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Abstract
2p16.3 deletions, involving heterozygous NEUREXIN1 (NRXN1) deletion, dramatically increase the risk of developing
neurodevelopmental disorders, including autism and schizophrenia. We have little understanding of how NRXN1
heterozygosity increases the risk of developing these disorders, particularly in terms of the impact on brain and
neurotransmitter system function and brain network connectivity. Thus, here we characterize cerebral metabolism and
functional brain network connectivity in Nrxn1α heterozygous mice (Nrxn1α +/− mice), and assess the impact of ketamine
and dextro-amphetamine on cerebral metabolism in these animals. We show that heterozygous Nrxn1α deletion alters
cerebral metabolism in neural systems implicated in autism and schizophrenia including the thalamus, mesolimbic
system, and select cortical regions. Nrxn1α heterozygosity also reduces the efficiency of functional brain networks, through
lost thalamic “rich club” and prefrontal cortex (PFC) hub connectivity and through reduced thalamic-PFC and thalamic “rich
club” regional interconnectivity. Subanesthetic ketamine administration normalizes the thalamic hypermetabolism and
partially normalizes thalamic disconnectivity present in Nrxn1α +/− mice, while cerebral metabolic responses to
dextro-amphetamine are unaltered. The data provide new insight into the systems-level impact of heterozygous Nrxn1α
deletion and how this increases the risk of developing neurodevelopmental disorders. The data also suggest that the
thalamic dysfunction induced by heterozygous Nrxn1α deletion may be NMDA receptor-dependent.
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Introduction
Copy number variants (CNVs) are strongly implicated in the
genetic etiology of schizophrenia (ScZ) and autism (ASD).
Population-based studies show that deletions at 2p16.3, involving heterozygous deletion of the NEUREXIN1 (NRXN1) gene,
are associated with developmental delay, learning difficulties,

and a dramatically increased risk of developing ASD (odds
ratio = 14.9) (Matsunami et al. 2013; Yuen et al. 2017) and
ScZ (odds ratio = 14.4) (Marshall et al. 2017). Individuals with
NRXN1 deletions also show symptoms of attention deficit
hyperactivity disorder (ADHD) (Ching et al. 2010; Schaaf et al.
2012). Heterozygous NRXN1α deletions were first reported in
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neurotransmission in the hippocampus (Etherton et al. 2009).
Moreover, Nrxn1α’s interactions with leucine-rich repeat
transmembrane proteins (LRRTMs) may act to regulate excitatory synapse formation, postsynaptic glutamate receptor
levels (including the NMDA-R and AMPA-R), glutamatergic
neurotransmission, and NMDA-R-dependent LTP (de Wit et al.
2009; Soler-Llavina et al. 2011; Siddiqui 2013, Um 2016). Nrxn1α
may also influence glutamatergic neurotransmission through
its interactions with cerebellins (C1qls), which bind with high
affinity to postsynaptic kainite (GluK2, GluK4) and AMPA-R
(GluA1) glutamate receptors (Cheng et al. 2016; Matsuda et
al. 2016). Similarly, through its interactions with neuroligin 1
(Nrlgn1), Nrxn1α can also modulate glutamatergic synaptic
function through the modification of NMDA-R and AMPA-R
function (Chubykin et al. 2007; Barrow et al. 2009; Espinosa et al.
2015; Chanda et al. 2017). More recently, alternative splicing of
presynaptic Nrxn1, at splice site 4 (SS4), has also been shown to
regulate postsynaptic NMDA-R function (Dai et al. 2019), further
linking Nrxn1 to the regulation of the NMDA-R. In addition,
Nrxn1 regulates presynaptic neurotransmitter release, in part
through the regulation of Ca2+ channels, presynaptic Ca2+
transients, and subsequent synaptic vesicle exocytosis (Missler
et al. 2003; Pak et al. 2015; Chen et al. 2017; Tong et al. 2017;
Brockhaus et al. 2018). Despite these observations, the impact
of Nrxn1α heterozygosity on in vivo glutamate/NMDA-R and
monoaminergic system function has not been characterized.
Between the relatively well-characterized molecular and
behavioral effects of Nrxn1α, we have little understanding of the
systems-level alterations that result from Nrxn1a heterozygosity.
This includes the impact on brain function, brain network
connectivity, and neurotransmitter system function. Here, we
characterize the impact of Nrxn1α heterozygosity on cerebral
metabolism and functional brain network connectivity. In
addition, we characterize the cerebral metabolic response to
ketamine and d-amphetamine to elucidate the impact of Nrxn1a
heterozygosity on in vivo NMDA-R and monoaminergic system
function.

Materials and Methods
Animals
Full animal details can be found in the study of Dachtler et al.
(2014). In brief, male B6;129-Nrxn3tm1Sud /Nrxn1tm1Sud /Nrxn2tm1Sud /J
mice (The Jackson Laboratory, Stock #006377) were purchased
as heterozygous KO at Nrxn1α, homozygous KO at Nrxn2, and
wild-type (WT) at Nrxn3 and outbred to the C57BL/6NCrl strain
(Charles River, Margate, UK) to obtain mice individually heterozygous for Nrxn1α. Experimental animals (Nrxn1a+/− and WT
littermates, aged 10–22 weeks) were generated through cousin
mating. Animals were group housed (4–6/cage) under standard
conditions (individually ventilated cages, 21◦ C, 45–65% humidity,
12 h:12 h dark/light cycle, lights on at 06:00) with food and
water access ad libitum. Experiments were carried out in compliance with the UK Animals (Scientific Procedures) Act 1986 and
approved by the Lancaster University Animal Welfare and Ethics
Review Board.
14
14

C-2-Deoxyglucose Functional Brain Imaging

C-2-deoxyglucose (14 C-2-DG) functional brain imaging was
conducted in accordance with published protocols (Dawson et al. 2015). In brief, local cerebral glucose utilization
(LCGU) measurement was initiated by injection of 14 C-2-DG
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small case studies of individuals with ASD (Friedman et al. 2006)
and ScZ (Kirov et al. 2009) and have subsequently been identified
in other cases (see Reichelt et al. 2012 for review). Most NRXN1
deletions observed in ScZ and ASD localize to the promoter and
initial exons of NRXN1α and leave the NRXN1β coding sequences
intact (Reichelt et al. 2012); thus, they are predicted to impact on
NRXN1α but not NRXN1β transcripts.
Neurexins function as presynaptic cell adhesion molecules
forming trans-synaptic interaction complexes with a range of
postsynaptic binding partners, including neuroligins, to regulate synaptic differentiation, maturation, and function (Reichelt
et al. 2012; Sudhof 2008, 2017). Neurexins undergo extensive
alternative splicing, which regulates their binding interactions,
with isoforms being differentially expressed throughout the
brain and across development (Ullrich et al. 1995; Schreiner et
al. 2014; Treutlein et al. 2014).
Multiple rodent studies have been dedicated to elucidating
the behavioral consequences of neurexin deficiency to establish
whether these result in phenotypes relevant to ASD and ScZ.
For example, Nrxn1α homozygous knockout (KO) mice display
decreased social interaction and increased anxiety-like behavior
(Grayton et al. 2013), which may relate to core symptoms of these
disorders, along with a deficit in prepulse inhibition (Etherton
et al. 2009) that mirrors the sensorimotor gating deficits seen
in ASD and ScZ (Braff et al. 1999; Cheng et al. 2018). Studies
undertaken in Nrxn1α KO rats also support a role for Nrxn1α
in cognition and learning, but found no evidence for altered
sensorimotor gating (Esclassan et al. 2015). As NRXN1 deletions
in ASD and ScZ are commonly heterozygous, other studies have
focused on Nrxn1α heterozygous (Nrxn1α +/− ) mice, reporting
sex-dependent alterations in novelty responsiveness and habituation (Laarakker et al. 2012) and memory deficits (Dachtler et
al. 2015). Nrxn1α +/− mice also show deficits in social memory,
while effects on sociability and anxiety-like behavior appear to
be limited (Grayton et al. 2013; Dachtler et al. 2015).
Evidence implicates glutamate neurotransmitter system and
NMDA receptor (NMDA-R) dysfunction in ASD (Lee et al. 2015;
Horder et al. 2018) and ScZ (Howes et al. 2015; Dauvermann et
al. 2017), and the NMDA-R is proposed as a potential therapeutic target in both disorders. Drugs modulating NMDA-R function are hypothesized as potential treatments for ScZ (Dauvermann et al. 2017), while evidence suggests that either facilitating
or reducing NMDA-R function may have therapeutic potential
in ASD (Lee et al. 2015). For example, the NMDA-R antagonist, Memantine, shows clinical promise for some ASD symptoms (Chez et al. 2007; Ghaleiha et al. 2013), although positive
effects are not always found (Aman et al. 2017). The reason for
the disparity between studies is unknown but may relate to
disease heterogeneity. Thus, predictive biomarkers of NMDA-R
drug efficacy, to allow patient stratification and a personalized
medicine approach, in ASD are urgently needed. There is also
strong evidence to support monoamine (dopamine, serotonin,
and noradrenaline) system dysfunction in ScZ and ASD (Selvaraj
et al. 2014; Howes et al. 2015; Muller et al. 2016). For example,
responses to the monoaminergic releasing stimulant dextroamphetamine (d-amphetamine) are altered in ScZ (Breier et al.
1997; Swerdlow et al. 2018), while the drug is used therapeutically in ASD (Nickels et al. 2008; Cortese et al. 2012).
Our understanding of the impact of Nrxn1α heterozygosity on
glutamate and monoamine neurotransmitter system function
is incomplete. However, Nrxn1α has been shown to regulate
glutamatergic synapse formation (Siddiqui et al. 2010), and complete ablation of Nrxn1α impairs excitatory, but not inhibitory,
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Statistical Analysis
LCGU data were analyzed using ANOVA. In RoI where no
significant genotype interactions (with sex or treatment)
were detected, the main effect of genotype was accepted,
using data from all experimental groups. For ketamine and
d-amphetamine-induced effects, data were analyzed in two
separate ANOVAs with sex, genotype, and treatment (saline,
drug) as independent variables. Where significant interactions
were found data were analyzed using post hoc pairwise t-test
with Benjamini–Hochberg correction.

