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Summary

Diagnoses of behavioral disorders such as autism spectrum disorder and schizophrenia are based 

on symptomatic descriptions that have been difficult to connect to mechanism. Although 

psychiatric genetics provide insight into the genetic underpinning of such disorders, with a 

majority of cases explained by polygenic factors, it remains difficult to design rational treatments. 

In this review, we highlight the value of understanding neural circuit function both as an 

intermediate-level of explanatory description that links gene to behavior as well as a pathway for 

developing rational diagnostics and therapeutics for behavioral disorders. As neural circuits 

perform hierarchically organized computational functions and give rise to network-level processes 

(e.g. macroscopic rhythms, goal-directed or homeostatic behaviors), correlated network-level 

deficits may indicate perturbation of a specific circuit. Therefore, identifying such correlated 

deficits or a ‘circuit endophenotype’ would provide a mechanistic point of entry, enhancing both 

diagnosis and treatment of a given behavioral disorder. We focus on a circuit endophenotype of the 

thalamic reticular nucleus (TRN) and how its impairment in neurodevelopmental disorders gives 

rise to a correlated set of readouts across sleep and attention. Because TRN neurons express 

several disorder-relevant genes identified through genome wide association studies, exploring the 

consequences of different TRN disruptions may be of broad translational significance.

Introduction

Neuropsychiatric and neurodevelopmental disorders are a substantial source of morbidity 

and collectively contribute to a large economic burden (Kessler et al., 2005; Olesen et al., 

2012; Whiteford et al., 2013). According to the World Health Report of 2001 from the 

WHO, mental and neurological conditions make up for >30% of the global burden of 

disease with six neuropsychiatric conditions ranking among the top 20 contributing 
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disorders, leading to a formal recognition of mental health importance and 2013–2020 action 

plan (Saxena et al., 2013). Therefore, there is a substantial unmet public health need for 

devising effective treatments to target these disorders. However, in comparison to most 

medical disciplines, modern psychiatry faces unique challenges when attempting to translate 

basic science into treatments.

Compared to other organ systems, understanding the basic cellular elements of the brain, 

although extremely important, provides only limited insight into how its collective function 

is realized as thoughts and behavior (Dehaene and Changeux, 1997; Dehaene et al., 2014; 

Graziano and Aflalo, 2007; Jazayeri and Afraz, 2017). For example, based on a biophysical 

understanding of the cardiac action potential (Weidmann, 1951), it is easy to appreciate why 

hERG1 or Kv11.1 (encoded by KCNH2) loss-of-function mutation is a primary genetic 

substrate for congenital long QT syndrome (LQTS) and therefore predisposition to cardiac 

arrhythmia (Curran et al., 1995). In contrast, the link between the polymorphism of this 

same gene and schizophrenia (SCZ) (Huffaker et al., 2009) cannot directly be explained by 

its involvement in neural excitability or synaptic transmission. This difficulty stems from the 

fact that thought and behavior are not a direct result of individual cellular processes, but 

rather of transformations that take place across hierarchical levels of organization (Kanai et 

al., 2015).

In addition to a lack of basic mechanistic understanding to inform disorder classification, 

there is substantial overlap both at the behavioral and genetic levels between disorders 

(Bulik-Sullivan et al., 2015; Lee et al., 2013; Smoller et al., 2013). Gaining mechanistic 

access to these somewhat arbitrary entities has proven difficult given their heterogeneous 

and polygenic nature (Geschwind and Flint, 2015; McCarroll and Hyman, 2013). To address 

the heterogeneity, one approach has been to identify an ‘endophenotype’; a heritable factor 

associated with a behavior or set of behaviors within an otherwise heterogeneous diagnostic 

entity (Gottesman and Gould, 2003; John and Lewis, 1966). This approach has met limited 

success; on one end, even simple behavioral deficits can arise from multiple different genetic 

causes as well as have highly polygenic genetic underpinnings (Flint et al., 2014; Pappa et 

al., 2016) and on the other, a single genetic perturbation can give rise to multiple behavioral 

deficits (e.g. Mecp2 in Rett’s Syndrome (Amir et al., 1999))(Figure 1A–B). Similar 

limitations are associated with extended definitions of the endophenotype to include non-

behavioral readouts (Flint et al., 2014). For example, neither electroencephalographic (EEG) 

measures such as reductions in the P50 evoked response (Adler et al., 1985; Cadenhead et 

al., 2000) or mismatch negativity (MMN) (Javitt et al., 1993; Shelley et al., 1991; Umbricht 

and Krljes, 2005), nor structural readouts such as changes in white matter structure, grey 

matter thickness or subcortical volume (van Erp et al., 2016; Kuperberg et al., 2003; Lener et 

al., 2015) have been successful at identifying genetic associations or mechanisms in SCZ 

(Greenwood et al., 2013; Harrisberger et al., 2016; Prasad and Keshavan, 2008; Reus et al., 

2017; Voineskos et al., 2016).

To address the challenge of mechanistically understanding behavioral brain disorders 

(neurodevelopmental and psychiatric disorders), a neural circuit description will be 

important, as has been suggested previously (Airan et al., 2007; Dubin et al., 2012; Hall et 

al., 2011; Vaghi et al., 2017; Yeh et al., 2017). On one end, neural circuits utilize biophysical 
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mechanisms (e.g. excitability and synaptic transmission) that can be linked to genetic factors 

(Claes et al., 2001; Saitsu et al., 2008). On the other, their hierarchical organization into 

networks and systems is what gives rise to network-level processes, including thought and 

behavior that can be probed through tasks (Dehaene and Changeux, 1997; Dehaene et al., 

