Schizophrenia Bulletin vol. 47 no. 1 pp. 31-43, 2021
doi:10.1093/schbul/sbaa090
Advance Access publication 4 July 2020
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Altered prepulse inhibition (PPI) is an endophenotype
associated with multiple brain disorders, including schiz-
ophrenia. Circuit mechanisms that regulate PPI have
been suggested, but none has been demonstrated through
direct manipulations. IRSp53 is an abundant excitatory
postsynaptic scaffold implicated in schizophrenia, autism
spectrum disorders, and attention-deficit/hyperactivity dis-
order. We found that mice lacking IRSp53 in cortical excit-
atory neurons display decreased PPI. IRSp53-mutant layer
6 cortical neurons in the anterior cingulate cortex (ACC)
displayed decreased excitatory synaptic input but mark-
edly increased neuronal excitability, which was associated
with excessive excitatory synaptic input in downstream
mediodorsal thalamic (MDT) neurons. Importantly,
chemogenetic inhibition of mutant neurons projecting
to MDT normalized the decreased PPI and increased
excitatory synaptic input onto MDT neurons. In addi-
tion, chemogenetic activation of MDT-projecting layer 6
neurons in the ACC decreased PPI in wild-type mice. These
results suggest that the hyperactive ACC-MDT pathway
suppresses PPI in wild-type and IRSp53-mutant mice.
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Introduction

Prepulse inhibition (PPI) refers to an attenuated re-
sponse to a startling stimulus in the presence of a non-
startling prepulse.!> Altered PPI has been observed in
various psychiatric and neurological disorders, including
schizophrenia, obsessive-compulsive disorder, autism
spectrum disorders, Tourette’s syndrome, Parkinson’s dis-
ease, Huntington’s disease, and Alzheimer’s disease.!*”’
However, whether altered PPI is pathophysiologically

associated with these diseases remains unclear; instead,
PPI has been suggested as an endophenotype of the dis-
eases and useful for monitoring related drug responses.?
PPI involves multiple brain regions, including the me-
dial prefrontal cortex (mPFC), striatum, globus pallidus,
thalamus, amygdala, habenula, and ventral tegmental
area.’® Conserved neural circuits have also been identi-
fied in animal models with altered PP1.!° '3 However, the
operation of these PPI-related neural circuits has not
been demonstrated through their direct modulation of a
specific circuit using optogenetics or chemogenetics.!+!6
The mediodorsal thalamus (MDT) is a higher-order
thalamic nucleus that does not directly receive sensory in-
puts but is thought to relay sensory information to the
cortex and facilitate reciprocal and mutual communica-
tion with the PFC.'7!% Indeed, in rodents, the mPFC is
generally defined by the prefrontal areas that are recipro-
cally connected with the MDT."?° The MDT in rodents
receives inputs mainly from layers 6 and 5 of the PFC and
provides thalamocortical inputs to multiple prefrontal
cortices, including the mPFC. Here, layers 3, 5, and 6 are
major targets of the MDT, and layer 6 sends projections
back to the MDT to provide reciprocal communication.?!
Functionally, the MDT has been suggested to promote
memory and cognition by reciprocally communicating
with the PFC and supporting cortical functions.”? For
instance, decreasing connectivity between the MDT and
PFC through chemogenetic inhibition of MDT neurons
suppresses prefrontal cognitive tasks involving reversal
learning and working memory, and beta-range synchrony
between MDT and PFC.»*?* In addition, pathway-
specific MDT inhibition using optogenetic modulation
has revealed a novel role for the MDT in the mainte-
nance of prefrontal activity during working memory
tasks.” Moreover, decreased functional coupling between
the MDT and PFC has been linked to schizophrenia.?®’
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Despite these extensive anatomical and functional as-
sociations of the MDT with the PFC, and the known
participation of the PFC and MDT in PPI regulation,?
it remains unclear how bidirectional PFC-MDT path-
ways, which are known to involve mainly excitatory syn-
aptic transmissions,”?? regulate PPI. In addition, it is
unclear how other excitatory and inhibitory inputs onto
MDT neurons, eg, from subcortical regions such as the
pallidum and substantia nigra,'®* regulate PPI.

IRSp53 (insulin receptor substrate protein of 53 kDa,
also known as BAIAP2) is a scaffolding protein ex-
pressed in various brain regions that is mainly targeted
to postsynaptic density (PSD) structures,**> which rep-
resent electron-dense, multiprotein complexes that co-
ordinate excitatory synapse development, function, and
plasticity.®* % IRSp53 directly interacts with PSD-95,337
an abundant excitatory postsynaptic scaffolding protein
enriched in PSDs, and is thought to regulate actin fila-
ments, the main cytoskeletal component of dendritic
spines, by coordinating Rac/Cdc42-dependent actin po-
lymerization.**® IRSp53 has been implicated in multiple
brain disorders, including schizophrenia,*#*’ autism spec-
trum disorders,¥* and attention-deficit/hyperactivity
disorder.*** In addition, mice lacking IRSp53 have been
shown to display various behavioral and synaptic pheno-
types, including excessive NMDA receptor function, as
well as social deficits and cognitive impairments.*%4’

