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The thalamus is implicated in the neuropathology of schizophrenia, and multiplemodalities of noninvasive neu-
roimaging provide converging evidence for altered thalamocortical dynamics in the disorder, such as functional
connectivity and oscillatory power. However, it remains a challenge to link these neuroimaging biomarkers to
underlying neural circuit mechanisms. One potential path forward is a “Computational Psychiatry” approach
that leverages computational models of neural circuits to make predictions for the dynamical impact dynamical
impact on specific thalamic disruptions hypothesized to occur in the pathophysiology of schizophrenia. Here we
review biophysically-based computational models of neural circuit dynamics for large-scale resting-state net-
workswhich have been applied to schizophrenia, and for thalamic oscillations. As a key aspect of thalamocortical
dysconnectivity in schizophrenia is its regional specificity, it is important to consider potential sources of intrinsic
heterogeneity of cellular and circuit properties across cortical and thalamic structures.
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1. Introduction

A key research challenge in biological psychiatry is to link systems-
level biomarkers of a disorder to underlying alterations in neural circuits
hypothesized to play a role in the pathophysiology. Schizophrenia (SCZ)
is a disorder for which clinical neuroscience has leveraged a range of ex-
perimental modalities to discover systems-level neuroimagingmarkers
based on the dynamics of neural activity in large-scale brain networks.
These biomarkers can be observed noninvasively in patients using mo-
dalities such as functional magnetic resonance imaging (fMRI), electro-
corticography (EEG), and magnetocorticography (MEG). Yet the
mechanistic links between these emergent systems-level dynamics
and underlying synaptic and neuronal processes are poorly understood.
Mechanistic understanding of how synaptic or cellular pathologies can
give rise to neuroimaging findings and clinical symptoms is a key step
toward rational design of therapeutics acting at the synaptic level. This
knowledge gap between mechanisms and biomarkers arises because
of the need for ways to bridge the fine-grained neurophysiology of
brain microcircuits and the properties of macrocircuits studied in clini-
cal research using noninvasive neuroimaging.

One emerging approach to bridging this gap is to leverage advances
in computational neuroscience to generate rigorous and testable hy-
potheses related to the neural bases of psychiatric pathophysiology
(Anticevic et al. 2015c; Wang and Krystal 2014). More specifically, this
“Computational Psychiatry” approach can harness computational
models of neural systems that incorporate key neuronal and synaptic
details, allowing mechanistic characterization of how cellular-level dis-
ruptions may propagate upward to produce systems-level dysfunction.
Computational models of neural circuits models can therefore yield dis-
sociable systems-level predictions for distinct synaptic-level perturba-
tions, thereby allowing macroscopic measures in humans or animals
to support inferences about microscopic pathophysiologies. This ap-
proach has translational potential, as it stands to inform the one-to-
many mapping problem in neuroimaging research, i.e., the difficulty to
map a statistical map from neuroimaging onto a given upstream cellu-
lar-level mechanism that may be ‘driving’ such an effect. Circuit models
are developed and constrained by experiments in pre-clinical animal
models at different levels, such as synaptic kinetics and spiking activity.
By then examining which changes in the biologically interpretable
model parameters map onto clinical findings, we can develop testable
mechanistic hypotheses for specific circuit disruptions in the disease.

There is mounting evidence that SCZ can be characterized by wide-
spread abnormalities of connectivity and interactions in brain circuits
across a range of spatial scales, from microcircuits to large-scale net-
works. The thalamus is a critical node in large-scale brain networks,
and thalamocortical interactions are emerging as a key component of
“dysconnectivity” in SCZ. In this piece, we review recent experimental
functional neuroimaging findings of altered dynamics of thala-
mocortical circuits in SCZ during task-free, spontaneous activity at rest
or during sleep. We then describe biophysically-based computational
modeling approaches that can be readily extended to study altered
thalamocortical dynamics in SCZ. These computational approaches in-
clude models of large-scale resting-state networks, which are well

http://crossmark.crossref.org/dialog/?doi=10.1016/j.schres.2016.10.021&domain=pdf
http://dx.doi.org/10.1016/j.schres.2016.10.021
mailto:john.murray@yale.edu
http://dx.doi.org/10.1016/j.schres.2016.10.021
http://www.sciencedirect.com/science/journal/09209964
www.elsevier.com/locate/schres


