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Systemic doses of the psychotomimetic ketamine alter the spectral characteristics of hippocampal and prefrontal cortical network activity.
Using dynamic causal modeling (DCM) of cross-spectral densities, we quantify the putative synaptic mechanisms underlying ketamine
effects in terms of changes in directed, effective connectivity between dorsal hippocampus and medial prefrontal (dCA|-mPFC) cortex
of freely moving rats. We parameterize dose-dependent changes in spectral signatures of dCAI-mPFC local field potential recordings,
using neural mass models of glutamatergic and GABAergic circuits. Optimizing DCMs of theta and gamma frequency range responses,
model comparisons suggest that both enhanced gamma and depressed theta power result from a reduction in top-down connectivity
from mPFC to the hippocampus, mediated by postsynaptic NMDA receptors (NMDARs). This is accompanied by an alteration in the
bottom-up pathway from dCA| to mPFC, which exhibits a distinct asymmetry: here, feed-forward drive at AMPA receptors increases in
the presence of decreased NMDAR-mediated inputs. Setting these findings in the context of predictive coding suggests that NMDAR
antagonism by ketamine in recurrent hierarchical networks may result in the failure of top-down connections from higher cortical regions
to signal predictions to lower regions in the hierarchy, which consequently fail to respond consistently to errors. Given that NMDAR
dysfunction has a central role in pathophysiological theories of schizophrenia and that theta and gamma rhythm abnormalities are evident
in schizophrenic patients, the approach followed here may furnish a framework for the study of aberrant hierarchical message passing (of

INTRODUCTION

Coordinated oscillations in membrane potentials provide a
basis through which information can be integrated across
neuronal populations at multiple timescales (Varela et al,
2001; Fries, 2005). For example, numerous investigations of
prefrontal and hippocampal circuits in both rodents and
humans highlight the importance of theta (4-10Hz) and
gamma (32-150Hz) rhythms and their interaction for
the successful integration of both spatial and non-spatial
information during goal-directed behaviors (Jones and
Wilson, 2005; Sirota et al, 2008; Anderson et al, 2010;
Benchenane et al, 2010; Hyman et al, 2010; Womelsdorf
et al, 2010; Brockmann et al, 2011). These oscillatory
rhythms emerge from interactions between excitatory
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prediction errors) in schizophrenia—and the false perceptual inferences that ensue.
Neuropsychopharmacology (2015) 40, 268-277; doi:10.1038/npp.2014.184; published online 20 August 2014

glutamatergic and inhibitory GABAergic neurotransmis-
sion, which are in turn subject to behavior-dependent
neuromodulation. Hence, as features of circuit activity
measurable in both animal models and in clinical neuro-
physiology, they offer a translational bridge between
molecular-synaptic substrates and associated behavior.
Dynamic causal modeling (DCM) is also a powerful means
to interpret the fMRI data increasingly available from
animal and human studies, for example, Gass et al (2014).

It is rarely possible to directly measure synaptic effects
and neural network effects simultaneously in conscious
subjects. Here, we therefore apply DCM (Moran et al, 2011)
to infer the synaptic basis of ketamine-induced theta-
gamma derangements in the interconnected neural circuits
of the rat hippocampus and prefrontal cortex. Given
that ketamine’s effects at NMDA receptors (NMDARs)
are known to impact downstream receptor signaling—for
example, by enhancing AMPA-mediated responses
(Moghaddam et al, 1997)—we used DCM in order to
identify multivariate changes in the circuit. Specifically, we
applied different DCMs for cross-spectral densities (Friston
et al, 2012) to characterize hippocampal and prefrontal
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neural network oscillations in terms of biologically realistic
models comprising interacting neural ensembles. Applying
and comparing different models allows one to estimate the
most plausible changes to synaptic parameters following
ketamine administration. For example, a model could allow
ketamine to alter prefrontal NMDARs on inhibitory cell
populations, or excitatory cell populations, or both; using
spectral analysis of local field potential data to provide
probabilistic evidence for these competing scenarios, the
most likely changes under ketamine can be deduced for
an active prefrontal-hippocampal circuit. In other words,
estimates of synaptic responses within each neuronal
ensemble (Moran et al, 2011), the effective connectivity
between ensembles in interconnected brain regions (Friston
et al, 2012), and how these parameters are altered under
pharmacological challenge (Moran et al, 2011) can be
inferred, given a realistic biophysical model, and empirical
data. Importantly, as DCM has been widely applied in
human neuroimaging studies (Friston et al, 2013), the
approach presented here is amenable to human schizo-
phrenic patient studies, where similar oscillatory abnorm-
alities have been observed (Basar-Eroglu et al, 2007;
Uhlhaas and Singer, 2010).