In the present study, we found that mice with an IRSp53
deletion in cortical excitatory neurons exhibit decreased
PPI as well as reduced excitatory synaptic input onto layer
6 cortical neurons in the anterior cingulate cortex (ACC), a
brain region that reciprocally communicates with MDT,*
but shows markedly increased intrinsic excitability of these
neurons. These changes were associated with increased ex-
citatory synaptic input onto MDT neurons lying down-
stream of the ACC. Importantly, chemogenetic inhibition
of the neurons that project to MDT using a DREADD
(designer receptor exclusively activated by designer drugs)
approach normalized the decreased PPI and abnormally
increased excitatory synaptic input onto MDT neurons
in these mutant mice. In addition, chemogenetic activa-
tion of MDT-projecting neurons in the ACC in wild-type
(WT) mice decreased PPI.

Methods

Animals

Mice were provided ad libitum access to food and water,
and 3-4 mice were housed together in a cage under a
12-hour light-dark cycle. Mice were bred and maintained
according to the Requirements of Animal Research
at KAIST, and all procedures were approved by the
Committee of Animal Research at KAIST (KA201).
There were no differences in body weights among groups
of age-matched mice. WT and IRSpS53-mutant mice were
identified by PCR genotyping using the following PCR
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primers: IRSp53 flox, AGGAGGTGTTTCTGCTCTGG/
AATAGCAGTCTGGGGTCTGG; Cre, CGTACTGA
CGGTGGGAGAAT/TGCATGATCTCCGGTATTGA.

Statistical Analysis

Statistical analyses were performed using Prism 8
(GraphPad). Data normality was determined using the
Shapiro-Wilk normality test. Normally distributed data
were analyzed using Student’s ¢-test and analysis of var-
iance (ANOVA), followed by post hoc tests. Data failing
the normality test were analyzed using Mann-Whitney
and Kruskal-Wallis tests, followed by post hoc tests. The
ROUT method was used to exclude outliers, based on a
Q coefficient of 1%. Specific numbers of mice used and
statistical details are shown in supplementary table S1.

Results

Decreased PPI in Mice Carrying an IRSp53 Deletion
Restricted to Dorsal Telencephalic Excitatory Neurons

Because the cortex is one of the key brain regions that
regulate PPI in mice® and IRSp53 is mainly expressed
in excitatory neurons in the cortex,’! we first generated
mice carrying an IRSp53 deletion restricted to dorsal
telencephalic excitatory neurons by crossing Irsp53™"f
mice (floxed exons 4-6) with EmxI-Cre mice (Jax005628)
(figure 1A).4

These mutant mice, designated EmxI-Cre; Irsp53/"f,
drove broad gene expression in cortical layers, as shown
by crossing them with the tdTomato reporter mouse
line and visualizing tdTomato signals in the brain (sup-
plementary figure S1A). In addition, EmxI-Cre; Irsp53"
# mice showed substantially decreased levels of IRSp53
protein in the brain, as assessed by immunoblot analysis
of whole-brain lysates (16 * 1% of WT levels) (supple-
mentary figures S1B and S1C).

In the PPI test, EmxI-Cre /Irsp53™"f mice showed a
strong reduction in PPI without a change in general
acoustic startle responses (figures 1B and 1C), suggesting
that dorsal telencephalic Irsp53 expression is important
for normal PPI. Control mice carrying the EmxI-Cre al-
lele without the Irsp53/# allele showed normal levels of
PPI (figure 1D). Decreased PPI in EmxI-Cre; Irsp53™
mice, compared with control (Irsp53™) mice, were still
observed after eliminating the top decile of the control
group and the bottom decile of Emx1-Cre; Irsp53™ mice,
for adjusting decreased startle magnitude tendency in
Emx1-Cre; Irsp53™ mice (supplementary figure S1D).

