


that in the case of 20-Hz drive, the control network shows a
40-Hz component to the response, and the schizophrenic net-
work shows primarily a 20-Hz response (see MEG trace in Fig.
4). In looking at the frequency analysis for the schizophrenic
case of 20-Hz drive, note that the 40-Hz component present in
the frequency analysis in Fig. 5 is a harmonic and that no
evidence of 40-Hz activity is present in the MEG trace in Fig.
4. In contrast, for the control response to 20-Hz drive, we know
that the 40-Hz component cannot be exclusively a harmonic
because its power is greater than that for the 20-Hz peak. The
results for 20-Hz drive agree with our experimental data in that
the control has a greater 40-Hz component than the schizo-
phrenic network and the schizophrenic network clearly favors
a 20-Hz response. Both the schizophrenic and control network
models entrain to 30 Hz as in the experimental data.

The behavior of the simplified model is more transparent,
hence the raster plots for the small model are more revealing,
so for the duration of this section analysis of the effects of
parameters is done for the simplified model unless otherwise
stated.

Basic model mechanism: the impact of extended inhibition

IN THE CASE OF 40-Hz DRIVE, EXTENDED IPSCs GENERATE THE 20-Hz

COMPONENT OF THE SCHIZOPHRENIC MIXED MODE RESPONSE. In
the control network, 40-Hz response to 40-Hz drive is ex-
tremely strong as can be seen clearly in the rasterplot, MEG
trace and frequency analysis for a single trial in Fig. 6. With

�inh � 8 for synapses, the timing is such that inhibition decays
sufficiently between pulses to permit all E cells to respond to
every drive input. This behavior is extremely robust.

When the time constant of inhibition is extended to generate
the schizophrenic network, a strong 20-Hz component is intro-

FIG. 3. Frequency transform of grand average of GENESIS model simulations.

FIG. 4. Average of modeled MEG signal for 20 trials of simplified model.

FIG. 5. Frequency transform of time averaged signal from 20 trials of
simplified model.
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duced to the signal as can be seen in the single trial of the
schizophrenic network shown in Fig. 7. Because of the ex-
tended length of the IPSCs, the E cells are not free to respond
to every pulse from the drive. Instead the population responds
predominantly to alternate pulses from the drive, resulting in a
substantial 20-Hz component to the response. Even in the
presence of extended inhibition, some 40-Hz component of the
response remains. In both models, this introduction of 20-Hz
activity is robust to changes in decay time and is present for
�inh between 26 and 42. In the GENESIS model, this 20-Hz
activity is present for �2,ch between 21 and 28 ms. In the
simplified model, noise input to network cells contributes to
this mixed mode response and will be discussed in more detail
in the following text.

EXTENDED TIME COURSE AT ALL INHIBITORY SYNAPSES CONTRIB-

UTES TO THE 20-Hz COMPONENT OF RESPONSE TO 40-Hz DRIVE IN THE

SCHIZOPHRENIC NETWORK. In the simplified model schizo-
phrenic network with 40-Hz drive, the E cells must receive
synchronous extended inhibition at 20 Hz to respond to alter-
nate pulses from the drive as a population. To generate this
inhibition, a sufficient subpopulation of the inhibitory cells
must fire at 20 Hz. In the simplified model, the I cells are
suppressed during alternate pulses from the drive by extended
inhibition through I-to-I synapses. When these I-to-I synapses
are removed the 20/40 mixed mode response to 40-Hz drive is
lost (Fig. 8).

Extended time constants for all inhibitory synapses, includ-
ing those between I cells, were necessary in the simplified
model; however, 20-Hz response to 40-Hz drive in the schizo-
phrenic condition is seen in the GENESIS model without
extended I-to-I synapses. The dependence of the simplified
model on extended I-to-I synapses strongly suggested that
applying extended inhibition more broadly in the GENESIS
model might strengthen the 20 Hz relative to the 40-Hz
response, and indeed this is the case.