71J.D. Murray, A. Anticevic / Schizophrenia Research 180 (2017) 70–77
suited to resting-state fMRI measurements, as well as biophysically-de-
tailed models of neurons and microcircuits in the thalamus, which gen-
erate oscillatory activity that can be related to EEG/MEGmeasurements
at timescales that fMRI cannot resolve. One salient aspect of
thalamocortical dysconnectivity observedwith fMRI is its regional spec-
ificity, implicating bidirectional changes in thalamic interactions with
different cortical regions and preferentially more severe alterations in
specific thalamic nuclei (e.g., the prefrontal-projecting thalamic nuclei).
It is therefore critical to consider the heterogeneity of circuit properties
across cortical areas and thalamic nuclei, which may contribute to the
observed preferential disturbances arising from disease-related pertur-
bations. Finally, we suggest future directions for computational and ex-
perimental research to probe the mechanistic basis of thalamocortical
dysfunction in SCZ.
2. Recent experimental findings of thalamocortical dynamics in
schizophrenia

Given the highly convergent and divergent connectivity between
thalamus and cortex, it is important to characterize the topography of
connectivity alterations across large-scale networks in SCZ. FMRI allows
whole-brainmeasurement of the low-frequency blood oxygen level-de-
pendent (BOLD) signal. Resting-state functional connectivity MRI (rs-
fcMRI) has emerged as a powerful tool for characterizing the intrinsic
functional architecture of brain network dynamics at rest. Its emerging
use is built upon the hypothesis that neuropsychiatric conditions, such
as SCZ, are brain disorders that affect computations across large-scale
neural networks. Complementing fMRI, other noninvasive methods
such as electroencephalography (EEG) and magnetoencephalography
(MEG) can provide greater temporal resolution of neural dynamics. Be-
cause the thalamus is implicated in specific dynamical modes, such as
oscillatory sleep spindles, these measures can relate specifically to tha-
lamic function. In this section, we describe some recent studies reveal-
ing biomarkers of altered neural dynamics in SCZ, using fMRI, EEG,
andMEG,which are particularlywell suited to computationalmodeling.
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Fig. 1. Thalamic dysconnectivity in SCZ. (A) Significant whole-brain between-group differ
schizophrenia (SCZ). Red-orange (blue) foci mark areas where patients exhibited stronger (re
dissimilarity. The brightest voxels are associated with highest between-group differences. (C)
different regions of cortex. White arrows indicate the correspondence between thalamic reg
with prefrontal cortex (red). Adapted from Anticevic et al. (2014a).
2.1. Resting-state BOLD functional connectivity

In recent years, a number of independent rs-fcMRI studies have
characterized thalamocortical connectivity in SCZ, converging on a ro-
bust set of alterations (Welsh et al. 2010; Woodward et al. 2012;
Anticevic et al. 2014a, 2014b, 2015a; Woodward and Heckers 2015).
Thalamocortical connectivity alterations in SCZ are bidirectional and re-
gionally specific (Fig. 1A). Relative to controls, patients with SCZ exhibit
lower connectivity between the thalamus and regions of prefrontal cor-
tex, striatum, and cerebellum (Anticevic et al. 2014a). In contrast, in SCZ
the thalamus is over-connected with sensory-motor cortex. There is a
strong relationship between thalamic over- and under-connectivity
across subjects. Specifically, there is a strong negative correlation be-
tween them, suggesting a common mechanism may underlie both the
over- and under-connectivity patterns (Anticevic et al. 2014a, 2015a;
Woodward and Heckers 2015).

Regional specificity of dysconnectivity extends to the thalamus as
well. Thalamus is divided into multiple distinct nuclei with different
input and output synaptic connection patternswith cortex. Of particular
interest here is the mediodorsal (MD) nucleus, which is strongly inter-
connected with prefrontal cortex. The MD nucleus appears to preferen-
tially drive the thalamocortical dysconnectivity pattern described above
(Welsh et al. 2010; Anticevic et al. 2014a, 2014b) (Fig. 1B,C).

SCZ is a neurodevelopmental disorder with a complex illness pro-
gression. Neural biomarkers can alter dramatically across prodrome,
early-stage, and chronic stages. Interestingly, this pattern—thalamic
under-connectivity with prefrontal cortex and over-connectivity with
sensorimotor cortex—appears to be present across illness stages.
Woodward and Heckers (2015) found it to be present in both chronic
and early-stage individuals with psychosis (SCZ/schizoaffective disor-
der and bipolar I disorder with psychotic features). Anticevic et al.
(2015a) found this pattern to be present in young help-seeking individ-
uals at clinically high risk for psychosis, and particularly strong for the
subset of patients who converted to full-blown illness at a later time.
These recent findings collectively indicate that the observed thalamic
dysconnectivity is not consistent with typical confounds that emerge
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as a function of chronic illness—namely long-term medication effects
and additional co-morbid clinical factors. Therefore, this effect may
present a viable translational target that can be studied using comple-
mentary electrophysiological techniques.

