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Abnormalities in oscillations have been suggested to play a role in schizophrenia. We studied theta-modulated gamma oscillations in a
computer model of hippocampal CA3 in vivo with and without simulated application of ketamine, an NMDA receptor antagonist and
psychotomimetic. Networks of 1200 multicompartment neurons [pyramidal, basket, and oriens-lacunosum moleculare (OLM) cells]
generated theta and gamma oscillations from intrinsic network dynamics: basket cells primarily generated gamma and amplified theta,
while OLM cells strongly contributed to theta. Extrinsic medial septal inputs paced theta and amplified both theta and gamma oscilla-
tions. Exploration of NMDA receptor reduction across all location combinations demonstrated that the experimentally observed ket-
amine effect occurred only with isolated reduction of NMDA receptors on OLMs. In the ketamine simulations, lower OLM activity reduced
theta power and disinhibited pyramidal cells, resulting in increased basket cell activation and gamma power. Our simulations predict the
following: (1) ketamine increases firing rates; (2) oscillations can be generated by intrinsic hippocampal circuits; (3) medial-septum
inputs pace and augment oscillations; (4) pyramidal cells lead basket cells at the gamma peak but lag at trough; (5) basket cells amplify
theta rhythms; (6) ketamine alters oscillations due to primary blockade at OLM NMDA receptors; (7) ketamine alters phase relationships
of cell firing; (8) ketamine reduces network responsivity to the environment; (9) ketamine effect could be reversed by providing a
continuous inward current to OLM cells. We suggest that this last prediction has implications for a possible novel treatment for cognitive

deficits of schizophrenia by targeting OLM cells.

Introduction

Schizophrenia, a debilitating psychiatric disease affecting almost
1% of the population, remains a clinical conundrum due to the
difficulty of connecting mind, thought, and behavior to underlying
brain, network, neuron and synapse function and dysfunction.
Recently, abnormalities in neural oscillations and synchroniza-
tion have been noted in schizophrenia (Uhlhaas and Singer,
2006). This is significant because neural oscillations have been
suggested as the underpinning of sensory binding (Gray and
Singer, 1989). From this emerges the hypothesis that cognitive
coordination, as a manifestation of oscillation-based neural co-
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ordination, might be disrupted in schizophrenia and other psy-
chotic disorders (Phillips and Silverstein, 2003; Olypher et al.,
2006; Uhlhaas et al., 2006b). Recent investigations supported
this, demonstrating visual perceptual organization abnormalities
in schizophrenia associated with abnormal gamma oscillations
(Uhlhaas and Silverstein, 2005; Uhlhaas et al., 2006a,b).

Hippocampus is centrally involved in the development of
schizophrenia (Heckers, 2001; Tamminga et al., 2010). Schizo-
phrenia patients have impaired hippocampal activity used in
memory formation (Holthausen et al., 2003) and encoding of
memory associations (Jessen et al., 2003; Achim et al., 2007).
Structural studies revealed bilateral hippocampal reductions
(Honea etal., 2005), as early as the first psychotic episode (Narr et
al., 2004), and in drug-naive patients (Szeszko et al., 2003).
Schizophrenia patients also have lower density of CA3 mossy
fibers (Kolomeets et al., 2007), reduction in NMDARs in CA3
(Dean et al., 1999), and smaller pyramidal neurons (Benes et al.,
1991; Zaidel et al., 1997).

Standard animal models of psychosis are induced by ketamine
or phencyclidine, NMDAR antagonists which produce psychotic
symptoms in normal individuals and worsen symptoms in
schizophrenic patients. Previously, we demonstrated that ket-
amine produced a decrease in theta (3—-12 Hz) and increase in
gamma (30—-100 Hz) power when given systemically in mouse
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(Ehrlichman et al., 2009; Lazarewicz et al., 2010). Human exper-
iments replicated this: ketamine reduced low-frequency oscilla-
tion amplitude (delta, 1-5 Hz, theta-alpha, 5-12 Hz) and
increased gamma amplitude (Hong et al, 2010). Increased
gamma power appears paradoxical: NMDAR antagonism would
be expected to reduce cell firing and reduce high-frequency ac-
tivity. The hypothesis of Greene (2001) resolves this, suggest-
ing that low concentrations of these psychotomimetics
selectively block NMDARs on inhibitory circuits, while high
concentrations produce anesthesia through antagonism of all
NMDA-dependent transmission.

Here, we investigate possible mechanisms of ketamine’s mode
of action in vivo with a biophysically realistic computer simula-
tion of hippocampus CA3. We first replicated baseline theta-
modulated gamma oscillations of local field potentials (LFPs)
observed experimentally. We then analyzed changes in these os-
cillations caused by removing NMDARs from combinations of
the different cell types in the model. We found that selective
blockage of NMDARSs on oriens-lacunosum moleculare (OLM)
cells reduced theta and amplified gamma power in agreement
with experimental observations. We were able to recover the nor-
mal theta-gamma phasic relationship with tonic current injec-
tion into OLM cells. Given the dynamical similarities between
hippocampus and neocortex, and the constant interactions between
these structures, we expect that our results will generalize to provide
better understanding of schizophrenia pathophysiology.