Recall that in the GENESIS model, only the chandelier
population has extended IPSCs of �2,ch � 25 � 15 ms while the
inhibitory basket cell population has �2,b � 8 ms, which
models the possible preferential change to inhibition in the
cortical chandelier cell population. Because the chandelier
cells project only to the soma/AIS compartment of the pyra-
midal cells, they provide none of the extended I-to-I synapses
that lead to the 20-Hz response in the simplified model. To
model this possible broader network change in inhibitory time
course, the mean time constant for all basket cell projections
was systematically increased in the model from 8 to 20 ms. As
is illustrated in the frequency plots of single trials shown in
Fig. 9, this resulted in an increased prevalence of 20-Hz
activity as compared with 40-Hz activity. Power spectrum
values shown in the figure are normalized relative to the
maximum of the 40-Hz peak to better illustrate the relative

FIG. 8. Simplified model trial, schizophrenic 40-Hz drive case, I-to-I syn-
apses eliminated, noise input to all cells, �inh � 28. Network fails to respond
with mixed mode (20 Hz and 40 Hz) to 40-Hz drive when I-to-I synapses are
eliminated as shown in the frequency diagram (A), raster plot (B), and
simulated MEG trace (C).

FIG. 6. Simplified model trial, control 40-Hz drive case, �inh � 8, noise
input to all cells. Control network responds with pure 40 Hz to 40-Hz drive
as shown in the frequency diagram (A), raster plot (B), and simulated MEG
trace (C).

FIG. 7. Simplified model trial, schizophrenic 40-Hz drive case, �inh � 28,
noise input to all cells. Schizophrenic network responds with mixed mode (20
Hz and 40 Hz) to 40-Hz drive in the presence of noise as shown in the
frequency diagram (A), raster plot (B), and simulated MEG trace (C).
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levels of 20- and 40-Hz activity. The dependence of the
simplified model on extended I-to-I synapses may indicate that
the most important effect of extended inhibition in the basket
cells is the introduction of extended inhibition to the basket and
chandelier populations as opposed to increasing the presence of
extended inhibition to pyramidal cells.

FOR THE SCHIZOPHRENIC CASE WITH 40-Hz DRIVE, A SUBPOPULATION

OF I CELLS NEEDS TO RECEIVE DRIVE WEAK ENOUGH TO PERMIT E

CELL BEHAVIOR TO DOMINATE. In the GENESIS model, 35% of
I cells do not receive excitatory drive, modeling preferential
thalamic drive to pyramidal cell populations. This subpopula-
tion of cells is important for maintaining 20-Hz inhibitory
activity in the presence of 40-Hz drive because their behavior
is dominated by the excitatory input from pyramidal cells, as
opposed to the 40-Hz drive input. The model does not depend
precisely on the exact proportion of inhibitory cells receiving
drive, only on there existing a sufficient subpopulation with
weak enough drive that pyramidal excitation dominates their
behavior. The model loses the 20-Hz rhythmicity when exci-
tatory drive input is received by upward of 90% of inhibitory
cells and the 20-Hz component is stronger when fewer cells get
excitatory drive input. In this simplified model, drive to all I
cells is very weak, and the entire population serves the same
dynamic function as the cells that do not receive excitatory
drive in the GENESIS model. Thus drive must be sufficiently
weak in a subpopulation of inhibitory cells to generate a 20-Hz
response to 40-Hz drive with extended inhibition.

WITH 20-Hz DRIVE, EXTENDED IPSCS TRANSFORM THE CONTROL RE-

SPONSE INTO THE SCHIZOPHRENIC RESPONSE. In the control net-
work, the inhibition onto excitatory cells gates the excitatory
background noise. Once inhibition is released from the E cells
between pulses from the drive, a single cell responding to noise