2014; Graziano and Aflalo, 2007; Jazayeri and Afraz, 2017), as well as physiological 

readouts that can be probed through electrophysiology or imaging (e.g. oscillatory cross-

regional interactions in visuospatial attention (Womelsdorf et al., 2006)). As such, circuits 

are the level by which networks can be link into mechanism. However, as can be appreciated 

by inspecting panels A and B of Figure 1, a single network-level dysfunction can have 

multiple circuit causes, and similarly, a single genetic dysfunction can impair multiple 

circuits. However, a specific circuit can, in principle, act as a regressor for a set of correlated 

network-level processes on one end and a set of correlated genetic-level processes on the 

other, effectively reducing the dimensionality in both and tying them together through an 

intermediate explanatory level. In a disease context, this is what a circuit endophenotype is, 

which has the added advantage of identifying a putative mechanism in addition to the set of 

correlated readouts. While efforts to identify genetic correlations have been successful at 

identifying potential molecular mechanistic pathways (Glessner et al., 2009; O’Dushlaine et 

al., 2015; Parikshak et al., 2015), it is not immediately obvious how they can be linked to 

circuits. A set of correlated network-level readouts, on the other hand, makes circuit 

endophenotype identification more tractable. In fact, we think that appropriate animal 

models uniquely enable this link, and ultimately a full mechanistic description of a network-

level perturbation, as we explain throughout this review (Figure 1C). Additionally, it is 

important to consider that the majority of genetic changes have small effect sizes. However, 

if a subset of such genes has an overlapping expression pattern across one or more circuits, 

their contribution to a disorder could be additive and one that could be understood by 

studying where circuit ‘hits’ converge. The predicted circuit endophenotype would further 

be supported by observation of corresponding network level deficits (Figure 1D).

The concept of circuit-level endophenotype has been previously explored (Airan et al., 2007; 

Dubin et al., 2012; Hall et al., 2011; Vaghi et al., 2017; Yeh et al., 2017). In this review we 

particularly stress the importance of using correlated readouts, rather than a single measure, 

to identify circuit endophenotypes. For example, the limitation of single readouts having 

multiple underlying circuit underpinnings can be easily appreciated when considering how 

attention impacts sensory processing; both cortical inhibitory (Buia and Tiesinga, 2008; 

Cardin et al., 2009; Kim et al., 2016; Vinck et al., 2013) and thalamic reticular nucleus 

(TRN) neurons are associated with computations relevant for attentional selection 

(McAlonan et al., 2006; Wells et al., 2016; Wimmer et al., 2015). However, while cortical 

interneurons are associated with cortical gamma oscillations (Jadi and Sejnowski, 2014; Kim 

et al., 2016; Sohal et al., 2009; Veit et al., 2017), TRN neurons are linked to spindle 

oscillations (Halassa et al., 2011, 2014; Steriade et al., 1986). Thus while either TRN or 

cortical interneurons deficits could, in principle, lead to broadly overlapping symptomatic 

descriptions of attention deficits, adding EEG recordings within a controlled-task setting 

(among other readouts) would help in narrowing down the mechanistic perturbation.

For the rest of this review, we will first briefly discuss large-scale human genetic studies and 

the insight they have given into the heterogeneity of neurodevelopmental disorders (Fromer 
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et al., 2014; Genovese et al., 2016; Krumm et al., 2015; Leppa et al., 2016; Marshall et al., 

2017; Purcell et al., 2014; Ripke et al., 2014; De Rubeis et al., 2014). These studies support 

looking across disorders at genes and symptoms (Bulik-Sullivan et al., 2015; Fromer et al., 

2014; Lee et al., 2013; Purcell et al., 2014; Smoller et al., 2013) and the utility of employing 

a circuit endophenotype framework. To explore what a circuit endophenotype could look 

like we turn to the specific example of the TRN for two reasons. First, several disease-linked 

genes are highly expressed in the TRN including neurodevelopmental disorder/autism 

spectrum disorder (ASD) gene PTCHD1, SCZ GWAS hits Cacna1i and Grm3, and ASD risk 

gene CHD2 (Figure 2), suggesting this structure may reflect a source of common 

vulnerability across a subset of neurodevelopmental disorders. Second, recent discoveries 

have provided new insight into TRN function, allowing predictions to be made about how its 

perturbations would lead to network-level dysfunction, helping define TRN circuit 

endophenotypes. To identity TRN circuit-endophenotypes in human neurodevelopmental 

disorders, we review the clinical literature for appropriate network-level readouts on one 

end, and the basic science literature of TRN-specific mouse models on another. By bringing 

together these disparate levels of enquiry through the example of the TRN, we aim to 

present an approach that through future iteration can bring about a better understanding of 

the relationship between affected genes, neural circuits and behavioral changes in a subset of 

psychiatric disorders.

Genetics of neurodevelopmental disorders

Heterogeneity and polygenicity within a disorder

Neurodevelopmental disorders have long been held to be heritable with twin and family 

studies suggesting heritability around 60–80% (Lichtenstein et al., 2009; Posthuma and 

Polderman, 2013; Sullivan et al., 2003). Recently, large-scale genomic efforts have firmly 

established the genetic contribution to these disorders by identifying associations between 

these disorders and common genetic variants (common single nucleotide polymorphisms), 

rare mutations and copy number variations (CNVs) (Fromer et al., 2014; Genovese et al., 

2016; Iossifov et al., 2014; Krumm et al., 2015; Leppa et al., 2016; Marshall et al., 2017; 

Purcell et al., 2014; Ripke et al., 2014; De Rubeis et al., 2014; Singh et al., 2016). However, 

these studies have also highlighted the underlying challenge, that these disorders are highly 

heterogeneous as well as polygenic. This is seen from the very large sample sizes needed to 

begin to uncover statistically robust associations as well as the complicated genetic 

architecture with contributions from common variants, CNVs, de novo and inherited 

mutations (Geschwind and Flint, 2015; Iossifov et al., 2014; Weiner et al., 2017). Although 

common variants account for around a quarter of the heritability (Gaugler et al., 2014; Lee et 

al., 2013), they are of small effect size and relatively few have been individually identified 

(Anney et al., 2012, 2017; Ripke et al., 2014). Similarly, although there is clear enrichment 

of mutations identified by whole exome sequencing in ASD and SCZ, few individual 

variants have been identified and those identified are in few patients (Genovese et al., 2016; 

Kosmicki et al., 2017; Singh et al., 2016). In an ASD study, despite being able to identify 

likely causal variants with high confidence, only 7% of patients had an identified mutations 

(Kosmicki et al., 2017). In a SCZ study, despite a very large sample size, no single gene 

disruption was found statistically significant despite the study being >90% powered to detect 
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presence in 1% of cases (Genovese et al., 2016). These findings point to the heterogeneity 

and polygenicity of these disorders. Despite these difficulties, there is hope that a finer 

parsing of behavioral traits may be accessible at the genetic level, supporting an 

endophenotype approach. For instance, although cognitive function is a very broadly defined 

behavioral disruption in schizophrenia, a negative genetic correlation between cognitive 

function and schizophrenia has been found (Bulik-Sullivan et al., 2015; Hill et al., 2016; 

Trampush et al., 2017) as well as a couple associated common variants (Trampush et al., 

2017).