The disconnection hypothesis of schizophrenia (Friston,
1998) pointed to abnormalities in the modulation of
NMDAR-dependent plasticity (connectivity) by dopamine
and/or acetylcholine. Individual differences in the expres-
sion of this pathophysiology may explain the spectrum
of symptoms, clinical outcome, and treatment response
across schizophrenic patients (Stephan et al, 2009). From a
predictive coding perspective (Dolan et al, 1999; Corlett
et al, 2007; Fletcher and Frith, 2009; Adams et al, 2013), a
malfunction of neuromodulation (eg, dopaminergic trans-
mission) is expected to cause a shift in the relative precision
of regional inputs, resulting in a predominance of bottom-
up, sensory-driven signals, which report sensory prediction
errors (Adams et al, 2013). This shift has been proposed as
an early (prodromal) deficit that underlies abnormal
learning over longer-time periods, in order to accommodate
(explain away) unexpected bottom-up inputs (Corlett et al,
2011). Ketamine has been shown to disrupt neuronal
connections responsible for reporting prediction errors
(Schmidt et al, 2013) and has been proposed as a model of
early-stage disease processes (Corlett et al, 2007).

Recent developments in DCM provide biophysical models
with the necessary architecture to test these predictive
coding theories (Bastos et al, 2012). The models now
incorporate separate populations of pyramidal cells to
represent the main source of forward and backward
connections, respectively (Douglas and Martin, 1991). They
also contain glutamatergic receptors of different types
(NMDARs and AMPARs; Moran et al, 2011). Thus,
sensory-bound and prediction-related signals emanating
from lower and higher-level cortical regions can be
disentangled. In addition, whether ketamine has distinct
effects on prefrontal (top-down) and hippocampal (bottom-
up) connectivity can be assessed given the distinct afferent
and efferent pyramidal cell model (Figure 1a).

Here, we examine the synaptic mechanisms of alterations
in CAI-mPFC population activity under ketamine in
behaving rats. Using high temporally and spatially resolved
local field potential data, we investigate whether our models
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can identify ketamine-induced changes in spectral finger-
prints and propose a plausible circuit reorganization
underlying these data features.

MATERIALS AND METHODS
Electrophysiological Recordings

Experiments were performed on 10 adult male Long-Evans
rats (320-450g; Harlan, UK), and were conducted in
accordance with the Animals (Scientific Procedures) Act,
1986 (UK) and the University of Bristol Ethics Committee.
Rats were anesthetized with isoflurane and implanted with
arrays of adjustable tetrodes targeted to the mPFC
(+3.2mm, +0.6mm relative to bregma) and ipsilateral
CAl of the dorsal hippocampus (—3.6mm, -+ 2.0mm).
Following recovery, tetrodes were advanced daily over the
course of approximately 7 days until they were at the desired
depth based on neurophysiological hallmarks (pyramidal
cell spiking and ripple activity for CA1). Recording locations
were verified in a subset of animals by post-mortem
electrolytic lesioning of tissue around the tip of each tetrode.

Before recording, rats were habituated to the recording
environment, a walled circular arena of 1.5m diameter.
During recording, tetrodes were connected to a Digital Lynx
recording system (Neuralynx, MT) via a HS-36 unity gain
headstage and counterbalanced fine-wire tether. Differential
recordings of LFP (sampled at 2.034kHz per channel and
filtered between 1 and 475Hz) and unit activity (sampled at
32kHz and filtered between 600 and 6000 Hz) were made
using Cheetah software (Neuralynx, MT). mPFC recordings
were referenced against electrodes implanted in superficial
areas of the mPFC that exhibited no large amplitude spiking
activity, whereas dCA1l signals were referenced against
electrodes positioned in the overlying white matter. Ground
wires were connected to screws attached to the skull over the
cerebellum.

Ketamine Administration

Following connection to the recording system, baseline
recordings were made for at least 30 min before intraper-
itoneal administration of a saline vehicle or ( + )-ketamine
(Vetalar V, Pfizer Animal Health). Recordings were then
continued for 60-90-min post-injection, but we restricted
our analyses to 5-min epochs recorded 10-15 min after each
injection, when ketamine had its peak effects on LFP power.
Rats were allowed to move freely in the familiar circular
open field throughout. Five animals received only saline
vehicle plus an 8 mg/kg ketamine dose; a further five animals
received saline vehicle and ketamine at doses of 2, 4, 8, and
30 mg/kg. For all animals, gaps of at least 48 h were imposed
between injections and the order in which different doses
were received was randomized. For the current analysis, we
collapsed within dose levels (across animals) after spectral
estimation and model a single grand-averaged data set.