Functional Brain Network Analysis
Global Network Properties and Regional Importance: Graph Theory
Analysis
Global brain network properties and regional centrality were
analyzed using data from saline-treated animals to avoid the
confounding effect of drug treatment (Dawson et al. 2013, 2014a;
Schwarz et al. 2007). The application of brain network analysis
to 14 C-2-DG imaging data has previously been described in detail
(Dawson et al. 2012, 2013, 2014b). The algorithms applied allow
us to define global brain network properties and the importance
of each RoI in the network (regional centrality).

3

Inter-regional Correlations and Functional Brain
Networks
The inter-regional Pearson’s correlation coefficient was used
as the metric of functional association between brain regions,
generated from the 14 C-2-DG uptake ratios for each RoI across all
animals in the same experimental group (i.e., WT or Nrxn1α +/− ).
These correlations were Fisher z-transformed to give the data a
more normal distribution. This resulted in the generation of a
pair of {59 × 59} correlation matrices, each within-group matrix
representing the specific association strength between each of
the possible 1711 possible pairs of regions. From each correlation
matrix (R), a binary adjacency matrix (A), where the functional
connection between two regions (ai,j element) was zero if the
Pearson’s correlation coefficient was lower than the defined
threshold (p|i,j| < T) and unity if it was greater to or equal to the
threshold (p|i,j| ≥ T), was generated. The adjacency matrix was
then used for graph theory (network) analysis. The adjacency
matrix can also be represented as an undirected graph G, where
a line or edge represents the functional interaction between two
RoI (also known as nodes) if the correlation coefficient exceeds
the defined threshold value.

Network Analysis
Network analysis was completed using the igraph package
(Csardi and Nepsuz 2006) in R (R Core Team 2018). Network
architecture was characterized at the global and regional
scale, with global network architecture quantified in terms of
the mean degree (<k>), average path length (Lp ), and mean
clustering coefficient (Cp ) of the whole brain network. Regional
properties were defined in terms of degree (ki ), betweenness (Bc ),
and eigenvector (Ec ) centrality. Global and regional metrics were
determined on the binary adjacency matrices generated over a
range of correlation thresholds (Pearson’s r, T = 0.49–0.59) that
were selected on the basis that the maximum threshold yielded
fully connected networks in each experimental group.

Global Network Architecture
The degree of a network node (k), in this case a brain RoI,
is simply the number of edges that connect the node to the
network, with highly connected nodes having a high degree.
The mean degree (<k>) is the average number of edges across
all nodes in the network. A sparse network therefore has a low
mean degree.
The minimum path length between two nodes in a graph
(Li,j ) is the smallest number of edges that must be traversed to
make a connection between them. If two nodes are immediate
neighbors, directly connected by a single edge, then Li,j = 1. The
average path length (Lp ), or the average Li,j across all possible
node pairs, is the average number of steps along the shortest
paths across the network. This provides a measure of global network efficiency, where networks with low average path length
are more efficient for information transfer.
The clustering coefficient of a node i (Ci ) is the ratio of the
number of edges that exist between neighbors of that node relative to the maximum number of possible connections between
them. This gives an indication of how well connected the neighborhood of a node is. The mean clustering coefficient (Cp ) is the
average clustering of all nodes in the network, which provides a
measure of local density, or the cliquishness, of the network. A
high Cp suggests high clustering and so efficient local information transfer.
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(“intraperitoneally” [i.p.]), 4.625 MBq/kg in physiological saline at
2.5 mL/kg (American Radiolabelled Chemicals Inc.) 1 min after
25 mg/kg (R,S)-ketamine (Sigma-Aldrich) or 15 min after 5 mg/kg
d-amphetamine (Sigma-Aldrich) administration (i.p. at 2 mL/kg
in saline). Vehicle controls received saline vehicle administration (2 mL/kg i.p.) 1 or 15 min before 14 C-2-DG injection (50%
sample at each time). About 45 min after 14 C-2-DG injection, animals were decapitated and a terminal blood sample collected,
by torso inversion, into heparinized weigh boats. Plasma glucose
concentrations (mmol/L) were detected from whole blood
(Accu-Chek Aviva). The brain was then rapidly dissected out
intact, frozen in isopentane (−40◦ C), and stored at (−80◦ C) until
sectioning. Blood samples were centrifuged to isolate plasma,
and plasma (20 μL) 14 C concentrations were determined by liquid
scintillation analysis (Packard). Frozen brains were sectioned
(20 μm) in the coronal plane in a cryostat (−20◦ C). A series of
three consecutive sections were retained from every 60 μm,
thaw mounted onto slide covers, and rapidly dried on a hotplate
(70◦ C). Autoradiograms were generated by apposing these
sections, together with precalibrated 14 C standards (39–1098
nCi/g tissue equivalents, American Radiolabelled Chemicals
Inc) to X-ray film (Carestream BioMax MR film, Sigma-Aldrich,
UK) for 7 days. Autoradiographic images were analyzed by a
computer-based image analysis system (MCID/M5+, Interfocus).
The local isotope concentration for each brain region of
interest (RoI) was derived from the optical density of the
autoradiographic images relative to that of the coexposed 14 C
standards. LCGU was determined in 59 brain regions of interest
(RoI) across a range of neural systems (Supplementary Material,
Supplementary Table 1) with reference to a stereotaxic mouse
brain atlas (Paxinos and Franklin 2001). The rate of LCGU, in each
RoI, was determined as the ratio of 14 C present in that region
relative to that of the whole brain 14 C concentration in the same
animal, referred to as the 14 C-2-DG uptake ratio. Group sizes
were WT: saline-treated n = 8 (male n = 5), ketamine-treated
n = 9 (male n = 4), d-amphetamine-treated n = 9 (male n = 4);
Nrxn1a+/− : saline-treated n = 10 (male n = 5), ketamine-treated
n = 13 (male n = 6), d-amphetamine-treated n = 11 (male n = 6).
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The significance of genotype-induced alterations in global
network properties was determined by comparison of the real
difference in each measure to that generated from 55 000 random permutations of the data (5000 permutations at each correlation threshold). Significance was set at P < 0.05.

In this study, we considered node centrality in terms of degree
(ki ), betweenness (Bc ), and eigenvector (Ec ) centrality. Degree
centrality (ki ) simply measures the number of nodal connections
(edges) a node has. Betweenness centrality (Bc ) is based on
how many short paths go through a given node, with nodes
having high betweenness centrality thus being more important
in the network. Eigenvector centrality (Ec ) indicates the relative
importance in the network of the nodes that the node of interest is connected to (i.e., the importance of a nodes connected
neighbors) and thus gives an indication of a nodes influence in
the network.
A brain region is considered to be an important network hub
when it has a high ki , Bc or Ec . In this study, a RoI was defined
as a hub in the brain network of the given experimental group if
the regional centrality in the real network relative to that of calibrated Erdös–Rényi graphs (1000 graphs at each threshold, 11 000
in total) was z > 1.96 (Supplementary Material, Supplementary
Table 2). The significance of genotype-induced alterations in
regional centrality was determined by comparison of the zscore difference in the real networks to that in 55 000 random
permutations of the real data (5000 per correlation threshold).
Significance was set at P < 0.05.

Regional Functional Connectivity: Partial Least Squares
Regression
Following identification of Nrxn1α +/− -induced alterations in
regional centrality (Table 1), we employed partial least squares
regression (PLSR) analysis to determine the alterations in
inter-regional connectivity underlying these observations. The
application of PLSR to 14 C-2DG imaging data has previously
been outlined in detail (Dawson et al. 2013; Mouro et al.
2018) and was undertaken using the PLS package (Mevik and
Wehrens 2007) in R. Significant regional connectivity to the
“seed” RoI was considered to exist if the lower bound of the
95% confidence interval (CI) of the variable importance to the
projection (VIP) statistic (estimated by jack-knifing) exceeded
the 1.0 threshold. Altered connectivity in Nrxn1a+/− mice was
determined by comparison of the VIP statistic to that in WT
mice (t-test with Bonferroni correction). Lost connectivity
was confirmed by a 95% VIP CI lower bound >1.0 in WT
and <1.0 in Nrxn1a+/− mice, while gained connectivity was
confirmed by a 95% VIP CI lower bound <1.0 in WT and >1.0 in
Nrxn1a+/− mice.
As ketamine corrected thalamic metabolism in Nrxn1a+/−
mice (Fig. 3), we employed PLSR analysis to characterize the
impact of ketamine on the connectivity of these regions in
Nrxn1a+/− mice. As these regions showed lost connectivity in
saline-treated Nrxn1a+/− mice (Table 1, Fig. 2), we determined
regional connectivity that was increased by ketamine administration in Nrxn1a+/− mice (t-test with Bonferroni correction
and VIP 95% CI lower bound >1.0) and not significantly different
to that seen in saline-treated WT mice (t-test with Bonferroni
correction).

Brain region of interest
(RoI)
Prefrontal cortex
Anterior prelimbic cortex
(aPrL)
Septum/DB
Medial septum (MS)
Lateral septum (LS)
Vertical limb DB (VDB)
Horizontal limb DB (HDB)
Thalamus
Mediodorsal (MD)
Centromedial (CM)
Reuniens (Re)
Dorsal reticular (dRT)
Ventral reticular (vRT)
Basal ganglia
Substantia nigra pars
reticulata (SNR)
Amygdala
Central amygdala (CeA)
Dorsal hippocampus
Cornu Ammonis 2 (CA2)
Mesolimbic system
Nucleus accumbens
shell (NacS)
Serotonergic system
Median raphé (MR)

Betweenness
(Bc )

Degree
(<ki >)

−4.27∗

−1.97

−3.97∗

3.92∗
3.31∗
4.08∗
3.81∗

0.60
1.91
0.82
−2.52

2.07
1.44
2.83
1.02

−3.67∗
−4.04∗
−3.69∗
−3.86∗
−3.57∗

−0.83
−0.06
0.79
−0.69
−0.96

−1.76
−3.27
−0.69
−2.70
−1.23

−0.30

6.00∗

2.41

2.89∗

2.33

2.09

3.37∗

1.04

2.38

2.97∗

1.91

1.84

0.28

6.85∗

−0.84

Eigenvector
(Ec )

Data shown as regional standardized z-score difference between
Nrxn1alpha+/− and WT mice. Bold denotes a significant hub (+ve) or
exteriority (−ve) region in the network of Nrxn1alpha+/− mice that does
not have that status in WT controls.  p<0.05 significant difference between
Nrxn1alpha+/− and WT mice (55,000 data permutations).