2.2. Electrophysiological measures of oscillatory deficits

Relative to fMRI, EEG and MEG are more limited in their ability to
measure and localize neural activity in deep subcortical structures.
Where MEG measures can be localized to thalamus, it lacks spatial res-
olution to resolve specific thalamic nuclei (Roux et al. 2013). Despite
their spatial limitations, these modalities can provide important com-
plementary data because they can resolve activitywithmuch finer tem-
poral resolution than fMRI. This temporal resolution can be especially
leveraged to probe thalamocortical activity because there are specific
spatiotemporal dynamics associated with thalamus, building upon a
large body of in vitro and in vivo physiological studies in animalmodels,
which occur at timescales faster than can be resolved with fMRI. Here
we focus on two alterations which implicate the thalamus and for
which biophysically-based neural models have shed light on the neuro-
nal and synapticmechanisms underlying them: delta-band (1–4Hz) os-
cillatory activity, and sleep spindles. These findings have built upon
physiological studies of the cellular and synaptic properties of thalamic
neurons, in particular the thalamocortical cells in relay and association
thalamic nuclei (TC cells) which project to cortex, and GABAergic cells
in the thalamic reticular nucleus (TRN) (RE cells)with are interconnect-
ed with TC cells.

2.2.1. Delta-band alterations
As described below, physiological studies have found that isolated

TC or RE cells can generate delta-band (1–4 Hz) oscillations through
the interplay of their intrinsic active membrane conductances (Jones
2012). Alterations in delta-band activity may therefore reflect thalamic
disturbances. However, it is important to note that there are likely mul-
tiple generators of delta-band activity, including mechanisms in cortex
that do not involve the thalamus. Multiple EEG and MEG studies have
found elevated delta-band power at rest in patients with SCZ relative
to controls (Galderisi et al. 2009; Siekmeier and Stufflebeam 2010), in
addition to elevated theta power. This elevated resting-state delta
power appears mostly over frontal brain areas (Venables et al. 2009).

2.2.2. Spindle oscillations
Spindles are patterns of 8–15 Hz oscillations within a bout that

waxes andwanes over a timescale of roughly one second. Spindle activ-
ity is a signature of rapid-eye-movement (REM) sleep. As described
below, a large body of physiological and computational modeling
work has characterized the mechanisms underlying spindles through
the interplay between cellular and synaptic processes in RE-TC circuits
(Jones 2012). Using EEG, Ferrarelli et al. (2007, 2010) found reduced
spindle activity in patients with SCZ. Moreover, spindle number was
negatively correlated with severity of both positive and negative symp-
toms (Ferrarelli et al. 2010). Given the strong evidence of thalamic cir-
cuits in spindle generation, these findings strongly implicate deficits in
thalamus and TRN in particular (Ferrarelli and Tononi 2011). (See also
the review by Ferrarelli in this issue.)

3. Computational models of thalamocortical dynamics

As noted, one approach to Computational Psychiatry uses
biophysically-based models of neural circuits to make dissociable pre-
dictions for systems-level phenomena arising from distinct synaptic-
level perturbations. This approach has been applied to a range of ques-
tions in schizophrenia (for a review, see Anticevic et al. 2015c). For ex-
ample, models of local cortical microcircuits comprising recurrently
connected excitatory and inhibitory neurons can generate oscillatory
activity in the gamma (30–80 Hz) range. Such models have been
applied test how gamma oscillations are impacted by schizophrenia-re-
lated synaptic alterations, which can be compared to gamma-related
biomarkers observed in schizophrenia. Microcircuit models have also
been applied to study the persistent neural activity underlying working
memory in prefrontal cortical circuits and its potential dysfunction in
schizophrenia. In particular, “attractor network” models have been ap-
plied to study how distinct synaptic alterations in excitation-inhibition
balance can produce dissociable patterns of errors in working memory
tasks, thereby linking synaptic dysfunction to cognitive deficits
(Murray et al. 2014).

Here we describe two computational modeling frameworks that can
be related to the experimental measurements described above and
thereby potentially inform understanding of the mechanisms underly-
ing neuroimaging biomarkers at the neural system level, such as
thalamocortical dysconnectivity.