In behavioral tests, EmxI-Cre; Irsp53"" mice showed
modestly increased locomotor activity but normal
anxiety-like behavior (figures 1E and 1F; supplementary
figures S1E and S1F), which also were observed in the
previous study.®* These results collectively suggest that
Irsp53 deletion restricted to dorsal telencephalic excita-
tory neurons leads to decreased PPI in mice.
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Fig. 1. Decreased prepulse inhibition (PPI) in mice carrying an IRSp53 deletion restricted to dorsal telencephalic excitatory neurons and
layer 6 pyramidal neurons. (A) Strategy for the generation of EmxI-Cre, Irsp53™ mice. Exons 4-6 of the Irsp53 (Baiap2) gene in mice
were floxed to allow for Cre recombinase-mediated deletion of Irsp53. (B) Decreased PPI in EmxI-Cre; Irsp53™ mice, compared with
control (Irsp53"") mice; n = 11 mice for control (Irsp53"™) and 14 for Emx1-Cre, Irsp53""; *** P < 001, 2-way ANOVA with Bonferroni’s
test. (C) Normal levels of acoustic startle responses (ASR) in EmxI-Cre; Irsp53™ mice compared with control (Irsp53™) mice; n = 8 mice
for control (Irsp53"™) and 8 for EmxI-Cre; Irsp53™; ns, not significant; 2-way ANOVA with Bonferroni’s test. (D) Normal levels of PPI
in control EmxI-Cre mice lacking the Irsp53"" allele compared with control (wild-type [WT] C57BL/6J) mice; n = 8 mice for WT and 8
for Emx1-Cre; ns, not significant; 2-way ANOVA with Bonferroni’s test. (E) Increased locomotor activity of EmxI-Cre; Irsp53"# mice in
the open-field test; n = 11 mice for control (Irsp53"), 14 for EmxI-Cre; Irsp53™, ***P < 001, Student’s z-test. (F) Normal anxiety-like
behavior of EmxI-Cre; Irsp53™ mice in the elevated plus-maze test compared with control (Irsp53™") mice. O, open arms; C, closed arms;
n = 11 mice for control (Irsp53%"), 14 for EmxI-Cre, Irsp53™; ***P < 001, 2-way ANOVA with Bonferroni’s test.
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Next, c-Fos staining was used to observe neuronal ac-
tivities in the basal status on mPFC including ACC (sup-
plementary figures S1G and S1H). EmxI-Cre; Irsp53™
mice showed suppressed c-Fos activities in mPFC com-
pared with control mice.

Decreased Excitatory Synaptic Transmission, but
Strongly Increased Neuronal Excitability, in ACC
Layer 6 Pyramidal Neurons in Emx1-Cre;Irsp53%1
Mice
Because layer 6 PFC neurons and their reciprocal com-
munication with MDT neurons have been implicated
higher brain functions,”?>? and the functional coupling
between PFC and MDT has been associated with schiz-
ophrenia®*?” and PPI regulation,® we tested if layer 6 cor-
tical neurons in the ACC region of EmxI-Cre;Irsp53™
mice display altered synaptic and neuronal functions.
The frequency, but not amplitude, of miniature excita-
tory postsynaptic currents (mEPSCs) in ACC layer 6 py-
ramidal neurons, which can be identified by their layer
location as well as their unique electrophysiological prop-
erties, was significantly decreased in EmxI-Cre; Irsp53™
mice compared with control mice (Irsp53™ alone without
Cre expression) (figure 2A), in line with the reported re-
quirement of IRSp53 for the maintenance of excitatory
synapses in the mPFC.#’ In contrast, miniature inhibitory
postsynaptic currents (mIPSCs) were normal in both
control and EmxI-Cre, Irsp53™" mice (figure 2A).
Because the defects in synaptic proteins often induce
changes in the intrinsic neuronal properties of neurons,’!
we next measured the excitability of ACC layer 6 pyram-
idal neurons in EmxI-Cre, Irsp53™ mice. Intriguingly,
the excitability of ACC layer 6 pyramidal neurons was
strongly increased in EmxI-Cre Irsp53™ mice com-
pared with that in control mice (Irsp53%7), as shown by
the current-firing curve, action potential threshold, and
input resistance (figures 2B-D). These results suggest that
Irsp53 deletion in dorsal telencephalic excitatory neurons
suppresses excitatory synaptic input onto these neurons,
but markedly increases their intrinsic excitability, likely
altering their output functions.

Increased Excitatory Synaptic Input Onto MDT
Neurons in Emx1-Cre;Irsp53¥1

Given the possibility that Irsp53 deletion in layer 6 cor-
tical neurons might alter the output functions of these
neurons, we next measured excitatory synaptic input onto
downstream target neurons in the MDT, a brain region
known to receive synaptic inputs from major cortical and
subcortical brain regions, including deep (layer 5/6) cor-
tical layers in the PFC.'

Intriguingly, the frequency, but not amplitude, of
mEPSCs in MDT neurons was significantly increased in
EmxI-Cre; Irsp53"" mice compared with control (Irsp53™)
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MDT neurons (figure 3A). Notably, mIPSC frequency
was also increased in control and EmxI-Cre, Irsp53™
mice (figure 3A), indicative of a parallel increase in excit-
atory and inhibitory synaptic input onto MDT neurons.
The excitability of MDT neurons was largely normal in
EmxI-Cre; Irsp53™ mice, as shown by normal current-
firing curve and input resistance, although action po-
tential threshold was increased, indicative of a modest
decreased in neuronal excitability (figures 3B-D). These
results suggest that Irsp53 deletion in dorsal telencephalic
excitatory neurons increases excitatory synaptic input
onto MDT neurons and induces a parallel increase in in-
hibitory synaptic input, without causing strong changes
in the excitability of the mutant MDT neurons.