Genetic overlap between disorders

Another facet emerging from human genetic studies is a significant overlap in the genetics 

underlying different disorders, supporting a blurring of lines between different psychiatric 

disorders. For instance familial heritability studies suggest that the presence of SCZ in the 

family increases the risk for ASD (Larsson et al., 2005; Rapoport et al., 2009). Multiple 

studies show ASD-like social deficits and repetitive behaviors in children diagnosed with 

ADHD and vice versa (Grzadzinski et al., 2016). Furthermore, siblings of children with 

ADHD have an increased risk to develop symptoms characteristic for ASD, supporting a 

familial, genetic relationship between the two sets of symptoms (Ghirardi et al., 2017; 

Mulligan et al., 2009). Studies taking advantage of whole genome measures of heritability 

also support genetic overlap in these disorders: Looking at heritability from common 

genome-wide SNPs shows a modest but significant correlation between disorders of around 

0.16 between ASD and SCZ (Bulik-Sullivan et al., 2015; Lee et al., 2013; Smoller et al., 

2013). Similar modest overlap is seen between ASD and SCZ in de novo coding variants 

(Fromer et al., 2014) and in affected gene groups (Purcell et al., 2014). Such an overlap of 

genetics both from familial studies and at the variant level supports taking an across-

disorders approach when trying to link behavioral changes to genetic changes.

In summary, genetic heterogeneity within disorders and overlap between disorders have 

important consequences for diagnosis and subsequent clinical studies investigating potential 

treatments. Clinical studies, especially those with detailed electrophysiology or behavioral 

testing, use sample sizes on the order of 5–30 patients and controls, despite the contribution 

of mutations on the order of hundreds. Thus, each person in a study likely has a different 

underlying genetic deficit, while being treated as having the same disorder and set of 

behaviors. Designing studies around circuit endophenotypes could partly mitigate what is 

likely to be a major limitation of such underpowered studies, by decreasing the variance 

within experimental groups due to heterogeneous etiologies.

Circuit endophenotype

Given the genetic and behavior heterogeneity among disorders, is there hope for better 

diagnosis and treatment? We think yes: neural circuits and computations offer an 

intermediate description that links the genetics and behavior levels of organization (Figure 

1B). Given the association of many psychiatric disorders with perturbed behavioral and 

thought patterns, it is natural to think about putative dysfunction of cortical circuits (Bush, 

2011; Cohen and Servan-Schreiber, 1992; Friston and Frith, 1995; Minshew and Keller, 
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2010; Yizhar et al., 2011). However, the cortex does not operate in isolation but in 

partnership with several subcortical structures such as the thalamus and basal ganglia 

(Graybiel and Grafton, 2015; Nakajima and Halassa, 2017; Saalmann and Kastner, 2011). In 

fact, recent studies have revealed central roles for thalamic circuits in coordinating and 

regulating cortical function well beyond their classical description of relaying sensorimotor 

signals (Bolkan et al., 2017; Ito et al., 2015; Komura et al., 2013; Schmitt et al., 2017; Xu 

and Sudhof, 2013). Below we discuss these findings and highlight the utility of 

understanding thalamic circuit organization given its readily observable dynamics and what 

they could reveal about cognitive and sensorimotor function. These dynamics, such as 

organized global rhythms in sleep, make thalamic function and dysfunction uniquely 

accessible to biomarker development and the identification of robust circuit endophenotypes 

relevant to psychiatric diagnoses.

A brief overview of thalamic function

The thalamus is composed of excitatory neurons traditionally grouped into nuclei with 

specific connectivity patterns to cortex and plays critical roles in transmitting sensorimotor 

signals as well as maintaining and switching functional connectivity within and across 

cortical regions (Figure 3) (Nakajima and Halassa, 2017; Saalmann and Kastner, 2011). The 

classical view of the thalamus is that of a relay of categorical information to or across 

cortical regions. For example, extensive study of the lateral geniculate nucleus (LGN), a 

sensory thalamic nucleus, has resulted in detailed knowledge about the role of the LGN in 

relaying retinotopic inputs to primary visual cortex (Golden et al., 2016; Sherman, 2005; 

Usrey and Alitto, 2015; Vukadinovic, 2014). This success in understanding sensory thalamic 

function has greatly influenced thinking on the function of other less studied thalamic 

nuclei. Even nuclei that receive their primary driving input from cortical structures, rather 

than the periphery, have been thought to relay information from one cortical region to 

another (Guillery and Sherman, 2002; Ketz et al., 2015; Sherman, 2016). However, the 

exclusive view of thalamic function as a relay has been changing recently for several 

reasons. First, anatomical evidence suggests that this view is incomplete. Thalamic 

projections to cortex are anatomically-heterogeneous which may vary continuously their 

degree of spatial spread and local density (Clasca et al., 2012), suggesting that only a subset 

of these inputs are well-suited for topographical and faithful information transmission. 