3.1. Computational models of large-scale resting-state networks

In recent years, a class of computational models have been devel-
oped to explicitly relate to neural dynamics measured in rs-fcMRI ex-
periments, to address a range of questions such as how structural
connectivity and physiological dynamics interact to shape functional
connectivity (Deco et al. 2011; Deco and Kringelbach 2014). These
models represent the brain at rest as a network of interconnected
nodes (Fig. 2A). Each node represents a brain region or parcel, and sim-
ulates neural activity of the local circuit at a simplified level of biophys-
ical fidelity. For instance, a node representing a cortical area can
simulatemean-field ensembles of excitatory pyramidal neurons and in-
hibitory interneurons (Deco et al. 2014). Model nodes are connected by
long-range inter-areal projections. The structure of these long-range
inter-areal projections can be constrained by known neuroanatomical
connectivity as measured by tractography through diffusion MRI
(Deco et al. 2013). The net synaptic input to each node therefore con-
tains contributions from local recurrent connections, long-range con-
nections from other nodes, fluctuating background input, and external
inputs.

As nodes respond to their inputs, their activity fluctuates in time.
Due to the long-range coupling, fluctuations are correlated across
nodes, creating patterns of functional connectivity. The resultant func-
tional connectivity pattern is thereby shaped by the underlying struc-
tural connectivity pattern, but also by physiological properties of the
local cortical microcircuits. Neural activity in each node can be convert-
ed into a simulated BOLD signal via a hemodynamic model, enabling
more direct comparison to fMRI measures. The biologically interpret-
able parameters of the model can then be fitted to achieve the best
match between simulated and empirical functional connectivity.

These resting-state models have been related to rs-fcMRI findings in
psychiatric disorders such as SCZ (Deco and Kringelbach 2014;
Anticevic et al. 2015c). Thus far these models have primarily applied
to cortex only, without inclusion of thalamus or other subcortical struc-
tures. In a series of studies, we applied these models to study the large-
scale impact of alterations in the excitation-inhibition (E/I) ratio in cor-
tical circuits, relating these effects to rs-fcMRI biomarkers in SCZ (Yang
et al. 2014; Anticevic et al. 2015b; Yang et al. 2016). Yang et al. (2014)
found that increasing the effective strength of connectivity at either
the local or long-range level, resulting in an elevated E/I ratio, can cap-
ture the elevated local and global neural variability observed in SCZ.
These models can be readily extended to thalamocortical interactions,
by simulating activity in multiple thalamic nuclei as nodes, constrained
by nucleus-specific patterns of thalamocortical structural connectivity.
Thalamic nodes in themodel should account for the distinct localmicro-
circuit properties of thalamus; for instance, TC cells lack the strong local
recurrent excitatory connectivity found in cortical microcircuits (Jones
2012).

As noted, a salient aspect of the clinicalfindings is regional specificity
and bidirectionally of functional connectivity alterations (Anticevic et al.
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Fig. 2. Computational models of large-scale resting-state dynamics. (A) Modeling framework. Diffusion MRI-derived tractography provides the underlying structural connectivity among nodes in the model. Nodes simulate activity of local neural
circuits, which interact through long-range connections. The model produces correlated spatiotemporal patterns in the simulated BOLD signal, which can be compared to empirical fMRI data, to optimize fitting of the biologically interpretable
model parameters. Adapted from Deco et al. (2013). (B) Expansion of the model to incorporate hierarchical heterogeneity of local circuit properties, specifically stronger recurrent excitation (w) in association cortical networks compared to
sensory cortical networks. (C) Elevated excitation-inhibition ratio increases preferential dysconnectivity in association networks in the model. Plotted is the difference between association and sensory measures (A–S) of within-network
connectivity (covariance). Connectivity increases with three model parameters that all elevate the net E/I ratio. (D) Empirical measures of within-network connectivity in SCZ reveal preferential increase in connectivity in association networks,
in line with model predictions.
Adapted from Yang et al. (2016).
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2014a). These suggest that to capture empirical findings, an important
model extensionwill be to incorporate heterogeneity of local properties
across cortical and/or thalamic nodes. As a step in this direction, such an
extension has been explored in heterogeneity of local recurrent connec-
tivity across cortical hierarchy. Yang et al. (2016) found that elevated E/I
ratio in a homogenousmodel yielded elevatedmean functional connec-
tivity, as measured by covariance of the BOLD signal. In line with this
model prediction, analysis of resting-state fMRI revealed that this con-
nectivity is increased in SCZ, but that this increase is preferential in as-
sociation cortex relative to sensory cortex (Fig. 2D). This finding of
regional specificity motivated extension of the model to incorporate
stronger recurrent connectivity in association areas, which is consistent
with known neurobiology of cortical microcircuitry (as discussed
below). The extension of cortical heterogeneity in the model was suffi-
cient to produce preferential elevation of connectivity in association
networks, under the same global increase in E/I ratio (Fig. 2C). This
study provides proof-of-principle synthesis of proposals for localized
versus global neural deficits in SCZ. Put differently, there is a long-stand-
ing tension between two competing neurobiological frameworks of
SCZ: pervasive deficits that are widespread across the brain, versus
focal dysfunction in a few key ‘hotspots’. The describedmodeling frame-
work helps to reconcile this tension. It also potentially serves as an ex-
ample for future modeling studies incorporating thalamocortical
heterogeneity to capture the regionally specific and bidirectional con-
nectivity alterations observed in SCZ, which remain mechanistically
uncharacterized.
3.2. Computational models of oscillations in thalamic circuits

