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Following the discovery of the antidepressant properties of ketamine, there has been a recent resurgence in the interest in this NMDA
receptor antagonist. Although detailed animal models of the molecular mechanisms underlying ketamine’s effects have emerged, there
are few MEG/EEG studies examining the acute subanesthetic effects of ketamine infusion in man. We recorded 275 channel MEG in two
experiments (n = 25 human males) examining the effects of subanesthetic ketamine infusion. MEG power spectra revealed a rich set of
significant oscillatory changes compared with placebo sessions, including decreases in occipital, parietal, and anterior cingulate alpha
power, increases in medial frontal theta power, and increases in parietal and cingulate cortex high gamma power. Each of these spectral
effects demonstrated their own set of temporal dynamics. Dynamic causal modeling of frontoparietal connectivity changes with ketamine
indicated a decrease in NMDA and AMPA-mediated frontal-to-parietal connectivity. AMPA-mediated connectivity changes were sus-
tained for up to 50 min after ketamine infusion had ceased, by which time perceptual distortions were absent. The results also indicated
adecrease in gain of parietal pyramidal cells, which was correlated with participants’ self-reports of blissful state. Based on these results,
we suggest that the antidepressant effects of ketamine may depend on its ability to change the balance of frontoparietal connectivity
patterns.
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In this paper, we found that subanesthetic doses of ketamine, similar to those used in antidepressant studies, increase anterior
theta and gamma power but decrease posterior theta, delta, and alpha power, as revealed by magnetoencephalographic record-
ings. Dynamic causal modeling of frontoparietal connectivity changes with ketamine indicated a decrease in NMDA and AMPA-
mediated frontal-to-parietal connectivity. AMPA-mediated connectivity changes were sustained for up to 50 min after ketamine
infusion had ceased, by which time perceptual distortions were absent. The results also indicated a decrease in gain of parietal
pyramidal cells, which was correlated with participants’ self-reports of blissful state. The alterations in frontoparietal connectivity
patterns we observe here may be important in generating the antidepressant response to ketamine. j

ignificance Statement

Introduction (Berman et al., 2000; Zarate et al., 2006b; Murrough et al., 2013)

The now widely replicated observation that a single subanaes- has caused a re-evaluation of the neurobiology of major depres-

thetic dose of ketamine can have rapid antidepressant effects ~ Sive disorder. Although it is unclear whether ketamine could be
safely adopted for general clinical practice (Krystal et al., 2013;
Rush, 2013), ketamine’s rapid efficacy highlights the importance
of glutamatergic systems in major depression and at the same
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time serves as a useful interventional compound for studying the
molecular basis of depression.

Used as both an anesthetic and drug of abuse, the phencycli-
dine derivative ketamine has a “rich” pharmacology: in addition
to its principal mechanism of action as a noncompetitive antag-
onist of NMDA receptors, it exhibits action at muscarinic, o,
u-opioid receptors, and a and B adrenergic receptors; and blocks
HCNI1 channels as well as the serotonin and norepinephrine
transporters (Bergman, 1999; Chen et al., 2009; Stahl, 2013). De-
spite this multitude of effects, animal models suggest that the
antidepressant actions of ketamine are mediated by its antago-
nism of NMDA receptors. According to these models, blockade
of NMDA receptors by ketamine results in increased AMPA-
mediated glutamatergic signaling, which in turn triggers the ac-
tivation of intracellular synaptogenic pathways (Li et al., 2010;
Autry et al,, 2011). This activation includes an increase in the
mTOR signaling pathway, which is necessary for the antidepres-
sant response (Li et al., 2010). It is possible that ketamine modu-
lates neurotransmission through additional pathways given the
failure of the antagonist memantine to generate anti-depressant
effects (Zarate et al., 2006a). However, NMDA-mediated effects
are important as evidenced by positive antidepressive effects with
gaseous nitrous oxide (Nagele et al., 2015) and AZD-6765 (Sana-
cora et al.,, 2014), both NMDA antagonists. It has been demon-
strated with MEG that patients who respond to ketamine exhibit
enhanced sensory evoked responses providing evidence in hu-
mans that synaptic potentiation may mediate the antidepressant
response to ketamine (Cornwell et al., 2012).

A number of brain imaging studies demonstrate that major
depressive disorder is characterized by hyperactivity in the
brain’s default mode network (Greicius et al., 2007; Sheline et al.,
2009), whose major hubs include the medial prefrontal and pos-
terior cingulate/precuneus cortices (Andrews-Hanna et al.,
2010). It has been suggested that antidepressants may work in
part by reducing activity in this network (Posner et al., 2013;
Wangetal., 2015), and indeed one study has shown that subanes-
thetic ketamine infusion reduces default mode network activity
in healthy participants 1 d after administration. Several MEG
studies have demonstrated that patients with lowest task-based
connectivity and activity in the anterior cingulate cortex show the
largest antidepressant response to ketamine (Salvadore et al.,
2009, 2010). These studies again highlight importance of connec-
tivity alterations in depression and moreover the usefulness of
MEG as a tool to probe electrophysiological connectivity in the
context of ketamine and depression.