Results
Nrxn1α +/− Mice Show Thalamic, Mesolimbic, and
Striatal Hypermetabolism with a Contrasting Cortical
and Amygdala Hypometabolism
Nrxn1α +/− mice showed hypermetabolism in multiple thalamic
nuclei, including the ventral reticular thalamus (vRT, P = 0.030),
nucleus reuniens (Re, P = 0.007), and the ventrolateral (VL,
P = 0.023) and ventromedial (VM, P = 0.005) thalamic nuclei
(Fig. 1). Nrxn1α +/− mice also showed hypermetabolism in
the ventral tegmental area (VTA, F[1,54] = 4.21, P = 0.045) and
ventromedial striatum (VMST, F[1,54] = 4.59, P = 0.036).
By contrast, Nrxn1α +/− mice showed hypometabolism in
select cortical regions, including primary sensory processing
cortices (somatosensory (SSCTX, F[1,54] = 5.20, P = 0.016) and
auditory (AudC, F[1,54] = 5.59, P = 0.022) cortex) and in the
entorhinal cortex (EC, F[1,53] = 4.50, P = 0.039), the cortical
interface between the hippocampus and neocortex (Witter et
al. 2017). In addition, Nrxn1α +/− mice showed hypometabolism
in the central amygdala (CeA, F[1,54] = 5.29, P = 0.025).
There was no evidence, in any RoI, that sex significantly
influenced the impact of Nrxn1α heterozygosity on cerebral
metabolism. Full data are shown in Supplementary Material,
Supplementary Table 1.

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhz244/5669891 by Serials Dept user on 09 December 2019

Regional Centrality

Table 1 Regional centrality alterations in functional brain networks
of Nrxn1α +/− mice
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Average Path length (Lp ) Is Increased in Functional
Brain Networks of Nrxn1α +/− Mice
In terms of global brain network properties, we found that the
average path length (Lp ) was significantly increased (P = 0.041)
in functional brain networks of Nrxn1α +/− mice (Fig. 2), suggesting that the ability of information to transmit across brain
networks is significantly reduced in Nrxn1α +/− mice. We found
no evidence that the number of connections (mean degree (<k>),
P = 0.589) or clustering (clustering coefficient (Cp ), P = 0.277) was
altered in functional brain networks of Nrxn1α +/− mice.

Brain Region Importance Is Altered in Functional Brain
Networks of Nrxn1α +/− Mice
Through centrality analysis, we identified significant alterations
in regional importance in the functional brain networks of
Nrxn1α +/− mice (Table 1). Multiple thalamic regions, including
the mediodorsal (MD), centromedial (CM), Re, dorsal reticular thalamus (dRT), and vRT, showed reduced centrality in
Nrxn1α +/− mice (Ec ). The anterior prelimbic cortex (aPrL) also
showed reduced centrality in Nrxn1α +/− mice (<ki > and Ec ).
By contrast, all nuclei of the septum/diagonal band (DB) of
Broca system (lateral septum (LS), medial septum (MS), vertical
(VDB) and horizontal (HDB) limbs of the diagonal band of Broca)
showed increased centrality in Nrxn1α +/− mice (Ec ). The Ec of the
central amygdala (CeA), CA2 subfield of the dorsal hippocampus (DHCA2), the globus pallidus (GP), and nucleus accumbens
shell (NacS) was also significantly increased in Nrxn1α +/− mice,
while the substantia nigra pars reticulata (SNR) and serotonergic
median raphé (MR) also showed increased Bc in brain networks
of Nrxn1α +/− mice (Table 1). Full data are shown in Supplementary Table 2.

Compromised Thalamic “Rich-Club,” Thalamic-PFC
and Abnormal Septum/DB, Mesolimbic and Raphé-PFC
Connectivity in Nrxn1α +/− Mice
Rich club architecture in brain networks indicates that highly
connected regions (hubs) are also highly connected to each
other. In saline-treated WT mice, centrality analysis identified
multiple thalamic regions (MD, dRT, VL) as significant hubs

(Supplementary Material, Supplementary Table 2). PLSR analysis
in these animals identified functional connectivity between
thalamic hubs in these animals (Supplementary Tables 4–8),
supporting the rich club status of these thalamic nuclei, as
previously reported in rats (Dawson et al. 2012) and humans (van
den Heuvel and Sporns 2011). The rich club nature of thalamic
nuclei in saline-treated WT mice was further confirmed through
the application of algorithms specifically assessing rich club
structure (Ma and Mondragon 2015). Using these algorithms,
multiple thalamic nuclei (dRT, vRT, Re, CM, CL) and PFC subfields
(aPrL, Cg1) were identified as members of the rich club core (RCC)
in functional brain networks of saline-treated WT mice. These
regions were not part of the RCC in saline-treated Nrxn1a+/−
mice (supplemental material, RCC analysis). PLSR analysis confirmed lost interconnectivity between these thalamic nuclei
in Nrxn1α +/− mice (Fig. 2), supporting compromised thalamic
“rich club” connectivity in these animals. We also found significant evidence for lost PFC-thalamus functional connectivity
in Nrxn1α +/− mice (Fig. 2). These reductions in inter-regional
and “rich club” connectivity would contribute to the increased
network average path length (Fig. 2) seen in Nrxn1α +/− mice.
PLSR analysis also identified abnormal inter-regional connectivity in Nrxn1α +/− mice that is not present in WT animals,
contributing to the increased centrality of selected brain regions
in the Nrxn1α +/− mice (Table 1). This included abnormal connectivity between the septum/DB and the PFC, thalamus, mesolimbic and auditory systems in Nrxn1α +/− mice that was not present
in WT controls. In addition, Nrxn1α +/− mice had connectivity
between the medial raphé (MR) and PFC that was not present
in WT controls (Fig. 2). Full data are shown in Supplementary
Tables 3–18.

Subanesthetic Ketamine Administration Normalizes
Thalamic Hyperactivity in Nrxn1α +/− Mice
In line with previous reports, ketamine administration increased
LCGU in the PFC, hippocampus and striatum while reducing
LCGU in thalamic nuclei (Dawson et al. 2013, 2015). Subanesthetic ketamine administration effectively reversed the
constitutive thalamic hypermetabolism seen in Nrxn1α +/− mice,
bringing metabolism to a similar level to that seen in WT
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Figure 1. Constitutive cerebral metabolism is altered in the thalamus, mesolimbic system, cortex, and amygdala in Nrxn1α +/− mice. Nrxn1α +/− mice show
hypermetabolism in the (A–C) thalamus and (D) ventral tegmental area with a contrasting hypometabolism in (E, F) primary sensory processing cortices, (G) entorhinal
cortex, and (H) central amygdala. Data shown as mean ± SEM. + P < 0.05 main effect of genotype, ANOVA. ∗ P < 0.05, pairwise t-test with Benjamini–Hochberg correction.
VL, VM, and Re data from saline-treated animals only. VTA, SSCTX, AudC, EC, and CeA data are for the genotype effect across all treatment groups.
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Figure 2. Nrxn1α heterozygosity alters functional brain network structure and inter-regional functional connectivity. (A) Average path length is significantly increased
(Lp , P = 0.041) in functional brain networks of Nrxn1α +/− mice, while (B) mean degree (<k>, P = 0.589) and (C) the global clustering coefficient (Cp , P = 0.277) are not
altered. Inter-regional functional connectivity alterations in Nrxn1α +/− mice support reduced thalamic “rich club,” thalamic-PFC and abnormal septum/DB and raphéPFC connectivity. (D) Heatmap showing significantly lost (blue) and abnormal/gained (red) inter-regional connectivity in Nrxn1α +/− relative to WT mice, determined
by comparison of the VIP statistic (t-test with Bonferroni correction) calculated through PLSR analysis. (E) Brain images showing the anatomical localization of altered
inter-regional connectivity for the anterior prelimbic cortex (aPrL), dorsal reticular thalamus (dRT), and nucleus reuniens (Re) “seed” regions (yellow). Blue denotes
functional connectivity present in WT mice (VIP 95% CI > 1.0) that is significantly lost in Nrxn1α +/− mice (VIP 95% CI < 1.0, and P < 0.05 t-test with Bonferroni correction).
5-HT, serotonergic system; Amg, amygdala; Aud, auditory system; BG, basal ganglia; Hipp, hippocampus; Meso, mesolimbic system; PFC, prefrontal cortex; Sept/DB:
septum/diagonal band of Broca. Brain images adapted from the Allen mouse brain atlas (mouse.brain-map.org/static/atlas).

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhz244/5669891 by Serials Dept user on 09 December 2019

AQ9

Ketamine Restores Brain Connectivity in Neurexin1a+/− Mice

Hughes et al.

7

controls and WT mice treated with ketamine (Fig. 3). Salinetreated Nrxn1α +/− mice displayed thalamic hyperactivity as
compared to saline-treated WT animals in the VM (P = 0.005),
Re (P = 0.007), vRT (P = 0.030), and dRT (trend, P = 0.062). While
ketamine reduced LCGU in these regions in Nrxn1α +/− mice
(VM, P = 0.002; Re, P < 0.001; dRT, P < 0.001; vRT, P < 0.001), it was
not significantly altered in WT mice (VM, P = 0.961; Re, P = 0.650;
dRT, P = 0.388), with the exception of the vRT (P = 0.018) where
ketamine also reduced LCGU in WT mice. LCGU in these regions
was not significantly different in ketamine-treated Nrxn1α +/−
mice as compared to saline-treated WT mice (VM, P = 0.961; Re,
P = 0.486; dRT, P = 0.123) with the exception of the vRT, which
was significantly different from that in saline (P = 0.007) but
not ketamine-treated (P = 0.800) WT mice. These effects were
supported by a significant genotype × treatment interaction
in each region (VM, F[1,32] = 6.472, P = 0.016; Re, F[1,32] = 6.703,
P = 0.014; dRT, F[1,32] = 5.057, P = 0.035; vRT, F[1,32] = 4.246, P = 0.048).
In addition to these changes, ketamine increased LCGU in the
nucleus accumbens core (NacC) of Nrxn1α +/− mice (P < 0.001)
but not in WT animals (P = 0.234), with NacC metabolism
in ketamine-treated Nrxn1α +/− mice being higher than that
in saline-treated WT animals (P = 0.025). The altered NacC
metabolic response to ketamine in Nrxn1α +/− mice was

supported by a significant genotype × treatment interaction
(F[1,32] = 4.527, P = 0.041).
In contrast to these modified responses, the impact of
ketamine on LCGU in all PFC and hippocampal RoI was not
altered in Nrxn1α +/− mice (Fig. 3). Full data are available in
Supplementary Table 1.