Similarly, cortical inputs to several thalamic nuclei exhibit anatomical features that suggest a 

high degree of convergence onto individual thalamic neurons (Rovo et al., 2012), which 

again does not seem to be compatible with topographical relay. Second, a number of recent 

studies show that the thalamus can engage in cognitive processes in a manner that may not 

include relaying categorical information (Bolkan et al., 2017; Halassa and Kastner, 2017; Ito 

et al., 2015; Komura et al., 2013; Schmitt et al., 2017; Xu and Sudhof, 2013). For example, 

in two tasks requiring maintenance of representations within the prefrontal cortex (PFC) 

[spatial working memory, sustained attention], mediodorsal thalamic input was necessary for 

maintaining these representations. At least in one of these tasks (Schmitt et al., 2017), this 

thalamic input was devoid of categorical specificity observed in the PFC, clearly indicating 

that relaying this information was not the actual function. Instead, this input amplified local 

synaptic recurrence that was required for sustained representations and behavioral output 

(Schmitt et al., 2017). Enhancing this thalamic input augmented behavioral performance in 
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both tasks (Bolkan et al., 2017; Schmitt et al., 2017). Together, these findings demonstrate 

that the thalamus plays important roles both in cognitive functions as well as in the relay of 

sensory information.

The role of TRN in controlling thalamic function

Given the role of the thalamus in sensorimotor and cognitive functions, controlling input-

output transformations within and across thalamic circuits is of central importance. 

Inhibitory input is one powerful mechanism to achieve such control. Compared to cortex, the 

number and variety of thalamic local interneurons are substantially limited (Halassa and 

Acsady, 2016). Instead, a major thalamic source of inhibition is the TRN, a thin shell of 

GABAergic neurons that surround thalamic projection circuits (Pinault, 2004; Steriade et al., 

1986). The TRN receives inputs from both cortex and thalamus while its output is limited to 

thalamic structures (Figure 3). TRN is composed of subnetworks that project to spatially 

discrete thalamic targets (Halassa et al., 2014; Pinault and Deschênes, 1998; Wimmer et al., 

2015; Zikopoulos and Barbas, 2012). Thus neurons that project to the LGN appear to occupy 

a particular spatial location within the TRN, that is largely non-overlapping with those 

occupied by other spatially-discrete subnetworks (Halassa et al., 2014; Pinault, 2004; 

Wimmer et al., 2015). Importantly, such anatomical segregation is associated with multiple 

levels of functional organization that span global arousal and more specific cognitive states 

(Halassa et al., 2014; McAlonan et al., 2006, 2008; Wimmer et al., 2015). TRN subnetworks 

that project to thalamic circuits associated with sensory transmission contain a high 

proportion of cells that increase spiking during sleep compared to subnetworks that project 

to limbic-associated thalamic circuits (Chen et al., 2016; Halassa et al., 2014). Such 

enhanced spiking is expected to translate to augmented inhibitory control of sensory 

transmission during sleep. However, the exact contribution of this process to decreasing 

behavioral sensitivity to sensory stimulation during sleep does not appear to be 

straightforward, as multiple studies have shown qualitatively preserved sensory responses of 

primary cortical regions during sleep (Issa and Wang, 2011; Nir et al., 2015; Portas et al., 

2000).

While little is known about the impact of TRN on non-sensory thalamic circuits, several 

studies have investigated TRN’s role in sensory processing (Chen et al., 2016; Fisher et al., 

2017; Halassa et al., 2014; McAlonan et al., 2006; Wimmer et al., 2015; Yu et al., 2009). For 

example, in sensory transmission regulating the magnitude of a signal that varies in 

amplitude and time requires appropriate filtering routines that account for such variance if 

the behavioral use of this signal demands invariance (Carandini and Heeger, 2011). For a 

visual signal to be faithfully transmitted regardless of its absolute luminance, but rather in 

relation to its luminance to its local surround, specific filters need to be applied to match that 

local spatial structure. Recent experiments on visual responses of LGN neurons suggest that 

such filtering is likely implemented through inhibitory inputs from the TRN (Fisher et al., 

2017; Schmitt and Halassa, 2017). Further, the contribution of modality-specific TRN 

subnetworks to suppressing distracting sensory inputs as well as that process’ control 

through executive function has also been recently established (Wimmer et al., 2015). Thus, 

in tasks requiring volitional control over sensory processing and distractor suppression, TRN 

plays a critical part in implementing top-down instructions. Taken together, thalamic 
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inhibition through circuit-specific TRN inputs are critical for regulating sensory processing 

in the context of cognition and behavior (Schmitt and Halassa, 2017).

A TRN circuit endophenotype in human disease?

These TRN studies have defined clear roles for TRN in top-down distractor suppression, 

partly through modality-specific normalization of sensory input. This mechanistic 

understanding of TRN function makes clear predictions of the collection of deficits expected 

in neurodevelopmental disorders that would collectively point to a TRN circuit 

endophenotype. Observing such a collection of deficits together would point to TRN 

disruption and might appear to cross traditional diagnostic boundaries as is also observed at 

the genetic level. On a behavioral level, to ask whether there are any indications in the 

human clinical literature for disruption of TRN-related functions in neurodevelopmental 

disorders, we must consider what generally brings people to the psychiatrist. Thus, 

symptoms relevant to a TRN disruption might include relatively broad complaints about 

deficits in attention or abnormal sensitivity to sensory stimuli.

Indeed attention deficits are considered a hallmark of ADHD and are also highly prevalent in 

ASD (Grzadzinski et al., 2016; Keehn et al., 2013) and SCZ patients (McGhie and 

Chapman, 1961). Many different kinds of observations of attention deficits are reported. For 

instance in ASD, observation of infants at risk for ASD reveals a decrease in orientation and 

shift of visual attention to stimuli including people (Keehn et al., 2013) and this deficit is 

predictive of later diagnoses (Zwaigenbaum et al., 2005). In older individuals, continuous 

performance tests can assess reaction times and deficits in sustained attention in response to 

visual or auditory cues and comparable deficits are seen in children with ASD and ADHD 

(Corbett and Constantine, 2006).