input can trigger other E cells to fire through E to E synapses.
The time constant of inhibition is such that this activity occurs
midway between drive inputs and contributes to a 40-Hz
component of the network response. When EPSCs are summed
to generate the simulated MEG signal for single trial, some
40-Hz component to the response to 20-Hz drive is present
(Fig. 10). Although present in this single trial, it is easier to
visually distinguish the presence of the 40-Hz response in the
averaged MEG signal where many trials are summed (Fig. 4).
Note that although some portion of the 40-Hz activity in Fig.
10 is likely due to a harmonic from the 20-Hz component, there
is true 40-Hz activity present because the 40-Hz peak (0.4534)
is higher than the 20-Hz peak (0.4462). The role of the
excitatory noise input in this case is to provide a background
level of activity that is gated by inhibition between drive
inputs, leading to a 40-Hz response. The precise structure of
the noise is not critically important, and we believe that any
form of generalized excitation in the system would suffice,
provided it was of a strength and frequency to respond to
gating by inhibition. In our modeling, if the strength or frequency
of the noise input is increased, the 40-Hz component of the signal
initially strengthens. However, if the level is increased excessively
(doubled or more), then the noise overcomes any gating by the
inhibition and the 40-Hz component of the signal is lost while the
20-Hz component is reduced.

In the schizophrenic network, extended IPSCs result in pure
20-Hz response to 20-Hz drive, as can be seen in the single trial
shown in Fig. 11.When the time constant of inhibition is suffi-
ciently extended there is no synchronous gating of excitatory cells
between drive pulses and the network fires at 20 Hz in response to
20-Hz drive. Note that the 40-Hz component that can be seen in
the frequency analysis for the schizophrenic case of 20-Hz drive
is entirely a harmonic due to the nature of the signal and the signal
processing. This can be discerned by noting that the network
clearly entrains only to 20 Hz in the rasterplot. In both models,
schizophrenic network entrainment at 20 Hz under 20-Hz drive is
extremely robust to changes in decay time and is present for decay

FIG. 10. Simplified model trial, control 20-Hz drive case, noise input to
all cells, �inh � 8. Control network shows some 40-Hz response to 20-Hz
drive as shown in the frequency diagram (A), raster plot (B), and simulated
MEG trace (C).

FIG. 9. Activity of the schizophrenic GENESIS model for single trials
stimulated at 40 Hz as �2,b, the inhibitory decay constant of basket cell
projections, is increased. The figure shows the power spectra of model
oscillatory activity for basket cell �2,b of 8 � 4 ms (A), 10 � 5 ms (B), 15 �
7.5 ms (C), and 20 � 10 ms (D) where values are chosen from a uniform
distribution. Graphs are plotted normalized to the 40-Hz peak.
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times between 16 and 44 ms in the simplified model and decay
times between 23 and 45 ms in the GENESIS model.

Decrease in strength of inhibition is not sufficient to
generate schizophrenic network behavior for both
20- and 40-Hz drive

In the simplified model, when the strength of both I-to-I and
I-to-E synapses is reduced by half but IPSC decays remain at
the control value of 8 ms, modeling only a decrease in avail-
able GABA, it is possible to replicate the reduction of 40-Hz
power in response to 40-Hz drive in the schizophrenic network.
In this case, 40-Hz power reduces from 1.8106 in the control to
1.3971 when strength of inhibition is reduced. However, no
20-Hz response component is introduced to the signal. In
addition, a reduction in the strength of inhibition in the absence
of extended IPSCs still permits 40-Hz response to 20-Hz drive.
For the control, 20-Hz power is 0.4462 and 40-Hz power is
0.4534 with a ratio of 40 Hz to 20-Hz power of 1.0184. When
the strength of inhibition is reduced, 20-Hz power is 0.3677
and 40-Hz power is 0.3772, which is a ratio of 40 Hz to 20-Hz
power of 1.0258, nearly identical to the control ratio. Thus our
modeling indicates that a simple reduction in GABA may lead
to reduced 40-Hz response to 40-Hz drive but is not sufficient
to generate the enhancement in 20-Hz entrainment activity
observed experimentally. The GENESIS model showed a sim-
ilar lack of sensitivity to a reduction of inhibitory strength
by 50%.