Based on these facts, in the present studies we hypothesized
that during subanesthetic ketamine administration there
would be a rapid reduction in frontoparietal connectivity. To
quantify connectivity we combined MEG recordings of
resting-state oscillatory activity with dynamic causal modeling
(DCM) estimates of effective connectivity, and used a cross-
over design with subanesthetic ketamine and saline infusions.
In DCM, biologically plausible biophysical models are fit to
empirical data to allow estimates of synaptic responses within
specified neuronal ensembles (Moran et al., 2011b), the effec-
tive connectivity between ensembles in interconnected brain
regions (Friston et al., 2012), and how these connectivity pa-
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rameters are altered under pharmacological challenge (Moran
et al.,, 2015). Thus, DCM provides a potentially powerful
translational bridge between animal models and human neu-
rophysiology, where these parameters are not directly measur-
able. Here, we used source reconstruction to estimate the
activity from two principal hubs of the default mode, the me-
dial prefrontal cortex and the precuneus, and estimated the
changes in effective connectivity within and between these
regions during and after ketamine infusion.

Materials and Methods

Experiment 1

Participants and experimental procedure. Experiment 1 included 19
healthy male participants (mean age = 25.8 years, range = 19-39). All
participants gave informed consent to participate in the study, which was
approved by a UK National Health Service research ethics committee.
Volunteer exclusion criteria included any current or previous psychiatric
disorder, determined with the Mini-International Neuropsychiatric In-
terview (MINI), current recreational or prescription drug use, contrain-
dications for MEG/MRI, and needle phobia. Inclusion criteria for
participation were that volunteers be of age 18—45, nonsmokers, Amer-
ican Society of Anesthesiologists Physical Status 1, and have a body mass
index of 18—30 kg/m?.

Participants underwent two scans on separate days, one using a pla-
cebo saline infusion and one using ketamine. In each scan session, 5 min
of resting MEG was recorded, and then infusion commenced. Each par-
ticipant received an initial bolus of 0.25 mg/kg delivered over ~1 min,
followed by maintenance infusion at a rate of 0.375 mg/kg/h. Ten min-
utes of resting MEG were recorded following the start of the infusion. At
this point, participants were asked to provide a rating of their subjective
“high” on a scale between 0 and 40, using a two-digit button box. Mea-
sures of saccadic eye movement velocity were then taken. After this,
participants commenced a series of tasks, data for which are reported
previously (Shaw et al., 2015).

MEG recordings. For the MEG recordings, participants lay in supine
position. Participants’ pulse rate and blood oxygenation level were con-
tinually monitored throughout the experiment via a probe over their left
hand index finger with the intravenous cannula inserted on the back of
the left wrist. Participants’ wore a nasal cannula attached to medical
oxygen, which was to be used in case of an emergency.

Whole-head MEG recordings were made using a CTF 275-channel
radial gradiometer system sampled at 1200 Hz (0—300 Hz bandpass). An
additional 29 reference channels were recorded for noise cancellation
purposes and the primary sensors were analyzed as synthetic third-order
gradiometers (Vrba and Robinson, 2001). Three of the 275 channels were
turned off due to excessive sensor noise. In addition to the MEG chan-
nels, we recorded participants’ ECG: horizontal and vertical electroocu-
lograms (EOG), as well as electromyograms (EMG) from bilateral
frontalis and temporalis muscles. Monocular pupilometry data were ob-
tained using an iViewX-MEG system (SensoMotoric Instruments) sam-
pled at 250 Hz.

Data preprocessing. All MEG recordings were initially high-pass fil-
tered at 1 Hz, and segmented into epochs of 2 s in length (450 epochs with
150 preinfusion). Each epoch was then visually inspected, and those with
gross artifacts (e.g., head movements, jaw clenches) were removed from
the analysis. An automated algorithm was used to remove further epochs
contaminated with muscle artifacts. In this algorithm, a set of 30 gradi-
ometer sensors were predefined at the edge of the MEG dewar, as these
are most likely to be contaminated by muscle artifacts (Muthukumaras-
wamy, 2013). Using Hanning-windowed Fourier transformations, we
calculated the mean spectral power for these sensors in the 105-145 Hz
frequency band (Muthukumaraswamy, 2013) for each epoch. If the re-
sulting power averaged across these sensors exceeded 10 fT~ then that
epoch was eliminated from subsequent analysis On the remaining epochs
we then performed independent component analysis (ICA) as imple-
mented in Fieldtrip/EEGLAB (Delorme and Makeig, 2004) to identify
and remove ocular, muscular and cardiac artifacts from the data. Any
components that showed a correlation (r > 0.10) in the time domain
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Figure 1.

a, Construction of the neural mass model from the winning model tested (Model 3). Two connected neural masses comprised the winning model, each with four subpopulations of