Chemogenetic Inhibition of MDT and M DT-Projecting
Neurons Using the DREADD Approach Normalizes
PPI in Emx1-Cre;Irsp53"" Mice

The increased excitatory synaptic input onto MDT
neurons in EmxI-Cre; Irsp53™ mice mentioned above
would increase the output function of these neurons.
This could be compensated by other changes such as
an increase in inhibitory synaptic input onto MDT
neurons, as suggested by the mE/IPSC results (figure 3A).
However, excitatory and inhibitory synaptic inputs in the
presence of network activity, measured by spontaneous
excitatory synaptic transmission (sEPSCs), indicated a
strong increase in the ratio of synaptic excitation/inhibi-
tion in mutant MDT neurons (see below). If this increase
in excitatory synaptic input induces a decrease in PPI in
EmxI-Cre, Irsp53™ mice, then suppressing the activity
of MDT neurons may normalize the PPI phenotype of
mutant mice.

To this end, we sought to suppress the activity of MDT
neurons using chemogenetic inhibition (hM4Di) in the
DREADD system, a modified version of the human M4
muscarinic receptor that is activated by the inert clozapine
metabolite clozapine-N-oxide (CNO).">*At the same
time, we wanted to suppress the activity of neurons pro-
jecting to the MDT (MDT-projecting neurons) to pre-
vent the chemogenetic inhibition of MDT neurons from
being influenced by excitatory and inhibitory synaptic
inputs onto MDT neurons. We thus used a retrograde
chemogenetic inhibition strategy in the MDT, which would
drive not only the retrograde expression of hM4Di in
MDT-projecting neurons but also the anterograde expres-
sion of hM4Di in local MDT neurons through cell body
infection. Specifically, we injected an adeno-associated
virus (AAV), AAVrg-hSyn-hM4Di-mCherry viral expres-
sion construct into the MDT region of postnatal week &
EmxI-Cre; Irsp53™ mice to retrogradely express hM4Di in
upstream MDT-projecting neurons and anterogradely ex-
press hM4Di in local MDT neurons, and then performed
behavioral and electrophysiological experiments at 14 and
16 weeks, respectively (figures 4A and 4B).
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Fig. 2. Decreased excitatory synaptic transmission, but markedly increased neuronal excitability, in layer 6 pyramidal neurons in the
anterior cingulate cortex (ACC) in Emx1-Cre; Irsp53™ mice. (A) Decreased frequency of miniature excitatory postsynaptic currents
(mEPSCs), but normal miniature inhibitory postsynaptic currents (mIPSCs), in layer 6 pyramidal neurons in the ACC of EmxI-

Cre; Irsp53™ mice compared with control (Irsp53™") mice (2 months). mEPSC, n = 13 neurons from 3 mice for control (f/f) and 14, 3
for Emx1-Cre; mIPSC, n = 16, 4 mice for control (f/f) and 13, 3 for Emx1-Cre; **P < .01; ns, not significant; Student’s ¢-test. (B-D)
Increased excitability of layer 6 cortical neurons in the ACC of EmxI-Cre; Irsp53™ mice compared with control (Zrsp53™7) mice

(2 months), as indicated by current-firing curve, action potential (AP) threshold, and input resistance. Note that the durations for the
current injections differ between the experiments for b and c panels, 1 vs 10 msec, respectively. Sustained firing, » = 13 neurons from 3
mice for control (f/f), 19, 3 for Emx1-Cre, AP threshold, n = 13, 3 mice for control (f/f), 19, 3 for Emx1-Cre, Input resistance; n = 10, 3
mice for control (f/f), 18, 3 for Emx1-Cre; **P < .01, ***P < .001, 2-way ANOVA with Bonferroni’s test for sustained firing and input

resistance, Student’s 7-test for AP threshold.

Successful retrograde expression of hM4Di-mCherry
fusion proteins in MDT-projecting neurons was con-
firmed by the strong mCherry signals observed in the
ACC as well as the insular cortex (supplementary figure
S2A). The latter signals did not overlap with the latexin-
positive claustrum (supplementary figure S2B), which is
known to link the insular cortex and striatum to integrate

and modulate multiple sensory inputs, similar to the
MDT.>>¢ In addition, we could observe strong mCherry
signals in the MDT, which could represent hM4Di-
mCherry expression in local MDT neurons as well as at
nerve terminals attached to MDT neurons.

