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Human depression is associated with glutamatergic dysfunction and alterations in resting state network activity. However, the

indirect nature of human in vivo glutamate and activity assessments obscures mechanistic details. Using the chronic social defeat

mouse model of depression, we determine how mesoscale glutamatergic networks are altered after chronic stress, and in response

to the rapid acting antidepressant, ketamine. Transgenic mice (Ai85) expressing iGluSnFR (a recombinant protein sensor) permitted

real-time in vivo selective characterization of extracellular glutamate and longitudinal imaging of mesoscale cortical glutamatergic

functional circuits. Mice underwent chronic social defeat or a control condition, while spontaneous cortical activity was longitu-

dinally sampled. After chronic social defeat, we observed network-wide glutamate functional hyperconnectivity in defeated animals,

which was confirmed with voltage sensitive dye imaging in an independent cohort. Subanaesthetic ketamine has unique effects in

defeated animals. Acutely, subanaesthetic ketamine induces large global cortical glutamate transients in defeated animals, and an

elevated subanaesthetic dose resulted in sustained global increase in cortical glutamate. Local cortical inhibition of glutamate

transporters in naı̈ve mice given ketamine produced a similar extracellular glutamate phenotype, with both glutamate transients

and a dose-dependent accumulation of glutamate. Twenty-four hours after ketamine, normalization of depressive-like behaviour in

defeated animals was accompanied by reduced glutamate functional connectivity strength. Altered glutamate functional connect-

ivity in this animal model confirms the central role of glutamate dynamics as well as network-wide changes after chronic stress and

in response to ketamine.
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Introduction
Major depressive disorder is a common illness (WHO,

2008), affecting 5–15% of the population across the

lifespan. Moreover, its relapsing remitting course defines

20–30% of affected individuals and, among patients who

are treated for the first time with effective treatments, only

50% will exhibit a significant reduction in symptoms (Rush

et al., 2006). Accordingly, a major and evolving research

focus with the goal of guiding and refining treatment is the

identification of the biological substrate of depression and

mechanisms of antidepressant response through neuroima-

ging. Increasingly, our understanding of human major de-

pressive disorder suggests a distributed network disturbance

(Gong and He, 2015; Smart et al., 2015) and glutamatergic

dysfunction (Yuksel and Ongur, 2010; Luykx et al., 2012);

however, these remain independent observations.

Utilizing in vivo mesoscale imaging to probe extracellular

glutamate functional connectivity, we characterize network

alterations in a mouse model of depression, the acute ef-

fects of subanaesthetic ketamine, and the longitudinal

course of the accompanying network changes. To achieve

this, we used in vivo millisecond-timescale widefield ima-

ging of spontaneous cortical activity using an extracellular

glutamate sensor (iGluSnFR) (Marvin et al., 2013) in the

transgenic Ai85 mouse (Madisen et al., 2015) permitting

longitudinal imaging through an intact skull (Silasi et al.,

2016; Xie et al., 2016). This approach provides incisive

characterization of mesoscale functional extracellular glu-

tamate circuits (Xie et al., 2016) through in vivo, real

time, in situ extracellular glutamate imaging with high spa-

tial and temporal resolution in the cortex (Marvin et al.,

2013; Xie et al., 2016).

One of the most common methods of studying large-scale

functional networks involves capitalizing on spontaneous

neuronal activity, a ubiquitous phenomenon that reveals

intricate topographical organization (Bullmore and

Sporns, 2012). In humans, resting state analyses through

functional MRI have demonstrated slow (50.1 Hz) re-

gional blood oxygen level fluctuations supporting large-

scale resting state networks (Fox and Raichle, 2007). In

animal models, as in humans, studying spontaneous cor-

tical activity in the absence of motor planning and sensory

experience provides a powerful method for characterizing

functional connectivity and network alterations

(Mohajerani et al., 2013; Lim et al., 2015). Reproducing

a depression-like phenotype in a tractable animal model

enables the identification and manipulation of large-scale

circuit interactions to establish a common mechanism

with significantly refined spatial and temporal resolution.

The default mode network, in particular, appears to be

intimately related to psychiatric illnesses (Menon, 2011).

Most consistent within the human resting state major de-

pressive disorder imaging literature is hyperconnectivity

within the default mode network (Kaiser et al., 2015),

hypothesized to reflect a ruminative egocentric state

(Buckner et al., 2008; Hamilton et al., 2015).

Among the antidepressant manipulations with the ability

to inform large-scale glutamatergic network interactions in

depression, the rapid acting antidepressant properties of

subanaesthetic ketamine hold significant promise. Unlike

conventional treatments, this agent with both NMDA re-

ceptor and non-NMDA receptor actions (Zanos et al.,

2016) results in robust antidepressant effects within mi-

nutes to hours in humans (McGirr et al., 2015; Xu et al.,

2016), providing a unique window for capturing functional

network changes and improving mechanistic understand-

ing. Moreover, though there have been several high quality

characterizations of key nodes and circuits (Li et al., 2010;

Autry et al., 2011; Fuchikami et al., 2015; Carreno et al.,

2016; Chowdhury et al., 2017), subanaesthetic ketamine

produces global cortical increases in brain-derived neuro-

trophic factor (BDNF) (Autry et al., 2011), highlighting

that a distributed network undergoes rapid change.

Here, we longitudinally characterize inter-regional correl-

ations of extracellular glutamate to reflect functional con-

nectivity in an animal model of depression, and the unique

extracellular glutamate effects of subanaesthetic ketamine

after chronic social defeat (CSD).

Materials and methods

Animals

We studied transgenic mice developed by the Allen Institute for
Brain Science using an intersectional genetic strategy to achieve
cell-type specific expression of neural sensors in the Ai85 and
Ai94 lines (Madisen et al., 2015). EMX-CaMKII-iGluSnFR
transgenic mice (Fig. 1A) expressing iGluSnFR in excitatory
cortical neurons were generated by crossing homozygous
B6.129S2-Emx1tm1(cre)Krj/J strain (Jax #005628) and B6.Cg-
Tg(CamK2a-tTA)1Mmay/DboJ strain (Jax #007004) with
hemizygous B6; 129S-Igs7tm85(teto-iGluSnFR)Hze/J strain (Jax
#026260) (Madisen et al., 2015; Xie et al., 2016). A subset
of transgenic EMX-CaMKII-GCaMP6s mice was used in con-
junction with optical mapping. These mice were generated by
crossing homozygous B6.129S2-Emx1tm1(cre)Krj/J (Jax #005
628) and B6.Cg-Tg(Camk2a-tTA)1Mmay/DboJ (Jax #007
004) with hemizygous B6.Cg-Igs7tm94.1(tetO-GCaMP6s)Hze/J (Jax
#024104) (Madisen et al., 2015).

To validate iGluSnFR findings, we also characterized an in-
dependent cohort of adult male (8 weeks old) C57BL/6J mice
(Charles River) with voltage sensitive dye (VSD) experiments.
Male Thy1-GFP mice (8–12 weeks old) were studied as activ-
ity-independent fluorescence controls.