Materials and Methods

Simulations. Simulations were performed on a Linux system with 8 2.67
GHz Intel Xeon quad-core CPUs using NEURON (Hines and Carnevale,
1997). Eight seconds of simulation ran in ~3 min. To assess the robust-
ness of the results, we ran each simulation condition with 5 different
randomizations of synaptic inputs, and 5 different randomizations of
network connectivity. Simulations were run in the NEURON simulation
environment with python interpreter, multithreaded over 1632 threads
(Hines and Carnevale, 2001; Carnevale and Hines, 2006; Hines et al.,
2009). Analysis of simulation data was done with the Neural Query Sys-
tem (Lytton, 2006) and Matlab (MathWorks). The full model is available
on ModelDB (https://senselab.med.yale.edu/modeldb/showmodel.
asp?model=139421).

Cells and connections. The network consisted of 800 five-compartment
pyramidal cells, 200 one-compartment basket interneurons, and 200
one-compartment OLM interneurons (Wang and Buzsaki, 1996; Wang,
2002; Tort et al., 2007). Current injections (pyramidal cells: 50 pA; OLM
cells: —25 pA) were added to get baseline activity. This was a simplifica-
tion to substitute for absence of external inputs from other areas, and to
compensate for the small size of the model, which did not allow for much
self-activation. Periodic inhibition from medial septum (MS) paced in-
terneurons in all simulations except for those shown in Figure 5 (see
below) to model the function of medial septum as a pacemaker (Stewart
and Fox, 1990; Hangya et al., 2009). All cells contained leak current,
transient sodium current I, and delayed rectifier current I, _4,, to allow
for action potential generation. Additionally, pyramidal cells contained
in all compartments potassium type A current I;_, for rapid inactivation,
and hyperpolarization-activated current I, to allow for bursting. The
OLM cells had a simple calcium-activated potassium current Iy, to
allow long lasting inactivation after bursting, high-threshold calcium
current I; to augment bursting and to activate Iy, hyperpolarization-
activated current I, for bursting, and intracellular calcium concentration
dynamics. Selection of currents was based on prior published models
(Tort et al., 2007; Stacey et al., 2009).

Network schematic is shown in Figure 1. There were 152,000 synapses.
Pyramidal cell projections were mixed AMPA and NMDA response. Bas-
ket cells synapsed on the soma of both pyramidal cells and other basket
cells via GABA, receptors. OLM cells connected to distal dendrites of
pyramidal cells via GABA , receptors. AMPA and NMDA receptors had
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Figure1. Schematic representation of the network. Each symbol represents a population: P,
800 pyramidal cells; B, 200 basket cells; OLM, 200 OLM cells. Convergence values (number of
inputs for an individual synapse) are shown near synapses: GABA, receptors (filled circles),
AMPA receptors (open circles), NMDA receptors (open squares). External stimulation from other
areas was modeled by synaptic hombardment (synapses with truncated lines). Externally gen-
erated theta oscillations from the MS were imposed on OLM and basket cells.

Table 1. Synaptic parameters

Presynaptic ~ Postsynaptic ~ Receptor 7, (ms)  7,(ms)  Conductance (nS)
Pyramidal Pyramidal AMPA 0.05 53 0.02
Pyramidal Pyramidal NMDA 15 150 0.004
Pyramidal Basket AMPA 0.05 53 0.36
Pyramidal Basket NMDA 15 150 138
Pyramidal OLM AMPA 0.05 53 0.36
Pyramidal OLM NMDA 15 150 0.7
Basket Pyramidal GABA, 0.07 9.1 0.72
Basket Basket GABA, 0.07 9.1 45
OLM Pyramidal GABA, 0.2 20 72

MS Basket GABA, 20 40 1.6
MS OLM GABA, 20 40 1.6

reversal potentials of 0 mV, while GABA, receptors had reversal poten-
tials of —80 mV.

Connections in the network were set up based on fixed convergences
(Fig. 1). However, connectivity was random and specific divergence
could therefore vary. All synaptic delays between cells were 2 ms, to
simulate axonal propagation and neurotransmitter diffusion and bind-
ing, which were not explicitly modeled. Parameters were based on the
literature where available, as well as on previous models (White et al.,
2000; Tort et al., 2007). Parameters were tuned to reproduce theta (3-12
Hz), gamma (30-100 Hz), and theta-modulated gamma oscillations
with sparse firing of pyramidal cells. The medial septum input to in-
terneurons was simulated as 150 ms-interval synaptic conductances with
rise time of 20 ms, offset time of 40 ms, and reversal potential of —80 mV.

Synapses. Synapses were modeled by a standard NEURON double-
exponential mechanism with parameters based on Tort et al., 2007 (Ta-
ble 1). Magnesium block in NMDA receptors used the experimental
scaling factor 1/(1 + 0.28 - Mg - e~ %°°2"V); Mg = 1 mm (Jahr and Ste-
vens, 1990). At =75 mV, AMPA response peak amplitude was 1.15 mV
and NMDA response peak amplitude was 0.1 mV, whereas for —61 mV
they were 1.75 mV and 0.65 mV, respectively.