Impact of noise and heterogeneity

WITH 40-Hz DRIVE, NOISE INPUT CONTRIBUTES TO THE 40-Hz COMPO-

NENT OF THE SCHIZOPHRENIC 40-Hz RESPONSE IN THE SIMPLIFIED

MODEL. As discussed in the preceding text, an extended IPSC
introduces a 20-Hz component to the response of the schizo-
phrenic network to 40-Hz drive. However, our modeling indi-
cates that noise input is important for maintaining a mixed
mode response (as opposed to a purely 20-Hz response). Note

that in the absence of noise input, the schizophrenic network
responds with pure 20 Hz to 40-Hz drive (Fig. 12) but that
when noise is added, a 40-Hz component is reintroduced to the
signal (Fig. 7). When the noise is added, a few cells receive
sufficiently synchronous drive and noise input to fire even in
the presence of the heavy inhibition resulting from extended
IPSCs. When EPSCs between E cells are summed over the
network to generate the simulated MEG signal, this results in
a mixed mode response to 40-Hz drive.

It is not necessarily a particular form of noise per se that
leads to this mixed mode response, but rather the noise input is
a mechanism by which some, but not all, cells will receive
enough input to overcome inhibition on the more silent drive
cycles. Indeed there are other ways to generate similar behav-
ior. For instance, if the structure of the network is changed, and
instead of noise input, heterogeneity in the number of inhibi-
tory inputs to E cells is added, we find a similar mixed mode
response, with cells that are more heavily inhibited responding
to alternate inputs, while the less heavily inhibited cells fire at
40 Hz. However, this particular mechanism is not effective in
generating the noise-dependent control 40-Hz response to
20-Hz drive described in the preceding text or the noise-
dependent schizophrenic entrainment to 30-Hz drive that will
be discussed in the following text. In general, there is some
sensitivity of this mixed mode response to the level and
frequency of noise input. If the strength of the noise is in-
creased by 
20% from the level set here, then the beat
skipping behavior is overcome on some cycles, and the 20-Hz
component of the signal is lost. If the strength of the noise
input is decreased, the 20-Hz component of the signal is
enhanced and the 40-Hz component is decreased, but the
fundamental mechanism of skipping alternate drive inputs
due to extended inhibition remains intact. As is to be
expected, the sensitivity to this parameter changes if the
time constant of inhibition is shortened or extended with
greater noise needed to introduce a 40-Hz component to the
response for longer IPSCs.

FIG. 12. Simplified model trial, schizophrenic 40-Hz drive case, no noise
input, �inh � 28. Schizophrenic network responds with pure 20 Hz to 40-Hz
drive as shown in the frequency diagram (A), raster plot (B), and simulated
MEG trace (C). Note that the 40-Hz component in A is a harmonic.

FIG. 11. Simplified model trial, schizophrenic 20-Hz drive case, noise input
to all cells, �inh � 28. Schizophrenic network shows pure 20-Hz response to
20-Hz drive as shown in the frequency diagram (A), raster plot (B), and
simulated MEG trace (C).

2665MODELING GABA ALTERATIONS IN SCHIZOPHRENIA

J Neurophysiol • VOL 99 • MAY 2008 • www.jn.org

 on A
ugust 11, 2010 

jn.physiology.org
D

ow
nloaded from

 

http://jn.physiology.org


HETEROGENEITY IN IPSC DECAY TIME CAN CONTROL THE LEVEL OF

MIXED MODE RESPONSE IN SCHIZOPHRENIC GENESIS MODEL IN RE-

SPONSE TO 40-Hz DRIVE. The larger size of the GENESIS model
permits exploration of heterogeneity in inhibitory timing that is
not possible in the smaller simplified model. Figure 13 shows the
results of several single trials of the schizophrenic GENESIS
model in which the IPSC decay rate of the chandelier cells
(�2,ch) is chosen from several uniform distributions under
40-Hz drive. Note that for the more homogeneous trials (top),
20-Hz behavior dominates, whereas in the most heterogeneous
trials (bottom), 40-Hz behavior dominates. To achieve the
mixed mode response that contains both 20- and 40-Hz com-
ponents, some level of heterogeneity is necessary. However,
more extreme heterogeneity in combination with extended
decay times leads to 40-Hz entrainment with weak power. We
believe this sensitivity in the GENESIS model is in some ways
similar to the sensitivity of the mixed mode response to noise
input in the simplified model. In this case, instead of the
random noise process controlling which cells can fire on more
silent drive cycles, it is heterogeneity in the level of inhibition
that introduces the mixed mode behavior.