The housing facility had a 12:12 light cycle and experiments
were performed during the latter part of the light cycle. Prior
to CSD, mice were housed in groups of two to five. All mice
had ad libitum access to water and standard laboratory mouse
diet. The animal protocols were approved by the University of
British Columbia Animal Care Committee and were in accord-
ance with guidelines set forth by the Canadian Council for
Animal Care.
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Chronic social defeat

We performed CSD as described by Golden et al. (2011).
Four-month-old male CD1 mice (Charles River) served as resi-
dent mice. Eight-week-old male mice (Ai85–iGluSnFR, Ai94–
GcaMP6s, and C57BL/6J strains) were introduced into the
resident CD1’s cage, where they experienced physical defeat
for 10 min prior to being separated by a perforated
Plexiglas

�
divider and maintained in sensory contact overnight.

Every day for 10 days, mice were transferred to a different
cage to experience physical defeat by a new resident mouse,
and similarly maintained in sensory contact overnight. Control
mice were maintained separated by a divider and rotated daily
without experiencing physical defeat. Following the CSD and
control protocols, animals were single housed for the remain-
der of the protocol. Behavioural tests were performed every
other day.

Forced swim test

Mice were placed into a transparent glass beaker (25 cm
height, 18 cm diameter), containing water at 24–25�C. For
5 min, the mice remained in the water while an observer
coded their active swimming and floating (including efforts
to maintain position) (Porsolt et al., 1977). The water was
changed between animals. Only the last 4 min of the experi-
ment are reported.

Tail suspension test

Mice were suspended by the tail, which was affixed to a 6 cm
ledge at 50 cm elevation using adhesive tape placed at 2 cm
from the tip of the tail. During the 5-min trial, an observer
coded their behaviour and quantified the time spent immobile
(Steru et al., 1985). Immobility is reported for the entire dur-
ation of the trial.

Sucrose preference test

Mice we single-housed without prior food or water depriv-
ation. They were habituated to the presence of two bottles
for 24 h, which were replaced with fresh bottles containing
water and a 1% sucrose solution for 16 h. The bottles were
pseudorandomly ordered. At the conclusion of the testing
period, the bottles were weighed, and the sucrose preference
was calculated as a ratio of the sucrose solution to water
consumed. As we were unable to demonstrate a sucrose pref-
erence in Ai85 control mice, data are only presented for
C57BL/6J mice.

Social interaction test

This test was carried out as described by Golden et al. (2011).
We custom 3D printed a white plastic enclosure (6-cm width,
8-cm depth, 15-cm height) constituted of honeycomb openings
(1.5 cm), which was placed in the centre of the far wall of a
42 cm � 42 cm arena. Under infrared illumination, we filmed
two 150 s epochs in which the enclosure was either empty (‘no
target’) or contained a novel CD1 mouse (‘target’) using the
Raspberry Pi single board computer and its Picam module.
The test mouse was first introduced to the arena for the no
target trial, and then the target trial. Using custom written

Figure 1 Probing the effects of chronic adversity on

depressive-like behaviour and extracellular glutamate

inter-regional connectivity. (A) Schematic illustrating the inter-

sectional genetic approach used to generate EMX-CaMKII-iGluSnFR

mice and (B) to illustrate the experimental design. (C) Schematic of

the CSD protocol and its control condition. CSD results in de-

pression-like behaviour as measured by (D) the Forced Swim Test

[FST; Control n = 24 versus Defeated n = 27, t(49) = 2.32,

P = 0.0240], (E) the TST [Control n = 24 versus Defeated n = 27;

Group � Time interaction F(1,48) = 14.76, P5 0.001], and (F) the

Social Interaction test (SI; Control n = 7 versus Defeated n = 13,

Mann-Whitney U = 12.00, P = 0.0089) in transgenic iGluSnFR mice.

(G) Representative view through chronic cranial windows for

iGluSnFR imaging. (H) Schematic representation of the regions of

interest over a single hemisphere. (I) Montage of spontaneous

iGluSnFR �F/F0 used to derive measures of inter-regional

correlation.
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MATLAB (Mathworks, Natick, MA) software, we defined the
interaction zone as an 8 cm area surrounding the outer limit of
the enclosure, and the social interaction ratio defined as the
ratio of the time spent in the interaction zone for the ‘target’
and ‘no target’ trials.

Drugs

Subanaesthetic doses (10 mg/kg or 50 mg/kg, 200 ml volume,
intraperitoneal) and, for a subset, anaesthetic doses (100 mg/
kg, 200 ml volume, intraperitoneal), of racemic ketamine
hydrochloride (Bioniche) were administered in saline dilution.
The short acting benzodiazepine, midazolam (2 mg/kg, 200 ml
volume, intraperitoneal; Sandoz), was similarly administered to
a subset of animals. The competitive non-transportable blocker
of excitatory amino acid transporters, DL-theo-b-benzyloxy-
spartic acid (DL-TBOA, Tocris Bioscience) was kept at
�20�C in dimethyl sulphoxide (DMSO) stock solution and
diluted in HEPES-buffered saline (500 mM, final DMSO con-
centration 0.5%) before incubating over the cortex for 30 min
prior to experiments.

Chronic window surgery

Chronic window surgeries were performed in 7-week-old mice
as described by Silasi et al. (2016). After exposing the skull by
removing a skin flap from 3 mm anterior to bregma to posterior
end of skull and down lateral to eye level, a metal screw was
attached to the skull prior to embedding it in transparent dental
cement (C&B-Metabond, Parkell). The space between a flat
9 � 9 mm glass coverslip (tapered by 2 mm anteriorly) and the
skull is filled with the transparent dental cement. The window
extends to the attachment of the temporalis muscle, therefore
maximizing the visualized cortex while minimizing functional
impairment relating to the window. Mice were allowed to re-
cover for 7 days prior to any interventions or imaging.

Image acquisition

Animals were imaged under 1.0% isofluorane (1.5% for Ai94
mice) with body temperature maintained at 37�C, and a subset
of animals were imaged during quiet wakefulness. For
iGluSnFR and VSD data collection, 12-bit images were cap-
tured with 6.67-ms (150 Hz) temporal resolution with a
charge-coupled device (CCD) camera (1M60 Pantera, Dalsa)
and an EPIX E4DB frame grabber with XCAP 3.1 imaging
software (EPIX, Inc). For GCAMP6s experiments, temporal
resolution was 10 Hz. The focus was 800mm below the surface
to reduce signal distortion due to large cortical blood vessels.
Images were taken through a macroscope composed of front-
to-front video lenses (8.6 � 8.6 mm field of view, 67 mm per
pixel). Quantification of image stability using slice alignment
(Tseng et al., 2012) confirmed minimal head motion during
our anaesthetized recordings (n = 5, 67 mm/pixel; x-axis
0.021 � 0.019 pixels, range: 0.0018–0.031 pixels; y-axis
0.061 � 0.19, range: 0.051–0.080 pixels).