Background activity. Throughout the simulation duration, back-
ground activity was simulated by synaptic excitatory and inhibitory in-
puts following a Poisson process, sent to somata of all cells and dendrites
of pyramidal cells (Table 2). Fast background activity consisted of AMPA
and GABAergic bombardment at 1000 Hz. Slow activity used activation
of the NMDA receptors at a mean frequency of 10 Hz. These inputs
represented the influence of surrounding excitatory and inhibitory cells
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Table 2. Parameters for modeling background activity

Cell Section Synapse 7, (ms) 7, (ms) Conductance (nS)
Pyramidal Soma AMPA 0.05 53 0.05

Pyramidal Soma GABA, 0.07 9.1 0.012

Pyramidal Dendrite AMPA 0.05 53 0.05

Pyramidal Dendrite NMDA 15 150 6.5

Pyramidal Dendrite GABA, 0.07 9.1 0.012

Basket Soma AMPA 0.05 53 0.02

Basket Soma GABA, 0.07 9.1 0.2

OLM Soma AMPA 0.05 53 0.0625

OLM Soma GABA, 0.07 9.1 0.2
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Figure 2.

PYR, pyramidal cell.

not explicitly modeled in the simulation and produced a high conduc-
tance state similar to that observed in vivo (Destexhe et al., 2003). In
addition, we placed slow excitatory inputs in the last distal apical com-
partment of pyramidal cells, to model input from the entorhinal cortex.
This input was capable of simulating calcium-spike-like activity in the
dendritic compartment and driving sparse firing of pyramidal cells.
Synapses were activated randomly according to a Poisson distribution.
LFP was simulated by a sum of differences in membrane potential
between the most distal apical and the basal dendritic compartment over
all pyramidal cells. Before calculating spectral power, the DC component
of the signal was removed (Oppenheim etal., 1999). Power in a frequency
band was calculated by summing spectral power in the appropriate fre-
quency ranges. To assess population frequencies for the different classes
of cells, multiunit activity vectors were formed by counting the number

bl gl

Activity during baseline simulation. A, Raster plot (all 1200 cells are shown but many spikes obscured due to vertical
overlap). B, Spike densities (1 ms bins; 3 ms triangle filter smoothing). C, LFP. D, Selected single cell voltage traces. BAS, Basket cell;
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of spikes of the given population in each 1 ms interval. Then the mean
was removed and the spectral power was calculated using the multitaper
method (MatLab pmtm() function; MathWorks). Peak values in the
power spectra are reported.

To calculate ketamine effects, we compared against baseline in each
power band (theta, 3-12 Hz; gamma, 30-100 Hz): (mean.mine —
mean_ g, o)/ SDconwop Using mean and SD of power, and reported in
units of SDs from the mean (see Fig. 6, SD units).

To measure information transfer through the network, we used our
previously described methods (Neymotin et al., 2011a). Briefly, normal-
ized transfer entropy (nTE) (Gourévitch and Eggermont, 2007) was mea-
sured from binned background (external) AMPA inputs to spike outputs
for all excitatory neurons, using 15 ms bins. To
obtain enough data to get consistent results
from the nTE analysis, these simulations were
run for 30 s of model time.

Approximately 1000 simulations were per-
formed in the course of initial parameter tun-
ing, to obtain activity with the appearance of
the experimental controls. Subsequent explo-
rations of the model were performed with
>500 simulations. Final evaluations to pro-
duce the results presented here were made over
the course of ~1000 additional simulations. A
typical single simulation (8 s; 1200 neurons)
took ~3 min using 16 threads on a 2.67 GHz
Intel Xeon quad core CPU. Simulations were
tested with pharmacological blockades or sub-
network isolations to evaluate particular cir-
cumstances and to determine the origins of
activity patterns.

Results
Simulation reproduces theta-
modulated gamma oscillations
An in vivo pattern of theta-modulated
gamma oscillation was generated by inter-
actions among the three subpopulations
represented in the network (Fig. 2). Pyra-
midal cells drove OLM and basket cells via
AMPA and NMDA receptor activation.
The OLM cells periodically inhibited the
distal dendrites of pyramidal cells, while
the basket cells inhibited the soma of py-
ramidal cells. Compared with the fast
changes in the membrane potential of
pyramidal somas caused by basket cells,
dendritic filtering gave the OLM inputs
longer time constants, allowing them to
modulate pyramidal activity with a slower
time course. Inhibitory connections among
basket cells, and between basket cells and
pyramidal cells, produced gamma rhythms.
This is seen in the synchronous, high-
frequency spiking activity of the basket cell and pyramidal cell pop-
ulations in the raster (Fig. 2A) and spike-densities (Fig. 2B), and
reflected in similar high-frequency activity in the LEP (Fig. 2C).
Theta drive from medial septum (MS) was simulated by pro-
viding periodic inhibitory input to OLM and basket cells every
150 ms (Fig. 2 A, dots at bottom). The primary direct effect of the
periodic MS inputs was to turn off OLM activity (Fig. 2A,B).
Although the MS inhibitory projections onto basket cells and
OLMs were equal, OLM depression was far more pronounced
due to the greater overall drive received by basket cells through
balanced inhibitory and excitatory interactions from other basket
cells and from pyramidal cells. OLM inhibition resulted in peri-
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odic disinhibition of pyramidal cells (Fig.
2 A, B; note increased firing of pyramidal
cells after MS inputs). However, due to
the time constants associated with both
delays and cell response times, this pyra-
midal cell response occurred in antiphase
with the MS drive.