Based on the strong mCherry signals in the insular cortex,
we performed additional electrophysiological experiments
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Fig. 3. Increased excitatory synaptic input and moderately decreased neuronal excitability in mediodorsal thalamic (MDT) neurons in
EmxI-Cre, Irsp53™" mice. (A) Increased frequency of miniature excitatory postsynaptic currents (mEPSCs) and miniature inhibitory
postsynaptic currents (mIPSCs) in MDT neurons in EmxI-Cre; Irsp53™ mice compared with control (Irsp53™) mice. mEPSC, n = 10
neurons from 3 mice for control (f/f), 10, 3 for Emx1-Cre; mIPSC, n = 10 neurons from 3 mice for control (f/f), 10, 3 for Emx1-Cre; **P
<.01, ¥**P < .001; ns, not significant, Student’s ¢-test. (B—D) Moderately decreased neuronal excitability in MDT neurons in EmxI-

Cre, Irsp53"" mice (2 months), as shown by normal current-firing curve and input resistance but increased action potential threshold;

n = 17 neurons from 3 mice for control (f/f) and 14, 3 for Emx1-Cre, AP threshold, » = 17, 3 mice for control (f/f) and 14, 3 for Emx1-Cre,
Input resistance, n = 17, 3 mice for control (f/f) and 14, 3 for Emx1-Cre; **P < .01; ns, not significant, 2-way ANOVA with Bonferroni’s
test for sustained firing and input resistance, Student’s z-test for AP threshold.

and found that excitatory synaptic transmission in layer 5 py-
ramidal neurons in the insular cortex of EmxI-Cre; Irsp53"
/" mice was suppressed, as shown by a decrease in the fre-
quency of sEPSCs (supplementary figure S3A), similar to
the results obtained from ACC layer 5 pyramidal neurons in
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EmxI-Cre; Irsp53™ mice (figure 2A). In contrast, intrinsic
excitability was normal in EmxI-Cre, Irsp53™" insular cortex
layer 5 pyramidal neurons (supplementary figures S3B-D),
unlike the increase observed in the mutant ACC neurons
(figure 2B). These results suggest that the output function
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Fig. 4. Chemogenetic inhibition of mediodorsal thalamic (MDT) and MDT-projecting neurons using the DREADD (designer receptor
exclusively activated by designer drugs) approach normalizes the decreased prepulse inhibition (PPI) and increased excitatory synaptic
input onto MDT neurons in EmxI-Cre; Irsp53™ mice. (A-B) Experimental scheme for testing the effects of chemogenetic inhibition of
MDT and MDT-projecting neurons on PPI. AAVrg-hSyn-hM4Di-mCherry was injected into the MDT region of EmxI-Cre; Irsp53™ and
control (Irsp53"7) mice (8 weeks), followed by behavioral experiments (open-field test and PPI in the presence of CNO/vehicle injected
[i.p-] 30 min prior to behavioral experiments) at 14 weeks and sE/IPSC measurements at 18 weeks. Note that hM4Di-mCherry proteins
are anterogradely expressed in local MDT neurons and also retrogradely expressed in all neurons that provide synaptic input onto MDT
neurons, although major mCherry signals were detected in the anterior cingulate cortex (ACC) and insular cortex. (C) Normalization

of the decreased PPI in EmxI-Cre; Irsp53™ mice by CNO-dependent chemogenetic inhibition of MDT neurons and MDT-projecting
neurons that retrogradely express hM4Di proteins; n = 8 mice for control (f/f) + vehicle, 8 for control (f/f) + CNO (4i), 8 for Emx1 +
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of EmxI-Cre; Irsp53™ neurons in the insular cortex is less
likely to be increased and provide increased excitatory input
onto MDT neurons.

Injection of EmxI-Cre; Irsp53™ mice with CNO
(2.5 mg/kg, ip) 1 hour prior to the measurement of PPI
normalized the decreased PPI in EmxI-Cre Irsp53"
/ mice, yielding values comparable to those in control,
vehicle-treated EmxI-Cre; Irsp53™f mice (figures 4C-E).
This chemogenetic inhibition, however, had no effect on
the locomotor activity of EmxI-Cre, Irsp53™ mice in the
open-field test (supplementary figure S4A). In a control
experiment, administration of CNO by itself to EmxI-
Cre; Irsp53™"" and Irsp53™" mice, which do not express
hM4Di, had no effect on PPI (supplementary figure
S4B). In addition, hM4Di retrogradely transported to
layer 6 pyramidal neurons in the ACC strongly sup-
pressed neuronal firing events, as expected (supplemen-
tary figures S4C and S4D).

To avoid concerns about clozapine conversion of the
CNO,* we performed further PPl experiments using
clozapine and another antipsychotics haloperidol. Thirty
minutes after clozapine administration (2.5 mg/kg, ip), PPI
is increased in both control and EmxI-Cre; Irsp53™ mice.
In contrast to clozapine, PPI is decreased in control but
not in EmxI-Cre; Irsp53™ mice after haloperidol injection
(supplementary figures SSA-D). In addition, liquid chro-
matography/mass spectrometer (LC/MS) was measured for
neurotransmitters such as dopamine and serotonin (5-HT)
in whole-brain extracts. EmxI-Cre Irsp53™" mice showed
that decreased serotonin level compared with the control.
Comparing neurotransmitter level between the vehicle and
CNO group of WT mice, the 2 groups did not show a differ-
ence (supplementary figures SSE-H).