Data Pre-Processing: Evaluating Cross-Spectral
Densities

For each recording, LFP analyses were performed on data
recorded from single channels in mPFC and CAl. For the
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Dynamic causal Modeling. (a) Top: the neural mass model used to represent each source. Three neuronal sub-populations represent each

source, with two pyramidal cell populations. Glutamatergic within source (intrinsic: gray arrows) and between source (extrinsic: gray arrows) connections are
mediated by AMPARs and NMDARs. Intrinsic GABAergic currents (red arrows) are mediated through GABA receptors. In our model, comparison of 10
possible effects of ketamine were tested (blue text): all models allowed for extrinsic NMDA and AMPA mediation. Models |5 allowed extrinsic modulation
at pyramidal cells, whereas models 6—10 allowed for extrinsic modulations at pyramidal cells and interneurons. Within these groups, models were tested
which had ketamine effecting either inhibitory connections intrinsically (models |, 2, 6, and 7) or local feedback inhibition onto particular cells types (models
3,4,5,8,9, and 10). All models included intrinsic ketamine effects at NMDARs. Bottom: tetrode electrodes in dorsal CAl and medial PFC were analyzed
using DCM. Cross-spectral densities were computed and served as data features to optimize a network model comprising a multi-layered hippocampal
formation and mPFC. (b) Bayesian model comparison was used to assess the intrinsic modulation that best described ketamine-induced changes in spectral
(theta and gamma) responses. Model 5, the winning model included parametric dose effects at intrinsic NMDAR channels and of local feedback inhibition at
the output pyramidal cell layer (in dCAl in HPC and deep layers of mPFC). Extrinsic connections in model 5 targeted the pyramidal sub-populations only.
(c) Locomotion measured for five animals in the open-field arena over four dose levels (vehicle, 2, 4, 8 mg/kg). Significant increases in locomotive activity

were evident at 8 mg/kg compared with a dose level of 2 mg/kg and compared with vehicle; *#P<0.05 corrected Wilcoxon rank sum test.

mPFC, this channel was selected on the basis of its projected
depth calculated from the number of turns the tetrode was
advanced, whereas the CA1 channel was selected based on
maximal ripple amplitude.

From each tetrode channel, we extracted contempora-
neous prefrontal and hippocampal time series. These
were first downsampled to 200Hz and bandpass filtered
from 1 to 85Hz using the preprocessing tools in SPM12
http://www fil.ion.ucl.ac.uk/spm/. For each animal, data
were then organized into 10-s epochs. From these epochs,
we constructed grand-averaged spectral responses. In the
gamma band, we obtained complex cross-spectra: from 40
to 75 Hz at 1-Hz resolution for vehicle, 2, 4, 8, and 30 mg/kg.
In the theta band, we obtained complex cross-spectra:
from 2 to 10 Hz at 1-Hz resolution. We obtained these for
vehicle, 2 and 4 mg/kg doses to minimize the confound
of locomotive effects contributing to theta power changes
(see Results section). These formed the data features for the
subsequent inversion of DCMs.
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DCM of Cross-Spectra in Prefrontal-Hippocampal Circuit

DCM uses a biophysical model of neuronal responses based
on neural mass models (David et al, 2006; Marreiros et al,
2009) to predict electrophysiological data. Synaptic re-
sponses are modeled within hippocampal and prefrontal
regions (at pyramidal cells and inhibitory interneurons) and
between prefrontal and hippocampal regions (at afferent
pyramidal cells). Model inversion means optimizing the
parameters of a particular model (Figure 1a) to best predict
a given data set. We apply model inversion to the cross-
spectral data features described above to optimize the
parameters of different receptor-mediated synaptic re-
sponses. Model inversion returns the optimized neural
mass model parameters and also an approximation to the
probability of the model itself. This approximation (given
uniform prior probabilities over models) is used to directly
evaluate the overall circuit architecture that best explains
the data at different doses of ketamine.
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We tested 10 possible model architectures for generating
theta and gamma spectra using an adapted ‘CMM_NMDA’
neural mass model as implemented in the DCM suite
in SPM12 (http://www.fil.ion.ucl.ac.uk/spm/). All DCMs
used conductance-based neural mass models representing
hippocampal and prefrontal sources (David et al, 2004;
Moran et al, 2011) with three cell sub-populations. For both
sources, two pyramidal cell populations and one population
of inhibitory interneurons were used (with pyramidal
cells representing superficial and deep layer ensembles in
PFC and perforant path, CA3 and CA1l ensembles in HPC)
(Figure la).