neurons (superficial pyramidal cells, deep pyramidal cells, spiny stellate cells, and inhibitory interneurons). Intrinsic to each mass, excitatory connections are illustrated with black arrows, and
intrinsicinhibitory connections are represented with red arrows. Right, Intrinsic excitatory connections are mediated by two excitatory receptor types (AMPA and NMDA), whereas intrinsic inhibitory
connections use GABA, receptors. Each receptor type is furnished with its own time constants and dynamics, and in the case of NMDA receptors, this includes the nonlinear behavior caused by a
voltage-gated magnesiumion block. Each population of cells also contains an intrinsic gain parameter. In Model 3, between-region connectivity was modeled as lateral connections (nonhierarchical;
Felleman and Van Essen, 1991; David et al., 2006) with full reciprocal connections between regions (Kobayashi and Amaral, 2003, 2007; Andrews-Hanna et al., 2010). Connections arise from both
superficial and deep pyramidal cells and transmit to layer IV and layers I-IIl, respectively. Empirical data used for each population was derived from virtual sensors in the prefrontal cortex and
precuneal areas of each participant. To explain differences between preketamine and postketamine infusion cross-spectral densities, we allowed six parameters to exhibit modulation by ketamine;
NMDA mediated frontal and posterior connectivity, AMPA mediated frontal and posterior connectivity and a gain parameter (representing the excitability) for each mass (E, F). b, Equations used in
the generation of model dynamics with key parameter priors and implementation of the voltage gate on the NMDA receptor (Durstewitz et al., 2000) given in c. This model is the standard
cmm_nmda model implemented in the spm_fx_cmm_nmda.m file, freely available in the spm12 software (http://www fil.ion.ucl.ac.uk/spm/).

with the EOG/EMG electrodes were automatically removed. Likewise,
any components that showed correlations (r > 0.10) with similarly fil-
tered EOG/EMG channels after being bandpass filtered in the range 105—
145 Hz were removed. Visual inspection was also used to remove artifact
components. All subsequent analyses were performed on the ICA
cleaned datasets.

Frequency analysis: sensor space. Using the FieldTrip toolbox (Oosten-
veld et al., 2011) we converted our MEG data to planar gradient config-
uration, and then conducted a frequency analysis of the individual vector
directions. Frequency analysis was conducted using Hanning windowed
fast Fourier transforms between 1 and 100 Hz at 0.5 Hz frequency inter-

vals and then the planar directions combined to give local maxima under
the sensors. Analysis of sensor-level MEG data in a planar gradient
(spatial-derivative) configuration has the advantage of easy interpret-
ability, because field maps can be interpreted as having a source directly
underneath field maxima (Bastiaansen and Kndosche, 2000). For statisti-
cal analysis, we divided individual spectra into the following frequency
bands: delta (1-4 Hz), theta (4—8 Hz), alpha (8-13 Hz), beta (13-30
Hz), low gamma (30—49 Hz), and high gamma (51-99 Hz; Muthuku-
maraswamy et al., 2013). The preintervention baseline spectra were sub-
tracted from each postintervention spectra and the differences between
intervention and placebo tested using permutation testing of ¢ statistics at
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Figure2. Basicphysiological measures before and after infusion of either ketamine or placebo. Blue is ketamine; red is placebo. a— ¢, As expected participants demonstrated significant increases

insystolic (F; 1g) = 23.7,p << 0.001) and diastolic (F; ;) = 12.1,p = 0.003) blood pressure, as well as heart rate ((F; 15 = 16.0,p <0.001). df, Participants also showed standard physiological
responses of sedation, including increases in pupil diameter (F, ;5 = 27.1,p << 0.001) and saccadic eye movement (SEM) velocity (F; ;g = 6.83,p < 0.02), but not saccadic eye movement onset
latency (F; ;g = 0.39, p = 0.34). After the 10 min MEG recording following the onset of infusion, the mean subjective intensity rating of participants was 13.2/20 (SE = 1.08) compared with 0 after

placebo. Error bars are the standard error of the mean.

each postintervention time point (Nichols and Holmes, 2002; Maris and
Oostenveld, 2007). The Type 1 error rate was controlled using cluster
randomization analysis with an initial cluster-forming threshold of p =
0.05 repeated >5000 permutations. The same spectral analysis technique
was applied to the EMG channels in the 55-95 Hz band to check for
possible muscle artifact contamination and to the EOG channels in the
1-20 Hz band to check for possible ocular artifacts.

Source localization. To localize drug-induced changes in oscillatory
power, we used the beamformer algorithm synthetic aperture magne-
tometry (SAM; Robinson and Vrba, 1999). Global covariance matrices
were calculated for the following six bandpass-filtered versions of the
datasets: delta (1-4 Hz), theta (4—8 Hz), alpha (813 Hz), beta (13-30
Hz), low gamma (30—49 Hz), and high gamma (51-99 Hz). Based on
these covariance matrices, using the beamformer algorithm, a set of
beamformer weights was computed for all voxels in the brain at 4 mm
isotropic voxel resolution. A multiple local-spheres (Huang et al., 1999)
volume conductor model was derived by fitting spheres to the brain
surface extracted by the FSL Brain Extraction Tool (Smith, 2002). For
SAM imaging, virtual sensors were constructed at each beamformer
voxel and Student’s t images of source power changes computed for
postinfusion versus preinfusion epochs. Volumetric group statistical
analyses were conducted as previously described (Muthukumaraswamy
etal., 2013). Five thousand permutations were calculated for each statis-
tical test conducted with a 5 mm Gaussian smoothing kernel applied to
the variance maps. We computed a paired t test for the ketamine versus
placebo images to reveal the drug interaction effect: rimages were thresh-
olded at p = 0.05 (cluster corrected).