Sensory processing is also disrupted across multiple neurodevelopmental disorders including 

ASD, ADHD and SCZ. In ASD in particular a diagnostic criterion in DSM-5 includes 

“hyper- or hyporeactivity to sensory input or unusual interests in sensory aspects of the 

environment” with both hypersensitivity to auditory, visual and tactile sensation reported as 

well as occasional occurrences of hyposensitivity (Blakemore et al., 2006; Cascio et al., 

2008; Marco et al., 2011; Takahashi et al., 2014). Evaluations are often done using simple 

caregiver report questionnaires, such as the Short Sensory Profile used to evaluate sensitivity 

across multiple different senses including vision, sound and touch. This approach is very 

useful for higher-throughput studies and is able to reveal pervasive problems in sensory 

processing with a relatively large study of 281 children with ASD and controls (Tomchek 

and Dunn, 2007). This study found that 95% of children with ASD had some degree of 

sensory processing dysfunction as evaluated by the Short Sensory Profile. Hypersensitivity 

was also found in ADHD patients both through parental reports on the Short Sensory Profile 

as well as through direct skin conductance measurement showing larger physiological 

responses to various sensory stimuli (Mangeot et al., 2001). The Sensory Gating Inventory, a 

different self-report questionnaire evaluating metrics including discomfort with loud sounds 

and effects of background noise, revealed more perceptual abnormalities in ADHD and SCZ 

patients compared to controls (Micoulaud-Franchi et al., 2015a, 2015b; Sable et al., 2012).
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The studies described above illustrate that complaints potentially consistent with TRN-

related perturbations (either intrinsic or input/output related) are present across 

neurodevelopmental disorders. However, a major challenge is that much of the 

characterization of these deficits is done at a very broad level. Deficits in sensory processing 

and attention can arise for many, fundamentally different, reasons including those of 

perception or executive control (Keehn et al., 2013; Marco et al., 2011). Broad measures are 

therefore insufficient to discern whether TRN may or may not be involved. For example, 

attention deficits could result from an inability to engage in the task because of a deficit in 

directed arousal, which is inconsistent with known TRN roles. Alternatively, a deficit in 

identifying and suppressing distractors would be consistent with TRN involvement.

To help address these challenges, it is necessary to administer more carefully constrained 

tasks, which are more capable of revealing specific deficits of how distractor suppression 

arises. In SCZ research a sensory gating malfunction hypothesis has led to the development 

of several tasks with the goal to separate sensory processing deficits from those resulting 

from executive function or general task engagement. In one study, Smucny et al. 2013 

administered a visual attention task in the presence or absence of an auditory distractor. The 

authors saw a reduction in accuracy in schizophrenics compared to controls as well as a 

reduction in reaction time. In a second study, the authors tried to distinguish between bottom 

up and top down attention mechanisms to enable detection of visual stimuli in the presence 

of visual distractors (Gold et al., 2007). In one version of the task, the visual distractor 

shared no features with the stimuli, requiring only bottom up feature detection. In the second 

version, more features were shared and detection required incorporation of executive 

control. Patients with SCZ exhibited increased response times with both tasks but were 

worse at the second compared to controls. These examples illustrate that simple tasks, more 

specifically implicating a circuit dysfunction, can detect differences between patients and 

controls (Gold et al., 2007). Although these tasks have not been applied for the most part to 

other neurodevelopmental disorders, they can be in the future.

While symptoms observed in patients can be consistent with TRN deficits, human studies do 

not currently allow for a direct test of TRN involvement and even the best behavioral 

assessments are unlikely to be sufficient. Genetics offer one way to more firmly link changes 

in neurodevelopmental disorders with dysfunction in specific circuits. First, as additional 

candidate genes emerge from large-scale human genetic studies, evidence may converge 

upon certain circuits. Second, creating animal models of human disease-relevant 

manipulations, especially when the manipulations are limited to specific circuits, can 

directly test links between neurodevelopmental disorders, genes and behaviors in humans 

and animals and connect them to changes in circuit activity (Figure 1C). There is probably 

as yet insufficient genetic data to specifically implicate the TRN above other structures using 

untargeted genetic approaches. However, several genes implicated by large-scale genetic 

studies in neurodevelopmental disorders are highly enriched in the TRN including 

neurodevelopmental disorder/ASD gene PTCHD1 and SCZ GWAS hits Cacna1i, Grm3, and 

ASD risk gene CHD2 (Figure 2). As we are still in the very early days of identifying genes 

involved in these disorders, this number is expected to increase over time.
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Only one of these risk genes, PTCHD1, has been thoroughly interrogated in terms of circuit 

mechanism. Mutations in PTCHD1, an X-chromosome gene, have been found in families 

with ASD and intellectual disability, first in de novo CNVs and subsequently in many 

additional families. PTCHD1 deletion is associated with ADHD, autistic traits, motor 

dysfunction, sleep disturbance and intellectual disability (Chaudhry et al., 2015). In mice, 

Ptchd1 expression is restricted to the TRN during development and continues to be TRN-

enriched throughout life. Ptchd1 mutant mouse models were created to examine both the 

consequences of a full Ptchd1 knockout (Ung et al., 2017; Wells et al., 2016) as well as 

TRN-specific deletion of Ptchd1 (Wells et al., 2016). The full knockout mice show many 

phenotypic abnormalities relevant to symptoms found in patients including attention deficits, 

hyper activity, motor deficits, aggression and sleep disruption (Ung et al., 2017; Wells et al., 

2016). In particular, Ptchd1 knockout mice exhibit reduced performance on a visual 

detection task in the presence of distractors. In the TRN, slice recordings demonstrated 

reduced bursting of TRN neurons. Furthermore, in vivo, Ptchd1 loss results in diminished 

TRN output following a visual stimulus as directly measured by chloride photometry in the 

thalamus. Importantly, deleting Ptchd1 selectively from the TRN replicates the attention 

deficit, hyperactivity and sleep disruption found in the full knockout mice, but not other 

disease-related behavioral phenotypes. In addition, pharmacological rescue of TRN 

biophysical dysfunction, determined by whole cell recordings in slice, also selectively 

rescues ADHD-related behaviors in the full knockout Ptchd1 (Wells et al., 2016). These 

manipulations allowed linking a genetic alteration to changes in biophysical properties of 

TRN neurons and further impairment in behaviors depending on intact TRN function. Of 

note, this study also demonstrated that it was possible to parse TRN dependent behaviors 

from others, further strengthening the idea of a TRN-specific circuit endophenotype.