Subanesthetic Ketamine Administration Restores
Thalamic “Rich Club” Hub and Reticular
Thalamus–Nucleus Reuniens–Prefrontal (RT–Re–PFC)
Functional Connectivity in Nrxn1α +/− Mice
To elucidate the impact of ketamine administration on thalamic
connectivity in Nrxn1α +/− mice, we employed PLSR analysis to
characterize the inter-regional functional connectivity of thalamic “rich club” regions showing decreased connectivity in
saline-treated Nrxn1α +/− mice (Table 1, Fig. 2; Re, dRT, vRT, MD,
CM). Given the ability of ketamine administration to normalize
LCGU in thalamic regions in Nrxn1α +/− mice (Fig. 3), we determined the lost connectivity present in saline-treated Nrxn1α +/−
mice restored by ketamine administration.
In Nrxn1α +/− mice, ketamine restored inter-regional functional connectivity between thalamic “rich club” brain regions
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Figure 3. Subanesthetic ketamine administration normalizes thalamic metabolism and restores thalamic hub and reticular thalamus–nucleus reuniens–prefrontal
cortex (RT–Re–PFC) circuit connectivity in Nrxn1α +/− mice. (A–D) Subanesthetic ketamine administration normalizes thalamic hyperactivity in Nrxn1α +/− mice. (E)
Nrxn1α +/− mice show an enhanced cerebral metabolic response to ketamine in the nucleus accumbens core (NacC). (F, G) The impact of ketamine on PFC and
hippocampal function is not altered in Nrxn1α +/− mice. Data shown as mean ± SEM. Nrxn1α Hz = Nrxn1α +/− mice. ∗ P < 0.05, ∗∗ P < 0.01 and ∗∗∗ P < 0.001 ketamine effect
within genotype and ++ P < 0.01, +++ P < 0.001 genotype effect within treatment group (t-test with BH correction). ## P < 0.01, ### P < 0.001 ketamine effect (ANOVA) in
regions where no significant genotype × treatment interaction found. (H) Summary connectivity map showing the functional connections of thalamic hub regions lost
in Nrxn1α +/− mice that are restored by ketamine administration. Black shading denotes lost connectivity in saline-treated Nrxn1α +/− mice that is restored to the level
seen in wild-type mice in ketamine-treated Nrxn1α +/− mice. (I) Summary diagram of RT–Re–PFC circuit connectivity restored in Nrxn1α +/− mice by subanesthetic
ketamine administration. aPrL, anterior prelimbic cortex; CM, centromedial thalamus; dRT, dorsal reticular thalamus; MD, mediodorsal thalamus; Re, nucleus reuniens;
VHCA2, ventral hippocampus CA2; VO, ventral orbital cortex; vRT, ventral reticular thalamus; SNC, substantia nigra pars compacta. Representative autoradiograms are
shown in Supplementary Fig. 1.
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The Cerebral Metabolic Response to
Dextro-Amphetamine Is Not Altered in Nrxn1α +/− Mice
In keeping with previous observations, d-amphetamine administration induced hypometabolism in the PFC, amygdala, and
ventral hippocampus along with hypermetabolism in the thalamus, substantia nigra (pars compacta, SNC), and retrosplenial
(RSC) cortex (Ernst et al. 1997; Miyamoto et al. 2000). We found no
evidence, in any RoI, that the LCGU response to d-amphetamine
was significantly altered in Nrxn1α +/− mice (Fig. 4). Full data are
shown in Supplementary Table 1.

Discussion
We have, for the first time, identified the alterations in constitutive cerebral metabolism and functional brain network structure
that result from heterozygous Nrxn1α deletion. These alterations
have translational relevance to neurodevelopmental disorders
for which NRXN1 deletions are a genetic risk factor, including
ASD and ScZ, and to individuals with 2p16.3 (NRXN1) deletions. The data show that ketamine administration can restore
the thalamic metabolism and dysconnectivity, including the
compromised thalamic “rich club” and RT–Re–PFC connectivity,
which result from heterozygous Nrxn1α deletion. This suggests
that altered NMDA-R activity may underlie the thalamic dysfunction seen in Nrxn1α +/− mice, although this requires further
investigation. Overall, the data suggest that ketamine administration and NMDA-R antagonism may be an effective strategy to
restore the thalamic-PFC dysfunction that results from 2p16.3
(NRXN1) deletion. This may also have translational relevance to
the reported therapeutic benefit of NMDA-R antagonists in ASD,
although further characterization in Nrxn1α +/− mice would be
needed to establish this more firmly.

Translational Relevance of the Brain Network
Connectivity Deficits Present in Nrxn1α +/− Mice
The alterations in cerebral metabolism and brain network connectivity seen in Nrxn1α +/− mice may contribute to the reported
behavioral alterations seen in these animals and have translational relevance to the functional brain imaging deficits seen in
ASD and ScZ.
Behavioral deficits previously reported in Nrxn1α +/− mice
include hyperactivity, altered habituation, deficits in object
recognition and social memory, and deficits in associative
learning (as measured by passive avoidance) (Laarakker et
al. 2012; Dachtler et al. 2015). While behavioral deficits in
Nrxn1α +/− mice are not always found (Grayton et al. 2013), the
published data generally support deficits in associative learning
and recognition learning and memory as a consequence of
Nrxn1α heterozygosity. In rodents, the neural circuitry for object
recognition memory includes the PFC, hippocampus, thalamus,
perirhinal cortex, and entorhinal cortex (Antunes and Biala 2012;
Warburton and Brown 2015), while the neural circuitry for rodent
social recognition includes the PFC, hippocampus, septum, and
amygdala (Bicks et al. 2015). Intriguingly, we found evidence
for regional metabolic dysfunction and altered connectivity
in Nrxn1α +/− mice within these neural systems, which could
contribute to the behavioral deficits seen in these animals.
This includes entorhinal cortex (EC) and central amygdala
(CeA) nucleus hypofunction along with altered thalamic-PFC
and septum-PFC connectivity (Fig. 2). In addition, we also found
evidence for compromised nucleus reuniens (Re) connectivity
to both the PFC and hippocampus in Nrxn1α +/− mice. While a
direct glutamatergic projection exists from the hippocampus to
the PFC, information from the PFC to the hippocampus is relayed
through the nucleus reuniens (Vertes 2002). Thus, compromised
connectivity in the PFC–Re–hippocampal circuit in Nrxn1α +/−
mice could contribute to the deficits in learning and memory
seen in these animals. Interestingly, deficits in the functional
connectivity of this neural circuit have been reported in another
mouse model of genetic risk for ASD and ScZ (Disc1, Dawson
et al. 2015), suggesting that this may be a common neural
pathway affected by genetic mutations associated with ASD and
ScZ.
We also found evidence for increased activity in motor thalamic nuclei (VL and VM) in Nrxn1α +/− mice, and our ketamine
data suggest that NMDA-R dysfunction may contribute to the
increased neuronal activity of these motor thalamic regions
(Fig. 3). The VL and VM, along with other motor areas, including
the cerebellum, basal ganglia, and motor cortex, play a key role
in motor learning in rodents (Ding et al. 2002; Jeljeli et al. 2003).
Intriguingly, we found evidence for enhanced motor learning
abilities in Nrxn1α +/− mice in the accelerating rotarod test (Supplementary Material, Supplementary Fig. 3), which mirrors that
previously reported in Nrxn1α knockout mice (Etherton et al.
2009). This suggests that enhanced neuronal activity and NMDAR function in motor circuitry may contribute to the enhanced
motor learning abilities of Nrxn1α +/− mice.
The alterations in brain function and network connectivity
seen in Nrxn1α +/− mice may also have translational relevance
to the functional brain imaging deficits seen in ASD and ScZ.
For example, thalamic dysfunction is widely supported in
both ASD and ScZ with thalamic hypofunction rather than
hyperfunction, as seen in Nrxn1α +/− mice, generally reported
(Buchsbaum et al. 1996; Hazlett et al. 2004; Haznedar et al. 2006).
However, in human brain imaging studies, the small and discrete
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and between the Re-PFC, effectively restoring connectivity in the
reticular thalamus–nucleus reuniens–prefrontal cortex circuit
(RT-Re-PFC, Fig. 3). In Nrxn1α +/− mice, ketamine also increased
dRT-Re functional connectivity, bringing it to a similar level to
that seen in WT control mice, re-establishing functional connectivity between these regions. Similarly, for the Re, ketamine
increased connectivity to the CM thalamic nucleus and two PFC
subfields (aPrL, VO) in Nrxn1α +/− mice, restoring it to a similar
level to that seen in WT controls. For the vRT, ketamine increased
functional connectivity to the CM and SNC in Nrxn1α +/− mice,
restoring connectivity to a level similar to that seen in WT
controls. When the CM was considered as the seed region in
PLSR analysis, the restoration of functional connectivity to the
Re and vRT was confirmed. Finally, when the MD was considered
as the seed region, ketamine increased connectivity to the AM
thalamic nucleus and CA2 subfield of the ventral hippocampus
(VHCA2), restoring connectivity to a similar level seen in WT
controls. Full PLSR connectivity data are shown in Supplementary Tables 3–18 and Supplementary Fig. 2.
Overall, these data suggest that subanesthetic ketamine
administration effectively restores functional connectivity
between thalamic “rich club” regions in Nrxn1α +/− mice and
re-establishes thalamic-PFC functional connectivity (Re, Fig. 3).
This suggestion is further supported by the observation that
these thalamic nuclei (dRT, vRT, Re, MD, CM) form part of the
RCC in ketamine-treated, but not saline-treated, Nrxn1α +/− mice
(Supplemental Material, RCC analysis).
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thalamic nuclei identified as hyperactive in Nrxn1α +/− mice,
including the RT and Re, have not previously been resolved.
Moreover, recent studies with greater anatomical resolution
have identified complex patterns of thalamic dysfunction,
including both regional hypoactivation and hyperactivation, in
these disorders, dependent on the thalamic nuclei characterized
and the cognitive state of patients during testing (Pergola et
al. 2015; Mitelman et al. 2018). Interestingly, while studies of
brain function in ASD rodent models are limited, the thalamic
hyperfunction seen in Nrxn1α +/− mice parallels that recently
reported in another rodent model relevant to the disorder
(Cho et al. 2017). Other alterations in cerebral metabolism
present in Nrxn1α +/− mice with translational alignment to those
reported in ASD and ScZ include amygdala (CeA) and entorhinal
cortex (EC, brodmans 28/34) hypofunction, which parallels the
temporal lobe hypofunction and the direct hypofunction of
these structures in these disorders (Carina Gilberg et al. 1993;
Zakzanis et al. 2000; Aoki et al. 2015; Mitelman et al. 2018).
The data suggest that the RT is a primary locus of thalamic dysfunction as a consequence of Nrxn1α heterozygosity, evidenced by altered RT metabolism and connectivity in
Nrxn1α +/− mice. While direct evidence from functional brain
imaging studies to support RT dysfunction in ASD and ScZ is
currently lacking, a range of evidence supports RT dysfunction
in these disorders. For example, the RT plays a key role in
processes dysfunctional in both ASD and ScZ, including sleep,
the generation of brain oscillations, sensory integration, and