During the period of disinhibition, py-
ramidal cell activity gradually ramped up
to the antiphase peak, a matching of in-
trinsic and extrinsic time constants that
suggested that the hippocampal network
may be tuned to theta frequency (tested
below). The antiphase peak can be seen in
the pyramidal cell spike density (Fig. 2B)
and is reflected in the LFP amplitude (Fig.
2C). From this peak, pyramidal cells drove
both OLMs and basket cells. The basket
cell drive contributed to the amplitude of
ongoing gamma oscillation. Activation of
OLM produced reduced pyramidal cell
activity, a drop in spike density, reduced
LFP, and reduced gamma amplitude, un-
til interruption by the next MS input
completed the cycle. All three popula-
tions skipped cycles, demonstrating that
the dominant frequencies emerged as a
population effect (Fig. 2).

Via this sequence of interactions, the
entire network reflected the imposed
theta from the periodic medial septal activation, resulting in
theta-modulated gamma activity. Though the theta activity was
imposed, the gamma activity emerged from basket-pyramidal
interactions, producing an appearance similar to that seen in vivo
(Bragin et al., 1995, their Fig. 1a). We noted several similarities
with these experimental results beyond the basic theta-gamma
co-modulation. First, the upslope of the theta demonstrated an
increasing gamma amplitude similar to the ramp-up augmenta-
tion which we saw with the model. This ramp-up augmentation
can be explained by the model: it resulted from the gradual re-
lease from OLM inhibition by the pyramidal cell population.
Second, the theta was asymmetrical in both the experimental and
simulated traces: the slow ramp-up contrasts with a relatively
abrupt drop in theta. The model demonstrated that the drop-off
was a consequence of the rapid turning off of activity due to the
compact OLM burst. Third, we noted that gamma activity was
persistent throughout the cycle. This is explained in the simula-
tion by noting that two mechanisms of gamma generation coex-
ist, so that the basket cell-only mediated form (Interneuron
Network Gamma, ING) can carry on during the theta nadir de-
spite relatively little pyramidal activity.

PYR

B BAS

PYR

Figure3.

Contributions of PING/ING to gamma oscillations

Using analysis of simplified models, gamma generation can be
grossly dichotomized as being due to ING or PING (Pyramidal
Interneuron Network Gamma) (Lytton and Sejnowski, 1991;
Whittington et al., 2000). In a reduced model analysis these
mechanisms are considered alternatives (Wang and Buzsaki,
1996; Borgers and Kopell, 2003), but the complexity of the
current simulation allows both of them to be expressed to
some extent during different activity phases. As described
above, ING appeared to be the major gamma driver at the
theta nadir (Fig. 2C), when pyramidal cell population activa-
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Isolation of PING and ING mechanisms. 4, PING. Raster (top) and spike densities (bottom). Gamma (30 Hz) is produced
by interaction between the two populations. B, ING; Raster. Ongoing pyramidal activity drives the inhibitory network which then
produces gamma (93 Hz) internally. Note difference in scale bars.

A

baseline 100 ms
BAS off

Figure 4. Reduction of theta in absence of basket cell activity. A, Unfiltered LFP. B, LFP
gamma band (30 -100 Hz). , LFP theta band (3—12 Hz).

tion was minimal (Fig. 2A). By contrast, during the theta up-
swing, gamma activity appeared to primarily emerge as a
PING interplay, the pyramidal cells drove the basket cells
which then coordinated population pyramidal-cell activity
through near-simultaneous basket cell IPSPs on pyramidal
cell somata (Wang and Buzsaki, 1996). However, as the basket
cell population attempted to follow the pyramidal cell drive,
its response was shortened by basket-to-basket effects (ING),
an effect that then fed back around the loop to shorten the
pyramidal cell gamma cycle. OLM cells contributed at the
beginning of the cycle, attenuating the pyramidal response
which then reduced basket cell firing. This then also reduced
the sharpness of the basket cell response.
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Single cell voltage traces reflected the dominant frequencies of
basket cells and pyramidal cells (Fig. 2 D). Individual OLM cells
showed periodic firing on portions of the theta cycles after the
recovery from MS inputs. The basket cell population fired at
gamma frequency, but individual cells would only follow for 3—4
cycles at a time, and only at peak theta. The underlying gamma
rhythm was observable in the subthreshold drive of both basket
cells and pyramidal cells. Basket cells tended to fire at the gamma
peak in the LFP, while pyramidal cells tended to fire at the gamma
nadir (Fig. 2D; note antiphase relation of pyramidal cell and
basket cell spikes).

We looked at dynamical subsets of the system to isolate the
complementary ING/PING effects (Fig. 3).