NOISE INPUT ENHANCES 30-Hz ENTRAINMENT IN THE SCHIZOPHRENIC

NETWORK. In the absence of noise input in the simplified
model, the schizophrenic network fails to respond to every
third pulse of the drive (Fig. 14). However, when the back-
ground noise is reintroduced to the model, only a 30-Hz
component is present (Fig. 15), although entrainment is some-
what ragged in single trials. For decay times between 8 and 36
ms, the averaged signal shows the desired 30-Hz entrainment.
For longer decay times in this range, the network will fail to
respond to some cycles of the drive, but because of the
presence of noise in the system and the underlying dynamics
(see DISCUSSION), the pattern of skipping is not consistent and
thus no frequency �30 Hz is introduced to the response. For
decay times �36, the system skips alternate beats from the
drive in a stable fashion, and a 15-Hz component is introduced

FIG. 13. Behavior of GENESIS model as heterogeneity of �2,ch is in-
creased. The most homogeneous trial with �2,ch � 25 � 5 ms is shown in A.
The most heterogeneous trial with �2,ch � 25 � 25 ms is shown in E.
Heterogeneity is increased by �5 ms for each figure below, with the most
heterogeneous trial (�2,ch � 25 � 25 ms) shown in E.

FIG. 14. Raster plot for the simplified model, schizophrenic 30-Hz drive
case, no noise input, �inh � 28. In the absence of noise, the schizophrenic
network responds to every 3rd drive input.

FIG. 15. Simplified model trial, schizophrenic 30-Hz drive case, noise input
and �inh � 28. Schizophrenic network responds at 30 Hz to 30-Hz drive in the
presence of noise. Entrainment is somewhat ragged, but no low frequency is
present, as shown in the frequency diagram (A), raster plot (B), and simulated
MEG trace (C).
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to the signal. In the GENESIS model, 30-Hz entrainment is
present for decay times between 8 and 33 ms. At values �33
ms, a 15-Hz component is introduced.

For the case of the schizophrenic response to 30-Hz drive,
although noise is important for the response, it is important for
a different reason than in the case of the schizophrenic 40-Hz
drive. Here it serves to provide unpredictable excitation that
undermines underlying dynamics that lead to the skipping of
every third drive input (Fig. 14). This is an interesting mech-
anism for which we have developed some level of dynamic
understanding, but it is beyond the scope of the work presented
here. For this case, if the strength of noise is sufficiently
weakened (by 
40%), then a low-frequency component can be
introduced to the signal. However, the response is not at all
sensitive to increased noise levels.

Modeling suggests reasons that schizophrenic enhanced
20-Hz activity not detected in other studies

Previous studies using a similar click train paradigms (Hong
et al. 2004; Kwon et al. 1999; Light et al. 2006) do not confirm
an increase in 20-Hz response to 40-Hz drive in the schizo-
phrenic subjects, although Kwon et al. does seem to show
presence of such a signal but without statistical significance.
Our modeling points to several reasons that this may be the
case.

EVEN IN THE PRESENCE OF EXTENDED IPSCS, STRONG DRIVE CAN

ERADICATE 20-Hz COMPONENT OF RESPONSE TO 40 Hz DRIVE IN THE

SCHIZOPHRENIC NETWORK. In the schizophrenic network, if
drive to the excitatory cells is too strong, it can overcome any
effects of extended inhibition and cause the network to respond
at 40 Hz (Fig. 16). This may indicate that lower volume click
trains will be more apt to expose 20-Hz behavior. Indeed one
previous study (Light et al. 2006) that does not indicate any
alteration schizophrenic 20-Hz behavior in response to 40-Hz
drive used much louder click trains than the experimental work

modeled here. (93 vs. 65–70 dB). Unfortunately Kwon et al.
(1999) does not report click train volume.