A second gene, CACNA1I, is a top hit in a SCZ GWAS study (Ripke et al., 2014) and also 

in a study of de novo mutations with 105 probands, where amino acid changes were found in 

two separate individuals (Gulsuner et al., 2013). Cacna1I encodes the major pore-forming 

subunit of CAV3.3, a low-voltage activated (T-type) calcium channel with an enriched 

expression profile in the TRN compared to other T-type calcium channels (Liu et al., 2011; 

Talley et al., 1999). Deletion of Cacna1I in the mouse alters TRN cell discharge properties 

as well as distinct EEG characteristics as discussed later in the review (Astori et al., 2011; 

Lee et al., 2014). Additionally, a point mutation identified in schizophrenia patients 

(Gulsuner et al., 2013), which leads to an amino acid change in an extracellular loop of 

CAV3.3, reduced glycosylation and surface expression of the channel. Modeling the 

expected reduction in current predicts a substantial deficit in TRN rebound bursting 

(Andrade et al., 2016). Indeed, as predicted, TRN slice recordings from mice with the 

engineered point mutation demonstrated a reduced number and efficiency of TRN bursting 

(Ghoshal et al., SfN poster 173.15). These results directly link a defined mutation from 

patients with a specific change in TRN firing properties. Ongoing studies will likely reveal 

circuit-level defects related to TRN function.

Additionally, ERBB4, although not yet reaching genetic significance in well powered large 

scale studies (Leppa et al., 2016; Marshall et al., 2017), has also been studied in the context 

of the TRN in relevance to various disorders. Rare mutations in the receptor tyrosine kinase 

ERBB4 have been linked to susceptibility for SCZ (Mei and Nave, 2014) including rare 
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deletions in SCZ (Walsh et al., 2008) and ASD (Pinto et al., 2010; Prasad et al., 2012). 

Although mutations in ERBB4 have been found in relatively small, poorly-powered cohorts, 

its prominent role in TRN function may help to push for further genetic studies in defined 

subpopulation of patients. The potential significance of ERBB4 rare mutations is supported 

by highly significant under-representation of loss of function mutations in the very well 

powered EXAC cohort, a 60,000+ sample of exome sequenced control individuals (Lek et 

al., 2016). Nonetheless, demonstrating how a gene-centric approach can reveal circuit-

specific function, Ahrens et al. (2015) showed that TRN-specific ErBb4 deletion in mice is 

associated with reversal learning phenotypes using a cross-modal detection task. Further, 

utilizing optogenetic approaches to selectively excite corticothalamic or thalamocortical 

projections, the team identified that loss of ErbB4 in TRN neurons causes selective 

strengthening of cortical excitatory synaptic input onto the TRN and consequently an 

increased IPSC-EPSC ratio in the thalamus. While the biological mechanisms for deficits in 

reversal learning can be difficult to determine, perturbed PFC function (and by extension, 

frontally-connected thalamic circuits) can result in difficulty with rule reversal. As such, 

reversal learning phenotypes observed in the TRN-specific ErbB4 deletion mice may be 

attributed to deficits associated with frontally-projecting thalamic circuits output in an 

appropriate manner.

These studies demonstrate how functional circuit manipulations in animal models can help 

tie human genetics to circuits and behavior and hopefully back to a complement of human 

behaviors, to begin to build a picture of a TRN circuit endophenotype. Current human 

genetic studies are only able to clearly support the involvement of relatively few genes in the 

TRN at this time. However additional work is likely to support many more candidates in the 

near future. The studies discussed above offer a roadmap for how models based on genetic 

lesions can clearly tie together circuits and behaviors.

The quest for thalamic biomarker in disease

Because of the lack of non-invasive measures of neuronal activity at the cellular level, 

malfunction at the circuit level is in general difficult to identify in humans. Larger scale 

electrophysiological activity measures, such as electroencephalographic (EEG) recordings, 

or imaging techniques such as magnetoencephalography (MEG) or magnet resonance 

imaging (MRI) usually cannot provide a sensitive measure for neuronal activity restricted to 

a specific circuit. The case of the TRN might present an exception. A large number of 

studies suggest a causal relationship between TRN activity and cortical spindles (Barthó et 

al., 2014; Halassa et al., 2011; Huguenard and McCormick, 2007; Steriade et al., 1986; 

Wimmer et al., 2012), a highly characteristic and conserved EEG signal consisting of a short 

(2–12 s) event characterized by a 9–15 Hz waxing and waning oscillation that occurs 

specifically during light non-rapid-eye-movement (NREM) sleep. In anesthetized cats, a 

preferred preparation for classical visual neuroscience, intracellular recordings of TRN 

neurons showed that they exhibit oscillatory activity that correlates with cortical ‘spindles’ 

(Steriade et al., 1985, 1987). In mice, brief optogenetic activation of TRN is sufficient to 

trigger cortical spindles (Barthó et al., 2014; Halassa et al., 2011). However, further 

experiments including for example closed-loop optogenetic TRN inactivation are needed to 

fully establish the causal contribution of TRN to spindle generation.
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Extensive characterization of spindle activity has revealed multiple features that if disrupted 

could eventually be informative of underlying circuit contributions. For instance, different 

frequencies of spindle oscillation are observed at different brain regions (Andrillon et al., 

2011) as well as both locally restricted and globally propagating spindle activity (Nir et al., 

2011). Spindles oscillations can also be coupled with other characteristic oscillations, such 

as hippocampal ripples (Novitskaya et al., 2016). Additionally, the variability in spindle 

engagement across TRN subnetworks (Halassa et al., 2014) could indicate a potential for 

establishing a correspondence between surface recorded spindle variables (e.g, amplitude, 

power, coherence) and TRN subnetwork parameters (individual subsets or functional 

interactions between them).