Spontaneous cortical activity

For each recording, spontaneous brain activity was captured
with 6.67 ms (150 Hz) temporal resolution for a total of
50 000 frames. Excitation illumination was initiated 5 s prior

to all acquisitions for visual habituation. We imaged with
20 ms (50 Hz) temporal resolution during the 5 min preceding
and 15 min following the injection of ketamine (with a brief
interruption for the injection itself), before once again imaging
with 6.67 ms temporal resolution for inter-regional correlation
analyses.

iGluSnFR imaging and processing

For iGluSnFR excitation, we used LED illumination (Luxeon,
470 nm) and a 467–499 nm excitation filter. iGluSnFR fluor-
escence emission was filtered using a 510–550 nm bandpass
filter (Chroma). iGluSnFR signals were expressed as �F/F0, a
percentage change relative to the mean [(F� F0)/F0 � 100%,
where F represents the fluorescence signal at any given time
and F0 represents the average of fluorescence over all frames]
using MATLAB.

Because of the optical properties of haemoglobin in the blue-
green part of the spectrum (Ma et al., 2016), care must be
taken to avoid contamination of the iGluSnFR signal with
blood volume or other (such as heartbeat-related) haemo-
dynamic effects. While global signal regression can address
some of these issues, we chose to avoid its use because of
the controversial possibility of anti-correlated networks asso-
ciated with this method (Fox et al., 2009) and, more import-
antly, the inability to reliably compare recordings from the
same animal across time. Instead we temporally filtered the
signal at 0.3–3 Hz. This filter is sufficient to produce record-
ings that lack the haemodynamic confounds blue-green re-
porters such as iGluSnFR are prone to; however, a small
number of recordings were excluded from analyses when this
bandpass proved qualitatively insufficient. One defeated
animal was excluded from all regional correlation analyses
as complete matrices could not be generated due to
obstruction.

Voltage sensitive dye surgery

To validate iGluSnFR findings, we performed in vivo VSD
imaging using an acute surgical preparation (Mohajerani
et al., 2010, 2011, 2013; Lim et al., 2014; Chan et al.,
2015). At 10 weeks of age, mice underwent a craniotomy
under isoflurane (1.0–1.5%) with buprenorphine (0.05 mg/kg
intraperitoneally). Body temperature was maintained at 37�C
using a heating pad with a feedback thermistor. The skull was
exposed and fastened to a steel plate. We performed a large
7 � 8 mm craniotomy (bregma 2.5 to �4.5 mm, lateral
0–4 mm) overlying both cortical hemispheres, and removed
the underlying dura. We used RH-1692 dye (Optical
Imaging), which was dissolved in HEPES-buffered saline solu-
tion (1 mg/ml). RH-1692 was incubated over the cortex for
60–90 min to allow staining of all neocortical layers.
Unbound RH-1692 was washed prior to covering the surface
of the brain with 1.5% agarose made in HEPES-buffered
saline and a glass coverslip.

Voltage sensitive dye imaging and
processing

For VSD excitation, we used a red LED (Luxeon, 627 nm) and
630 � 15 nm filters. VSD fluorescence was filtered using a
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673–703 nm bandpass optical filter (Semrock). To reduce re-
gional bias in VSD signal caused by uneven dye loading or
brain curvature, all VSD responses were expressed as a per-
centage change (�F/F0 � 100%) using MATLAB. VSD fluor-
escence was temporally filtered in MATLAB using a zero-phase
lag Chebyshev bandpass filter (zero-phase filter) at 0.3–3 Hz.

Viral injection and expression
confirmation

Viral delivery of the red shifted opsin, ChrimsonR (Klapoetke
et al., 2014) (AAV9.Syn.ChrimsonR-tdTomato.WPRE.bGH,
Penn Vector Core), involved syringe infusion pump injection
(UMC4; World Precision Instruments). Mice were injected
with 1 ml to a depth of �350mm and speed of 1 nl/s. Four-
week-old mice were injected for sufficient ostial recovery and
chronic window implantation at 7 weeks of age, with CSD at
8 weeks. Under 1.5% isofluorane, injections were performed at
three sites: (i) motor cortex (1 mm anterior and 2 mm lateral to
bregma); (ii) somatosensory cortex (1.5 mm posterior and
2.5 mm lateral to bregma); and (iii) visual cortex (3.5 mm pos-
terior and 2 mm lateral to bregma).

At the conclusion of mapping experiments, animals were
transcardially perfused with 4% paraformaldehyde (Sigma-
Aldrich). The fluorophores were imaged using standard Carl
Zeiss AG filter sets (38 HE, 489038-9901-000; and 43 HE,
489043-9901-000).

Sensory evoked mapping

At the post-CSD/control time point, after acquiring spontan-
eous brain activity, we presented 10 sensory stimuli (to fore-
limb, hindlimb, whisker, and a visual flash) for cortical
mapping and region of interest identification. Limb stimulation
involved thin acupuncture needles (0.14 mm) inserted subcuta-
neously and 1 mA, 1 ms electrical stimulation. For whisker
stimulation, we used a piezoelectric bending actuator attached
to the C2 whisker. Visual stimulation used a 535 nm LED
pulse of light directed towards the animal’s eye. Responses
to sensory stimuli were calculated as the normalized difference
to the average of five stimulus-free trials (% �F/F0) in
MATLAB (MathWorks).

Sensory mapping in Ai94 mice was performed using a piezo-
electric bending actuator for limb and whisker stimulation
with 100 ms 50 Hz trains. We presented 20 sensory stimuli
and the responses were calculated as the normalized difference
to the average of 10 stimulus-free trials interleaved with stimu-
lus trials.

Optical mapping

We performed optical mapping using the red-shifted opsin
ChrimsonR (Klapoetke et al., 2014) in Ai85 and Ai94 mice
at two time points: (i) pre-; and (ii) post-CSD/control. We used
a diode pumped solid state laser delivering a 589 nm 200mm
diameter laser beam (CNI, Optoelectronics). We averaged re-
sponses from 20 trials to each region of interest using a 5 ms
12.5 mW pulse for Ai85 mice and a 200 ms 50 Hz train of
1 ms 12.5 mW pulses for Ai94 mice. We first acquired sensory
responses from which parietal temporal association and retro-
splenial cortex were identified using stereotactic coordinates

(Allen Institute for Brain Science). Responses to stimulation
were calculated as the normalized difference to the average of
10 stimulus-free trials (% �F/F0) in MATLAB (MathWorks).
Custom-written MATLAB scripts (Lim et al., 2014) were used
to analyse and quantify the peak amplitude in the 200 ms
following stimulation for the Ai85 line and 1.5 s for the
Ai94 line.

Theo-b-benzyloxyspartic acid imaging

Female Ai85 mice (8–12 weeks) were anaesthetized, received
analgesia, and their skull was fastened to a steel plate. A bar-
rier composed of dental cement (1 mm width � 2.5 mm eleva-
tion) was erected along the sagittal suture. Two 2 mm
craniotomies were performed over both the left and right sen-
sorimotor cortices. These ‘wells’ were filled with HEPES-buf-
fered saline. To ensure accurate solution concentration, the
‘well’ was thrice replaced with 500mM DL-TBOA solution
(0.5% DMSO), and the contralateral ‘well’ was thrice replaced
with 0.5% DMSO HEPES-buffered saline. After 30 min of in-
cubation, ketamine (10 mg/kg or 50 mg/kg, intraperitoneal)
was administered and imaging acquired with 20 ms (50 Hz)
temporal resolution for the 5 min preceding and 15 min follow-
ing the injection, before imaging with 6.67 ms temporal
resolution.