To isolate reciprocal pyramidal-basket interactions, we re-
duced basket-basket connections to 10% of baseline, removed
OLM to pyramidal connections, and turned off medial septal
inputs to disable theta drive. In this partially isolated system, the
pyramidal cell population fired together, driving the smaller bas-
ket cell population to fire at high rates. This produced prolonged
inhibition which then delayed the firing of pyramidal cells in the
next gamma cycle in a PING-like interaction (Fig. 3A, bottom
traces) (Lytton and Sejnowski, 1991; Borgers and Kopell, 2003;
Tiesinga and Sejnowski, 2009). In this system, with only 10%
basket-to-basket GABAergic coupling, basket cell population fre-
quency was lowered from ~35 to 30 Hz due to reduction in the
inhibition of these inhibitors. In this way, basket-basket connections
can be viewed as both speeding up and sharpening the largely PING
oscillation by shortening the time window for excitation of basket
cells after an excitatory impulse from pyramidal cells.

A relatively isolated ING mechanism was produced by looking
at the connected basket cell population driven by the pyramidal
cells (Fig. 3A). In this simulation, pyramidal cells were disinhib-
ited, removing feedback from basket cells as well as inputs from
other populations. The driven basket cell network now produced
faster synchronous oscillations with a cycle of ~10.7 ms (93 Hz),
similar to frequencies observed in vitro (Cobb et al., 1997). This
pronounced difference in frequencies (3-fold higher for ING
compared with PING) served as a signature, allowing us to deter-
mine the relative contribution of ING and PING after manipula-
tions of the full network.

Basket cells augment theta
Basket cells were entrained to theta at two levels: directly by the
MS inputs and indirectly via the periodic firing of the OLM-
disinhibited pyramidal cells. The basket cells then provided feed-
back onto pyramidal cells that augmented their theta response.
Strong consequent inhibition of pyramidal somata by both bas-
ket cells and OLMs on the theta trough produced large periodic
somatic hyperpolarization which was reflected strongly in the
LFP. Removal of the basket cell population greatly reduced theta
strength (Fig. 4), demonstrating that basket cells contribute
strongly to theta (Fig. 4C), as well as to gamma (Fig. 4 B). Inhibi-
tion of the pyramidal soma by basket cells was strongest on the
trough of the theta cycle, which made hyperpolarization of the
pyramidal cell soma larger with this periodicity. Because OLMs
synapse on dendrites while basket cells synapse on somata, basket
cells produced a longer dipole that had more effect on the LFP as
well as having a more immediate effect on spike generation. In the
absence of basket cell firing, this LFP amplification between so-
mata and distal dendrites of pyramidal cells was absent.

Basket cells have been implicated as important pacemakers in
the generation of fast rhythms from beta up to ripple. Here we
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Figure5. Medial septum input amplifies theta and gamma oscillations. 4, Unfiltered LFP. B,

LFP theta band (3—12 Hz). €, LFP gamma band (30 —100 Hz). D, Normalized theta and gamma
power as a function of MS input strength. Error bars are SEM from 25 simulations.

also see the role of the basket cell as a contributor and amplifier of
a slow rhythm simultaneous with its production of a fast one.

Isolated network produces theta oscillations

The ready entrainment of the network to MS drive suggested that
the network was tuned to theta and might be capable of produc-
ing theta without a pacemaker. Leaving the rest of the network
intact, we removed MS and then gradually added back this influ-
ence (Fig. 5). Absent MS, the network was able to generate intrin-
sic theta oscillations at 8.1 Hz. The isolated network’s theta
oscillations showed greater variability in period, amplitude and
frequency-band breadth than the MS-driven network. Theta ac-
tivity in the isolated network was an emergent property, with
frequencies not matched by any of the individual cellular or syn-
aptic elements. Note that this frequency was not the result of
specific tuning, resulting directly from the combination of stan-
dard cellular modeling time constants.

Gamma oscillation was also affected by MS input (Fig. 5C).
The gradual increase in gamma oscillation amplitude paralleled
the increase in the theta band (Fig. 5D). The higher gamma am-
plitude in the presence of MS inputs was a result of the augmen-
tation of the theta cycle producing higher levels of both inhibition
and disinhibition in cyclic alternation. As MS input strength in-
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creased, the intrinsic theta oscillations grad-
ually shifted from the preferred firing
frequency of 8.1 Hz down to the MS-
imposed rhythm of 6.7 Hz. Gamma rhythm
also showed a frequency shift, from 36 Hz
without, to 33 Hz with MS input. Therefore,
MS acted not only as pacemaker and phase-
setter for theta but also amplified across a
range of frequencies. MS inputs were pres-
ent in the remainder of the simulations to
provide in vivo-like conditions.

Investigating ketamine’s site of action
Systemic ketamine reduces theta and in-
creases gamma in mice (Ehrlichman etal.,
2009; Lazarewicz et al., 2010), rats (Sab-
olek et al., 2006), and humans (Hong et
al., 2010). Turning off NMDA synapses in
the simulation reduced activity in all cell
types, resulting in significant reduction in
power for both theta and gamma: —13.64
SD (SDs from mean—see Materials and
Methods); —3.87 SD, respectively. These
results (theta down, gamma down) did
not match the experimental data (theta
down, gamma up). However, different
NMDA receptor subtypes, expressed on
different cell types, will have different sen-
sitivity to specific NMDA-receptor antag-
onists (Bresink et al., 1995; Cull-Candy et
al., 2001). We hypothesized that the dis-
crepancy might be due to ketamine pro-
ducing more or less effects on the different
cell types at the subanesthetic doses used.