Dynamic causal modeling of effective connectivity. Based on the results,
we selected two regions-of-interest within the typical default-mode re-
gions, for connectivity analysis. These were extracted from virtual sen-
sors derived from local maxima in individual source localization images.
Maxima were selected at image peaks near the medial prefrontal cortex
showing increases in theta activity, and near parietoccipital cortex show-
ing alpha power reductions. Cross-spectral densities were estimated for
1-45 Hz for both preinfusion and postinfusion avoid any contamination

of subsequent modeling with (50 Hz) line noise artifacts. These spectral
densities formed the data features of our connectivity analysis. DCM uses
a biophysical model of neuronal responses based on neural mass models
(David et al., 2006) to predict electrophysiological data. The neural mass
model we used (Fig. 1a) was comprised of four populations of neurons
(superficial pyramidal cells, deep pyramidal cells, spiny stellate cells, and
inhibitory interneurons). Intrinsic (within area) excitatory connections
are mediated by two excitatory receptor types, AMPA and NMDA and
intrinsic inhibitory connections use GABA, receptors. Each receptor
type is furnished with its own time constants and dynamics (Fig. 1b,c). In
the case of NMDA-mediated receptor activity, this is additionally con-
trolled by a nonlinear sigmoid to reflect the voltage-dependent magne-
sium ion block. Extrinsic (between area) connections are mediated by
two connection types: “feedforward” connections, which project from
superficial pyramidal cells to stellate cells, and “feedback” connections,
which project from deep pyramidal neurons to superficial layers (in-
terneurons and superficial pyramidal cells). We initially tested three
models of extrinsic connectivity (see Results) using data from all partic-
ipants and compared the log model evidences to determine the most
likely model. To constrain the parameter set, we specified a set
of four connectivity parameters that could potentially be modula-
ted by ketamine: AMPA-mediated frontal-to-parietal connectivity,
NMDA-mediated frontal-to-parietal connectivity, AMPA-mediated
parietal-to-frontal connectivity, and NMDA-mediated parietal-to-
frontal connectivity. We further specified a gain parameter for each neu-
ronal subpopulation to account for within ensemble changes in
excitability. These gain parameters are “lumped” parameters that encap-
sulate a variety of potential gain-control mechanisms, including both
NMDA and non-NMDA mediated effects of ketamine. All DCM analyses
used conductance-based neural mass models as implemented in the
“cmm_nmda” model available in the spm12 (http://www.fil.ion.ucl.ac.
uk/spm/) software. The generative models were then inverted (fitted to
each individual’s prefrontal and parietal responses) to obtain posterior
densities over connectivity and gain parameters, initializing the param-
eter estimates with those obtained from the grand-average analysis. Spe-



11698 + J. Neurosci., August 19,2015 + 35(33):11694 11706

Delta

Theta

Ketamine

Ketamine
Vs
Placebo

Figure 3.

Alpha

Muthukumaraswamy et al. e Ketamine and Connectivity

Beta Low Gamma High Gamma

Statistical analysis of planar gradiometer configured MEG data for ketamine and placebo. Spectra for preinfusion data recordings were subtracted from the postinfusion data and then

contrasts performed. Red indicates relatively more power following the drug and blue indicates relatively less power. Units are ¢ statistics. Significant sensor clusters are marked such that dark circles

correspond to p << 0.01 and crosses to p << 0.05.

Delta (1 -4 Hz)

L R L

Figure4.

Theta (4-8 Hz)

Alpha (8-13 Hz)

Statistical parametric maps showing the locations of significant ( p << 0.05, corrected) changes in source oscillatory power in the six frequency bands that span from 1to 99 Hz. Contrasts of spectral

power represent the difference of ketamine after-and-before infusion versus placeho after-and-before infusion. Red colors represent increases in source power and yellow colors represent decreases.

cifically, a variational Bayesian scheme (variational Laplace) was used to
approximate the posterior density over parameters by maximizing the
negative free energy, a bound on the log-model evidence (Friston et al.,
2007; Moran et al., 2011a).

Independent component network analysis of functional connectivity. For
analysis of functional connectivity, agnostic to cell type or synaptic
mechanisms, we also used the methodology described by Brookes et al.
(2011) and in our previous work (Muthukumaraswamy et al., 2013). For
each participant and frequency band, beamformer weights were com-
puted on an 8 mm grid and beamformer time courses were then gener-
ated at every voxel and normalized by an estimate of the projected noise
amplitude at that voxel. The Hilbert transform was applied to each voxel

time course and the absolute value computed to generate an amplitude
envelope of the oscillatory signals in each frequency band. The data at
each voxel was down-sampled to an effective sampling rate of 1 Hz,
transformed to standard (MNI) space using FLIRT in FSL and data from
all subjects were concatenated in the time dimension across subjects.
Temporal ICA was applied to the concatenated datasets (separately for all
six frequency bands) using the fast-ICA algorithm. Prewhitening was
applied to reduce the dimensionality of the source space Hilbert envelope
signals to 20 principal components before ICA (Hyvirinen and Oja,
2000; Brookes et al., 2011; Hall et al., 2013). Fifteen independent com-
ponents were derived for each frequency band. From these components
we identified those that matched previous reports (Brookes et al., 2011).
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For the identified components, we computed the SD of the component
time course for each subject and condition. Differences in SD of the
independent component time course between placebo and ketamine
were assessed using ¢ tests using a Bonferroni correction value of 15.

Experiment 2

Participants and experimental procedure. Experiment 2 included six
healthy male participants (mean age = 27.2 years, range = 20—36) sub-
ject to the same exclusion/inclusion criteria as Experiment 1. In Experi-
ment 2, 10 min of resting MEG was recorded, then infusion commenced
with a bolus of 0.25 mg /kg. This was followed by 20 min of maintenance
infusion (0.375 mg/kg/h). MEG was recorded continuously for a further
50 min, making the sessions 80 min long in total. Participants were asked
to lie still, with their eyes open and provide a rating of their subjective
“high” on a scale between 0 and 40 at 2 min intervals using a two-digit
button box.