Thus spindle dynamics are a promising readout for TRN activity. Furthermore there is 

evidence for changes in spindles across disorders. Global suppression of spindle activity is 

observed in SCZ and is predictive of psychotic symptoms. Using high density EEG to 

monitor sleep, medicated patients suffering from SCZ were found to have a reduction in 

sigma power between 13.75 and 15 Hz as well as a decrease in sleep spindle number, 

amplitude and duration during the first sleep episode (Ferrarelli et al., 2007, 2010). 

Importantly reduced spindle density and amplitude, and correspondingly, sigma power was 

also seen in early-course unmedicated schizophrenics and their first degree relatives 

compared to controls (Manoach et al., 2014). A decrease in sleep spindle number has also 

been observed in children (Tessier et al., 2015) and adults with ASD (Limoges et al., 2005).

Disease-linked genetic evidence may provide one of the clearest arguments for a major 

involvement of the thalamus and particularly TRN in SCZ. The intrinsic rebound bursting 

properties of TRN neurons have been shown to be a determining factor for the generation of 

sleep spindles (Steriade et al., 1985, 1987) and requires the interplay of a characteristic low-

voltage activated calcium current (T-current), which has different properties in the TRN 

compared to the rest of the thalamus (Huguenard and Prince, 1992) and a small-conductance 

calcium-activated potassium channels (SK-channels) (Astori et al., 2011; Cueni et al., 2008; 

Wimmer et al., 2012). The enriched expression of the voltage-activated calcium channel 

Cacna1i in the TRN long implicated these channels in the generation of characteristic TRN 

bursting (Liu et al., 2011; Talley et al., 1999). This was confirmed in Cacna1i mouse 

knockouts that demonstrate a lack of repetitive TRN bursting and a global deficit in EEG 

spindle activity (Astori et al., 2011; Lee et al., 2014). These findings help demonstrate that 

Cacna1i function is important for TRN neuronal properties. However, as is the case for most 

GWAS hits, the polymorphism found in the Cacnai locus is not exonic and is thus difficult to 

link to a mechanistic change at the moment. As mentioned above, a more direct link 

between disease and TRN function comes from a de novo amino acid change in CACNA1i 

identified in a SCZ proband (Gulsuner et al., 2013) which leads to disruption of TRN 

bursting dynamics in a mouse model (Ghoshal et al., SfN poster 173.15). Ongoing efforts 

will reveal whether a change in spindle oscillations can be detected in this model. Overall, 

such a mechanistic, circuit-specific interrogation of a gene genetically implicated in SCZ 

supports the role of a change in TRN neuronal kinetics and spindle oscillation in these 

disorders.
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More evidence for the possibility of TRN dysfunction resulting in measureable spindle 

deficits in the case of disorders comes from the Ptchd1 mouse model (Wells et al., 2016). 

Patients with PTCHD1 mutations were also found to have disruptions in sleep as well as 

deficits in attention and hyperactivity (Chaudhry et al., 2015). In line with the human 

findings, PtchD1 knockout mice showed disrupted, fragmented sleep and reduced spindle 

number (Wells et al., 2016). Furthermore, these deficits mapped onto TRN-specific 

expression of PtchD1.

Do such findings from mouse models indicate that spindle activity will be a biomarker for 

TRN dysfunction? This is likely to be an oversimplification. As mentioned, the TRN is 

heterogeneous, composed of functional sub-networks with differential engagement in 

relation to spindle activity. Therefore, deficits in particular TRN sub-networks may also be 

differentially (or not at all) reflected in altered cortical spindle activity. However, spindle 

deficits in combination with other metrics including carefully assessed attentional and 

sensory processing readouts could represent a reliable way to diagnose a TRN dysfunction.

Perspective

Neurodevelopmental disorders present multiple diagnostic challenges, not least of which is 

their heterogeneity and wide range of presentation, which has led to a relatively arbitrary 

drawing of classic disorder boundaries. In this review, we step away from these 

classifications and instead consider what a diagnostic framework that is more mechanism 

focused would look like. As we discuss explicitly with the example of the TRN, individual 

circuits engage in multiple computations and correspondingly contribute to multiple 

behaviors. Therefore, impacting a particular circuit is unlikely to give rise to a single 

symptom but instead a group of readouts that derive from the physiological function of that 

circuit. We refer to such a group of biologically related readouts as a circuit endophenotype 

and suggest it as a relevant mechanistic basis for integration into future diagnosis. Of note, 

even a single genetic mutation can affect multiple circuits and generally many genes are 

involved in a disorder (Figure 1B). Therefore, it is likely that multiple circuits will be 

affected in each disorder, manifesting in multiple circuit endophenotypes.

Relatively detailed knowledge about the function of a particular neural circuit can lead to 

improved design of behavioral testing. Considering better-defined individual readouts within 

the context of a circuit endophenotype can help narrow down individual symptoms’ source 

and identity as well as helping narrow in on a specific diagnosis. The addition of a directly 

measureable correlate of a particular circuit activity could further serve as a biomarker to 

imply a disruption of this circuit in disease. In the case of the TRN, non-invasive measures 

of surface recorded sleep spindles might represent such a biomarker. However, more 

experimental evidence is needed to address to what extent spindle activity maps onto TRN 

dysfunction or whether it may rather be a more general marker for thalamocortical network 

dysfunction. Given the recent finding that MEG may be a more sensitive method to detect 

spindle activity (Dehghani et al., 2011) potentially allowing for a more isolated spindle 

profile, combining this technique with a more refined analysis of spindle activity, including 

their spatio-temporal dynamics and relationship with other ongoing oscillatory brain activity, 

could narrow down the extent of TRN or even TRN sub-network involvement. Beyond 
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spindle activity, recent advances in combining imaging techniques with transcranial 

magnetic stimulation (TMS) might be helpful in the search for such biomarkers. TMS in 

combination with EEG or fMRI is increasingly used to stimulate restricted brain areas while 

simultaneously studying the evoked responses in functionally connected brain regions (Ruff 

et al., 2009). This approach can be used to probe for specific connectivity deficits in the 

context of disease. For example, using TMS to stimulate frontal cortex resulted in reduced 

thalamic activation in patients with SCZ as measured using fMRI (Guller et al., 2012), 

providing direct evidence for reduced functional cortico-thalamic connectivity in SCZ.

