainly to parts of the parietal cortex. A wealth
of evidence has revealed depression-related abnormalities in
structural architecture, metabolic activity and functional con-
nectivity within the OFC (1,54), PCC (1,51), ACC (47,55),
striatum (1,56), and inferior parietal cortex (5,46). Our results
showed that ketamine not only prioritized its targets in the
cortical-limbic-striatal loops but also exerted target-specific
regulation by reversing local alterations of the networks
caused by illness. Notably, changes in both nodal strength
and edge connection occurred in the thalamus, which plays a
vital role in the pathophysiology of mood disorders (1). Due to
limited spatial resolution here, we could not assess the
potential effects involving the habenula (included in the
thalamus node), a region heavily implicated in the depression
circuit (57) and demonstrated in our recent work (58).

The fact that the key ketamine targets identified here,
including Cg25, NAc, and PCC, are central to prevailing
theories of heuristic depression circuits is of considerable
interest (Figure 4B) (1,2,5,59). Functionally interactive networks
of corticostriatal and corticolimbic pathways are critical to
integrate mood and associate visual, motor, somatic, and
cognitive behaviors (1). As key players in the cortico-limbic-
striatal loop, Cg25 and NAc are actively involved in autonomic
and homeostatic processes (3,60), as well as in emotional and
cognitive control (3,59). Furthermore, both have been
observed to be metabolically hyperactive in MDD patients
(2,50,59). Deep brain stimulation (DBS) in the Cg25 of refrac-
tory MDD patients successfully lowered hyperactivity in the
Cg25, OFC, and medial PFC, leading to remarkable clinical
improvements (60,61). Furthermore, DBS in the ventral stria-
tum (mainly NAc) also significantly decreased activity in the
OFC, Cg25, PCC, thalamus, and caudate nucleus (62).
Regulation of glutamatergic inputs to the NAc from the
Cg25, medial PFC, hippocampus and insula, where resting-
state hyperconnectivity was reported in MDD patients (1,52),
could undertake a central role in rapidly alleviating anhedonia
in depression. The action of ketamine observed here is
congruent with current literature supporting the role of Cg25
activity as a promising predictor of antidepressant response.

We further observed that many local brain regions
were profoundly affected by ketamine. Specifically, ketamine
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selectively downregulated the medial PFC (albeit upregulation
in the lateral PFC was not statistically significant after FDR
correction) (Figure 3), which tends to enhance voluntary
control of emotion generation and regulation but attenuate
sensory-related reward processing (2,3,63). The dorsolateral
PFC and inferior parietal cortex have been shown to be
hypoactivated in depression (5), and DBS treatment in the
Cg25 actually increased functional activity in the dorsolateral
PFC and inferior parietal cortex (61). Upregulation of these two
regions implies improved cognitive control over the
vegetative-somatic part (5). Taken together, differential mod-
ulation in subdivisions of the PFC exerted by drug treatment is
anticipated to achieve equivalent beneficial outcomes
acquired by DBS therapy. This points to an important selective
pathway through which ketamine may rectify malfunctioning
emotion generation, procession and regulation in depression.
Nevertheless, the underlying mechanisms of how local syn-
aptic alterations evolve into discriminative regulation within the
PFC need future investigation.

Several limitations in interpreting the present results should
be considered. The effects of isoflurane, the most commonly
used anesthetic in monkeys, could be reflected as changes in
the correlation strength between brain areas, localization, or
inclusion of distributed nodes within specific networks (19,28).
However, recent research has shown that within a carefully
controlled narrow range of isoflurane levels, such as 6 .26% in
our study, statistical coupling between brain areas was
consistent and reliable for investigation of functional brain
architecture (19,26). Moreover, we argue the potential effect of
anesthetic agents was removed by contrasting the saline and
ketamine treatments in the same group subjects and the
thresholds for network construction were applied uniformly
to each subject in both conditions. However, overinterpreta-
tion of the present findings from healthy subjects should be
kept in mind (49,64–66) until monkey models of mood
disorders, such as depression and anxiety, have been devel-
oped (30) and used under the same experimental protocol. It
was reported previously that schizophrenia-like symptoms can
be induced by acute ketamine administration (67), although
after a delay period (, 5 hours), the psychotomimetic effects
do not last long in monkeys (32). Hence, our findings were not
likely contaminated with such an effect as the monkeys were
scanned 18 hours after administration. This study did not
examine the neural origin of the sustained effects imposed by
the action of ketamine, which needs to be addressed with the
help of neurophysiological recordings. Further, the link
between the neurobiological alterations and the graph
network-model differences is missing, which definitely merits
future work to clarify and validate.
Conclusions

In summary, our whole-brain analyses revealed large-scale
network reconfiguration of the distributed cortico-limbic-
striatal circuits, an effect visible at least 18 hours after
application. Strikingly, the ketamine-induced activity patterns
precisely opposed the maladaptive activity in the depressed
brain, suggesting that ketamine may mediate its antidepres-
sant effects in multiple behavior domains. Our findings pave a
new avenue to understand the mechanisms underlying the
efficacy of antidepressant action and to aid the development
of improved therapeutics that guide plastic synaptic connec-
tions in these key areas analogically targeted by ketamine.
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