Network analysis

Matrices (22 � 22) were created based on zero-lag correlation
of spontaneous iGluSnFR or VSD �F/F0 activity from 22 re-
gions of interest (11 5 � 5 pixel regions of interest per hemi-
sphere). Region of interest coordinates were derived from
sensory evoked responses and stereotactic coordinates in rela-
tion to these (Allen Institute for Brain Science). These regions
of interest are graphically represented in Fig. 1G. We charac-
terized the following regions of interest: aM2 = secondary
motor/anterior cingulate, pM2 = posterior secondary motor,
RS = retrosplenium, ptA = parietal association area, mBC =
barrel motor, mFL = forelimb motor, mHL = hindlimb motor,
FLS1 = forelimb sensory, HLS1 = hindlimb sensory, BCS1 =
barrel sensory, and V1 = primary visual cortex.

Self-correlation among regions of interest was omitted as
were symmetrical correlations obtained across the diagonal
(upper triangle of correlation values in correlation matrices).
We used modified custom written MATLAB scripts (Lim et al.,
2015) (http://www.neuroscience.ubc.ca/faculty/murphy_soft-
ware.html) as well as the Bioinformatics and Brain
Connectivity Toolbox (Rubinov and Sporns, 2010) to create
a network diagram based on the differences in conditions.
Node size is proportional to the strength of the connections
per node and edge thickness between nodes is proportional to
the weight of the connections between nodes. For the purposes
of visualization, we only display relative values exceeding a
prespecified threshold in the main figures. Full matrices are
available in the Supplementary material.

Network validation

We sought to validate iGluSnFR networks using k-means clus-
tering (eight clusters) in anaesthetized and awake animals. We
characterized the stability of correlation estimates in awake
recordings by habituating 8-week-old mice to head fixation
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over 3 days before acquiring spontaneous cortical activity on
two sequential days. Node correlations were calculated as
above, and change between imaging sessions was determined
for each mouse.

Seed-pixel correlation maps

Zero-lag cross-correlation coefficient r-values between the tem-
poral profiles of a single selected pixel (derived from maximal
responses to sensory evoked stimuli or stereotaxic coordinates)
and the entire imaging field were calculated. For presented
maps, spatial smoothing (Gaussian blur, � = 134mm) was
applied.

Time course analysis

The iGluSnFR signal observed in response to acute ketamine
consists of slowly rising fluorescence intensity and fluorescence
transients. We therefore used two strategies to examine these
changes: (i) a MATLAB implementation of a smoothing func-
tion (5000 time points at 50 Hz) for averaged time course of
iGluSnFR fluorescence; and (ii) a MATLAB implementation of
a rolling ball filter in the time domain to decompose the signal
into the slowly rising fluorescence intensity, and the fluores-
cence transients. To accomplish decomposition of the signal
we set the rolling ball radius to 20 s (1000 time points at
50 Hz or 3000 time points at 150 Hz), effectively low passing
the slowly rising fluorescence into one signal and, by subtrac-
tion from the original, high passing the transients into a
second signal. Thus, the original time courses can be easily
recovered by the addition of the high and low pass compo-
nents from the rolling ball filter. Analyses of transients focused
on the high pass component, and defined according to a
threshold set at 3 standard deviations (SD) above the defeated
animals’ normalized fluorescence level, which effectively mini-
mized the number of ‘transients’ meeting threshold in the base-
line condition.

Statistics

Cross-sectional analysis used Student’s t-test or ANOVA for
normally distributed data or Mann-Whitney test for non-nor-
mally distributed data. Paired samples (DL-TBOA, midazolam
and deep anaesthesia experiments) used paired t-tests.
Behaviour with multiple time points was analysed with two-
group repeated measures ANOVA. The cumulative distribu-
tion functions of correlation parameters derived from matrices
were generated for qualitative examination for baseline to
post-CSD/control, and with vehicle-treated groups thereafter.
We used general linear mixed-effects models (GLMEM) pre-
dicting correlation values with a fixed effect for group or time
point, respectively, including random effects for inter-regional
correlations. Significance was set at �40.05. We further used
bootstrapping (resampling with replacement, 1000 samples) to
determine 95% confidence intervals (CI) of condition mean
differences.

Results
Our methodological design is illustrated in Fig. 1B. The

CSD model of depression (Fig. 1C) resulted in depressive-

like behaviour as measured by the Forced Swim Test (Fig.

1D), Tail Suspension Test (TST) (Fig. 1E) and Social

Interaction Test (Fig. 1F). For parsimony, we hereafter

refer to animals having undergone the CSD protocol as

‘defeated’.

We used in vivo millisecond-timescale wide-field imaging

approaches to capture task-independent spontaneous cor-

tical activity with chronic imaging of extracellular glutam-

ate sensor through an intact skull (iGluSnFR; representative

transcranial chronic window Fig. 1G). With continuous

high speed sampling (67 mm/pixel, 150 Hz) over a wide ex-

panse of cortex, we defined 22 regions of interest (5 � 5

pixels; 11/hemisphere; Fig. 1H) and measure functional

connectivity strength using zero-lag correlation of region

of interest time courses (Lim et al., 2015). The spatial

and temporal resolution of the associated �F/F0 signal

used to quantify region of interest functional correlation

is illustrated in montages (Fig. 1I) and sample videos

(Supplementary Videos 1 and 2). We focused on assessment

of spontaneous activity to better align our results with

human resting state findings, and though our experiments

were performed under anaesthesia, these networks are per-

sistent across states devoid of motor or sensory activity,

such as anaesthesia, natural sleep and quiet wakefulness

(Vincent et al., 2007; Horovitz et al., 2008). Indeed, spon-

taneous iGluSnFR activity revealed topographical organiza-

tion in both the awake and anaesthetized state

(Supplementary Fig. 1A and B) consistent with the rodent

default mode network identified with functional MRI (Lu

et al., 2012). Moreover, the region of interest connection

strengths identified through zero-lag correlation over ima-

ging sessions in the awake state, without the repeated stress

of induction and anaesthesia, were stable (Supplementary

Fig. 1C).

Increased regional iGluSnFR
functional correlation after chronic
social defeat

Chronic windows permitted longitudinal extracellular glu-

tamate imaging with high spatial resolution and temporal

kinetics. We therefore used a repeated imaging design with

iGluSnFR mice, acquiring spontaneous cortical activity data

before initiating the CSD protocol and then once again at

its conclusion. This allowed us to examine change in con-

nection strength related to the CSD and its control condi-

tion (Fig. 2A and B). Our analyses revealed an increased

region of interest functional connection strength as a con-

sequence of the CSD protocol, and a loss of overall con-

nection strength in the control condition. This is illustrated

by seed pixel correlation maps showing enlarged territory

in defeated, relative to control mice (Fig. 2C and D). This

was quantified longitudinally with region of interest correl-

ation values, which revealed a global increase in inter-re-

gional connection strength in defeated animals (Fig. 2E and

Supplementary Figs 2 and 3). The estimated cumulative
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distribution functions in control animals revealed a loss of

connection strength (Fig. 2F and Supplementary Figs 2

and 3).