To explore this, we performed a set of
400 simulations, turning on and off the
NMDA of each synapse type in all combi-
nations (Fig. 6). Since there were four
NMDA receptor locations: OLM soma,
basket soma, pyramidal basal dendrite, and
pyramidal apical dendrite, this resulted in
16 binary combinations of NMDA states.
Many combinations produced no large
changes in gamma and theta power: 1001,
1011, 1101 (1 on, 0 off for NMDA recep-
tors on the 4 locations in following order:
OLM soma, basket soma, pyramidal basal
dendrite, pyramidal apical dendrite). Any
combination that involved turning off
NMDA conductance at pyramidal cell
apical dendrites (xxx0, where x is either 0
or 1), showed reductions in both theta
and gamma frequency bands similar to
the 0000 results. This effect was caused by
reduction in drive to the main excitatory
population resulting in reduced firing of
all cell types and reduced spectral power
across all cell types and frequencies. Note
that this is comparable to the effect of re-
ducing MS input (Fig. 5), which reduces
inhibition to both inhibitory populations,
thereby secondarily reducing activity in
the excitatory population.
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Figure 6.  Changes (units of SD from mean) in gamma ( y-axis) and theta (x-axis) with different locations of NMDA receptor
blockade (0 represents blocked). In each plot, 25 simulations (5 wirings by 5 random seeds) are shown in gray with group average
in black. Gray rectangle surrounds groups that matched experimental results. PYR B, Pyramidal basal dendrites; PYR A, pyramidal
apical dendrites.

150 ms

Figure7. Ketamine effect on network firing. Raster (top) and LFP (bottom) for baseline and ketamine application between the
dashed lines.
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Two combinations, 0101 (theta, gamma: —13.57 SD, +11.6
SD) and 0111 (—13.58 SD, +12.33 SD), replicated the experi-
mental findings (Fig. 6, highlighted rectangles). The commonal-
ity is the blockade of NMDA receptors on OLMs. Combination
0101, with addition of pyramidal basal dendrite NMDA block-
ade, showed substantial gamma variability across the 25 random-
izations, likely due to variably reduced pyramidal cell to basket
cell drive reducing PING. We therefore predict that the experi-
mental effect of ketamine is based on primary blockade at OLM
NMDA receptors.

We evaluated the raster plots to determine the mechanism of
these power shifts (Fig. 7). Simulated ketamine application weak-
ened pyramidal cell — OLM drive, substantially reducing OLM
cell firing. This then reduced the theta rhythm from OLM —
pyramidal cells. A secondary effect was due to disinhibition of
pyramidal cells with a shift in mean firing rate from 2.25 Hz to
3.35 Hz. This strengthened the dominant PING gamma, main-
taining the characteristic PING frequency of 30 Hz. Increased
gamma was then due to greater pyramidal participation on each
gamma cycle and tighter clustering of firing at the gamma peak.
Therefore the observed increase in gamma power was not simply
due to the elimination of theta, which would by itself cause an
increase due to the loss of gamma dampening on the theta
troughs, but represented an increase above that seen during the
theta peaks in the control. Similarly, basket cells fired at almost
every gamma cycle under ketamine (mean frequency of 14 Hz
in control increasing to 25 Hz). Note that increased pyramidal
cell — OLM AMPA drive was not sufficient to compensate for
reduced drive due to NMDA blockage.

Assessment of spectra demonstrated strong LFP theta power
at ~6.7 Hz in the control, with dispersed gamma power over
~30-70 Hz (Fig. 8). With ketamine application, theta power was
suppressed and gamma power strongly enhanced, narrowed and
slightly shifted with a large peak at ~30 Hz. Two harmonics also
emerged. Overall LFP power in the gamma (30-100 Hz) and
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theta (3—12 Hz) bands showed nearly linear negative and positive
dependence with intermediate levels of OLM NMDA receptor
activation (ketamine effect, Fig. 8 B). In the control, power in
theta and gamma bands was nearly equal. With complete OLM
NMDA receptor inactivation, power in the gamma band far sur-
passed theta power.

Restoration of normal oscillations

The simulations suggested a sequence of pathophysiological al-
terations that led from a reduction in activity at a particular re-
ceptor to spectral changes at the network level. Comparable
changes have been suggested to play a role in schizophrenia (Uhl-
haas and Singer, 2006; Kelemen and Fenton, 2010; Lazarewicz et
al., 2010). Therefore, we sought a means to restore physiological
oscillations to suggest a therapeutic intervention that would re-
store normal dynamics. We hypothesized that a selective current
injection into the OLM cell population would recover the control
oscillations by direct opposition at the primary pathological fo-
cus. To test this, we replaced the lost NMDA effect, a periodic
modulation from the medial septum, with a continuous current
injection in all OLM cells (Fig. 9).

As expected, current injections into OLM cells raised activity
levels (Fig. 9). This tonic effect was able to restore phasic activity,
because the oscillation was still imposed by the GABAergic inputs
from MS. With increasing current injections, overall theta power
increased up to a point and then decreased. Above 20 pA, OLM
cells switched to tonic firing that overcame phasic MS input and
reduced both theta and gamma activity. At higher levels, tonic
OLM firing reduced pyramidal activity and thereby reduced
power across the spectrum.