MEG recordings and data preprocessing. Identical to Experiment 1, ex-
cept here there were 2400 epochs (300 preinfusion). Epochs contami-
nated with activity from the button press were excluded (10 seconds of
every 2 min).

Source localization, virtual sensor generation, and pharmacodynamics.
For Experiment 2, the same preprocessing and source analysis steps were
used to identify regions-of-interest in the early time window of ketamine
infusion. In addition to the two regions identified in Experiment 1, a
third parietal gamma source was identified. The location of this source
was somewhat variable in individuals and frequently spatially overlapped
with the alpha power change locations. Based on the identified regions of
interest, we mapped the temporal evolution of power by generating the
band-limited power in 2 min time bins (between-subjective ratings) for
the entire 80 min. To map the time course of DCM parameter changes in
in the experiment we took the same two functional regions (posterior
alpha/ prefrontal theta) and applied the winning connectivity model
from Experiment 1 (Model 3). We divided the 70 min postrecording into
seven, 10 min time windows and extracted the six parameters as in Ex-
periment 1 for each time window. To relate the time course of DCM
parameters to the spectral evolution of power a general linear model
approach was used to control for within participant effects.

Results

Experiment 1

As a quality check of our in-scanner infusions, consistent with
known physiological effects, ketamine caused increases in heart
rate, blood pressure, and pupil diameter, and decreases in sacca-
dic eye-movement velocity, indicative of sedation (Fig. 2). Simi-
larly, participants’ post hoc reports revealed large perturbations
from normal consciousness as assessed with the 5D-ASC
(Dittrich, 1998; Studerus et al., 2010); participants reported sub-
jective states of disembodiment, hallucinations, and blissful
feelings.

Estimates of ketamine-induced spectral changes were performed
in both sensor space (Fig. 3) and source space (Fig. 4) using the
beamformer source localization technique SAM. Both these figures
display the contrast of ketamine after-versus-before infusion com-
pared with placebo after-versus-before infusion with the peak spatial
locations from the source localization presented in Table 1. Com-
parison of Figures 3 and 4 reveal highly consistent spatial patterns of
power changes with decreases in source power seen in the delta (1-4
Hz), posterior theta (4—8 Hz), alpha (813 Hz), and beta (13-30
Hz) frequency bands. Conversely, in anterior theta (4—8 Hz), low
(30—49 Hz), and high gamma (51-99 Hz) bands, increases in source
power were seen.

We performed spectral analysis of the peripheral EOG and
EMG channels that we recorded in Experiment 1. These analyses
(Fig. 5) revealed that the anterior theta frequency power increases
were not due to differential eye movement patterns. Similarly, we
confirmed that the increases in gamma-band activity were not
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Table 1. Local maxima of source power changes (Talairach coordinates)
corresponding to the images in Figure 4

X Y Z t
Delta
Cuneus (R) n —87 31 —9.98
Middle occipital gyrus (R) —25 —87 17 —9.92
Lingual gyrus (R) 19 —67 =5 —8.47
Angular gyrus (R) 53 —61 33 —8.21
Superior parietal lobule (R) 29 67 53 —7.92
Inferior parietal lobule (R) 49 51 53 —7.44
Superior temporal gyrus (L) —47 -1 7 —7.27
Middle occipital gyrus (L) —45 —67 —=17 —7.24
Superior parietal lobule (L) -13 —59 63 —6.69
Insula (R) ] =17 13 —6.46
Inferior frontal gyrus (L) =35 31 3 —5.68
Middle temporal gyrus (R) 43 =1 =33 —5.08
Inferior frontal gyrus (R) 49 37 =17 —432
Theta
Middle occipital gyrus (R) 21 —97 3 —4.91
Middle occipital gyrus (L) -19 —95 1 —430
Superior frontal gyrus (L) -9 61 -7 3.71
Medial frontal gyrus (L) -3 45 29 3.62
Superior frontal gyrus (R) 23 65 =5 3.58
Alpha
Cuneus (L) =17 —81 17 —10.0
Middle occipital gyrus (R) 49 -7 3 —9.60
Middle temporal gyrus (R) 57 -39 -3 —8.93
Middle occipital gyrus (L) —47 =7 -13 —8.67
Middle temporal gyrus (L) —47 —53 5 —8.65
Superior temporal gyrus (L) —61 —59 15 —8.44
Middle temporal gyrus (R) 33 —67 27 —8.43
Precuneus (L) -1 =81 53 —8.23
Inferior parietal lobule (L) —43 =71 45 —8.21
Superior parietal lobule (R) 41 —57 57 —7.22
Postcentral gyrus (L) —53 - 23 —6.44
Anterior cingulate gyrus (L) -1 21 -3 —6.13
Precentral gyrus (R) 49 =1 53 —4.66
Beta
Superior temporal gyrus (L) —59 —61 15 —-11.9
Inferior temporal gyrus (L) —47 —65 =5 =15
Middle occipital gyrus (L) —25 =75 5 -3
Fusiform gyrus (R) 23 —59 —-13 —=10.5
Middle occipital gyrus (R) 27 =75 n —10.2
Low gamma
Inferior frontal gyrus (R) 31 31 7 9.52
Superior temporal gyrus (R) 61 —57 19 6.10
Middle temporal gyrus (L) —65 =55 5 5.64
Cuneus (L) -3 -9 21 4.10
High gamma
Superior parietal lobule (L) -7 =73 59 15.6
Precuneus (R) 13 =71 63 15.5
Anterior cingulate gyrus (R) 17 37 n 132
Cingulate gyrus (R) 17 - 43 131
Anterior cingulate gyrus (L) —-23 25 15 131
Cuneus (R) 13 —-99 -7 9.27
Inferior occipital gyrus (L) -39 —85 =17 8.03