Chemogenetic Inhibition of MDT and M DT-Projecting
Neurons Using the DREADD Normalizes the Increased
Excitatory Synaptic Input Onto MDT Neurons in
Emx1-Cre;Irsp53" Mice

We next tested whether the normalization of PPl in EmxI-
Cre, Irsp53™ mice by chemogenetic inhibition of MDT
and MDT-projecting neurons is associated with changes
in excitatory synaptic input onto MDT neurons. Here, we
measured SEPSCs rather than mEPSCs, because network
activity should be allowed to be able to observe CNO-
dependent changes in synaptic input onto MDT neurons.
It should be noted that synaptic transmission measured

in EmxI-Cre; Irsp53™ MDT neurons in coronal slice pre-
parations is largely disconnected from MDT-projecting
neuronal cell bodies remote from the MDT (ie, in the
frontal cortex), although hM4Di proteins targeted to the
nerve terminals attached to MDT neurons, mentioned
above, should be able to suppress presynaptic neurotrans-
mitter release independent of neuronal activity.’” >

Intriguingly, under basal conditions (in the absence of
CNO treatment), sEPSC frequency, but not amplitude,
was increased in Emx1-Cre; Irsp53™" MDT neurons com-
pared with control (Irsp53™") MDT neurons (figure 4E),
similar to mEPSC results (figure 3A). In contrast, sSIPSC
frequency in EmxI-Cre Irsp53™ MDT neurons was
comparable to that of control (Irsp53"") MDT neurons
(figure 4E), dissimilar to the increased mIPSC frequency
in the mutant neurons (figure 3A). These results suggest
that the increased inhibitory, but not excitatory, synaptic
transmission in EmxI-Cre; Irsp53"7 MDT neurons was
suppressed by network activity and that the output func-
tion of these MDT neurons is likely to be increased.

More importantly, the abnormally increased sEPSC
frequency was normalized by treatment of hM4Di-
expressing EmxI-Cre; Irsp53™"f slices with CNO; how-
ever, CNO had no effect on SEPSCs in control (Irsp53"
) slices (figure 4E). In addition, CNO treatment had no
effect on sTPSCs in hM4Di-expressing EmxI-Cre; Irsp53"
M or control (Irsp53™7) slices (figure 4E). These results
suggest that the chemogenetic inhibition normalizes the
abnormally increased excitatory synaptic input onto
EmxI-Cre; Irsp53™" MDT neurons, likely by acting on
hM4Di-containing nerve terminals.

Chemogenetic Activation but Not Inhibition of the
ACC-MDT Pathway Decreases PPIin WT Mice

The results described thus far do not provide evidence on
whether any specific groups of MDT-projecting cortical
neurons are important for PPI modulation. To address
this question, we initially sought to combine retrograde
AAV constructs carrying DIO-hM4Di injected into
MDT and Cre-dependent hM4Di expression in a spe-
cific group of cortical neurons such as MDT-projecting
neurons in the ACC. However, this approach was not
feasible in EmxI-Cre;Irsp53™ mice because EmxI-
driven Cre expression occurs in a large number of dorsal
telencephalic excitatory neurons and would induce wide-
spread hM4Di expression in various cortical layers. To

vehicle, and 8 for Emx1 + CNO (41); ***P < .001, 2-way ANOVA with Bonferroni’s test. (D) Normal levels of acoustic startle responses
at 120 dB in Emx1-Cre; Irsp53™ mice and control (Irsp53™") mice treated with vehicle and CNO; n = 8 for control f/f_veh (vehicle), 8 for
control f/f CNO, 8 for Emx1_veh, and 8§ for Emx1_CNO; ns, not significant, 1-way ANOVA with Bonferroni’s test. (E) Normalization
of the increased frequency of sEPSCs in MDT neurons from hM4Di-expressing EmxI-Cre, Irsp53"" slices. Note that sSEPSC frequency
in EmxI-Cre; Irsp53™ MDT neurons is higher than that in control (Irsp53/#) mice, similar to the mEPSC results, although sIPSC
frequencies are similar in EmxI-Cre; Irsp53"" MDT and control (Irsp53"") neurons, dissimilar to the mIPSC results. sSEPSC, n = 11
neuron from 3 mice for control f/f_ ACSF (artificial cerebrospinal fluid), 12, 3 for control f/f CNO, 14, 3 for Emx1_ACSF, and 17, 3 for
Emx1_CNO; sIPSC, n = 11 neuron from 3 mice for control f/f ACSF, 12, 3 for control f/f CNO, 14, 3 for Emx1_ACSF, and 18, 3 for
Emx1_CNO; *P < .05, ***P < .001; ns, not significant, 1-way ANOVA with Bonferroni’s test.
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Fig. 5. Chemogenetic activation but not inhibition of the anterior cingulate cortex-mediodorsal thalamic (ACC-MDT) pathway
decreases prepulse inhibition (PPI) in WT mice. (A) Experimental scheme for testing the effects of chemogenetic activation and
inhibition MDT-projecting ACC neurons on PPI using a dual injection of AAV constructs in wild-type (WT) mice. Specifically, AAVrg-
EFla-mCherry-IRES-Cre was injected into the MDT region and AAV5-hSyn-DIO-DREADD (hM3Dq and hM4Di)-IRES-mCitrine
was injected into the ACC in WT mice (8 weeks), followed by behavioral experiments (open-field test and PPI in the presence of CNO/
vehicle injected [i.p.] 1 hr prior to behavioral experiments) at 14 weeks. For vehicle injection, the data from hM3Dq- and hM4Di-
expressing mice were combined. (B and C) Strong colocalization of retrogradely expressed mCherry and locally expressed mCitrine in
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circumvent this limitation, we attempted to use WT mice
and inject AAVrg-EFla-mCherry-internal ribosome
entry site (IRES)-Cre into MDT and AAV5-hSyn-DIO-
DREADD-IRES-mCitrine into ACC in parallel to drive
hM3Dq or hM4Di expression in MDT-projecting ACC
neurons by retrograde Cre expression (figures SA and
5B). AAV injections and behavioral tests were performed
at 8 and 14 weeks, respectively (figure 5A).