In summary, we tested two broad types of extrinsic
architectures in which extrinsic connections (ie, afferent
input originating outside mPFC or dCAl) targeted both
pyramidal cells and inhibitory interneurons, or just
pyramidal cells. Within these two families, we allowed
ketamine to modulate NMDARs targeted by extrinsic and
intrinsic connections, in addition to modulating one of five
local feedback inhibitory connections.

Differences in model architectures were expressed as
different extrinsic (between region) connections and
different possible ketamine modulations intrinsic to
each region. Specifically, given that neurons in CAl send
direct projections to mPFC (Swanson 1981), whereas deep
cells in mPFC excite CAl indirectly via a polysynaptic
(perforant) pathway, five models (models 1-5) were
considered, where only pyramidal cells were excited by
extrinsic glutamatergic connections. In contrast, models
6-10 were constructed such that the glutamatergic long-
range connections excited both pyramidal cells and
inhibitory interneurons in the respective target region
(Tierney et al, 2004; Figure la). In all models, extrinsic
connections affected both AMPARs and NMDARs, which
we modeled separately.

We also tested competing mechanisms for how ketamine
would affect synaptic processes intrinsic to the two regions.
Although all our models considered a parametric effect of
ketamine dose on intrinsic NMDARs, we tested whether
ketamine also affected local inhibitory dynamics (red
arrows, Figure la). Specifically, models 1 and 6 allowed
for ketamine-induced changes in feed-forward inhibition
from GABAergic interneurons to output pyramidal cells.
Models 2 and 7 allowed for ketamine-induced changes in
feed-back inhibition from GABAergic interneurons to input
pyramidal cells. The remaining models represented changes
in local feedback inhibition. These feedback inhibitory
connections onto pyramidal cell populations represent
the inverse gain or signal-to-noise ratio (SNR) of each
sub-population, where high values represent low SNR and
diminished correlated activity among constituent neurons.
Models 3 and 8 tested for ketamine effects on local feedback
inhibition at input pyramidal cells, models 4 and 9 tested
for ketamine effects on local feedback inhibition at
inhibitory interneurons, and finally, models 5 and 10 tested
for ketamine effects on local feedback inhibition at the
output pyramidal cell population.

Our lead field (the mapping from membrane potentials
to channel recordings) was constructed with a priori
weights such that output cells—representing dCA1 and
deep pyramidal cells in mPFC—contributed 100% of the
recorded signal.

Losing control under ketamine
RJ] Moran et dl

Bayesian Model Inversion and Selection

Model inversion involved fitting each competing model to
the cross spectral densities in the theta and gamma
frequency domains. A standard variational (Laplace)
Bayesian scheme was used to approximate the conditional
density over parameters by maximizing a negative free
energy bound on log-model evidence (Friston et al, 2007).
This inversion was used to assess which models (1-10) best
explained the theta and gamma changes. The negative free
energy was used for model selection using a fixed effects
analysis to pool evidence from the theta and gamma
responses (Stephan et al, 2009). Given the winning model,
the posterior densities of the ketamine-dependent modula-
tions were assessed for their consistency in describing theta
and gamma changes. Below, we report the parametric
modulations, that is, modulations weighted by the dose of
ketamine at each recording, in terms of the posterior
density over the direction of the drug effect. In summary,
the effects of ketamine were modeled with eight parameters;
modulations of extrinsically driven AMPA and NMDA
responses (four modulatory parameters), intrinsically
driven NMDA responses (two parameters), and intrinsically
driven GABAergic/gain responses (two parameters).

RESULTS
Behavior in Open Field

Locomotor activity levels in the open-field arena were
measured from video during the 5-min post-injection
recording periods. Increases in movement speed over four
dose levels (vehicle, 2, 4, 8 mg/kg; n = 5) were observed, but
significant increases in locomotive activity were only
evident following 8 mg/kg (median speed 11.4+2.1m/s)
compared with a dose level of 2mg/kg (5.0 £1.2m/s) and
vehicle (5.0+0.7m/s) P<0.05 corrected Wilcoxon rank
sum test. These behavioral effects are presented in Figure 1c
and illustrate progressive increases in locomotion with
increasing ketamine dose.