As more and more genetic features of these disorders are revealed, genetics will play an 

increasing role in understanding these disorders. Eventually, genetics may also be an 

important diagnostic component. However, the genetics underlying these disorders presents 

its own challenges. In very few cases is the gene to phenotype relationship as simple as the 

examples presented here that have led to animal models. On the one hand the genetic 

contribution and heritability of these disorders is firmly established both from twin and 

family studies as well as from recent large-scale genomic efforts, which have identified 

specific genetic associations. On the other hand, these studies have revealed the polygenic 

and heterogeneous nature of these disorders. In most cases, multiple genes of small effect 

size contribute to disorder in an individual. Additionally, any two individuals will likely have 

largely different underlying genetics. Both to identify which genes of small effect combine 

to lead to specific behavioral changes as well as identifying which individuals have 

genuinely similar disorders, it will be critical to achieve the ‘best’ grouping possible among 

genetic contributions. Part of this grouping will likely be cell biological in nature, i.e. what 

cellular process is affected such as DNA regulation or synapse structure. However, as we 

have discussed for understanding the broader function of the brain, identifying the affected 

circuit-level biological substrates of computations is likely to be of particular importance. 

Circuit analyses based on spatio-temporal convergence of risk gene expression and 

functional circuit readouts may lead to prediction of circuit endophenotypes, which can then 

be tested in animal models and human patients. If there is enough convergence on a circuit 

from the small effect changes (Figure 1D), then analysis of the same circuit endophenotype 

in animal models of the larger effect mutations would be informative and could help to 

design translational biomarkers for analysis in human patients.

At the simplest level, where and when genes act within and between individuals is a starting 

point for identifying affected circuits (State and Šestan, 2012). Thus the spatio-temporal 

convergence of multiple risk gene expression in a specific circuit would implicate the 

circuit’s involvement in the disorder. Indeed, several studies have taken such an approach to 

begin to identify which regions and cell types in humans are enriched in expression of risk 

alleles, using publicly available gene expression information from BrainSpan: Atlas of the 

Developing Human Brain. Using several different strategies to identify risk genes and 

pathways implicated in ASD, ASD risk genes were found to be enriched specifically in layer 

5 and layer 6 cortical projection neurons during mid-fetal development (Parikshak et al., 

2013; Willsey et al., 2013; Xu et al., 2014), as well as layer 2/3 neurons and more weakly 

5/6 neurons in adults (Parikshak et al., 2013) and striatal neurons (Xu et al., 2014). A similar 

approach taken in a SCZ study identified fetal prefrontal cortex as the area where co-

expression of de novo mutations found in patients was enriched compared to controls 
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(Gulsuner et al., 2013). As better human gene expression data becomes available, such as 

from single cell RNA sequencing, and more risk genes are identified, our ability to identify 

relevant cell types and circuits should increase.

The extent of a particular circuit endophenotype will require updating as additional 

information becomes available about circuit function both through creating animal models of 

disease-relevant genetic lesions as well as basic systems neurobiology. A better 

understanding of circuit function can then be translated into better diagnostic tools in 

patients. Additionally, such improved diagnostics could lead to stronger genetic associations. 

However, testing of any new hypotheses as best as possible in humans will be critical as the 

limit of animal models for understanding neural dysfunction has been repeatedly 

demonstrated in the failure of countless clinical trials. An iterative process between basic 

science and the clinic will be necessary to hopefully give rise to a better understanding of 

biological processes underlying these disorders.
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Box 1

Endophenotype

A heritable symptom, a component of the overall disorder, ideally more quantifiable than 

traditional diagnoses in psychiatric disorders. Different manifestations of the same 

disorder can consist of different collections of endophenotypes.

Circuit endophenotype

A group of correlated network-level readouts associated with the dysfunction of a 

particular neural circuit.
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Figure 1. Circuit endophenotype connects genetic and behavioral disruption at the level of 
neuronal circuits
A. The challenge in finding the causes of a clinically identified deficit is that it can result 

from disruptions in any one of many neural circuits and genes affecting those circuits. B. 

Disruption in a single gene generally affects multiple neural circuits and thus can lead to a 

large number of clinically identified symptoms. C. Using animal models, a genetic 

disruption can be limited to a specific neural circuit, revealing the extent of a single circuit 

endophenotype and its manifestation at the behavioral level. D. When individual genetic 

changes are of small effect size, they may not lead to perturbation of a circuit. However 
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together, these genetic changes can be enriched at and expressed as a more restricted circuit 

endophenotype as can be seen from the network level changes observed.

Krol et al. Page 27

Neuron. Author manuscript; available in PMC 2019 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Neurodevelopmental disorder associated genes enriched in TRN
Cacna1I associated with schizophrenia (Ripke et al., 2014). Grm3 associated with 

schizophrenia (Ripke et al., 2014). CHD2 associated with autism (Iossifov et al., 2012). 

Ptchd1 associated with autism with intellectual disability (Chaudhry et al., 2015; Pinto et al., 

2010). Red arrow indicates TRN. Images are from Allen Brain atlas except that of Ptchd1 

(Wells et al., 2016).
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Figure 3. TRN in the thalamocortical circuit
Thalamus plays a critical role in relaying sensorimotor signals (green circuit, e.g. LGN; 

solid lines indicate thalamic control of spike timing) as well as maintaining and switching 

functional connectivity (indicated by dashed line) within (blue circuit, e.g. MD) and across 

cortical regions (brown circuit, e.g. pulvinar). The TRN is a central control unit in the 

thalamocortical circuit, receiving input from both thalamus and cortex while only inhibiting 

thalamic targets. It is anatomically segregated into subnetworks that project to spatially 

discrete thalamic targets allowing the TRN to influence multiple levels of functional 

thalamic organization. These include global arousal and specific cognitive states such as 

attention. The exact location of TRN subnetworks is schematized loosely based on anatomy.
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