due to peripheral facial electromyographic activity. Additionally,
we found no differences in pre/postscan head position, which
could explain the differences (Wilcoxon test, p = 0.36, median
ketamine = 2.2 mm, median placebo = 1.9 mm).

Effective connectivity analysis

We began our DCM analysis of frontoparietal effective connec-
tivity by comparing three potential models of connectivity. In
Model 1, the two sources (precuneus, prefrontal cortex) were
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connected by posterior-to-anterior feed-
forward connections and anterior-to-
posterior feedback connections (Fig. 1a,
arrows C and B). In Model 2, these
connections were reversed such that
feedforward connections were anterior-
to-posterior and feedback connections
posterior-to-anterior (Fig. la, arrows A
and D). Models 1 and 2 both represent
hierarchically connected areas, whereas
Model 3 contains fully reciprocated con-
nectivity with all connections present (A—
D). After fitting the single trial data of all
concatenated individuals we compared
the log model evidence and determined
that Model 3 was the winning model
(model evidences; Model 1 = 458, Model
2 = 435, Model 3 = 463). The log- mod-
el evidence values take into account the
complexity of models with different num-
bers of parameters. This complexity term
is the Kullback-Leibler divergence be-
tween prior and posterior parameter
space and takes account of effective
degrees-of-freedom introduced by new
parameters (Penny et al., 2010). The
grand-averaged cross-spectral densities
for both modeled and empirical data are
displayed in Figure 6a; these show good
fits of the models to the empirical data. As
example data features in the cross-
conjugate space (Fig. 6b), beta band co-
herence and source lag appear altered
with ketamine. The posterior estimates
from the grand-average were then used to
initialize parameter fits for individual
spectra. A correlation (Fig. 6¢) was ob-
served between participants’ self report of
blissful state and the decrease in parietal
gain (p = —0.53, p = 0.02), but not the
other DCM parameters (all p > 0.05). In
terms of connectivity parameters, Wil-
coxon signed rank tests showed signifi-
cant modulation of the NMDA-mediated
backward connectivity (p = 3.1e”°),
AMPA-mediated backward connectivity
(p = 0.017), but not NMDA-mediated
forward connectivity (p > 0.05) or
AMPA-mediated forward connectivity
(p > 0.05). A significant decrease in the
gain of the parietal population was also
found (p = 8.9¢e ~°), but no difference in
the frontal population gain (p > 0.05; Fig.
6d).

Functional connectivity analysis

Finally, we performed a functional connectiv-
ity analysis on the band limited source power
envelopes (Fig. 7). A number of simple net-
works including visual parietal and motor net-
works were significantly altered by ketamine in
the alpha and beta frequency bands. Although
a number of frontoparietal networks were
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Figure 5.  Spectral analysis of the vertical and horizontal EOGs and facial EMGs before and after ketamine infusion. Because of
the location of frontal theta increases in the medial prefrontal cortex, we wished to confirm that theta differences were not
potentially due to differential eye movements between the conditions. Spectral analysis of the two EOG channels (a, b) revealed no
difference between ketamine and placebo that could account for the increase in medial prefrontal cortex theta power. Similarly,
because of the increase in gamma-band amplitudes in the MEG data, we found no evidence from this analysis (c) that these were
due to an increase in facial EMG activity.
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Figure 6. a, Cross-spectral densities and model fits. Grand-averaged data (n = 19) were computed for preketamine (solid black line) and postketamine (solid blue line) for the frequency range

1—45 Hz. Grand-averaged DCM model fits are represented by the dashed lines. b, Example source space data features including frequency dependence coherence and time-lag between sources.
¢, Correlation of participants’ rating of “blissful experience” and posterior gain modulation. Participants’ ratings of “bliss” were computed from 5D-ASC subscales as devised by Studerus et al. (2010)
and scaled to a percentage of the maximum possible score. A significant negative correlation was found between participants ratings of bliss and gain reduction in the parietal lobe. Spearman
correlation tests were used to reduce outlier effects and control for non-normality in the data. d, Parameters modulations by ketamine for each of the modulation parameters (A—F). Sign rank tests
were used to reduce outlier effects and control for non-normality in the data. A Bonferroni adjustment of six to the presented significance values to control the familywise error rate (6 parameters).

Error bars are the standard error of the mean.

identified in the lower frequency bands, we did not observe modulation
of these by ketamine, even if we removed the conservative Bonferroni
correction.