Model Structure for Theta and Gamma Cross-Spectra

We investigated spectral responses in mPFC and dorsal
hippocampus in the theta and gamma frequency ranges, as
oscillations at these frequencies and in these structures are
consistently implicated in schizophrenia—and have been
previously shown to be modified by ketamine (Lazarewicz
et al, 2010; Uhlhaas, 2013). Ketamine administration simulta-
neously (1) enhanced gamma activity, with effects observed
throughout the network but with greater power changes in
mPFC (Figure 2a) and (2) reduced theta activity throughout
the network, particularly in the hippocampal formation,
culminating in profoundly reduced dCA1-mPFC cross-
spectral density in the theta frequency range (Figure 2b).

To characterize the neuronal mechanisms underlying
these changes in cross-spectra, we examined model
properties across 40-75Hz and from 2 to 10 Hz. Models
comprising different extrinsic connectivity (Gabbott et al,
2002) and different intrinsic effects of ketamine were
inverted. Bayesian model comparison revealed that the best
model for explaining the data across theta and gamma
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Figure 2 Cross-spectral densities and model fits. (a) Grand-averaged data (n = 10) in the gamma band (dashed line) were computed from 40 to 75 Hz
Ketamine dose (black lines: vehicle, navy lines: 2 mg/kg, cyan lines: 4 mg/kg, green lines: 8 mg/kg, red lines 30 mg/kg) increases gamma power in both auto and
cross-spectral measures. DCM fits (full line) recapitulated this key feature of ketamine modulation. (b) Theta band cross-spectral densities from 2 to 10 Hz
were computed for vehicle (n=10) and ketamine doses at 2 (n=15) and 4 (n=15) mg/kg (dashed lines). In contrast to gamma, these densities showed a
profound decrease in power in both regions, particularly in the hippocampus. DCM fits captured this theta effect (solid line).

ranges was model 5, which proved superior to the next best
model (model 1) by a log-Bayes factor >2000 (Kass and
Raftery, 1995) corresponding to a posterior model prob-
ability of almost 100% (Figure 1b). Model 5 comprised
extrinsic connections (eg, glutamatergic afferents to mPFC)
that affected only pyramidal cells (models 6-10 consisted of
region-to-region connections that affected both pyramidal
cells and inhibitory interneurons). Within a region, model
5, allowed for ketamine modulation of local feedback
inhibition on output pyramidal cells (in dCAl1 and deep
layers of mPFC) as well as ketamine modulation of intrinsic
NMDA responses (present in all models). Thus, ketamine
altered three separable aspects of prefrontal-hippocampal
circuitry: reciprocal drive between dCAl and mPFC
pyramidal cells, signaling by output from dCA1 and mPFC
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pyramidal cells, and NMDAR-mediated drive within dCA1
and mPFC.

The optimal model here—model 5, represented the best
balance of accuracy and complexity (Penny et al, 2004),
accurately recapitulating ketamine’s key effects on gamma
and theta rhythmicity. Specifically, in the gamma band,
parameter changes produced power and frequency altera-
tions in auto- and cross-spectral measures (Figure 2a).
Enhanced power was reproduced by the modulation of
extrinsic and intrinsic responses, while also mimicking the
reduced frequency at high (30 mg/kg) doses observed in
prefrontal autospectra and cross-spectra. In the theta range,
model fits showed similarly strong correspondence to the
empirical data (Figure 2b), where spectral power reduced
according to the parametric effects on synaptic model



parameters. Here the optimization was constrained to doses
<8 mg/kg where locomotive effects were not significantly
different from vehicle—as theta frequency and power both
increase with running speed under physiological conditions
(McFarland et al, 1975). We included dose level 4 mg/kg
despite some animals exhibiting heightened locomotive
activity (Figure 1c). However, our models were computed
on pooled data and so the significant 8 mg/kg level was used
as a cutoff.

Parametric Effects of Ketamine on Extrinsic
Cortico-Cortical Connections

Given that model 5 had been selected on the basis of both
theta and gamma frequency-range responses, we next tested
for common modulatory effects of ketamine. In other
words, we sought parameters that showed a positive or
negative modulation for both the theta suppression and
gamma enhancement effects. We studied the eight mod-
ulatory parameters comprising: (i) extrinsic connections
from deep prefrontal pyramidal cells driving HPC AMPARs,
(ii) extrinsic connections from CAl pyramidal cells driving
mPFC AMPARs, (iii) extrinsic connections from deep
prefrontal pyramidal cells driving HPC NMDARs, (iv)
extrinsic connections from CAl pyramidal cells driving
mPFC NMDARs, (v and vi) intrinsic excitatory responses at
NMDARs in both regions, and (vii and viii) local feedback
inhibition of output cells in CA1 and mPFC. To assess the
significance of each modulatory effect, we used the poster-
ior density following Bayesian parameter averaging over
both frequency bands. Below, we report effects with a 95%
or more posterior confidence. For completeness, we also
report the posterior probability for each frequency band to
illustrate their consistency.