Optical mapping of regional
connectivity after chronic social
defeat

To directly probe connectivity, rather than functional

correlation, we used viral delivery of ChrimsonR

(Supplementary Fig. 4A and B), which allowed 589 nm ex-

citation with minimal cross-talk with 530 nm fluorescence

(Supplementary Fig. 4C and D). However, there was weak

cross-talk between 470 nm excitation (required for

iGluSnFR imaging) and ChrimsonR (Supplementary Fig.

4D and E), most likely due to overexpression and the ex-

citation light required to achieve our temporal sampling.

Nevertheless, we were able to optically evoke responses

with the expected regionally connected motifs (Lim et al.,

2012). Mice underwent mapping at baseline and at the

conclusion of the CSD protocol with identical laser param-

eters. In the Ai85 mouse, longitudinal mapping revealed

increased maximal �F/F0 responses in associated regions

of interest after parietal temporal association stimulation

in defeated animals compared to controls (Supplementary

Fig. 4F; plotted as a difference from baseline), but not after

retrosplenial stimulation (Supplementary Fig. 4G). We

sought to confirm this with second indicator, the intracel-

lular calcium sensor, GCaMP6s in the Ai94 mouse (Chen

et al., 2013; Madisen et al., 2015). Longitudinal mapping

in the Ai94 mouse once again revealed similarly increased

maximal �F/F0 responses in defeated animals compared to

controls after parietal temporal association stimulation

(Supplementary Fig. 4H), but not after retrosplenial stimu-

lation (Supplementary Fig. 4I).

Increased regional voltage sensitive
dye functional correlation after
chronic social defeat

To validate the functional Ai85 CSD phenotype, we imaged

an independent cohort of mice having undergone CSD and

control conditions (Fig. 3A) using VSD (Mohajerani et al.,

2010; Chan et al., 2015). This approach permits mesoscale

quantification of electrical activity in the brain in the ab-

sence of haemodynamic confounds. The CSD protocol

Figure 2 Effect of the CSD protocol resolved with longitudinal imaging. The schematic brain illustrates node localization (A) and the

schematic representation of our design the imaging points of comparison (B). (C and D) Seed pixel correlation maps showing an expansion correlated

territories in defeated animals relative to control animals. (E) Change in iGluSnFR correlation strength from pre- to post-CSD (n = 19, defeated

baseline versus n = 23, post-defeat): (i) all connections [231 connections/animal; GLMEM CSD-effect t(9700) = 16.50, P = 2.36 � 10�60]; (ii) inter-

hemispheric connections [121 connections/animal; GLMEM CSD-effect t(2308) = 5.64, P = 1.81 � 10�8] and midline connections [28 connections/

animal; GLMEM CSD-effect t(1174) = 3.83, P = 1.32 � 10�4]. (F) Change in correlation strength in control animals (n = 16 control-baseline versus

n = 16 post-control): (i) all connections [231 connections/animal; GLMEM Control-effect t(7390) = 3.53, P = 4.10 � 10�4]; (ii) interhemispheric con-

nections [121 connections/animal; GLMEM Control-effect t(1758) = 1.68, ns]; and (iii) midline connections [28 connections/animal; GLMEM Control-

effect t(894) = 0.15, ns]. 95% CI derived from bootstrapped analyses. ns = not significant.
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resulted in depressive-like behaviour in this independent

cohort as determined with the Forced Swim Test (Fig. 3B)

and Sucrose Preference Test (Fig. 3C). A representative cra-

niotomy permitting incubation of VSD over the cortex is

illustrated in Fig. 3D, in conjunction with the 22 regions of

interest quantified through correlation of spontaneous cor-

tical activity (Fig. 3E). A montage typifying the �F/F0

signal used to quantify region of interest VSD functional

correlation is illustrated in Fig. 3F.

The group comparison of VSD preparations after CSD

revealed global increase in the correlation of regions of

interest activity, as illustrated by the enlarged territory in

seed pixel correlation maps (Fig. 3G). This was quantified

with region of interest correlation values (Fig. 3H and

Supplementary Fig. 5).

Linear regression revealed a significant concordance be-

tween group differences in VSD connection strengths and

longitudinal change after CSD identified with iGluSnFR

(Fig. 3I). As these two sensors produce related, but distinct,

signals in addition to chronic as opposed to cross-sectional

group differences, perfect agreement is not expected.

Therefore, a modest but highly significant correlation be-

tween the findings ensuing from these two approaches sug-

gests a common biological phenomenon.

Acute effects of ketamine on
extracellular glutamate

We then challenged defeated and control iGluSnFR mice

with subanaesthetic ketamine (10 mg/kg or 50 mg/kg,

Figure 3 Validation of the functional inter-regional correlation phenotype associated with CSD using VSD. (A) Schematic

illustrating the experimental design. (B) CSD results in depression-like behaviour as measured by the FST [Control n = 8 versus Defeated n = 9,

t(15) = 3.01, P = 0.0087) and (C) the Sucrose Preference Test [SPT; Control n = 8 versus Defeated n = 9, t(15) = 2.39, P = 0.030] in C57BL/6J

mice. (D) Representative craniotomy exposing the cortex with dura removed in order to incubate VSD. (E) Schematic representation of the

regions of interest (ROIs) over a single hemisphere. (F) Montage of spontaneous VSD �F/F0 activity used to derive measures of inter-regional

synchrony. (G) Seed pixel correlation maps showing an expansion correlated territories in defeated animals in the VSD cohort. (H) Acute VSD

imaging reveals increased functional connection strength in defeated mice compared to control mice (n = 9, defeated versus n = 8, control): (i) all

connections [231 connections/animal; GLMEM group-effect: t(3925) = 15.72, P = 4.38 � 10�54]; (ii) interhemispheric connections [121 connec-

tions/animal; GLMEM group effect: t(933) = 7.71, P = 4.38 � 10�14]; and (iii) midline connections [28 connections/animal; GLMEM group effect:

t(474) = 2.98, P = 0.0029]. (I) Inter-regional correlation strengths related to the CSD protocol using iGluSnFR and VSD were correlated

[F(1,229) = 22.51, P 5 0.0001], suggesting a common effect captured using these different sensors and approaches. 95% confidence intervals (95%

CI) derived from bootstrapped analyses. ns = not significant.
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intraperitoneal). The rapid kinetics of this sensor allows the

specific detection of real-time extracellular glutamate sig-

nals in vivo, in situ (Marvin et al., 2013). We observed a

large gain in extracellular glutamate in defeated animals

after a 50 mg/kg dose, as indicated by sustained increases

in iGluSnFR fluorescence (Fig. 4A), but not after ketamine

10 mg/kg or vehicle (Fig. 4B). A 50 mg/kg dose of ketamine

in Thy1-GFP mice (activity-independent fluorescence)

(Vanni and Murphy, 2014) resulted in a modest loss of

fluorescence (Fig. 4C and Supplementary Fig. 6A), presum-

ably related to oxy- and deoxyhaemoglobin’s absorption

spectrum that includes a peak at 530 nm (Ma et al.,

2016) and ketamine’s known haemodynamic effects.

