
under the negative emotional chal-
lenge, cognitive DLPFC activation
response was reduced with lamotri-
gine and risperidone. This explains
the possibility that cognitive enhan-
cers may be needed post-mood stabi-
lization, based on medications used or
to improve the residual attention
difficulties intrinsic to PBD (Pavuluri
et al, 2009). Furthermore, prognostic
markers of clinical outcome began to
emerge, with greater amygdala activity
at baseline being a marker for poor
outcome in the case of risperidone
(possibly involving greater effort to
subdue the amygdala), whereas great-
er MPFC activity was a marker for a
good outcome (a sign of greater
deployment of higher cortical region)
in the case of DVPX, on direct
comparison of these medication
groups. Overall, these results indicated
three things: (1) negative or angry
stimuli were more successful in elicit-
ing drug-related activity than happy
or neutral faces in probing group
differences; (2) medications differen-
tially engaged the brain circuitry
based on neurochemistry and tasks;
and (3) state vs trait: with all medica-
tions, the amygdala showed reduced
activity from baseline along with
recovery from manic state, but
remained active relative to that of
HC (trait marker), while the PFC
regions were normalized with mood
stabilization (state marker). However,
long-term treatment for at least 4
months with a standardized algorithm
led to increased amygdala con-
nectivity (Wegbreit et al, 2011)
in the affective circuitry and normal-
ized subcortical activity (Yang et al,
2013).
In summary, in PBD, multiple

domains are malfunctioning at base-
line. Combination of treatments such
as coupling mood stabilizers with
antipsychotics for severe episodes of
mania may be useful as each type of
medication engages different brain
circuits.
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Mutual Information in a
MEG Complexity Measure
Suggests Regional
Hyper-Connectivity in
Schizophrenic Probands

Abnormalities of regional brain func-
tional connectivity have been suggested
for the syndromes of schizophrenia
since the origin of the name using the
Greek roots: skhizein (to split) and
phren (mind) by Eugen Bleuler in 1908
(Kuhn, 2004). The neuropsychologist
Norman Geschwind generalized this
pathophysiological concept in his classic
papers about what he called the
disconnexion syndromes (Geschwind,
1965). He suggested that deficits in
higher functions resulted from the
disruption of pathways involving the

signal relay functions of the asso-
ciation cortices. Discontinuities in
white matter observed in diffusion
tensor imaging and inferences from
fMRI have been interpreted as evi-
dence for cortical network disconnec-
tions in patients with schizophrenia
(Bullmore et al, 1997).
More dynamical approaches to func-

tional pathophysiological connections
between brain regions have assessed
their nearly simultaneous mutual
similarities in frequency, wavelength,
and phase (Uhlhaas and Singer, 2006).
In addition, analysis of the envelope
of oscillatory activity has yielded
additional measures of connectivity.
However, the brain does not operate
by copying information from one
region to another. The more general
approach is to observe how broad-
band electrophysiological activity in
one region shares information with
other regions. To accomplish this we
have expanded on our previous work
using nonlinear dynamical measures
of complexity for cortical activity
(Robinson et al, 2012; Mandell, 2013).
A unique non-parametric measure

of dynamical complexity, the symbolic
rank vector approach (Robinson et al,
2012), was invoked to characterize the
activity of the beamformer localized,
time-dependent sources of the resting
275-channel whole-head magneto-
encephalogram (MEG). MEG is the
magnetic counterpart of EEG and has
the advantage of yielding measures of
cortical activity that are nearly inde-
pendent of intervening conductivities.
The source time series for an array of
voxel locations is estimated from the
multi-channel measurements using a
linearly constrained minimum variance
beamformer (Robinson and Rose,
1993). Each voxel time series is then
converted to a symbolic time series by
ranking their source magnitudes with-
in a short n-place moving window. A
measure of shared information, sym-
bolic mutual information (SMI), is then
computed for all voxel pairs from the
probability of occurrence of their sym-
bolic states (see Kraskov et al, 2004).
Subjects were recruited nationwide

as part of an ongoing family study
of schizophrenia at the Clinical Brain
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Disorders Branch Sibling Study
(Protocol 95-M-0150) at the NIH and
supported by the NIMH Intramural
Research Program. MEG was collected
under Protocol 99-M-0172. SMI ana-
lysis was applied to resting MEG data
from 15 proband schizophrenics
(10M/5 F, 20–45 years) and 14 normal
control subjects (5M/9 F, 19–36 years).
The schizophrenic subjects all met
the DSM-IV-TR criteria and were
medicated to B500 CPZ equivalents.
Figure 1 illustrates a typical example of
the network differences, showing char-
acteristically higher values for SMI in
schizophrenic than in normal controls,
suggesting hyper-connectivity in rostral
prefrontal cortex for short-range con-
nections. Hypo-connectivity was also
observed for long-range connections to
lateral prefrontal cortical regions. The left
prefrontal lobe location of this hyper-
connectivity example is consistent with
the literature implicating this area in the
primary thought disorder, ambivalence,
and thought-blocking characteristics of
this patient group (Kuhn, 2004).
These preliminary findings are sub-

ject to refinement by incorporation of
cofactors such as diagnostic scale,
medication, and gender.The SMI mea-
sure of shared information is not
dependent upon task-related activity

and may be applicable to assessing
psychiatric disorders and their res-
ponse to psychopharmaceuticals.
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Copy Number Variation
in Schizophrenia

Copy number variation contributes
substantially to human evolution,
normal phenotypic variation, and hu-
man disease (Malhotra and Sebat,
2012). To date, thousands of different
genomic duplications and deletions,
each spanning hundreds to millions of
basepairs, have been mapped genome-
wide, and collectively account for a
significant fraction of human genetic
variation. By reorganizing broad
swaths of DNA, structural mutations
potentially create new genes and
regulatory motifs while also disrupt-
ing established genes.
Copy number variants (CNVs) tend

to occur in regions rich in genes,
segmental duplications, and mobile
elements(Malhotra and Sebat, 2012).
Some arise repeatedly as de novo
mutations in genomic ‘hotspots.’ The
genomic architecture of hotspots is
typically characterized by large
repeated segments that increase the
risk for errors in replication, a process
known as nonallelic homologous
recombination. If a CNV is patho-
genic, it may persist for only a few
generations given negative selection.
At the same time, in each generation
many de novo CNVs are introduced
given the highly repetitive nature of
the human genome.
The importance of rare copy number

mutations for neuropsychiatric disease
is now well-established (Malhotra and
Sebat, 2012). Our group was the first
to demonstrate that individuals with

Figure 1. Group difference (top) between schizophrenics (n¼ 15) and normal control subjects
(n¼ 14) for symbolic mutual information during rest with FDR threshold qo0.01. The seed location
is shown at the bottom. This is one example of hyperconnectivity in rostral prefrontal cortex.
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