Given ketamine’s potential NMDA-blocking and AMPA-
promoting properties at cortical synapses, we parameter-
ized these effects separately. Consistent (theta and gamma
optimized) effects were observed for NMDAR-mediated
top-down control. Specifically, the input to the hippocampal
source was modulated by ketamine dose at NMDARs only,
with a posterior probability of 100% (100% in the gamma
range model and 69% in the theta range model). This
modulation reduced NMDAR-mediated (Figure 3a) inputs
from 100% (vehicle) to 96% (2 mg/kg) and 92% (4 mg/kg) in
the theta model and to 78% (2mg/kg), 62% (4 mg/kg),
38% (8mg/kg), and 3% (30mg/kg) in the gamma model
(Figure 3a). The Bayes-averaged estimate (Stephan et al,
2009) reflected this top-down NMDAR-mediated reduction,
and also revealed a significant (>95% probable) reduction
in top-down AMPAR-mediated control, although these were
not consistent across data features and emerged from the
gamma model only.

Conversely, bottom-up connectivity was altered asymme-
trically at AMPA and NMDARs (Figure 3a). Here, for the
theta and gamma models, the drive to mPFC from CA1 was
enhanced at AMPARs but depressed at NMDARs under
ketamine. Marked AMPA-based forward enhancements
were found for both data ranges; with theta-expressing
increases to 136% (2 mg/kg) and 184% (4 mg/kg) relative to
100% vehicle baseline with a posterior probability of 99%
and with gamma-expressing increases to 104% (2 mg/kg),
108% (4mg/kg), 117% (8 mg/kg), and 183% (30 mg/kg)
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relative to vehicle baseline with a posterior probability of
91% (Figure 3a). Feed-forward connectivity mediated via
NMDARSs was, in contrast, reduced: reductions were evident
in the theta model at 47% (2mg/kg) and 22% (4 mg/kg)
relative to 100% vehicle baseline with a posterior prob-
ability of 100%; in the gamma model levels of connectivity
dropped to 94% (2 mg/kg), 89% (4 mg/kg), 78% (8 mg/kg),
and 40% (30mg/kg) relative to vehicle baseline with a
posterior probability of 98% (Figure 3a).

Parametric Effects of Ketamine on Intrinsic Regional
Connections

In order to quantify changes in intrinsic (within region)
excitability across drug doses, we performed a similar
analysis for the parametric modulation of local NMDAR-
mediated transmission and the local feedback inhibition on
output pyramidal cells. Consistent modulation was only
observed for the hippocampal source (Figure 3b). Here, as
expected, the parameter describing parametric effects on
intrinsic NMDAR drive was reduced across doses to 61%
(2mg/kg) and 37% (4mg/kg) relative to 100% vehicle
baseline in the theta model and, in the gamma model to
73% (2 mg/kg), 54% (4mg/kg), 29% (8 mg/kg), and 1%
(30mg/kg). Both effects and their Bayesian parameter
average had a posterior probability of 100% (Figure 3b).
Downstream from these effects, we observed a consistent
upregulation of the local feedback inhibition representing
reduced SNR at the output of the hippocampus. In the theta
model, the enhancement effect was large, exhibited at a level
of 423% (2 mg/kg) and 1793% (4 mg/kg) relative to 100%
vehicle baseline with a posterior probability of 100%; and in
the gamma model a smaller increase to 108% (2 mg/kg),
116% (4 mg/kg), 136% (8 mg/kg), and 320% (30 mg/kg) with
a posterior probability of 0.99 was observed (Figure 3b).

DISCUSSION

Our results implicate a hierarchical asymmetry in cortico-
hippocampal circuits induced by ketamine: enhanced
gamma and suppressed theta rhythmicity is accompanied
by reduced net drive from mPFC to dCA1l and increased
dCAl-to-mPFC drive via AMPA receptors. This DCM-
derived analysis supports and extends previous models of
hippocampal (Lisman and Buzsaki, 2008; Lisman, 2012) and
prefrontal (Yang et al, 1999) dysregulation as a factor in the
pathophysiology of schizophrenia by linking ketamine’s
effects on specific classes of receptors and synapses to
network-level oscillatory activity of CA1-mPFC local field
potentials.