AVERAGING IN TIME PRIOR TO FREQUENCY TRANSFORM MAY DE-

CREASE VISIBILITY OF 20-Hz RESPONSE TO 40-Hz DRIVE IN THE

SCHIZOPHRENIC NETWORK. Figure 17 shows two individual
trials of the GENESIS schizophrenic network with 40-Hz drive
for a fixed connectivity. The top trace shows a network that has
a decreased response to first, third, fifth, etc pulses from the
drive, whereas the bottom trace shows a response that is
instead least responsive to the second, fourth, sixth, etc inputs.
Because the experimental data are averaged in time prior to
frequency analysis, two such signals averaged together would
have decreased 20-Hz component even though each individual
signal contains 20-Hz behavior. If the beat-skipping mecha-
nism that we have described here is indeed present in the true
biological system, such an averaging effect combined with
possible impact of loud stimulus described in the preceding
text, could mask a tendency toward beta activity. Averaging in
time as we do here, which is necessary to study the evoked
response, may also disguise a 20-Hz increase even if 20 signal
is truly present. The simplified model shows a similar averag-
ing effect, although for both models, there is enough of a
preference for one pattern of beat skipping that the 20-Hz
activity is present even after averaging (see Figs. 3 and 5). This
preference for one pattern is due to a synchronizing effect of
the initial drive input.

D I S C U S S I O N

The MEG experimental results indicate that in response to
auditory click trains in the gamma and beta frequency bands,
schizophrenic subjects favor a 20-Hz cortical response, while
the control response is dominated by 40-Hz activity. Both the
GENESIS model and the simplified model show enhanced
20-Hz activity in the schizophrenic networks in response to
both 20- and 40-Hz drive and the presence of 40-Hz response
to 20-Hz drive in the control networks. We have identified a
possible mechanism contributing to this enhanced 20-Hz ac-
tivity in schizophrenia, namely an increase in the time course
of IPSCs, which we hypothesize may occur due to a decrease
in available GAT-1 as described in Lewis et al. (2005).

Results implicating GAD67 reduction in schizophrenia have
been widely replicated and accepted (Akbarian et al. 1995;
Lewis et al. 2005; Straub et al. 2007). A reduction in GAD67
can be expected to lead to a decrease in GABA activity.
Computational experiments with a decrease in overall strength
of GABA synaptic transmission showed that such alterations
were not sufficient to generate enhanced 20-Hz activity in the
schizophrenic network. It is possible that an extension of
inhibitory timing, through a reduction in GAT-1, may come
about as compensation for a primary deficit in available
GABA. Whether or not an alteration to GAT-1 is a primary or
secondary effect, our modeling indicates an extension of IPSCs
is critically important in generating the frequency profiles
modeled here.

The schizophrenic response for each of the three drives we
tested is not sensitively dependent on the exact selection of
decay time. Not only are each three individual schizophrenic
drive responses present for a range of inhibitory decay param-
eter values, all three are present for inhibitory �inh between 26

FIG. 16. Simplified model trial, schizophrenic 40-Hz drive case, noise input
to all cells, increased drive to excitatory cells (gde � 0.4, increased from gde �
0.3), �inh � 28. Schizophrenic network loses 20-Hz response to 40-Hz drive
when strength of drive is increased as shown in the frequency diagram (A),
raster plot (B), and simulated MEG trace (C).
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and 36 in the simplified model and �2,ch between 23 and 28 in
the GENESIS model. Ongoing mathematical work has pro-
vided an initial understanding of the dynamic basis of this lack
of sensitivity. Analysis of the simplified model leads to the
development of a one-dimensional family of discontinuous
discrete maps, parameterized with respect to the drive period.
This map exposes the robust dynamics that form the basis of
the beat skipping seen in the schizophrenic case of 40-Hz drive
as well as providing insights into the role of noise for the
schizophrenic case of 30-Hz drive. Detailed discussion of the
underlying mathematics is beyond the scope of the work
presented here. It is important to note that we do not take
model inhibitory decay times to be predictive of true physio-
logical values present in schizophrenia. Neither of our models
is of sufficient biophysical detail to claim to be predictive to
such a high level of accuracy, and the interval of IPSC decay
times for which this entrainment behavior is seen is certainly
dependent on the region of parameter space where we have
tuned our model. However, the robust presence of schizo-
phrenic entrainment behavior for a range of inhibitory decay
times lends weight to our assertion that the dynamic mecha-
nisms we describe here may indeed underlie the observed
experimental entrainment behavior.