Pathological reduction in information transmission

To move toward an understanding of the effect of this psychoto-
mimetic drug on cognition, we assessed alteration in network
information transmission as a proxy for network processing of
external information. As in prior cortical studies, we hypothe-
sized that gamma augmentation might lead to reduced informa-
tion flow through the network (Neymotin et al., 2011a).
Simulated application of ketamine reduced information flow
from the input activation streams to network output in pyrami-
dal cell firing as measured by normalized transfer entropy in the
125 simulations tested (nTE) (Fig. 10).

The ketamine effect (Fig. 10A) could be largely explained
by the alteration it effected in gamma strength, as demonstrated
by the correlation between gamma power and nTE. This reduc-
tion in information flow-through from external drive is consis-
tent with a greater dependence on internal dynamics as a source
of output variability (Neymotin et al., 2011a).

Discussion

A model of intermediate complexity (1200 neurons, multiple
active ion channels, dendritic branches, two interneuron popu-
lations) was used to replicate normal and pathological hip-
pocampal activity patterns. The model replicated several known
features of normal and pathological hippocampal activity: mod-
ulation of gamma by theta; ramp-up of gamma amplitude on
upslope of theta; asymmetry of theta; low cell firing rates with
cycle skipping (emergent population rhythms); reduction of
theta and increase of gamma with ketamine.

The simulations elucidate mechanisms for theta driving and
for the coupling of theta and gamma oscillations in hippocam-
pus. Theta driving was passed via OLMs to pyramidal cells: the
OLMs inverted and propagated the MS theta and also generated
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theta, in the absence of MS inputs. The coupling of theta and
gamma emerged as a dynamic interplay which was primarily
excitatory-inhibitory (PING) but also involved some contribu-
tion by inhibitory-inhibitory (ING) effects. The convergence of
these drives onto pyramidal cells provided the medium for LFP
coexpression of gamma and theta. Prior simulation studies have
postulated similar mechanisms to produce hippocampal oscilla-
tions through use of interactions with 2 or more populations of
interneurons as primary drivers for the two dominant frequen-
cies (White et al., 2000; Kiss et al., 2001; Orban et al., 2006; Tort et
al., 2007; Cutsuridis et al., 2010).

We make a number of specific, testable, predictions from the
model. The first three predictions find partial confirmation in
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effect. Error bars (negligible error) are SEM from 25 simulations. Each simulation was runfor 30 s
to allow for accurate quantification of nTE. B, nTE reduction correlates strongly with increase in
gamma power. Results for all 125 simulations shown.

prior experimental work that was not used in setting up the
model.

(1) OLM NMDAR antagonism will produce increased firing
rates of pyramidal and basket cells. Testable by unit recording.
Similar results have been obtained with related NMDAR psy-
chotomimetics, phencyclidine and MK801 (Suzuki et al., 2002;
Jackson et al., 2004).

(2) OLM NMDARSs will have particular receptors with higher
sensitivity to ketamine, making them a primary site of ketamine
effect. This is partially supported by literature indicating that
OLM cells have two novel NMDAR subtypes with distinct sub-
unit composition (Hajos et al., 2002). There is additional prior
evidence of greater density of NMDARs on OLM cells compared
with basket cells (Nyiri et al., 2003).

(3) Both theta and gamma oscillations can be generated by
intrinsic hippocampal circuit mechanisms in the absence of me-
dial septal inputs. This has been shown in isolated hippocampus
(Goutagny et al., 2009).

(4) Medial septal inputs will pace, augment, and band-narrow
theta and gamma oscillations. Testable using optogenetics to alter
firing rates of medial septal inputs.

(5) Spiking of both pyramidal and basket cells will be more
tightly clustered at the gamma peak when at the theta peak. Note
that this is not simply a consequence of LFP generation since LFP
(produced by synaptic inputs) and spiking (outputs) are typically
offset due to dendrosomatic activation delays. Pyramidal cells
slightly lead basket cells at the peak of theta but tend to lag slightly
at the theta trough, with some in gamma antiphase. Testable with
simultaneous measurement of LFPs and single units.

(6) In addition to producing gamma, basket cells will amplify
theta rhythms. Testable using optogenetics to selectively alter
firing rates of basket cells (Cardin et al., 2009).

(7) The effect of ketamine on theta and gamma oscillation is
based on primary blockade at OLM NMDARSs.
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(8) Ketamine will produce an alteration in the relationship of
firing to LFP with both basket cells and pyramidal cells firing near
the peak of gamma at all phases of theta, with pyramidals slightly
leading. Testable with measurement of LEPs and single units.

(9) Effects of ketamine could be reversed by providing a con-
tinuous inward current. Testable via optogenetic technology.
Clinically, this predicts the possibility of reversing pathology by
use of a ligand-sensitive inward-rectifying conductance fairly
specific to OLM cells.

(10) Pathological augmentation of gamma will reduce re-
sponsivity to inputs. Testable as reduced alteration in MUA out-
put with white noise multielectrode or optogenetic stimulation in
vitro.