Biophysically-based circuit models have been developed to probe
the generation of oscillations in thalamocortical systems. These oscilla-
tions arise through the interplay between ionic cellular and synaptic
processes.
3.2.1. Delta oscillations in thalamic neurons
Active voltage-dependent conductances of TC and RE cells

strongly shape their firing activity. Both TC and RE cells strongly
express T-type calcium channels, mediating the associated current
IT, which endows the cell with ability to operate in two modes: a
tonic-firing mode when IT is not active, and a burst-firing mode
that relies on IT (McCormick and Huguenard 1992; Destexhe et al.
1993a, 1993b, 1996b). When starting at a relatively depolarized
baseline potential (N60 mV), IT inactivates, and the cell fires in a
tonic mode characterized by regular firing of single spikes. In
contrast, if the cell is held at a hyperpolarized potential for 50–
100 ms, then the cell can enter a burst mode upon stimulation. At
these hyperpolarized potentials, IT de-inactivates. If the cell is then
depolarized, the IT can be activated, generating a low-threshold
Ca2+ spike and a burst of action potentials. This provides a complex
cellular-level regulatory mechanism for specific cellular states in
thalamic neurons, which may be dysfunctional in SCZ and can be
observed as altered oscillations in a given frequency range.

For TC cells, delta (1–4 Hz) oscillations can be modeled through an
interplay between IT and a hyperpolarization-activated current (IH)
(Destexhe et al. 1993b) (Fig. 1A, B). This cycle begins with hyperpolari-
zation of the TC cells, which de-inactivates IT and activates IH. The IH de-
polarizes the cell, which then activates IT. Depolarization by IT causes a
burst of Na-K action potentials. During the high-voltage burst, IT inacti-
vates and IH deactivates, causing the cell to then become
hyperpolarized, and the burst can begin again. Similarly, RE neurons
can robustly generate delta oscillations through single-cellmechanisms,
in this case through the interplay of IT and Ca2+-dependent K+ current
(IKCa). IT generates a burst, and the accumulating calcium then activates
IKCa. IKCa then hyperpolarizes the cell, and the cycle can begin again.
3.2.2. Spindle oscillations in thalamo-reticular circuits
Spindle oscillations are thought to arise through recurrent synaptic

interactions in thalamic circuits (Destexhe et al. 1996a; Jones 2012).
The dominant model for spindles describes a reciprocally connected
RE-TC microcircuit (Destexhe et al. 1996a) (Fig. 3C). In these models,
RE neurons are interconnected via GABAA synapses and project to TC
neurons with GABAA and GABAB synapses. TC neurons, in turn, project
back onto RE cells with glutamatergic AMPA synapses. In the cycle of
the spindle oscillation, TC neurons excite hyperpolarized RE neurons,
triggering an IT-mediated burst. RE neurons then strongly inhibit both
TC neurons and RE neurons. This inhibition-related hyperpolarization
activates IT in both, causing a rebound burst in TC neurons, beginning
the cycle again. This leads to an offset spiking pattern between the pop-
ulations. RE neurons typically burst in every cycle, whereas TC neurons
tend to skip cycles (Fig. 3D). The waxing-and-waning envelope of the
bout of spindles can be achieved through dependence of IH on intracel-
lular Ca2+ that accumulates during the spindles. Modeling studies have
shown importance of feedback from cortex to TRN in mediating coher-
ence of spindles across the thalamus (Destexhe et al. 1998).