cognition (Pratt and Morris 2015; Krol et al. 2018). Recent cellular
evidence directly supports RT dysfunction in ScZ (Steullet et
al. 2018), while direct evidence for RT dysfunction in ASD is
currently lacking. However, a primary cell type in the RT are
parvalbumin positive (PV+) interneurons (Tanahira et al. 2009),
and PV+ expression is altered in both ASD (Lawrence et al. 2010;
Hashemi et al. 2017) and ScZ (Beasley and Reynolds 1997; Zhang
and Reynolds 2002). While these studies have characterized
PV+ cells in the PFC and hippocampus, recent studies have
also confirmed RT PV+ cell dysfunction in ScZ (Steullet et al.
2018). This remains to be characterized in ASD. However, the
RT and PV+ neurons are known to be dysfunctional in other
preclinical rodent models relevant to ASD and ScZ, including
models involving NMDA-R dysfunction (Cochran et al. 2003;
Dawson et al. 2012, 2015; Wells et al. 2016). Moreover, as NMDAR hypofunction is able to induce both RT PV+ cell dysfunction
and RT hypometabolism (Cochran et al. 2003; Dawson et al. 2012,
2013), and NMDA-Rs directly regulate the activity of PV+ neurons
(Carlen et al. 2012; Miller et al. 2016), PV+ neuron dysfunction
may contribute to the NMDA-R dependent thalamic dysfunction
seen in Nrxn1α +/− mice. This suggestion is further supported
by the observation that parvalbumin directly regulates neuronal
activity in the RT (Alberi et al. 2012). As other thalamic (VPM,
VPL) and cortical (SSCTX) regions found to be dysfunctional in
Nrxn1α +/− mice also contain high levels of PV+ cells (Tanahira
et al. 2009), dysfunction of this cell type may also contribute
to the altered metabolism seen in these brain regions. Thus,
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Figure 4. Cerebral metabolic responses to d-amphetamine are not altered in Nrxn1α +/− mice. Data shown as mean ± SEM of the 14 C-2-DG uptake ratio.
d-Amphetamine (d-Amph) administration induces (A) medial orbital cortex hypometabolism, (B–E) thalamic hypermetabolism, and (F, G) amygdala and (H, I)
hippocampal hypometabolism. We found no evidence, in any brain region where d-amphetamine modified cerebral metabolism, that the response was altered in
Nrxn1α +/− mice. Data shown as mean ± SEM. # P < 0.05, ## P < 0.01 and ### P < 0.001 significant effect of d-amphetamine (ANOVA).
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Nrxn1α Heterozygosity Alters In vivo Glutamate but
Not General Monoaminergic Neurotransmitter System
Function
Our data suggest that Nrxn1α heterozygosity induces NMDAR dysfunction that contributes to disturbed neuronal activity
in selected neural circuits, including the mesolimbic system,
posterior thalamic nuclei (VM and VL), and the RT–Re–PFC circuit
(Fig. 3). Intriguingly, our data show that administration of a
subanesthetic dose of the NMDA-R antagonist ketamine corrects the thalamic hypermetabolism and RT–Re–PFC dysfunction present in Nrxn1α +/− mice. The regulation of glutamatergic
and NMDA-R function by Nrxn1α is supported by a diverse
range of studies (Chubykin et al. 2007; Barrow et al. 2009; de
Wit et al. 2009; Etherton et al. 2009; Espinoza et al. 2015; Dai
et al. 2019). The role of NMDA-R dysfunction in ASD is complex, with both NMDA-R agonists and antagonists reported as
improving ASD symptoms (Lee et al. 2015). NMDA-R antagonists,
such as Memantine and Amantadine, have been shown to have
positive therapeutic effects in ASD (Chez et al. 2007; Ghaleiha
et al. 2013; Nikvarz et al. 2017). Our data suggest that these
effects may be mediated through the correction of abnormal
thalamic and mesolimbic function and the restoration of the
RT-Re-PFC circuit and that thalamic hyperactivity in individuals with ASD may offer a biomarker for NMDA-R antagonist
efficacy in the disorder. This conjecture certainly warrants further systematic investigation. While our data suggest that the
correction of thalamic hypermetabolism in Nrxn1α +/− mice by

ketamine administration may have translational relevance to
the therapeutic impact of NMDA-R antagonists in ASD, these
effects would need to be confirmed in relation to the behavioral
alterations seen in Nrxn1α +/− mice (Laaraker et al. 2012; Dachtler
et al. 2015). Two concerns with regard to behavioral testing
using the dose of ketamine applied in our imaging study are
its ability to induce locomotor hyperactivity (Irifune et al. 1991),
which is likely to impact on performance in many behavioral
tests, and its ability to disrupt PFC and hippocampal function in Nrxn1α +/− mice (Supplementary Table 1), which is likely
to disrupt behaviors dependent upon these neural systems,
including several of the behaviors reported to be altered in
Nrxn1α +/− mice (Laaraker et al. 2012; Dachtler et al. 2015). Thus,
future studies should be dedicated to testing the efficacy of
lower doses of ketamine, in relation to both the behavioral and
brain imaging alterations seen in Nrxn1α +/− mice, identifying
doses that do not significantly disrupt locomotor activity but
may act to restore behaviors and thalamic function in these
animals.
Another limitation to our study is the mixed pharmacology of ketamine, which not only acts as an NMDA-R
antagonist but also displays biological activity at other targets
including hyperpolarization-activated cyclic nucleotide-gated
channels (HCN), cholinergic receptors, dopamine-2 receptors
(D2 R), opioid receptors, and voltage-gated sodium channels
(VGSCs). The actions of ketamine are further complicated by
the complex biological activity of its metabolites in vivo (Zanos
et al. 2018). Thus, the suggestion that the ability of ketamine to
restore thalamic function in Nrxn1α +/− mice relies on its activity
at NMDA-Rs is made with caution, and further molecular characterization is needed to more strongly support this contention.
Nevertheless, studies showing that Nrxn1α influences NMDAR function further support the plausibility of this mechanism
(Chubykin et al. 2007; Barrow et al. 2009; de Wit et al. 2009;
Etherton et al. 2009; Espinoza et al. 2015; Dai et al. 2019).
We also found that general monoaminergic neurotransmitter
system functional responses, as evidenced by the LCGU
response to d-amphetamine, were not altered in Nrxn1α +/−
mice (Fig. 4). This suggests that Nrxn1α heterozygosity does
not reproduce the enhanced response to d-amphetamine
seen in ScZ (Breier et al. 1997; Swerdlow et al. 2018) and that
the impact on general monoaminergic system function is
limited. However, the suggestion that these systems are not
altered in Nrxn1α +/− mice is made with caution. Whether the
function of the individual monoaminergic systems (dopamine,
serotonin, noradrenaline) is altered in Nrxn1α +/− mice remains
to be adequately tested. In fact, our observation of increased
functional connectivity between the serotonergic median
raphé (MR) and PFC in Nrxn1α +/− mice (Fig. 2) suggests that
serotonergic neurotransmitter system function may be altered
in these animals.
Interestingly, stimulants including d-amphetamine are used
to treat ADHD-like symptoms (impaired attention, hyperactivity
and impulsivity) in ASD (Nickels et al. 2008; Cortese et al. 2012).
However, we found no evidence that d-amphetamine normalized any of the dysfunctional cerebral metabolism present in
Nrxn1α +/− mice. While hyperactivity is reported in Nrxn1α +/−
mice (Laarakker et al. 2012), impaired attention or impulsivity
is yet to be adequately tested. Our data suggest that Nrxn1α +/−
mice may not provide a useful model of stimulant-based treatment of ADHD-like symptoms in ASD. However, given the ability
of ketamine to restore RT–Re–PFC circuit function in Nrxn1α +/−
mice, a key circuit involved in attentional processing (Prasad
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given the potential translational relevance of PV+ cell deficits in
Nrxn1α +/− mice, the possible contribution of PV+ cell dysfunction to the RT and other brain imaging deficits seen in Nrxn1α +/−
mice certainly warrants further systematic investigation.
While Nrxn1a heterozygosity did not reproduce the overt
PFC hypometabolism (hypofrontality) reported in ASD and ScZ
(Ohnishi et al. 2000; Hill et al. 2004; Mitelman et al. 2018), PFC
functional connectivity was compromised in Nrxn1α +/− mice.
This mirrors the reduced PFC connectivity reported in ASD and
ScZ and in other relevant genetic mouse models relevant to
these disorders (Sigurdsson et al. 2010; Bertero et al. 2018; Liska
et al. 2018). In Nrxn1α +/− mice, this includes reduced thalamicPFC connectivity, mirroring the reduced functional and structural thalamic-PFC connectivity reported in ASD and ScZ (Nair
et al. 2013; Woodward and Heckers 2016; Giraldo-Chica and
Woodward 2017; Woodward et al. 2017). The reduced interconnectivity of thalamic nuclei in Nrxn1α +/− mice, contributing to
the loss of thalamic “rich club” hubs, also parallels the decreased
interconnectivity between thalamic nuclei in ASD (Tomasi and
Volkow 2019) and ScZ (Tomasi and Volkow 2014) and mirrors
the loss of brain network hubs in these disorders (Rubinov and
Bullmore 2013; Itahashi et al. 2014). We also found broader
evidence for alterations in functional brain network structure
in Nrxn1α +/− mice that mirror those seen in ASD and ScZ. This
includes an increase in the average path length of functional
(Micheloyannis et al. 2006; Barttfeld et al. 2012; Boersma et al.
2013; Itahashi et al. 2014) and structural brain networks (Roine et
al. 2015; Yeo et al. 2016) in these disorders, supporting decreased
efficiency of information transfer across brain networks as a
consequence of Nrxn1α heterozygosity and in these disorders.
Moreover, the hypoconnectivity of functional brain networks
in Nrxn1α +/− mice parallels that reported in other preclinical
models relevant to ASD (Bertero et al. 2018; Liska et al. 2018) and
ScZ (Dawson et al. 2014b).