At 14 weeks, retrogradely expressed mCherry sig-
nals strongly colocalized with mCitrine in MDT-
projecting ACC neurons mainly in deep cortical layers
(figure 5C). Importantly, chemogenetic activation of
MDT-projecting ACC neurons by CNO treatment in-
duced a decrease in PPI in hM3Dg-expressing WT mice,
whereas chemogenetic inhibition of MDT-projecting
ACC neurons had no effect on PPI in hM4Di-expressing
WT mice (figures 5D and 5E). Chemogenetic activation
of MDT-projecting ACC neurons had no effect on the
locomotor activity of WT mice in the open-field test,
although chemogenetic inhibition of MDT-projecting
ACC neurons induced a decrease in locomotor activity
(figure 5F). These results suggest that PPI is decreased in
WT mice by chemogenetic activation, but not inhibition,
of MDT-projecting ACC neurons, which would increase
excitatory, but not inhibitory, synaptic input onto MDT
neurons.

Discussion

Our study revealed that IRSp53 deletion restricted to
dorsal telencephalic excitatory neurons reduces PPI in
mice (figure 1). Our study further provided insight into
underlying synaptic mechanisms, demonstrating reduced
excitatory synaptic transmission in layer 6 pyramidal
neurons in the ACC (figure 2A). This finding is in line
with the observation that IRSp53 is a core component
of PSDs at excitatory synapses,*” and previous study re-
ports that IRSp53 is mainly expressed in glutamatergic
excitatory neurons in cortical areas.’!'In addition, global
IRSp53 KO in mice has been shown to cause a decrease in
excitatory synaptic transmission and dendritic spine den-
sity in layer 2/3 pyramidal neurons in the prelimbic region
of the mPFC.¥

Unexpectedly, however, these decreases in excitatory syn-
aptic transmission were associated with strongly increased
excitability in layer 6 pyramidal neurons in the ACC but
not in layer 5 pyramidal neurons in the insular cortex (fig-
ures 2B-D; supplementary figures S3B-D). It is possible

that the decreased excitatory synaptic transmission might
have induced a compensatory increase in neuronal excita-
bility that serves to maintain a constant neuronal output,
although an overshoot seems to have occurred in the case
of the mutant ACC (not insular cortex), resulting in exces-
sive neuronal excitability. In addition, a similar increase
in neuronal excitability has been observed in mouse and
human neurons that lack Shank3, an abundant excitatory
postsynaptic scaffolding protein.’! Moreover, mice in which
the Arp2/3 complex subunit ArpC3, a critical regulator of
actin filaments in excitatory synapses,**®' is deleted in ex-
citatory neurons have been shown to display haloperidol-
responsive schizophrenia-like behavioral abnormalities and
progressively decreased dendritic spine density; paradoxi-
cally, however, these mice also exhibit increased excitatory
synaptic transmission in a group of frontal cortical neurons
that project to dopamine (DA) neurons in the midbrain
ventral tegmental area (VTA) and substantia nigra regions,
changes that lead to abnormal increases in locomotor ac-
tivity and striatal DA levels.®*6

Consistent with the hypothesis that the increased excit-
ability of layer 6 pyramidal neurons increases excitatory
synaptic input onto MDT neurons, EmxI-Cre; Irsp53"
# MDT neurons showed an increase in excitatory syn-
aptic input (figure 3A) that is only moderately corrected
by network activities (figure 4E). The parallel increase in
the frequency of mIPSCs in MDT neurons is also no-
table (figure 3A), although it was corrected by network
activities (figure 4E). Because MDT neurons mainly re-
ceive excitatory, but not inhibitory, synaptic inputs from
the PFC,* and local GABAergic neurons are rare in the
MDT,” increased inhibitory synaptic input onto MDT
neurons might involve in the increased function of cor-
tical neurons that project to thalamic reticular nuclei
(TRN) of the thalamic nucleus, which is known to be en-
riched for parvalbumin-positive neurons that project to
MDT neurons.!”!8