3.3. Implications for cellular and synaptic dysfunction in SCZ

Both types of described oscillatory activity can be recorded in SCZ
patients and captured computationally via biophysically-based models.
These biophysically-based circuitmodels can therefore serve as produc-
tive platforms to test the effects of various cellular and synaptic pertur-
bations on system-level dynamical properties. As discussed, both the
delta and spindle oscillations in thalamic circuits rely on T-type calcium
channels. Recently, a large genome-wide association study (GWAS) has
identified genes encoding calcium channels as major sites associated
with SCZ. Interestingly, one gene is CACNA1I (Schizophrenia Working
Group of the Psychiatric Genomics Consortium 2014), which encodes
the Cav3.3 a T-type calcium channel expressed strongly in the TRN.
(See also the review by Richard & Lisman in this special issue discussing
the link between the GWAS work and thalamic abnormalities in SCZ.)
Computational models can probe how changing the strength and kinet-
ics of the T-type calcium conductance alters neuronal firing.

N-Methyl-D-aspartate receptor (NMDAR) hypofunction is a leading
synaptic dysfunction implicated in SCZ. This hypothesis has been ex-
plored using pharmacological NMDAR antagonists, such as ketamine,
which are leading pharmacological models of SCZ (Krystal et al. 2003).
One consequence of NMDAR hypofunction may be disinhibition,
which can occur through preferential antagonism of NMDARs on inhib-
itory neurons relative to excitatory neurons (Lisman et al. 2008;
Nakazawa et al. 2012). This preferential impactmay arise fromdifferen-
tial expression of NMDAR subunits in different cell types. In cortex, py-
ramidal neurons express relatively high levels of the NR2B subunit
(Wang et al. 2008; Xi et al. 2009), whereas inhibitory interneurons
may preferentially express the NR2C subunit (Xi et al. 2009). Similarly,
the inhibitory RE cells in the TRN also express NR2C receptors (Zhang et
al. 2012a). Interestingly, NR2C receptors show a greater sensitivity to
the NMDAR antagonist ketamine, compared to NR2A/B/D receptors
(Kotermanski and Johnson 2009), which potentially underlies the net
disinhibition observed under subanesthetic administration of NMDAR
antagonists (Krystal et al. 2003; Homayoun and Moghaddam 2007).
This effect can be parsimoniously modeled in a biophysically-based
framework as a small net reduction of NMDAR conductance from inhib-
itory onto excitatory cells, which has been related to experimental ef-
fects of ketamine in humans (Anticevic et al. 2012).

Physiological studies provide support that thalamus may be a key
site vulnerable of NMDAR hypofunction. Physiological experiments
found that NMDAR antagonist can switch an RE neuron from the tonic
firing mode to a delta-frequency bursting mode (Zhang et al. 2009).
An in vivo experiment, in rats under urethane anesthesia, found that in-
jection of the NMDAR antagonistMK-801 intoMD thalamus can strong-
ly alter spontaneous delta oscillations in medial prefrontal cortex (Kiss
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et al. 2011). Another experiment, in awake rats, found that injection of
ketamine into thalamus increased firing rates and delta power in both
thalamus and hippocampus (Zhang et al. 2012b).

Disruptions within cortex could also alter the nature of
corticothalamic interactions. For instance, Crandall et al. (2015) found
that at low cortical firing rates, the net impact of L6 cortex on TC cells
is inhibitory, due to feedforward inhibition mediated by RE cells. How-
ever, at high cortical firing rates, the corticothalamic impact switches
fromnet inhibitory to net excitatory, due to short-term synaptic plastic-
ity. One intriguing potential consequence of this is that if cortex were
disinhibited and exhibited elevated activity (Homayoun and
Moghaddam 2007; Yang et al. 2016), then corticothalamic interactions
could switch fromamode of negative feedback, enabling inhibitory con-
trol and gating, to a mode of positive feedback. This would possibly re-
sult in dysregulation of thalamic functions, such as sensory gating
(Wimmer et al. 2015), which are implicated in SCZ (Braff and Geyer
1990).