Aberrant neural oscillations have been suggested to
represent a core feature of the pathophysiology of schizo-
phrenia (Uhlhaas and Singer, 2006, 2010; Sun et al, 2011),
although the direction and extent of changes in power and
covariance across theta and gamma frequencies are highly
dependent upon patient, brain region, and behavioral
context. Reductions in gamma synchrony among disparate
brain areas have been observed in patient populations (Lee
et al, 2003; Mulert et al, 2011) and have been proposed as a
framework for understanding inappropriate sensory bind-
ing (Lee et al, 2003; Uhlhaas and Singer, 2010). Consistent
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Figure 3 Parametric effects of ketamine on cortico-hippocampal connections. (a) Consistent (positive or negative) modulatory effects of theta and
gamma optimized parameters were investigated. Overall top-down connections were reduced and bottom-up connections increased (at fast ionotropic
receptors) under ketamine. Parametric effects of ketamine that were consistent across theta and gamma ranges, included (top two panels, black bars)
NMDAR-mediated responses, which decreased parametrically with dose from HPC to mPFC and from mPFC to HPC. In contrast, AMPAR-mediated
forward connection from CAl to mPFC increased with increasing ketamine dose (bottom panel, green bars). (b) Consistent modulations of intrinsic
connections by ketamine. Only hippocampal parameters were consistent across the two data ranges. These exhibited a dose-dependent decrease in
intrinsically excited NMDARs (top panel, black bars). This was accompanied by an increase in local feedback inhibition onto CAl pyramidal cells (red bars).
This latter effect is a lumped representation of several putative synaptic mechanisms, including GABAergic effects, dopaminergic neuromodulation, and

hyperpolarizing currents.

with rodent data, ketamine has been reported to augment
gamma oscillations, while reducing lower frequency
(1-5Hz) oscillations in humans (Hong et al, 2009). In light
of recent suggestions that stochastic bursts of gamma may
act to synchronize neuronal activity (Xing et al, 2012),
sustained and elevated gamma power induced by ketamine
may constitute ‘noise’, disrupting information processing by
pyramidal cell assemblies. This effect may also be reflected
by disrupted phase relationships between theta and gamma
rhythms following ketamine (Caixeta et al, 2013).

The net effects of systemic ketamine on CAI-mPFC
circuits result from a complex array of direct and indirect
actions on glutamatergic neurotransmission, alongside
associated disruption of GABAergic, dopaminergic,
serotonergic, and/or cholinergic mechanisms (Kapur and
Seeman, 2001; Moghaddam, 2003; Corlett et al, 2007; Ma
et al, 2012; Moghaddam and Krystal, 2012). In particular,
the ‘disinhibition’ model of ketamine’s actions points
to a reduced NMDAR-mediated drive of GABAergic
interneurons, which—together with enhanced glutamate
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release—triggers ~ pyramidal = neuron  hyperactivity
(Homayoun and Moghaddam, 2007). This model is sup-
ported by recent work showing elevated gamma rhythmicity,
reduced theta rhythmicity, and attenuated sensitivity to
NMDA-R antagonists in mice lacking functional NMDA-R
selectively on  parvalbumin-expressing interneurons
(Korotkova et al, 2010; Carlen et al, 2012). However, we
did not find a preferential effect of ketamine on interneurons,
instead observing the largest intrinsic effects to occur at
pyramidal cells, where ketamine reduced input reliability by
boosting local feedback inhibition (Figure 3b).

This apparent discrepancy may arise because chronic
NMDA-R knockdown is likely to culminate in different
effects on network activity than acute NMDA-R blockade.
Also, our models do not attempt to capture the full inter-
neuronal diversity of CA1-mPFC networks. For example,
the hippocampus incorporates circuit where local inhibitory
processing can exhibit diverse effects and recent work has
shown that ketamine differentially impacts theta oscillations
along the septotemporal axis of rat hippocampus (Hinman



et al, 2013). However, like knockout of NMDA-R on
parvalbumin-expressing interneurons, pyramidal neuron-
selective ablation of functional NMDA-R also leads to
enhanced CAl gamma rhythms in addition to impaired CA1l
pyramidal cell spatial information coding (Cabral et al,
2014; McHugh et al, 1996). These latter results are in
keeping with our DCM-based predictions, and suggest that
the relative contributions of NMDA-R at different synaptic
locations to ketamine-induced activity remain to be fully
resolved.