Ketamine Restores Brain Connectivity in Neurexin1a+/− Mice

Conclusion
In conclusion, we have identified a range of brain imaging
functional and connectivity deficits in Nrxn1α +/− mice that
have translational relevance to those seen in ASD and ScZ.
This includes the hyperactivity and dysconnectivity of multiple
thalamic nuclei that are partially normalized by subanesthetic
ketamine administration. Thus, Nrxn1α +/− mice may provide
a translational model relevant to the therapeutic efficacy of
NMDA-R antagonists in ASD, while their translational utility in
relation to stimulant compounds in ASD appears to be limited.

Supplementary Material
Supplementary material can be found at Cerebral Cortex online.

Notes
Conflict of Interest: None declared.

Funding
Faculty of Health and Medicine, Lancaster University PhD studentship (to N.D. and S.J.B.) and by The Royal Society (RG140134
to N.D.). ND is also supported by the UK Medical Research
Council (MR/N012704/1).

References
Alberi L, Lintas A, Kretz R, Schwaller B, Villa AEP. 2012. The
calcium binding protein parvalbumin modulates the firing
1 properties of the reticular thalamus bursting neurons. J
Neurophysiol. 109:2827–2841.
Aman MG, Findling RL, Hardan AY, Hendren RL, Melmed RD,
Kehinde-Nelson O, Hsu HA, Trugman JM, Palmer RH et al.
2017. Safety and efficacy of memantine in children with
autism: randomized, placebo-controlled study and openlabel extension. J Child Adolesc Psychopharmacol. 27:403–412.
Antunes M, Biala G. 2012. The novel object recognition memory:
neurobiology, test procedure and its modifications. Cogn Process. 13:93–110.
Aoki Y, Cortese S, Tansella M. 2015. Neural bases of atypical
emotional face processing in autism: a meta-analysis of fMRI
studies. World J Biol Psychiatry. 16:291–300.
Barrow SL, Constable JR, Clark E, El-Sabeawy F, McAllister AK,
Washbourne P. 2009. Neuroligin1: a cell adhesion molecule
that recruits PSD-95 and NMDA receptors by distinct mechanisms during synaptogenesis. Neural Dev. 4:17.
Barttfeld P, Wicker B, Cukier S, Navarta S, Lew S, Leiguarda R,
Sigman M. 2012. State-dependent changes of connectivity
patterns and functional brain network topology in autism
spectrum disorder. Neuropsychologia. 50:3653–3662.
Beasley CL, Reynolds GP. 1997. Parvalbumin-immunoreactive
neurons are reduced in the prefrontal cortex of schizophrenics. Schizophr Res. 24:349–355.
Bertero A, Liska A, Pagani M, Parolisi R, Masferrer ME, Gritti
M, Pedrazzoli M, Galbusera A, Sarica A, Cerasa A et al.

11

2018. Autism-associated 16p11.2 microdeletion impairs prefrontal functional connectivity in mouse and human. Brain.
141:2055–2065.
Bicks LK, Koike H, Akbarian S, Morishita H. 2015. Prefrontal cortex
and social cognition in mouse and man. Front Psychol. 6:1805.
Boersma M, Kemner C, de Reus MA, Collin G, Snijders TM, Hofman D, Buitelaar JK, Stam CJ, van den Heuvel MP. 2013. Disrupted functional brain networks in autistic toddlers. Brain
Connect. 3:41–49.
Braff DL, Swerdlow NR, Geyer MA. 1999. Symptom correlates of
prepulse inhibition deficits in male schizophrenic patients.
Am J Psychiatry. 156:596–602.
Breier A, Su TP, Saunders R, Carson RE, Kolachana BS, de
Bartolomeis A, Weinberger DR, Weisenfeld N, Malhotra AK,
Eckelman WC et al. 1997. Schizophrenia is associated with
elevated amphetamine-induced synaptic dopamine concentrations: evidence from a novel positron emission tomography method. Proc Natl Acad Sci USA. 94:2569–2574.
Brockhaus J, Schreitmuller M, Repetto D, Klatt O, Reissner C,
Elmslie K, Heine M, Missler M. 2018. α-Neurexins together
with α2δ-1 auxillary subunits regulate Ca2+ influx through
Cav 2.1 channels. J Neurosci. 38:8277–8294.
Buchsbaum MS, Someya T, Teng CY, Abel L, Chin S, Najafi A,
Haier RJ, Wu J, Bunney WE. 1996. PET and MRI of the thalamus in never-medicated patients with schizophrenia. Am J
Psychiatry. 153:191–199.
Carina Gillberg I, Bjure J, Uvebrant P, Vestergren E, Gillberg C.
1993. SPECT [single photon emission computed tomography]
in 31 children and adolescents with autism and autistic-like
conditions. Eur Child Adolesc Psychiatry. 2:50–59.
Carlen M, Meletis K, Siegle JH, Cardin JA, Futai K, VierlingClaassen D, Ruhlmann C, Jones SR, Desseroth K, Shen M
et al. 2012. A critical role for NMDA receptors in parvalbumin positive interneurons for gamma rhythm induction and
behaviour. Mol Psychiatry. 17:537–548.
Chanda S, Hale WD, Zhang B, Wernig M, Sudhof TC. 2017. Unique
versus redundant functions of neuroligin genes in shaping excitatory and inhibitory synapse properties. J Neurosci.
37:6816–6836.
Chen LY, Jiang M, Zhang B, Gokce O, Sudhof TC. 2017. Conditional
deletion of all neurexins defines diversity of essential synaptic organizer functions for neurexins. Neuron. 94:611–625.
Cheng CH, Chan PS, Hsu SC, Liu CY. 2018. Meta-analysis of sensorimotor gating in patients with autism spectrum disorders.
Psychiatry Res. 262:413–419.
Cheng S, Seven AB, Wang J, Skiniotis G, Ozkan E. 2016.
Conformational plasticity in the transsynaptic neurexincerebellin-glutamate receptor adhesion complex. Structure.
24:2163–2173.
Chez MG, Burton Q, Dowling T, Chang M, Khanna P, Kramer C.
2007. Memantine as adjunctive therapy in children diagnosed
with autistic spectrum disorders: an observation of initial
clinical response and maintenance tolerability. J Child Neurol.
22:574–579.
Ching MS, Shen Y, Tan WH, Jeste SS, Morrow EM, Chen X,
Mukkaddes NM, Yoo SY, Hanson E, Hundley R et al. 2010.
Deletions of NRXN1 predispose to a wide spectrum of developmental disorders. Am J Med Genet B Neuropsychiatr Genet.
153B:937–947.
Cho H, Kim CH, Knight EQ, Oh HW, Park B, Kim DG, Park HJ. 2017.
Changes in brain metabolic connectivity underlie autisticlike social deficits in a rat model of autism spectrum disorder.
Sci Rep. 7:13213.

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhz244/5669891 by Serials Dept user on 09 December 2019

et al. 2013; Kim et al. 2016; Wells et al. 2016), NMDA-R antagonists
may be able to restore attentional deficits, if found to be present
in these animals. Thus, there appears to be a degree of pharmacological selectivity with regard to the potential predictive
utility of Nrxn1α +/− mice as a model of therapeutic efficacy in
ASD.

Hughes et al.

12

Cerebral Cortex, 2019, Vol. 00, No. 00

Ernst M, Zametkin AJ, Matochik J, Schmidt M, Jons PH, Liebenauer LL, Hardy KK, Cohen RM. 1997. Intravenous dextroamphetamine and brain glucose metabolism. Neuropsychopharmacology. 17:391–401.
Esclassan F, Francois J, Phillips KG, Loomis S, Gilmour G. 2015.
Phenotypic characterization of nonsocial behavioral impairment in Neurexin-1α knockout rats. Behav Neurosci. 129:74–85.
Espinosa F, Xuan Z, Liu S, Powell CM. 2015. Neuroligin 1 modulates striatal glutamatergic neurotransmission in a pathway
and NMDAR subunit-specific manner. Front Synaptic Neurosci.
7:11.
Etherton MR, Blaiss CA, Powell CM, Sudhof TC. 2009. Mouse
Neurexin-1α deletion causes correlated electrophysiological
and behavioral changes consistent with cognitive impairments. Proc Natl Acad Sci USA. 106:17998–18003.
Friedman JM, Baross A, Delaney AD, Ally A, Arbour L, Anaso
J, Bailey DK, Barber S, Birch P, Brown-John CM et al. 2006.
Oligonucleotide microarray analysis of genomic imbalance in
children with mental retardation. Am J Hum Genet. 79:500–513.
Ghaleiha A, Asadabadi M, Mohammadi MR, Shahei M, Tabrizi M,
Hajiaghaee R, Hassanzadeh E, Akhondzadeh S. 2013. Memantine as adjunctive treatment to risperidone in children
with autistic disorder: a randomized, double-blind, placebocontrolled trial. Int J Neuropsychopharmacol. 16:783–789.
Giraldo-Chica M, Woodward ND. 2017. Review of thalamocortical
resting-state fMRI studies in schizophrenia. Schizophr Res.
180:58–63.
Grayton HM, Missler M, Collier DA, Fernandes C. 2013. Altered
social behaviours in Neurexin-1α knockout mice resemble
core symptoms in neurodevelopmental disorders. PLoS One.
8:e67114.
Hashemi E, Ariza J, Rogers H, Noctor SC, Martinez-Cerdeno V.
2017. The number of parvalbumin-expressing interneurons
is decreased in the prefrontal cortex in autism. Cereb Cortex.
27:1931–1943.
Hazlett EA, Buchsbaum MS, Kemether E, Bloom R, Platholi J,
Brickman AM, Shihabuddin L, Tang C, Byne W. 2004. Abnormal glucose metabolism in the mediodorsal nucleus of the
thalamus in schizophrenia. Am J Psychiatry. 161:305–314.
Haznedar MM, Buchsbaum MS, Hazlett EA, LiCalzi EM,
Cartwright C, Hollander E. 2006. Volumetric analysis and
three-dimensional glucose metabolic mapping of the
striatum and thalamus in patients with autism spectrum
disorders. Am J Psychiatry. 163:1252–1263.
Hill K, Mann L, Laws KR, Stephenson CM, Nimmo-Smith I,
McKenna PJ. 2004. Hypofrontality in schizophrenia: a metaanalysis of functional imaging studies. Acta Psychiatr Scand.
110:243–256.
Horder J, Petrinovic MM, Mendez MA, Bruns A, Takumi T, Spooren
W, Barker GJ, Kunnecke B, Murphy DG. 2018. Glutamate and
GABA in autism spectrum disorder—a translational magnetic
resonance spectroscopy study in man and rodent models.
Transl Psychiatry. 8:106.
Howes O, McCutcheon R, Stone J. 2015. Glutamate and dopamine
in schizophrenia: an update for the 21st century. J Psychopharmacol. 29:97–115.
Irifune M, Shimizu T, Nomoto M. 1991. Ketamine-induced hyperlocomotion associated with alteration of presynaptic components of dopamine neurons in the nucleus accumbens.
Pharmacol Biochem Behav. 40:399–407.
Itahashi T, Yamada T, Watanabe H, Nakamura M, Jimbo D,
Shioda S, Toriizuka K, Kato N, Hashimoto. 2014. Altered