4. Potential sources of regional thalamocortical heterogeneity in SCZ

As described, SCZ is associatedwith striking dissociation across brain
networks in terms of patterns of thalamic dysconnectivity. Sensorimo-
tor cortex and associated thalamic nuclei exhibit over-connectivity,
whereas prefrontal cortex and associated thalamic nuclei exhibit
under-connectivity, and this effect in thalamus appears preferentially
elevated in theMDnucleus. Broadly, this pattern could be driven by dis-
tinct disruptions to specific brain areas involved. Alternatively, a wide-
spread common disruption could give rise to preferential deficits due
to heterogeneity in the underlying circuitry of the areas involved
(Yang et al. 2016), as noted above. Here we discuss some heterogeneity
in themicrocircuitry of thalamocortical systems, whichmay potentially
contribute to the observed regional specificity in thalamocortical
dysconnectivity.
4.1. Intrinsic thalamic heterogeneity

There is evidence that thalamic nuclei may vary in their intrinsic
physiological properties. In particular, studies have found that both in
vitro and in vivo, TC cells in higher-order thalamic nuclei exhibit a
higher propensity for burstiness than those in sensory relay nuclei.
Wei et al. (2011) compared firing properties of lateral geniculate nucle-
us (LGN) compared to pulvinar nucleus, and found that pulvinar neu-
rons show a higher propensity for bursting, and express more T-type
calcium channels (Cav3.2). Ramcharan et al. (2005) analyzed single-
neuron spike trains from alert monkeys recorded across multiple tha-
lamic nuclei. They found higher likelihood of bursting activity in
higher-order nuclei, such as MD and pulvinar, compared to early relay
nuclei such as LGN. These higher-order nuclei had lower spontaneous
activity, which may allow more deinactivation of IT thereby facilitating
bursting. These intrinsic differences in thalamic physiology may render
cells in specific thalamic subdivisions differentially sensitive to an un-
derlying perturbation (e.g. stemming from NMDAR hypofunction).
4.2. Intrinsic cortical heterogeneity

Cortex is similarly heterogeneous in its microcircuitry, and these
inter-areal differences may contribute to differential alterations under
a global, cortex-wide perturbation (Yang et al. 2016). There is evidence
suggesting differences in recurrent connectivity across the cortical hier-
archy, with marked differences between sensory and association corti-
ces. At the cellular level, Elston and colleagues have systematically
quantified areal differences in the synaptic morphology of pyramidal
cells in the monkey (Elston 2003; Elston et al. 2005). They measured
the number of spines, sites of excitatory synapses, on pyramidal cells,
and found hierarchical increases from primary sensory to prefrontal
areas. The increase in spine counts was driven by increases both in
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both dendritic length and in synapse density. In addition to the number
of synapses, the net physiological recurrent strength, which relates to
model findings, would also depend on other factors, such as the average
conductance of a single synapse. Physiological measurements, e.g. using
paired recordings in slice preparations, could potentially provide more
direct evidence related to this mechanism.

There are also important inter-areal differences in the dominant
timescale of cellular and synaptic properties. Morphological differences
between pyramidal cells in dorsolateral prefrontal cortex and
primary visual cortex can drive physiological differences (Amatrudo et
al. 2012). Areas differ in their neuromodulatory inputs, and their recep-
tor expression (Bernard et al. 2012). Inter-areal differences in
neuromodulatory tone could therefore shape inter-areal differences in
cellular physiology. Inter-areal differences in synaptic properties could
also contribute. At recurrent excitatory synapses, the timescales of
NMDAR-mediated synaptic currents are twice as long in prefrontal cor-
tex compared to primary visual cortex, due to differential expression of
NMDAR subunits (Wang et al. 2008). One approach formore systematic
analysis of neuronal and synaptic properties comes from mapping re-
ceptor and gene expression patterns across the brain. For instance, ex-
pression of NMDA receptors is higher in prefrontal cortex compared to
visual cortex (Scherzer et al. 1998). Recent high-throughput studies
have revealed areal differences inmRNA expression, including differen-
tial expression related to synaptic and neuromodulatory properties
(Bernard et al. 2012; Hawrylycz et al. 2012). However, at present it is
not straightforward to map these expression levels to their effects on
physiological dynamics.

4.3. Unifying intrinsic heterogeneity into computational modeling studies

As noted, a key uncharacterized effect in SCZ pertains to the bidirec-
tional and functionally related hyper- and hypo-connectivity between
the thalamus and sensory versus associative cortices. The sections
above highlight some physiologically plausible ways in which
preexisting intrinsic features of thalamic and cortical neurons may pro-
duce a distinct pattern of effects across different thalamocortical loops.
The forthcoming expansion of existing computational models stands
to play a vital role in deepening our intuition regarding how such a spa-
tially-specific effect may occur and how it may operate across distinct
timescales through alterations of oscillatory activity.