Experiment 2

Pharmacodynamics

We temporally mapped the pharmacodynamics effects in a fur-
ther set of participants. Notably, the subjective effects of ket-
amine had abated ~40 min after the infusion had been ceased
(Fig. 8¢c). The three areas and frequency bands chosen for further
analysis each displayed distinct temporal dynamics, with theta
band showing only a transient increase in power. Similar to the
psychological effects, the increase in posterior gamma band
power ceased ~40 min after infusion had ceased. Alpha power,
however (Fig. 8f), showed sustained power decreases that had
still not returned to baseline 50 min after the infusion. In these
data, we applied the same connectivity model (Model 3) that we
used to track the temporal dynamics of effective connectivity
changes. The effects on connectivity in these independent data
were very similar to those in Experiment 1. The AMPA-mediated
connectivity and the parietal gain were still decreased 50 min after

the termination of infusion (Fig. 9). To examine potential rela-
tionships between the DCM parameter time courses and the
power envelopes (three power envelopes, 6 DCM parameters,
Bonferroni correction = 18) we used a general linear model anal-
ysis controlling for random subject effects. We found that the
posterior gain parameter tended to follow the alpha envelope (+ =
10.8, p = le~'"), whereas the anterior gain followed the theta
envelope (¢ = 3.6, p = 0.014). Notably, the connectivity param-
eters did not track the envelope parameters (all p > 0.05) even
when uncorrected for multiple comparisons.

Discussion

In these experiments, we found that subanesthetic infusions of
ketamine caused a decrease in posterior alpha-band power, an
increase in prefrontal theta power, as well as widespread increases
in gamma-band power. These oscillatory changes were accompa-
nied by temporally sustained reductions in frontoparietal effec-
tive connectivity, which we assessed using dynamic causal
modeling. Previous studies have investigated the anesthetic ef-
fects on the EEG of ketamine-induced unconsciousness and have
shown that 2 mg/kg of ketamine also causes reductions in di-
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Figure7.
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b Bilateral motor - beta band

Results of functional connectivity analyses showing the localization of MEG resting-state network significantly altered by ketamine, which consisted of bilateral parietal (a), motor (b),

and occipital (¢) networks. Images show absolute ICA weights (in a.u.) thresholded at a value of 0.2. All modulations were decreases in the activity of the networks derived by independent component
analysis of the band-power limited source waveforms. Although frontoparietal networks were identified in delta, theta, alpha, and beta frequency bands, these networks were not significantly
modulated by ketamine. A Bonferroni adjustment of 15 (15 components per frequency band) is applied to the presented significance values.
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Figure 8.

Time-course dynamics for data collected in Experiment 2 (80 min resting state). a, The infusion protocol used is illustrated starting with an initial bolus followed by slow infusion. b,

Estimated time course plasma concentration using the two-compartment model of Clements and Nimmo (1981). The pharmacokinetic parameters for this model were originally obtained using
participants of a similar age/sex/health status to ours. ¢, Subjective ratings of drug “effect intensity” given by participants at 2 min intervals. d—f, Time courses of band-limited virtual sensor power
for specific time-frequency regions of interest computed as percentage change from the preinfusion time period (0—10 min). Shaded areas represent the standard error of the mean.

rected frontoparietal connectivity (Lee et al., 2013; Blain-Moraes
et al.,, 2014). Our data demonstrate these reductions occur at
doses well below those needed to induce loss of consciousness,
suggesting that reduced frontoparietal connectivity need not be

associated with loss of consciousness (Boly et al., 2012). In con-
trast to EEG/MEG connectivity studies of subanesthetic ketamine
doses, fMRI studies have shown mixed results with regard to
functional connectivity. One fMRI study using a similar dosing
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Figure 9.  Time course of parameter modulations for the six DCM (a—f) parameters tested in Experiment 2 (Fig. 1). The time period of ketamine infusion is shaded red. The parameters were

generated by comparing the spectra of the preinfusion window with the postinfusion period binned into 10 min windows. Error bars are the standard error of the mean.

protocol to ours reported globally increased hyperconnectivity
(Driesen et al., 2013). Similarly, a study in rats found dose-
dependent increases in hippocampal-prefrontal cortex connec-
tivity following subanesthetic ketamine infusion (Gass et al.,
2014). Conversely, a different study reported increases in connec-
tivity in visual networks but decreases in affective networks (Ni-
esters et al., 2012). Finally, others have reported decreases in
functional connectivity in the default mode, cognitive control,
and affective networks 24 h after ketamine infusion (Scheidegger
etal.,2012).Itis important to bear in mind that fMRI measures of
functional connectivity are highly dependent on hemodyna-
mic and vascular factors (Murphy et al., 2013). At subanesthetic
doses, ketamine is well known to cause relatively large systemic
changes in blood pressure and heart rate (Fig. 2; Pandit et al.,
1980). Both of these factors can confound fMRI resting state
studies (Murphy et al., 2013), which makes it surprising that few
fMRI studies of ketamine have attempted to apply physiological
correction methods. Alternatively, the differences in results be-
tween fMRI and EEG/MEG studies may be due to the fact that
fMRI measures are potentially sensitive to a more diverse range of
neural processes, whereas MEG/EEG are highly tuned to measur-

ing the summation of synchronized postsynaptic potentials at
pyramidal cells (Lopes da Silva, 2011).