In addition to the importance of inhibitory timing, it is
interesting to note the importance of heterogeneity (in the
GENESIS model) and noise (in the simplified model) in
achieving the mixed mode response to 40-Hz drive in the
schizophrenic network models. In addition to the important
direct functional effects of alterations to inhibitory interneu-
rons, perhaps an equally important feature of these physiolog-
ical changes is an increase in heterogeneity in cortical net-
works. Presumably not every cell or every synapse in the

schizophrenic brain is affected equally by changes to inhibi-
tion. The modeling suggests such an inconsistency in physio-
logical effects may contribute to the observed features of
auditory entrainment in schizophrenia.

Another important feature of the schizophrenic response to
40-Hz drive is the contribution of the 20-Hz rhythmicity of the
inhibitory cells to network maintenance of the 20-Hz compo-
nent of the drive response. To maintain this 20-Hz activity, a
subpopulation of I cells needs to receive weak enough drive
that their behavior is dominated by excitatory cell activity as
opposed to the periodic drive. In the simplified model, 20-Hz
activity in inhibitory cells is controlled by extended IPSCs to
inhibitory cells. In the GENESIS model, extending the time
constant of inhibition on the basket cells in addition to chan-
delier cells, enhances 20-Hz behavior in the inhibitory cell
populations, which in turn enhances the 20-Hz response in the
pyramidal cell population.

This contribution of broadly applied extended inhibition
leads us to predict that inhibitory changes in schizophrenia may
not be restricted to chandelier cells, which synapse exclusively
onto the AIS of pyramidal cells, and do not form synaptic
contacts with other interneurons. Although the postmortem
evidence indicates that the GAT-1 reduction in schizophrenia
preferentially affects chandelier cells (Lewis et al. 2005), it
may instead be the case that the change is more easily visual-
ized in postmortem tissue for chandelier cells due to their linear
array of dense synaptic cartridges onto the AIS. As discussed
in this same review (Lewis et al. 2005), some experimental
work exists indicating possible alteration to synaptic kinetics of
cortical basket cells. Upregulation in postsynaptic GABA re-
ceptors in schizophrenia has been localized in cortical pyrami-
dal cell bodies, where basket cells are known to form synaptic

FIG. 17. Two representative traces from a single modeled schizophrenic subject with 40-Hz drive, GENESIS model. Note that beta peaks occur on even cycles
in A and on odd cycles in B.
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contact (Benes et al. 1996) and a significant reduction in
parvalbumin immunoreactive varicosities, which may corre-
spond to the axon terminals of basket cells, has been found in
the middle cortical layers in prefrontal cortex (Lewis et al.
2001).

Experimental work indicates that high synapse density con-
tributes to any extended inhibition due to GAT-1 reduction
(Overstreet and Westbrook 2003), and it is not immediately
clear that synapse density would be sufficient in nonchandelier
interneurons to generate an extension of inhibitory decay time,
even if a reduction of GAT-1 is present. However, the same
experimental work showed repetitive activation in the presence
of GAT-1 blockade was also sufficient to lead to an extension
of the time course of inhibition. This may be the more relevant
finding of the work by Overstreet and Westbrook (2003)
because we consider a system driven in the gamma/beta range.

The contribution of the I-to-I connectivity to model fre-
quency is consistent with modeling and experimental work
showing mutually inhibitory interneuronal networks are well
suited to synchronize pyramidal cells both locally and across
long distances (Buszáki and Chrobak 1995; Buszáki et al.
2004; Whittington et al. 2000) and provides insight into how
changes to inhibitory timing could have broad impact on
cortical synchrony and function.