In the hippocampus, we find that a decrease in intrinsic
NMDAR-mediated excitation is accompanied by a ketamine-
induced enhancement of local inhibitory feedback onto
pyramidal cells in CAL. Although the first intrinsic effect is
expected given ketamine’s NMDAR-blocking properties,
the secondary modulation of output cells—that give rise to
‘bottom-up’ signals to mPFC—is less well established.
Notably, it is the strongest ketamine-induced effect we
observed. The model parameters determining local feedback
strength are an amalgamated representation designed to
capture multiple potential mechanisms that underpin synap-
tic gain. The ketamine-induced increase in these parameters
could reflect enhanced local interneuronal input, hyperpolar-
izing currents (eg, through blockade of HCN1 channels; Chen
et al, 2009) or dopaminergic modulation at D2 receptors
(Becker et al, 2003), and is consistent with a recent report
showing that ketamine can enhance gamma oscillations
by slowing the decay kinetics of GABA, receptor-mediated
IPSCs (McNally et al, 2011). In our model, enhanced
local feedback inhibition would predict impaired coordi-
nated activity amongst coactive pyramidal cells following
ketamine—this should be tested directly, but is consistent
with reduced correlated activity following knockout of
NMDAR from CAl pyramidal cells (McHugh et al, 1996).
Direct measures of dCA1 interneuronal firing rates following
ketamine would also be useful in testing our predictions.

Extrinsically, our connectivity results were predicted by
theoretical considerations (Adams et al, 2013) and corro-
borate a recent fMRI-based analysis showing increased
cortico-cortical and CA1-PFC interactions following keta-
mine in rat (Gass et al, 2014). Corlett et al (2011) place the
multi-faceted effects of ketamine on network interactions
within a predictive coding framework, prescribing a
Bayesian model by which synaptic dysfunction can be
linked to symptoms of psychotic illness. They argue that
ketamine ‘deranges the ability’ of neurons to specify prior
expectations about inputs (NMDAR-mediated top-down
dysfunction) and leads to over-responding to violations or
errors in predictions with new learning (AMPAR-mediated
bottom-up dysfunction), instantiating a cycle of disruptive
belief formation and false inference. This may be reflected
by NMDAR antagonist-induced impulsive behavior
(Gastambide et al, 2013). Our results support this mechan-
istic description, and furthermore show that reduced
NMDA effects may also have a role in aberrant hippocampal
signaling to prefrontal regions. Our analysis of these acute
effects of ketamine may be a more appropriate analogy of
the prodromal phase of schizophrenia (Honey et al, 2008)
rather than later, at disease manifestation. This is consistent
with recent imaging studies in rodents, which also suggest
aspects of frontal hyperconnectivity following acute keta-
mine (Gass et al, 2014; Dawson et al, 2014).
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In the neurobiological accounts of hierarchical cortical
message passing using predictive coding, backward connec-
tions from deep pyramidal cells deliver the prediction of
expectations in lower regions, while superficial pyramidal
cells (or here, pyramidal cells in the CAl output region)
report prediction errors from these lower regions (Friston,
2005, 2010). In our models, we retain the key elements of this
message passing, in particular the distinction between afferent
and efferent pyramidal populations. Top-down signals from
regions higher in the cortical hierarchy have recently been
shown to subserve conscious processing in an analysis of
patients suffering disorders of consciousness (Boly et al,
2011). A similar feature emerged under propofol anesthesia in
healthy controls, where a necessary mediator of loss-of-
consciousness was a decrease in backward cortico-cortical
connectivity from frontal to parietal cortices (Boly et al,
2012). The effects observed here share similar connectivity
profiles, with increasing doses of ketamine inducing a
parametric decrease in top-down connectivity, which emerges
with enhanced, fast bottom-up signals. (Kapur, 2003; Corlett
et al, 2007; Fletcher and Frith, 2009; Roiser et al, 2009).

In summary, we find that ketamine-induced disruption
of local glutamatergic and GABAergic signaling in CAl
and mPFC culminate in attenuation of top-down control
accompanied by an amplification of fast ionotropic bottom-
up signaling. These synaptic effects may underlie a
functional cortico-hippocampal dysconnection that is
dominated by overly precise bottom-up prediction error
signals. This fits comfortably with a failure to attenuate
sensory precision and consequent false inference (and
resistance to illusions) that attends the trait abnormalities of
schizophrenia (Adams et al, 2013).
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