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhz244/5669891 by Serials Dept user on 09 December 2019

Chubykin AA, Atasoy D, Etherton MR, Brose N, Kavalali ET,
Gibson JR, Sudhof TC. 2007. Activity-dependent validation of
excitatory versus inhibitory synapses by neuroligin-1 versus
neuroligin-2. Neuron. 54:919–931.
Csardi G, Nepusz T. 2006. The igraph software package for complex network research. Int J Complex Systems. 1695: 1–9. http://
igraph.org.
Cochran SM, Kennedy M, McKerchar CE, Steward LJ, Pratt JA,
Morris BJ. 2003. Induction of metabolic hypofunction and
neurochemical deficits after chronic intermittent exposure
to phencyclidine: differential modulation by antipsychotic
drugs. Neuropsychopharmacology. 28:265–275.
Cortese S, Castelnau P, Morcillo C, Roux S, Bonnet-Brilhault F.
2012. Psychostimulants for ADHD-like symptoms in individuals with autism spectrum disorders. Expert Rev Neurother.
12:461–473.
Dachtler J, Ivorra JL, Rowland TE, Lever C, Rodgers RJ, Clapcote
SJ. 2015. Heterozygous deletion of α-Neurexin I or α-Neurexin
II results in behaviors relevant to autism and schizophrenia.
Behav Neurosci. 129:765–776.
Dachtler J, Glasper J, Cohen RN, Ivorra JL, Swiffen DJ, Jackson AJ,
Harte MK, Rodgers RJ, Clapcote SJ. 2014. Deletion of alphaNeurexin II results in autism-related behaviours in mice.
Transl Psychiatry. 4:e484.
Dai J, Aoto J, Sudhof TC. 2019. Alternative splicing of presynaptic neurexins differentially controls postsynaptic NMDA and
AMPA receptor responses. Neuron. 102:993–1008.
Dauvermann MR, Lee G, Dawson N. 2017. Glutamatergic regulation of cognition and functional brain connectivity: insights
from pharmacological, genetic and translational schizophrenia research. Br J Pharmacol. 174:3136–3160.
Dawson N, Thompson RJ, McVie A, Thomson DM, Morris BJ, Pratt
JA. 2012. Modafinil reverses phencyclidine-induced deficits
in cognitive flexibility, cerebral metabolism, and functional
brain connectivity. Schizophr Bull. 38:457–474.
Dawson N, Morris BJ, Pratt JA. 2013. Subanaesthetic ketamine
treatment alters prefrontal cortex connectivity with thalamus and ascending subcortical systems. Schizophr Bull.
39:366–377.
Dawson N, McDonald M, Higham DJ, Morris BJ, Pratt JA. 2014a.
Subanaesthetic ketamine treatment promotes abnormal
interactions between neural subsystems and alters the properties of functional brain networks. Neuropsychopharmacology.
39:1786–1798.
Dawson N, Xiao X, McDonald M, Higham DJ, Morris BJ, Pratt
JA. 2014b. Sustained NMDA receptor hypofunction induces
compromised neural systems integration and schizophrenialike alterations in functional brain networks. Cereb Cortex.
24:452–464.
Dawson N, Kurihara M, Thomson DM, Winchester CL, McVie
A, Hedde JR, Randall AD, Shen S, Seymour PA, Hughes Z
et al. 2015. Altered functional brain network connectivity
and glutamate system function in transgenic mice expressing truncated disrupted-in-schizophrenia 1. Transl Psychiatry.
5:e569.
De Wit J, Sylwestrak E, O’Sullivan ML, Otto S, Tiglio K, Savas
JN, Yates IIIJR, Comoletti D, Taylor P, Ghosh A. 2009. LRRTM2
interacts with Neurexin1 and regulates excitatory synapse
formation. Neuron. 64:799–806.
Ding Y, Li J, Lai Q, Azam S, Rafols JA, Dias FG. 2002. Functional
improvement after motor training is correlated with synaptic
plasticity in rat thalamus. Neurological Res. 24:829–836.

Ketamine Restores Brain Connectivity in Neurexin1a+/− Mice

13

rates in autism spectrum disorder and schizophrenia. Brain
Imaging Behav. 12:532–546.
Missler M, Zhang W, Rohlmann A, Kattenstroth G, Hammer
RE, Gottmann K, Sudhof TC. 2003. Alpha-neurexins couple
Ca2+ channels to synaptic vesicle exocytosis. Nature. 423:
939–948.
Miyamoto S, Leipzig JN, Lieberman JA, Duncan GE. 2000. Effects
of ketamine, MK-801, and amphetamine on regional brain 2deoxyglucose uptake in freely moving mice. Neuropsychopharmacology. 22:400–412.
Mouro FM, Ribeiro JA, Sebastiao AM, Dawson N. 2018. Chronic,
intermittent treatment with a cannabinoid receptor agonist
impairs recognition memory and brain network functional
connectivity. J Neurochem. 147:71–83.
Muller CL, Anacker AMJ, Veenstra-VanderWeele J. 2016. The serotonin system in autism spectrum disorder: from biomarker to
animal models. Neuroscience. 321:24–41.
Nair A, Treiber JM, Shukla DK, Shih P, Muller RA. 2013. Impaired
thalamocortical connectivity in autism spectrum disorder:
a study of functional and anatomical connectivity. Brain.
136:1942–1955.
Nickels K, Katusic SK, Colligan RC, Weaver AL, Voigt RG, Barbaresi
WJ. 2008. Stimulant medication treatment of target behaviors
in children with autism: a population-based study. J Dev
Behav Pediatr. 29:75–81.
Nikvarz N, Alaghband-Rad J, Tehrani-Doost M, Alimadadi A,
Ghaeli P. 2017. Comparing efficacy and side effects of
memantine vs. risperidone in the treatment of autistic disorder. Pharmacopsychiatry. 50:19–25.
Ohnishi T, Matsuda H, Hashimoto T, Kunihiro T, Nishikawa M,
Uema T, Sasaki M. 2000. Abnormal regional cerebral blood
flow in childhood autism. Brain. 123:1838–1844.
Paxinos G, Franklin KBJ. 2001. The mouse brain in stereotaxic coordinates. 2nd ed. London, UK: Academic Press.
Pak C, Danko T, Zhang Y, Aoto J, Anderson G, Maxeiner S,
Yi F, Wernig M, Sudhof TC. 2015. Human neuropsychiatric
disease modeling using conditional deletion reveals synaptic
transmission defects caused by heterozygous mutations in
NRXN1. Cell Stem Cell. 17:316–328.
Pergola G, Selvaggi P, Trizio S, Bertolino A, Blasi G. 2015. The
role of the thalamus in schizophrenia from a neuroimaging
perspective. Neurosci Biobehav Rev. 54:57–75.
Pratt JA, Morris BJ. 2015. The thalamic reticular nucleus: a
functional hub for thalamocortical network dysfunction in
schizophrenia and a target for drug discovery. J Psychopharmacol. 29:127–137.
Prasad JA, Macgregor EM, Chudasama Y. 2013. Lesions of the
thalamic reuniens cause impulsive but not compulsive
responses. Brain Struct Funct. 218:85–96.
R Core Team. 2018. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. https://www.R-project.org/.
Reichelt AC, Rodgers RJ, Clapcote SJ. 2012. The role of neurexins
in schizophrenia and autistic spectrum disorder. Neuropharmacology. 62:1519–1526.
Roine U, Roine T, Salmi J, Nieminen-von Wendt T, Tani P, Leppamaki S, Rintahaka P, Caeyenberghs K, Leemans A, Sams
M. 2015. Abnormal wiring of the connectome in adults with
high-functioning autism spectrum disorder. Mol Autism. 6:65.
Rubinov M, Bullmore E. 2013. Schizophrenia and abnormal brain
network hubs. Dialogues Clin Neurosci. 15:339–349.
Schaaf CP, Boone PM, Sampath S, Williams C, Bader PI, Mueller
JM, Shchelochkov OA, Brown CW, Crawford HP, Phalen JA et al.