As mentioned in the preceding text, it is important to note
that though we have statistical evidence for an increase in
20-Hz response for schizophrenic subjects to 40-Hz drive, this
increase has not been consistently described in other similar
studies (Kwon et al. 1999; Light et al. 2006). The modeling
exposes two possible reasons for this lack of confirmation. The
presence of 20-Hz response to 40-Hz drive in the schizophrenic
network is dependent on the strength of drive input to the
network. If the drive is too strong, then it overpowers any
extended inhibition. The volume of the experimental stimulus
used in (Light et al. 2006), which did not indicate any enhance-
ment of 20-Hz response to 40-Hz drive in the schizophrenic
population, is 93 dB. In contrast, the experimental work we
model here used a click train of only 65–70 dB. High volume
stimuli have been shown to induce a greater fMRI blood-
oxygen-level-dependent (BOLD) response in auditory cortex,
likely indicating activity in a larger recruited cortical neuron
population and may reflect encoding for stimulus intensity
(Jänke et al. 1998). It may be that a loud experimental stimulus
induces sufficient excitation in the auditory cortex to over-
power the effects of extended inhibition. This leads us to
predict that low-volume stimuli may be more suited for elic-
iting the 20-Hz response in schizophrenic subjects, and we will
take this into consideration in future experimental work.

An additional potential confound is that in the case of the
schizophrenic network under 40-Hz drive, depending on con-
nectivity and initial conditions, two distinct trials may skip
different pulses from the drive. That is, in one trial the network
may fire predominantly in response to the first, third, and fifth
pulses, whereas in another trial, response will be primarily to
the second, fourth, and sixth pulses. When these two trials are
averaged in time, the 40-Hz component is enhanced and the
20-Hz component is decreased. For the data analysis to expose
the 20-Hz rhythm, there must be a sufficient subpopulation of
schizophrenic subjects that fire in response to the same pulses
from the drive, and indeed, each subject must be somewhat
consistent in their own response trial to trial as well. In our

modeling, the initial drive input provides enough synchroniza-
tion to weight the simulations toward one preferred phase and
thus a 20-Hz component is visible, and a similar initial syn-
chronization may also be present the experimental data.

In many studies of cortical rhythms in humans, particularly
those where oscillatory activity is not so directly stimulus
locked and is thus not expected to be consistent in phase from
trial to trial, averaging is performed after frequency analysis in
single trials (Jensen et al. 2002; Spencer et al. 2004). In this
work, however, we have focused on the stimulus-locked
evoked rhythmic activity, and it is thus appropriate to average
in time prior to frequency analysis. Because data analysis is
performed in this manner, any 20-Hz activity present after
averaging must be located at the same phase location in the
original signals. The beat skipping mechanism we propose here
could lead to such locking from trial to trial.

The experimental work modeled here did not specifically
control for medications, although the MEG analysis was per-
formed blind to medication. In one previous EEG study (Hong
et al. 2004), there was a correlation between an increase in the
40-Hz power in response to 40-Hz drive for schizophrenia
patients on atypical antipsychotic medications. This effect was
not seen in the results modeled here. Because most patients
were on atypical anti-psychotic medications, any medication
effect might be expected to increase the 40-Hz power, not
decrease it. Still a medication effect cannot be ruled out,
particularly for the increased 20-Hz response. Further study
using medication naive subjects would be necessary to com-
pletely rule out this possibility.

We have used small-scale low-dimensional cellular-based
networks to model MEG data, and in so doing, potentially
important aspects of MEG signal generation have not modeled
explicitly. For example, we have not considered the impact of
cortical cell geometry on signal generation, which has been the
subject of recent modeling work (Jones et al. 2007). Instead we
have based our modeling on the assumption that the MEG data
modeled represents collective cell activity localized to the
auditory cortex and that summed excitatory synaptic activity in
our models is a sufficient approximation of the MEG signal.
This method has been used in previous work (Jensen et al.
2005) and is based on indications MEG signal is dominated by
excitatory synaptic current in the apical dendrites of cortical
pyramidal cells (Hämäläinen et al. 1993). Because the behavior
of excitatory and inhibitory cell populations are tightly linked,
analysis that includes inhibitory synaptic activity in the mod-
eled MEG signal does not markedly change the results and
actually mildly accentuates 20-Hz behavior in the schizo-
phrenic networks.

Our models make a link between biophysical alteration and
cortical function, via changes in gamma and beta frequency
neural activity. Because activity in these frequency bands is
implicated in cognitive impairment, the dynamics that underlie
model behavior may be of cognitive importance beyond the
context of schizophrenia.
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