Therefore, stable iGluSnFR fluorescence in control mice

may indicate increased extracellular glutamate

(Moghaddam et al., 1997; Homayoun and Moghaddam,

2007; Chowdhury et al., 2017). An anaesthetic dose of

ketamine revealed stable iGluSnFR fluorescence (Fig. 4D

and Supplementary Fig. 6B), suggesting specificity to

chronic stress rather than sensitivity to ketamine.

Yet, as the phenotype could simply be attributable to an

effect of compounded anaesthesia after chronic stress, we

challenged a set of animals with midazolam (Fig. 4G and

Supplementary Fig. 6C) or a higher concentration of iso-

fluorane (3%; Fig. 4H and Supplementary Fig. 6D) and did

not observe the unique rapidly increasing iGluSnFR fluor-

escence noted with 50 mg/kg of subanaesthetic ketamine.

Further, the temporal resolution of the iGluSnFR signal

revealed fluorescence transients, particularly in defeated

animals, after subanaesthetic ketamine (Fig. 4E). We quan-

tified these 15 min after administration when iGluSnFR

fluorescence had stabilized, and found more transients in

defeated animals (Fig. 4F). Midazolam (Fig. 4G) and deep

isofluorane anaesthesia (Fig. 4H) experiments did not

reveal such transients. These experiments instead suggested

a suppression of iGluSnFR signal variability with

anaesthetic depth. The global phenomenon in defeated

animals was most pronounced in somatosensory cortex

(Fig. 4I and J).

As excitatory amino acid transporters are highly efficient

at clearing extrasynatic glutamate (Bridges and Esslinger,

2005), we considered whether the defeated glutamate

phenotype unmasked by ketamine may reflect impaired glu-

tamate transporter function after chronic stress (Popoli

et al., 2011), as identified in post-mortem samples from

hippocampus and cortex of depressed humans (Sequeira

et al., 2009; Medina et al., 2013) and murine models of

depression (Zink et al., 2010; Zhang et al., 2013). Indeed,

glial glutamate transporter deficiencies across key regions,

such as the prefrontal cortex (Birey et al., 2015) and habe-

nula (Cui et al., 2014), produce depressive-like behaviour,

and therefore ketamine may be interacting with a local

cortical alteration. Thus, we performed bilateral cranio-

tomies in naı̈ve iGluSnFR mice and incubated the trans-

porter blocker DL-TBOA (500 mM) over one hemisphere

and control solution over the contralateral hemisphere.

The iGluSnFR dose-dependent increase in fluorescence

(Fig. 4K and L) and fluorescence transients (Fig. 4M and

N) observed in defeated animals was replicated in DL-

TBOA-treated hemispheres.

Acute effects of ketamine on
iGluSnFR functional correlation

The inter-regional correlation changes 15 min after the ad-

ministration of ketamine were compared to their vehicle-

treated counterparts, allowing a comparison of the acute

effects of ketamine. Consistent with large global

iGluSnFR transients observed in the ketamine-treated

groups, a large increase in the correlation between regional

iGluSnFR signals was noted across groups and at both

doses (Fig. 5A–D and Supplementary Fig. 7).

Change in iGluSnFR functional
correlation after 24 h

Longitudinal testing with the TST suggested that in the

absence of subanaesthetic ketamine, defeated and control

animals had increased immobility time (Fig. 6A and B).

Ketamine treatment instead decreased immobility time,

however, this was only statistically significant for defeated

animals (Fig. 6B). Moreover, the number of iGluSnFR tran-

sients identified during the acute administration of keta-

mine significantly predicted magnitude of the

antidepressant response (Fig. 6C); however, this was only

at a trend level when including animals for whom no tran-

sients were identified [F(1,45) = 3.92, P = 0.0538].

In comparison to their respective vehicle-treated com-

parators, at 24 h we observed a reduction in functional

correlation in defeated animals treated with both 10 mg/

kg (Fig. 6D and Supplementary Fig. 8A) and 50 mg/kg

(Fig. 6E and Supplementary Fig. 8B) of ketamine. The

connection strength changes in defeated animals treated

with 10 mg/kg were only weakly anticorrelated with the

connection strengths that changed as a result of CSD

stress (Fig. 7A), whereas in the connection strengths asso-

ciated with 50 mg/kg in defeated animals were strongly

anti-correlated with CSD-related changes (Fig. 7B).

Conversely, there was a divergent effect in control ani-

mals, whereby the 10 mg/kg dose of ketamine resulted in

an increase in functional correlation (Fig. 6F and

Supplementary Fig. 8C) and the 50 mg/kg dose of keta-

mine resulted in a decrease in functional correlation (Fig.

6G and Supplementary Fig. 8D), similar to that observed

in defeated animals.

To ensure specificity to subanaesthetic and thus anti-

depressant doses, we examined changes 24 h after an an-

aesthetic dose of ketamine (100 mg/kg) that has not been

associated with antidepressant-like effects (Li et al., 2010).

We found no significant changes in region of interest cor-

relation strength (Supplementary Fig. 9).
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Figure 4 Subanaesthetic ketamine produces a unique extracellular glutamate phenotype in defeated animals. (A) Defeated

animals have a rapid increase in iGluSnFR (extracellular glutamate sensor) fluorescence after 50 mg/kg of ketamine [10–15 min: Defeated n = 4,

1.40 � 0.04 versus Control n = 4, 0.94 � 0.04, t(6) = 7.85, P = 0.0002]. The inset illustrates a montage of iGluSnFR fluorescence from a defeated

animal after ketamine injection (immediately after injection, after 1 min and after 5 min). (B) iGluSnFR fluorescence significantly increased for

defeated animals receiving 50 mg/kg of ketamine, but remained constant for all other groups [F(5,33) = 44.22, P5 0.0001; Dunnett post hoc

illustrated]. (C) Subanaesthetic ketamine (50 mg/kg) results in decreased fluorescence in Thy1-GFP mice, chosen for its activity-independent blue-

green fluorescence [10–15 min: ketamine n = 5, 0.88 � 0.01 versus saline n = 5, 0.95 � 0.01, t(8) = 2.83, P = 0.0197]. (D) Anaesthetic doses of

ketamine (100 mg/kg) do not affect iGluSnFR fluorescence [10–15 min: ketamine n = 4, 0.98 � 0.04 versus saline n = 5, 0.95 � 0.03; t(7) = 0.58,

P = 0.57]. (E) iGluSnFR fluorescence traces in blue after rolling ball filtering together with the threshold in red illustrating the onset of transients

after ketamine or vehicle administration. Though these examples demonstrate the abatement of transients in control animals receiving both