In the present studies, we observed that the reduction in pari-
etal gain was correlated with participants’ rating of “blissful
state”. This gain parameter is a “lumped” parameter and could
potentially reflect either the intrinsic action of ketamine at
NMDA receptors within the parietal pyramidal cell ensemble, or
many of the non-NMDA affinities of ketamine, such as antago-
nism of HCN channels (Chen et al., 2009; see Introduction).
Regardless, the correlation of parietal gain changes with positive
subjective experiences is somewhat similar to the results of our
previous study, where decreases in parietal activity caused by the
mixed 5HT,, receptor agonist psilocybin were correlated with
increases in participants’ ratings of ego dissolution and magical
thinking (Muthukumaraswamy et al., 2013). Although many
studies have focused on the psychotomimetic properties of ket-
amine, fewer have focused on the euphoric feelings that people
experience during ketamine sedation. At subanesthetic doses,
most participants report that they experience feelings of euphoria
and that the hallucinations induced are generally pleasant; they
also report that they would be happy to repeat the same treat-
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ment again (Pandit et al., 1980). Caution is advised in interpret-
ing these results, however, because of self-selection in the study
populations.

The pharmacodynamics results that we report here are consistent
with previous EEG anesthesia studies, which have shown similar
transient increases in theta immediately after ketamine infusion with
more sustained posterior alpha-band decreases (Kochs et al., 1996).
Further, the increase in gamma-band activity and its time course,
here in humans, is strikingly similar to the increases in rat EEG with
ketamine and MK-801(Pinault, 2008; Wood et al., 2012). Impor-
tantly, the effects we observe are present in the resting MEG/EEG,
whereas some previous descriptions of ketamine gamma/delta
frequency-changes are based on evoked response paradigms (Hong
et al.,, 2010) or task-induced oscillatory changes (Shaw et al., 2015),
which may have different generative mechanisms and are limited
mostly to sensory cortices. This widespread “aberrant” (Pinault,
2008) gamma-band activity in the neocortex could potentially be a
mechanism that drives the decrease in interpopulation connectivity.
Increased gamma-band activity may represent pharmacologically-
induced noise at pyramidal cells assemblies, which disrupts informa-
tion processing and the ability of these cell assemblies to send and/or
receive long-range signals efficiently (Moran et al., 2015).

It is notable in this experiment that significant modulations of
frontoparietal effective connectivity were observed using the DCM
approach, however, no modulations of frontoparietal functional
connectivity were observed when using a technique based on band-
pass power correlations (Brookes et al., 2011). This probably reflects
different signal elements to which each technique is sensitive. In
particular, in the computation of the bandpass power envelopes, all
phase information from the signals is discarded and further the en-
velopes are usually heavily down-sampled. DCM for steady-state
responses considers a broader scope of data features including phase
(cross-spectral density) information. In Experiment 2, the DCM
connectivity parameters did not track the time course of the ampli-
tude envelopes, whereas the gain parameters did. This suggests that
the connectivity parameters are independent of signal-to-noise ratio
(Friston, 2011), which can confound some estimates of functional
connectivity, such as phase locking factors (Muthukumaraswamy
and Singh, 2011).

The ability of ketamine to reduce resting state effective con-
nectivity has potentially important implications for the treatment
of depression. Sheline et al. (2009) have demonstrated that the
default mode network is overactive in major depression, and that
it has reduced ability to “switch off” during task performance.
Similarly, increased resting state functional connectivity in the
subgenual cingulate and thalamus is increased in depression,
which is correlated with the length of depressive episode (Gre-
icius et al., 2007). Overactivity of the default network in depres-
sion is correlated with behavioral measures of rumination and
brooding (Berman et al., 2011). Quantitative electroencephalog-
raphy has also shown increased occipital-to-parietal coherence in
the alpha and theta frequency bands in major depressive disorder
(Leuchter et al., 2012). Further, following treatment with SSRI’s,
functional connectivity of the default mode network is reduced;
this effect correlates with a reduction in depressive symptoms
(Wangetal., 2015). Together, these results suggest that, at least in
a subset of patients, the major depressive disorder is character-
ized by hyperconnectivity of the default mode network. The rapid
therapeutic action of ketamine may be due to its ability to reduce
this hyperconnectivity, a hypothesis that requires testing.

Current molecular models of depression based largely on an-
imal data have emphasized the importance of synaptogenic
mechanisms in mediating the antidepressant effects of ketamine
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(Duman et al., 2012). In these models, blockade of NMDA recep-
tors by ketamine causes increased activity at AMPA receptors,
which causes increased activity of the mTOR signaling pathway,
which in turn triggers synthesis of synaptic proteins, such as Arc
and synapsin. Indeed, low doses of ketamine cause rapid in-
creases in spine numbers on layer V pyramidal cells of the pre-
frontal cortex (Li et al., 2010). However, it could be argued that
activation of the mTOR pathway may not be sufficient as an
explanation of the antidepressant effects of ketamine. It is well
known that a number of drugs of abuse that do not have antide-
pressant effects, including THC, morphine, alcohol, and cocaine,
also activate the mTOR signaling pathway (Neasta et al., 2014).
Indeed activation of the mTOR pathways may be a mechanism
underlying addictive behaviors (Neasta et al., 2014), but given its
general role in mediating long-term plasticity (Costa-Mattioli
and Monteggia, 2013), it may serve the more general function of
adapting the brain to remaining in its current dynamical state.
We therefore speculatively propose that the antidepressant ac-
tions of ketamine may depend on both its ability to reduce hy-
perconnectivity and its activation of synaptogenic mechanisms.
This can cause long-term stabilization of these changes allowing
brain networks to restabilize in a different part of state-space.
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