In further support of the hypothesis that increased
excitatory synaptic input onto MDT neurons de-
creases PPI, chemogenetic inhibition of MDT and
MDT-projecting neurons normalized PPl in EmxI-
Cre; Irsp53™ mice (figures 4C and 4D). Among many
MDT-projecting neurons, frontal but not insular cor-
tical neurons seem to be more important because
frontal (not insular) cortical neurons displayed ele-
vated excitability. In addition, among MDT-projecting
neurons, excitatory rather than inhibitory neurons seem
to be more important because chemogenetic inhibition

MDT-projecting neurons in ACC (14 weeks), indicative of Cre-dependent expression of mCitrine. Scale bar, 200 pm in C panels and

20 um in D panels. (D) Chemogenetic activation but not inhibition of the ACC-MDT pathway decreases PPI in WT mice; n = 12 for
WT_vehicle (3q + 4i), 6 for WT_CNO (3q), and 6 for WT_CNO (41), *P < .05; ns, not significant, 2-way ANOVA with Bonferroni’s test.
(E) Normal levels of acoustic startle responses at 120 dB in WT mice treated with vehicle and CNO; n = 12 for WT_vehicle (3q + 4i), 6
for WT_CNO (3q), and 6 for WT_CNO (41); ns, not significant, 1-way ANOVA with Bonferroni’s test. (F) Chemogenetic activation and
inhibition of the ACC-MDT pathway decrease the locomotor activities in WT mice in the open-field test; n = 12 for WT_vehicle (3q +
4i), 6 for WT_CNO (3q), and 6 for WT_CNO (41); *P < .05, ***P < 001, 1-way ANOVA with Bonferroni’s test.
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substantially decreased excitatory synaptic input onto
MDT neurons but had no effect on inhibitory synaptic
input (figure 4E).

These results, however, do not provide a clear an-
swer on which (cortical vs subcortical) MDT-projecting
neurons are more important. Importantly, chemogenetic
activation but not inhibition of MDT-projecting neurons
in the ACC, which would increase excitatory synaptic
input onto MDT neurons, decreases PPI in WT mice
(figure 5). This suggests that the activation of the ACC-
MDT pathway is sufficient to decrease PPI in WT mice,
and, together with the results from EmxI-Cre; Irsp53"
# mice, that abnormally activated ACC-MDT pathway
may underlie the decreased PPI in the mutant mice, al-
though the roles of non-ACC-MDT pathway cannot be
excluded.

Chemogenetics uses the specific drug for the spe-
cific receptor to regulate the excitation of suppression
of affected neurons.”® However, some concerns have
been raised in the previous study of CNO as a specific
drug.>* First, a small amount of CNO is metabolized
to clozapine. Second, compared with clozapine, CNO
has less binding capacity for the DREADD receptor
and passes the blood-brain barrier less. To compen-
sate for these concerns, more specific DREADD re-
ceptor agonists such as DREADD 21 was developed.®
In our study, clozapine control experiments were
performed, which showed an increase in PPI in both
control (Irsp53™) and EmxI-Cre, Irsp53#f mice (sup-
plementary figure S5). In addition, there was no dif-
ference in PPI between control and EmxI-Cre,; Irsp53™"°
mice treated CNO without AAV injection (supplemen-
tary figure S4). In the results of LC/MS, a 5-HT dif-
ference between control and EmxI-Cre; Irsp53™ mice
was observed, and there was no difference in the neu-
rotransmitter between CNO and vehicle in WT mice
(supplementary figure S5). Based on these results, the
chemogenetic effect of CNO on DREADD receptor
can be considered to induce the ACC-MDT circuit in-
hibition. As our hypothesis, it may be suggested that
reducing the increased excitability of ACC layer VI
cortical neurons projecting to MDT can improve the
reduced PPI.

IRSpS53 has been implicated in various neuropsy-
chiatric disorders, including schizophrenia,®* autism
spectrum disorders,* 345 and attention-deficit/hyperac-
tivity disorder.*# Whether the decreased PPI in IRSp53-
mutant mice is associated with the pathophysiology of
these diseases remains unclear. However, there is signif-
icant overlap between the disorders related with PPI al-
terations and IRSp53 mutations, including schizophrenia
and autism spectrum disorders.!* %34 Therefore, the re-
duced PPI observed in our study might be a useful bio-
marker for the diagnosis and treatment of IRSp53-related
disorders, as suggested previously.”

Hyperactive ACC-MDT Pathway Suppresses Prepulse Inhibition

In conclusion, our study reveals a novel role of IRSp53
in the maintenance of normal PPI and the critical role of
MDT neurons and the ACC-MDT pathway in the regu-
lation of PPI.

Supplementary Material

Supplementary material is available at Schizophrenia
Bulletin.
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