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhz244/5669891 by Serials Dept user on 09 December 2019

network topologies and hub organization in adults with
autism: a resting-state fMRI study. Plos One. 9:0094115.
Jeljeli M, Strazielle C, Caston J, Lalonde R. 2003. Effects
of ventrolateral-ventromedial thalamic lesions on motor
coordination and spatial orientation in rats. Neurosci Res.
47:309–316.
Kim H, Ahrlund-Richter S, Wang XM, Deisseroth K, Carlen M.
2016. Prefrontal parvalbumin neurons in control of attention.
Cell. 164:208–218.
Kirov G, Grozeva D, Norton N, Ivanov D, Mantripragada KK, Holmans P, International Schizophrenia Consortium, Wellcome
Trust Case Control Consortium, Craddock N, Owen MJ et
al. 2009. Support for the involvement of large copy number
variants in the pathogenesis of schizophrenia. Hum Mol Genet.
18:1497–1503.
Krol A, Wimmer RD, Halassa MM, Feng G. 2018. Thalamic reticular dysfunction as a circuit endophenotype in neurodevelopmental disorders. Neuron. 98:282–295.
Laarakker MC, Reinders NR, Bruining H, Ophoff RA, Kas MJ. 2012.
Sex-dependent novelty response in Neurexin-1α mutant
mice. PLoS One. 7:e31503.
Lawrence YA, Kemper TL, Bauman ML, Blatt GJ. 2010.
Parvalbumin-, calbindin-, and calretinin-immunoreactive
hippocampal interneuron density in autism. Acta Neurol
Scand. 121:99–108.
Lee EJ, Choi SY, Kim E. 2015. NMDA receptor dysfunction
in autism spectrum disorders. Curr Opin Pharmacol. 20:
8–13.
Liska A, Bertero A, Gomolka R, Sabbioni M, Galbusera A, Barsotti
N, Panzeri S, Scattoni ML, Pasquetti M, Gozzi A. 2018. Homozygous loss of autism-risk gene CNTNAP2 results in reduced
local and long-range prefrontal functional connectivity. Cereb
Cortex. 28:1141–1153.
Ma A, Mondragon RJ. 2015. Rich-cores in networks. PLoS One.
10:e0119678.
Marshall CR, Howrigan DP, Merico D, Thiruvahindrapuram B, Wu
W, Greer DS, Antaki D, Shetty A, Holmans PA, Pinto D et al.
2017. Contribution of copy number variants to schizophrenia
from a genome-wide study of 41,321 subjects. Nat Genet.
49:27–35.
Matsuda K, Budisantoso T, Mitakidis N, Sugaya Y, Miura E,
Kakegawa W, Yamasaki M, Konno K, Uchigashima M, Abe
M et al. 2016. Transsynaptic modulation of kainate receptor
functions by C1q-like proteins. Neuron. 90:752–767.
Matsunami N, Hadley D, Hensel CH, Christensen GB, Kim C,
Frackelton E, Thomas K, Pellegrino R, Stevens J, Baird L et al.
2013. Identification of rare recurrent copy number variants in
high-risk autism families and their prevalence in a large ASD
population. PLoS One. 8:e52239.
Mevik B-H, Wehrens R. 2007. The pls package: principle component and partial least squares regression in R. J Stat Software.
18:1–23.
Micheloyannis S, Pachou E, Stam CJ, Breakspear M, Bitsios P,
Vourkas M, Erimaki S, Zerakis M. 2006. Small-world networks and disturbed functional connectivity in schizophrenia. Schizophr Res. 87:60–66.
Miller OH, Moran JT, Hall BJ. 2016. Two cellular hypotheses explaining the initiation of ketamine’s antidepressant
actions: direct inhibition and disinhibition. Neuropharmacology. 100:17–26.
Mitelman SA, Bralet MC, Mehmet Haznedar M, Hollander E, Shihabuddin L, Hazlett EA, Buchsbaum MS. 2018. Positron emission tomography assessment of cerebral glucose metabolic

Hughes et al.

14

Cerebral Cortex, 2019, Vol. 00, No. 00

Treutlein B, Gokce O, Quake SR, Sudhof TC. 2014. Cartography of neurexin alternative splicing mapped by singlemolecule long-read mRNA sequencing. Proc Natl Acad Sci USA.
111:E1291–E1299.
Ullrich B, Ushkaryov YA, Sudhof TC. 1995. Cartography of
neurexins: more than 1000 isoforms generated by alternative
splicing and expressed in distinct subsets of neurons. Neuron.
14:497–507.
Um JW, Choi T-Y, Kang H, Cho YS, Choii G, Uvarov P, Park D,
Jeong D, Jeon S, Lee D et al. 2016. LRRTM3 regulates excitatory synapse development through alternative splicing and
neurexin binding. Cell Reports. 14:808–822.
van den Heuvel MP, Sporns O. 2011. Rich-club organization of the
human connectome. J Neurosci. 31:15775–15786.
Vertes RP. 2002. Analysis of the projections from the medial prefrontal cortex to the thalamus in the rat, with an emphasis
on the nucleus reuniens. J Comp Neurol. 442:163–187.
Warburton EC, Brown MW. 2015. Neural circuitry for rat recognition memory. Beh Brain Res. 295:131–139.
Wells MF, Wimmer RD, Schmitt LI, Feng G, Halassa MM. 2016.
Thalamic reticular impairment underlies attention deficit in
Ptchd1Y/− mice. Nature. 532:58–63.
Witter MP, Doan TP, Jacobsen B, Nilssen ES, Ohara S. 2017.
Architecture of the entorhinal cortex a review of entorhinal
anatomy in rodents with some comparative notes. Front Syst
Neurosci. 11:46.
Woodward ND, Heckers S. 2016. Mapping thalamocortical functional connectivity in chronic and early stages of psychotic
disorders. Biol Psychiatry. 79:1016–1025.
Woodward ND, Giraldo-Chica M, Rogers B, Cascio CJ. 2017. Thalamocortical dysconnectivity in autism spectrum disorder:
an analysis of the autism brain imaging data exchange. Biol
Psychiatry Cogn Neurosci Neuroimaging. 2:76–84.
Yeo RA, Ryman SG, van den Heuvel MP, de Reus MA, Jung
RE, Pommy J, Mayer AR, Ehrlich S, Schulz SC, Morrow EM
et al. 2016. Graph metrics of structural brain networks in
individuals with schizophrenia and healthy controls: group
differences, relationships with intelligence and genetics. J Int
Neuropsychol Soc. 22:240–249.
Yuen RK, Merico D, Bookman M, Howe LJ, Thiruvahindrapuram
B, Patel RV, Whitney J, Deflaux N, Bingham J, Wang Z et al.
2017. Whole genome sequencing resource identifies 18 new
candidate genes for autism spectrum disorder. Nat Neurosci.
20:602–611.
Zakzanis KK, Poulin P, Hansen KT, Jolic D. 2000. Searching the schizophrenic brain for temporal lobe deficits:
a systematic review and meta-analysis. Psychol Med. 30:
491–504.
Zanos P, Moaddel R, Morris PJ, Riggs LM, Highland JN, Georgiou
P, Pereira EFR, Albuquerque EX, Thomas CJ, Zarate CA Jr
et al. 2018. Ketamine and ketamine metabolite pharmacology: insights into therapeutic mechanisms. Pharmacol Rev.
70:621–660.
Zhang ZJ, Reynolds GP. 2002. A selective decrease in the
relative density of parvalbumin-immunoreactive neurons
in the hippocampus in schizophrenia. Schizophr Res. 55:
1–10.

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhz244/5669891 by Serials Dept user on 09 December 2019

2012. Phenotypic spectrum and genotype-phenotype correlations of NRXN1 exon deletions. Eur J Hum Genet. 20:1240–1247.
Schreiner D, Nguyen TM, Russo G, Heber S, Patrignani A, Ahrne
E, Scheiffele P. 2014. Targeted combinatorial alternative splicing generates brain region-specific repertoires of neurexins.
Neuron. 84:386–398.
Schwarz AJ, Gozzi A, Reese T, Bifone A. 2007. Functional connectivity in the pharmacologically activated brain: resolving
networks of correlated responses to d-amphetamine. Magn
Reson Med. 57:704–713.
Selvaraj S, Arnone D, Cappai A, Howes O. 2014. Alterations in
the serotonin system in schizophrenia: a systematic review
and meta-analysis of postmortem and molecular imaging
studies. Neurosci Biobehav Rev. 45:233–245.
Siddiqui TJ, Pancaroglu R, Kang Y, Rooyakkers A, Craig AM. 2010.
LRRTMs and neuroligins bind neurexins with a differential
code to cooperate in glutamate synapse development. J Neurosci. 30:7495–7506.
Siddiqui TJ, Tari PK, Connor SA, Zhang P, Dobie FA, She K,
Kawabe H, Wang YT, Brose N, Craig AM. 2013. An LRRTM4HSPG complex mediates excitatory synapse development on
dentate gyrus granule cells. Neuron. 79:680–695.
Sigurdsson T, Stark KL, Karayiorgou M, Gogos JA, Gordon JA. 2010.
Impaired hippocampal-prefrontal synchrony in a genetic
mouse model of schizophrenia. Nature. 464:763–767.
Soler-Llavina GJ, Fuccillo MV, Ko J, Sudhof TC, Malenka RC.
2011. The neurexin ligands, neuroligins and leucine-rich
transmembrane protein, perform convergent and divergent synaptic functions in vivo. Proc Natl Acad Sci USA.
108:16502–16509.
Steullet P, Cabungcal JH, Bukhari SA, Ardelt MI, Pantazopoulos
H, Hamati F, Salt TE, Cuenod M, Do KQ, Berretta S. 2018.
The thalamic reticular nucleus in schizophrenia and bipolar
disorder: role of parvalbumin-expressing neuron networks
and oxidative stress. Mol Psychiatry. 23:2057–2065.
Sudhof TC. 2008. Neuroligins and neurexins link synaptic function to cognitive diseases. Nature. 455:903–911.
Sudhof TC. 2017. Synaptic neurexin complexes: a molecular
code for the logic of neural circuits. Cell. 171:745–769.
Swerdlow NR, Bhakta SG, Talledo JA, Franz DM, Hughes EL, Rana
BK, Light GA. 2018. Effects of amphetamine on sensorimotor gating and neurocognition in antipsychotic-medicated
schizophrenia patients. Neuropsychopharmacology. 43:708–717.
Tanahira C, Higo S, Watanabe K, Tomioka R, Ebihara S, Kaneko
T, Tamamaki N. 2009. Parvalbumin neurons in the forebrain
as revealed by parvalbumin-Cre transgenic mice. Neurosci Res.
63:213–223.
Tomasi D, Volkow ND. 2014. Mapping small-world properties
through development in the human brain: disruption in
schizophrenia. PLoS One. 9:e96176.
Tomasi D, Volkow ND. 2019. Reduced local and increased longrange functional connectivity of the thalamus in autism
spectrum disorder. Cereb Cortex. 29:573–585.
Tong X-J, Lopez-Soto EJ, Li L, Nedelcu D, Lipscombe D, Hu Z,
Kaplan JM. 2017. Retrograde synaptic inhibition is mediated
by α-neurexin binding to the α2δ subunits of N-type calcium
channels. Neuron. 95:326–340.