10 mg/kg and 50 mg/kg of subanaesthetic ketamine and defeated animals receiving 10 mg/kg, transients persisted in some animals. (F) Defeated

mice receiving 50 mg/kg have an increased number of threshold transients after 15 min [F(5,41) = 4.50, P = 0.0023; Tukey post hoc comparisons

illustrated]. (G) Midazolam administration did not result in transients in defeated [paired t-test: t(4) = 1.14, ns] or control animals [paired t-test:

t(4) = 2.36, ns]. (H) Deep isofluorane anaesthesia did not result in transients in defeated [paired t-test: t(4) = 2.33, ns] or control animals [paired
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Discussion
Our in vivo mesoscale imaging recapitulates many large

scale functional alterations observed in human major de-

pressive disorder using a robust mouse model of depression

and a high spatial-temporal resolution extracellular glutam-

ate sensor. We find global functional alterations after CSD

and a unique sensitivity to subanaesthetic ketamine in

defeated mice reflected in a global cortical accumulation

of glutamate with superimposed glutamate transients.

Accordingly, we find global normalization of aberrant glu-

tamate regional functional correlation after challenge with

the rapid acting antidepressant, ketamine, proportional to

the changes that resulted from CSD stress. The network

alterations are widely expressed across cortex, however,

they were most notable for multimodal association cortices

that are key components of the default mode network. Not

only do these regions receive reciprocal projections from

nodes essential to ketamine’s antidepressant-like effects

(Vann et al., 2009), they have been directly implicated in

motivational behaviour (Vann et al., 2009) and emotional

processes (Maddock, 1999).

The default mode network is a large-scale network invol-

ving interactions between multiple association regions. In

humans, this network’s activity is proportional to postero-

medial concentrations of glutamate (Kapogiannis et al.,

2013) and is involved in processes requiring internal repre-

sentation, such as autobiographical memory, imagining the

future, or navigation and implicates parietal-temporal junc-

tion, medial-temporal, posterior cingulate, and retrosplenial

cortex (Spreng et al., 2009). The overactivation of the de-

fault network in humans is a consistent finding in depres-

sion and is hypothesized to underlie the phenomenon of

pathological introspection and depressive rumination

(Hamilton et al., 2015; Kaiser et al., 2015) as well as im-

paired switching between egocentric and allosteric frame-

works (Vann et al., 2009). Our data from a murine model

of chronic stress are consistent with this interpretation, and

longitudinal optical mapping demonstrated loss of regional

selectivity for the parietal temporal association cortex, a

key multimodal association region.

Humans are hypothesized to have had a preferential ex-

pansion in association areas enabling a departure from

serial hierarchical circuit functions to allow the develop-

ment of these parallel functions (Buckner and Krienen,

2013). Yet, emerging evidence in rodents supports the pres-

ence of resting state networks (White et al., 2011) and a

default mode network (Lu et al., 2012) involving analogous

regions, notably the retrosplenial and parietal-temporal as-

sociation cortex visualized in our methodology. The recap-

itulation of functional hyperconnectivity in a mouse model

of depression and loss of association region selectivity

raises the intriguing possibility that this large-scale network

phenotype represents a conserved response to chronic ad-

versity. This has been recently suggested in a rodent model

of chronic restraint (Henckens et al., 2015). Indeed, an

evolutionary role for attention, arousal threat detection,

and internal monitoring has been proposed for the consti-

tutively active regions of the default network (Gusnard and

Raichle, 2001), consistent with our longitudinally demon-

strated increase in correlated activity associated with the

CSD model.

Though human major depressive disorder is a complex

multidetermined pathological process, it is believed to

result, in part, from chronic stress, resulting in neurotox-

icity, neuronal atrophy, impaired synaptogenesis and

NMDA receptor dysfunction (Liu and Aghajanian, 2008).

The mechanism of ketamine’s rapid antidepressant effects is

incompletely understood, yet appears to be neuronal activ-

ity dependent (Fuchikami et al., 2015; Carreno et al.,

2016), resulting in increased BDNF (Autry et al., 2011)

and synaptogenesis (Li et al., 2010; Autry et al., 2011). It

appears to exert effects through NMDA receptors, but also

through non-NMDA receptor mechanisms (Zanos et al.,

2016). Moreover, increasing evidence suggests that several

interacting brain regions are essential to ketamine’s anti-

depressant effects, notably the ventral hippocampus

(Carreno et al., 2016) and medial prefrontal infralimbic

cortex (Fuchikami et al., 2015). Other brain regions im-

portant in depression, for instance the lateral habenula,

where increased activity related to dysregulated glutam-

ate-GABA balance produces a depression-like phenotype

(Shabel et al., 2014), appear to be implicated in the acute

effects of ketamine in humans (Carlson et al., 2013). Our

data support the hypothesis that subanaesthetic ketamine

simultaneously affects connected nodes within a distributed

network of depression.

Increased glutamate release after ketamine has been

implicated in animals (Moghaddam et al., 1997;

Chowdhury et al., 2012, 2017) and humans (Stone et al.,

2012; Milak et al., 2016); however, our characterization is

Figure 4 Continued

t-test: t(4) = 2.36, ns]. (I) Schematic illustrating location of (J) averaged traces crossing threshold demonstrating a global cortical function strongest

in somatosensory regions. (K) Naı̈ve Ai85 female animals received two craniotomies separated by a dental cement barrier (illustrated in the inset).

The DL-TBOA treated hemisphere exhibited higher normalized iGluSnFR fluorescence after 50 mg/kg ketamine. (L) Compared to the contra-

lateral vehicle-treated hemisphere, the hemispheres treated with 500 mM DL-TBOA recapitulate increased iGluSnFR fluorescence after 50 mg/kg

of ketamine [n = 5 mice; TBOA 1.14 � 0.01 versus Vehicle 1.02 � 0.01, paired t-test: t(4) = 7.41, P = 0.0018] but not 10 mg/kg [n = 5 mice; paired

t-test: t(4) = 2.29, ns]. (N) The hemispheres treated with 500 mM DL-TBOA recapitulate iGluSnFR transients with both 10 mg/kg [n = 5 mice; DL-

TBOA 0.40 � 0.12 versus Vehicle 0.00 � 0.00, paired t-test: t(4) = 3.27, P = 0.030] and 50 mg/kg [n = 5 mice; DL-TBOA 0.80 � 0.16 versus

Vehicle 0.08 � 0.06, paired t-test: t(4) = 3.86, P = 0.018] of ketamine. ns = not significant.
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the first to achieve in situ simultaneous real-time measure-

ment over a large expanse of cortex. Moreover, the tem-

poral resolution afforded by iGluSnFR revealed global

surges of glutamate across cortex, most pronounced and

sustained in mice having undergone CSD. NMDA receptor

antagonism has been associated with thalamic-gated cor-

tical and hippocampal delta bursting (Zhang et al., 2009,

2012), and rapid increase in delta power seen with suba-

naesthetic ketamine (Zhang et al., 2012) is consistent with

the onset of iGluSnFR transients and cortical glutamate

Figure 5 Acute effects (15 min post-administration) of subanaesthetic ketamine on iGluSnFR regional correlations. We present

changes in defeated animals after two subanaesthetic doses of ketamine (10 mg/kg and 50 mg/kg) in the top panels and changes in control animals

to the same doses in the bottom panels. Comparisons reflect differences from vehicle-treated animals. (A) Network diagram representing

increased correlation strength during acute ketamine (10 mg/kg) administration in defeated animals (n = 7, vehicle-treated versus n = 7, ketamine