5. Future directions: toward mechanistic mapping of thalamic
dysconnectivity in SCZ

In this review, we have described key experimental findings of
thalamocortical dysfunction in SCZ, as well as computational modeling
frameworks for studying neural dynamics which can be extended to
study these phenomena. A Computational Psychiatry approach to un-
derstanding dynamical biomarkers in SCZ has the potential to link
across levels of analysis to inform mechanisms, and facilitate transla-
tional research from pharmacological and animal studies to clinical ob-
servations. Future experimental and modeling studies are needed to
further refine our characterization of these biomarkers, and to probe
their underlying synaptic and cellular mechanisms.

Future experimental studies should examine how the fMRI and elec-
trophysiological biomarkers described above may be related. EEG ex-
periments can test whether spindle deficits during sleep correlate,
across subjects, with abnormal delta activity during awake rest, to test
for a shared mechanism. It is also important to leverage multi-modal
analyses to understand the relationship between large-scale
dysconnectivity and the oscillatory disturbances (Uhlhaas and Singer,
2010). For instance, one could probewhether the pattern of BOLD func-
tional connectivity observed by fMRI is correlated across subjects or
states with spindle deficits observed in EEG/MEG. Moreover, simulta-
neous fMRI/EEG could reveal the spectral signatures that accompany
resting-state thalamic dysconnectivity.
Future computational modeling studies should leverage the model-
ing advances described above to directly capture these thalamocortical
dynamical alterations, to test sites of specific perturbations. It will be
important to explore what set of cellular and/or synaptic alterations
can give rise to both diminished spindle activity during sleep-like condi-
tions, yet the increased delta-band oscillations during rest-like condi-
tions, along with the bidirectional spatial pattern observed using BOLD
fMRI. A computational challenge lies in integration of a multi-scale ap-
proach to combine the oscillatory activity, which relies onmodeling de-
tailed cellular processes, with the large-scale network dynamics, which
has thus far primarily beenmodeled using simplified, mean-field neural
activity.

Another important direction for the interplay between computa-
tional and experimental studies will be in the integration of the ap-
proaches described above with other analytical techniques yielding
complementary perspectives on large-scale network dynamics in
human neuroimaging data. Analyses based on graph theory can charac-
terize the topological features of large-scale brain networks, which can
be applied to both structural connectivity data derived from diffusion-
weighted imaging as well as functional connectivity derived from
BOLD (Bullmore and Sporns 2009). Although such analyses have pri-
marily focused on cortico-cortical connections only, changes in
thalamocortical connectivity could greatly affect topological measures
due to the highly convergent and divergent nature of thalamo-cortical
projections. Furthermore, new analytic methods have also shed light
on the dynamics of functional connectivity patterns, which may be al-
tered in schizophrenia (Damaraju et al. 2014). Computational model
of network dynamics can potentially shed light on the mechanistic
basis of these more abstract measures (Cabral et al. 2012; Hansen et
al. 2015).

Another important combined experimental and modeling direc-
tion will be in relating these task-free biomarkers to thalamocortical
function during sensory processing and cognition, which critically
rely on proper thalamocortical interactions. Thalamocortical circuits
are believed to play an important role in core cognitive functions
such as attention and gating (Wimmer et al. 2015), and potentially
play a role in predictive coding (Adams et al., 2013), all of which
are implicated in schizophrenia. Computational models can test
the impact on these functions of the perturbations constrained by
the SCZ-related biomarker dynamics. It will be important for models
to make dissociable predictions from competing synaptic-level
hypotheses, which can be tested with neural and behavioral data in
humans (Murray et al. 2014). In turn, these effects can then be
reverse-engineered in animal models in disease states or under
pharmacological manipulation (Wells et al. 2016). In that sense,
computational modeling stands at an important intersection of
translation between human and animal research. Furthermore, use
of such models stands to help resolve emerging controversies
surrounding physiological artifact, which challenge the validity of
clinical neuroimaging effects in case–control designs. Put simply,
neural circuit models do not move, breathe or have a heartbeat, yet
they can generate testable and competing predictions regarding
expected neuroimaging effects (Yang et al. 2014). In summary, a
Computational Psychiatry approach to understanding dynamical
biomarkers in SCZ, such as thalamic dysconnectivity, has the poten-
tial to link across levels of analysis to inform mechanisms, and
facilitate translational research from pharmacological and animal
studies to clinical observations.
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