Comparison of hippocampus and neocortex

Neuronal microcircuit organization, morphologies, and chemi-
cal identity suggest conservation of design across structures,
which may also be suggestive of conservation of function (Grill-
ner et al., 2005; Silberberg et al., 2005). Both hippocampus and
neocortex generate oscillations in comparable frequency bands,
including theta/alpha (rat “theta” is comparable in range to pri-
mate “alpha”), beta, and gamma. Both structures also show com-
parable cross-frequency coupling, with theta-modulated gamma
oscillations (Canolty et al., 2006).

Our recent neocortical simulation studies have demonstrated
that neocortex may be tuned to generating theta/alpha oscilla-
tions intrinsically, with theta-gamma coupling emerging from
feedback between excitatory and inhibitory populations (Ney-
motin et al., 2011b). This neocortical model used two types of
interneurons but these were subdivided into 8 subsets based on
layer location. Different properties of these subsets allowed them
to contribute to oscillations in different frequency bands. Recent
experimental evidence demonstrated that fast-spiking, soma-
targeting basket cells contribute to the generation of gamma
oscillations (Cardin et al., 2009). However, experimental ob-
servation of interneurons in rat frontal cortex following NMDAR
blockade showed reductions in rates (Homayoun and Moghad-
dam, 2007). This discrepancy compared with current results is
likely due to a number of causes, including differences between
hippocampus and cortex, the simplicity of the computer model,
and the difficulty of obtaining different interneuron subtypes
experimentally. It appears that distal-dendrite-targeting in-
terneurons with slower time-constants, such as hippocampal
OLM cells, contribute to slower oscillations. It has been suggested
that Martinotti cells are the neocortical corollary of hippocampal
OLM cells: both interneuron classes target dendrites and have
relatively long time-constants (Grillner et al., 2005; Silberberg et
al., 2005).

Despite commonalities, cortical mechanisms will differ in de-
tails from those in hippocampus, and will need to be indepen-
dently explored in future simulations. More complete models
of schizophrenia will also eventually need to incorporate
neocortical-hippocampal interactions as well as additional path-
ological mechanisms beyond the hypothesized changes in
NMDARs (Lisman et al., 2008). Strong dynamical interactions
across brain areas will likely project and reinforce abnormal ac-
tivity patterns arising in multiple areas.

Translational multiscale modeling

Translational multiscale modeling bridges levels to connect the
molecular level where pharmacology acts, to the network and
systems levels where clinical tests are performed, up to the behav-
ioral and cognitive levels where disease is expressed (Lytton,
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2008). In the present study, we have endeavored to fill in pieces of
this hierarchy linking a psychotomimetic drug (molecular level),
to alterations in firing (neural level), to alterations in ensemble
coordination (network level), to information processing (behav-
ioral or cognitive level). This has implications for schizophrenia,
for which psychotomimetics are used to provide animal and hu-
man models (Malhotra et al., 1996, 1997; Newcomer et al., 1999;
Bubenikova-Valesova et al., 2008).

We used our model to elucidate pathophysiology and investi-
gate a possible therapeutic approach: continuous depolarizing
current applied to OLM cells was capable of recovering control
oscillations. We therefore predict that a possible therapeutic
agent for schizophrenia would be one that activates a tonic in-
ward current (depolarizing leak) selectively via a receptor sub-
type unique to OLMs. Although this therapy would target
hippocampus, there might be similar changes in cortex due to
related cell types with similar receptors. Additionally alterations
of activity patterns in hippocampus would produce alterations in
prefrontal cortex activity due to the tight dynamical links be-
tween these areas. The restoration of normal phasic activity with
a tonic effector is the inverse of the situation in Parkinson’s dis-
ease, where a tonic treatment (systemic levodopa) reduces or
eliminates an oscillation (tremor).

Accumulating evidence suggests that gamma molds neural
coordination to define representation ensembles; theta in turn
molds gamma to separate and coordinate these ensembles (Gray
and Singer, 1989; Canolty et al., 2006). Hippocampal gamma/
theta pathology would alter coding and learning (Fries et al.,
2007; Lisman and Buzsaki, 2008), as well as altering coordination
of competing information streams (Kelemen and Fenton, 2010).
Based on this, an emerging pathophysiological hypothesis for
schizophrenia postulates a neural coordination defect producing
a cognitive coordination defect producing the cognitive core dys-
function found in schizophrenia. (Uhlhaas and Silverstein, 2005;
Olypher et al., 2006; Uhlhaas and Singer, 2006).

In the heart, excessive periodicity is a sign of pathology, giving
a lack of responsivity to environmental changes which normally
control rate on a beat-to-beat basis (Goldberger et al., 2002). We
hypothesize that schizophrenic pathophysiology would similarly
reduce responsivity of a network to the environment. As in a
prior study (Neymotin et al., 2011a). we found high gamma
power correlated with reduction in information transmission
from synaptic inputs to pyramidal spike outputs. This would
then interfere with the ability of the network to reliably commu-
nicate information through hippocampus to, or from, cortex.
The consequent information processing pathology would create
overreliance on internal information and inadequate responsive-
ness to the external world, the inflexible thought and behavior
patterns seen in schizophrenia (Bleuler, 1911; Parnas et al., 2002).
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