10 mg/kg treated): (i) all connections [231 connections/animal; GLMEM CSD-10 mg/kg, t(3232) = 22.27, P = 2.17 � 10�102]; (ii) interhemispheric

connections [121 connections/animal; GLMEM CSD-10 mg/kg, t(768) = 9.98, P = 3.86 � 10�22]; and (iii) midline connections [28 connections/

animal; GLMEM CSD-10 mg/kg, t(390) = 6.09, P = 2.58 � 10�9]. (B) An elevated subanaesthetic dose of ketamine (50 mg/kg) resulted in large

increases in regional correlation strength in defeated animals (n = 7, vehicle-treated versus n = 9, ketamine 50 mg/kg treated): (i) all connections

[231 connections/animal; GLMEM CSD-50 mg/kg, t(3694) = 46.49, P5 2.22 � 10�308], (ii) interhemispheric connections [121 connections/

animal; GLMEM CSD-50 mg/kg, t(878) = 19.78, P = 2.35 � 10�72]; and (iii) midline connections [28 connections/animal; GLMEM CSD-50 mg/kg,

t(446) = 11.11, P = 1.62 � 10�25]. (C) Ketamine 10 mg/kg also resulted in increases in regional correlation strength in control animals (n = 5,

vehicle-treated versus n = 6, ketamine 10 mg/kg treated): (i) all connections (231 connections/animal; GLMEM Control-10 mg/kg, t(2539) = 12.03,

P = 1.77 � 10�32]; (ii) interhemispheric connections [121 connections/animal; GLMEM Control-10 mg/kg, t(603) = 5.77, P = 1.75 � 10�8]; and

(iii) midline connections [28 connections/animal; GLMEM Control-10 mg/kg, t(306) = 3.69, P = 2.64 � 10�4]. (D) Similarly, an elevated suba-

naesthetic dose of ketamine (50 mg/kg) resulted in increases in regional correlation strength in control animals (n = 5, vehicle-treated versus n = 8,

ketamine 50 mg/kg treated): (i) all connections [231 connections/animal; GLMEM Control-50 mg/kg, t(3001) = 6.70, P = 2.45 � 10�11]; (ii)

interhemispheric connections [121 connections/animal; GLMEM Control-50 mg/kg, t(713) = 1.29, ns]; and (iii) midline connections [28 connec-

tions/animal; GLMEM Control-50 mg/kg, t(362) = 6.42, P = 4.05 � 10�10]. 95% CI derived from bootstrapped analyses. ns = not significant.
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Figure 6 Behavioural and iGluSnFR regional correlation changes 24 h after the administration of subanaesthetic ketamine. (A)

There was no significant TST treatment � Time interaction in control animals [F(4,38) = 0.95, P = 0.44], however defeated animals had an

antidepressant-like response to ketamine after 24 h [F(4,44) = 3.15, P = 0.022; Bonferroni post hoc]. (B) Change in TST performance reveals

decreases in immobility in defeated animals after ketamine [F(5,46) = 6.31, P = 0.0002; Tukey post hoc]. (C) Ketamine-induced iGluSnFR transients

predicted change on the TST [F(1,27) = 8.53, P = 0.0007]. (D) Network diagram representing decreased correlation strength in defeated animals

24 h after ketamine (n = 5, vehicle versus n = 8, ketamine 10 mg/kg): (i) all connections [231 connections/animal; GLMEM CSD-10 mg/kg,

t(3001) = 5.84, P = 5.76 � 10�9]; (ii) interhemispheric connections [121 connections/animal; GLMEM CSD-10 mg/kg, t(713) = 1.88, ns]; and (iii)

midline connections [28 connections/animal; GLMEM CSD-10 mg/kg, t(362) = 3.14, P = 0.0018]. (E) Network diagram representing decreased

correlation strength in defeated animals 24 h after ketamine (n = 5, vehicle versus n = 7, ketamine 50 mg/kg): (i) all connections [231 connections/

animal; GLMEM CSD-50 mg/kg, t(2770) = 36.05, P = 9.50 � 10�234]; (ii) interhemispheric connections [121 connections/animal; GLMEM CSD-

50 mg/kg, t(658) = 17.87, P = 1.16 � 10�58]; and (iii) midline connections [28 connections/animal; GLMEM CSD-50 mg/kg, t(334) = 11.41,

P = 1.07 � 10�25]. (F) Network diagram representing increased correlation strength in control animals after 24 h (n = 7, vehicle versus n = 6,

ketamine 10 mg/kg): (i) all connections [231 connections/animal; GLMEM Control-10 mg/kg, t(3001) = 10.14, P = 8.18 � 10�24]; (ii) interhemi-

spheric connections [121 connections/animal; GLMEM Control-10 mg/kg, t(713) = 5.90, P = 5.34 � 10�9]; and (iii) midline connections [28

connections/animal; GLMEM Control-10 mg/kg, t(362) = 3.77, P = 1.89 � 10�4]. (G) Network diagram representing decreased correlation

strength in control animals (n = 7, vehicle treated versus n = 8, ketamine 50 mg/kg): (i) all connections [231 connections/animal; GLMEM Control-

50 mg/kg, t(3463) = 17.03, P = 1.41 � 10�62]; (ii) interhemispheric connections [121 connections/animal; GLMEM Control-50 mg/kg,

t(823) = 8.84, P = 5.29 � 10�18]; and (iii) midline connections [28 connections/animal; GLMEM Control-50 mg/kg, t(413) = 3.74,

P = 2.06 � 10�4]. 95% CI derived from bootstrapped analyses. ns = not significant.
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accumulation. Our findings suggests that local cortical al-

terations in glutamate signalling and reuptake resulting

from chronic stress (Popoli et al., 2011) likely play an im-

portant role downstream of subanaesthetic ketamine’s ac-

tions on the thalamus (Zhang et al., 2009, 2012), the

ventral hippocampus (Carreno et al., 2016) and the infra-

limbic prefrontal cortex (Fuchikami et al., 2015). Indeed,

the global accumulation of glutamate observed in defeated

mice may underlie cortex-wide increases in trophic factors

(Autry et al., 2011) rectifying a global cortical synaptogenic

deficit after chronic stress (Duman and Aghajanian, 2012).

Succinctly, our data suggest increased cortical regionally

correlated activity and unique sensitivity to subanaesthetic

ketamine after CSD stress. We observed pathological and

treatment effects that were not localized within a single

cortical network but expressed globally, with a major

role for multimodal association cortices of the default

mode network.
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