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SUMMARY

Insular cortex (IC) contributes to a variety of complex brain functions, such as communication,

social behavior and self-awareness through the integration of sensory, emotional and cognitive

content. How the IC acquires its integrative properties remains unexplored. We compared the

emergence of multisensory integration (MSI) in the IC of behaviorally distinct mouse strains.

While adult C57BL/6 mice exhibited robust MSI, this capacity was impaired in the inbred BTBR

T+tf/J mouse model of idiopathic autism. The deficit reflected a compromised postnatal pruning

of cross-modal input by weakened inhibition. Transient pharmacological enhancement by

diazepam in BTBR mice during an early sensitive period rescued GABA circuits and integration

in the adult IC. Moreover, impaired MSI was common across three other monogenic models

(GAD65, Shank3, Mecp2 knockout mice) displaying behavioral phenotypes and altered

parvalbumin-positive GABA circuitry. Our findings offer developmental insight into a key neural

circuit relevant to neuropsychiatric conditions like schizophrenia and autism.
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INTRODUCTION

The insular cortex (IC) is an integral “hub” for dynamic interactions between separate brain

networks serving attention and cognition (Kurth et al, 2010). It receives autonomic, visceral

and sensory inputs as part of a “salience network” involved in the detection of novel and

relevant information that is collectively up-regulated in response to highly stressful

experiences (Augustine, 1996; Hermans et al., 2011; Menon and Uddin, 2010;

Nieuwenhuys, 2012). The IC is implicated in a wide variety of distinct regulatory, emotional

and cognitive functions. Insular activity increases during subjective awareness of both

positive and negative emotions (Bernhardt and Singer, 2012; Caruana et al., 2011; Craig,

2009; Critchley et al., 2004) and in the control and suppression of natural urges (Lerner et

al., 2009; Jackson et al., 2011). An impaired ability to combine sensory input with emotional

and cognitive content (Bernhardt and Singer, 2012; Lamm and Singer, 2010) is a primordial

feature of social and communication deficits in a variety of neuropsychiatric disorders

(Wylie and Tregellas, 2010; Uddin and Menon 2009).

Accordingly, the insula has been consistently identified as a locus of hypoactivity and

dysfunctional connectivity in autism spectrum disorders (ASD), and it has been proposed as

a brain region of particular interest in understanding the disorder (Di Martino et al., 2009b;

Uddin and Menon, 2009). Aberrant multisensory integration (MSI) (Russo et al., 2010;

Collignon, 2012; Cascio et al., 2012; Megnin et al., 2012) and insular activation (Ebisch et

al., 2011; Di Martino, 2009a, 2009b; von dem Hagen et al., 2012; Doyle-Thomas et al.,

2012; Silani et al., 2008) have been independently linked to autism in human studies. The

features of sensory integration in the IC are poorly understood. Notably, robust animal

models to probe emergent IC function across development are currently lacking.

We here mapped the postnatal maturation of sensory representation and integration in the IC

of two inbred mouse strains exhibiting striking differences in core behaviors believed to rely

on IC function and to be relevant to ASD. Mice of the BTBR T+tf/J (BTBR) strain display

diverse social deficits, impairments in vocal communication and stereotypic, repetitive

behaviors when compared to C57BL/6J (C57) mice (McFarlane et al., 2008; Defensor et al.,

2011; Scattoni et al., 2011). In addition to this model of idiopathic autism, we further

examined several monogenic mouse models of excitatory-inhibitory (E/I) imbalance, to

establish common deficits from diverse etiologies in this neural circuit of particular

relevance to neuropsychiatric conditions.

RESULTS

Differential multisensory processing in the insular cortex of two inbred mouse strains

Using intrinsic signal imaging of flavoprotein fluorescence (Figure 1A and 1B for

experimental setup), we identified partially overlapping auditory and somatosensory

response fields in the mouse IC (Figures 1C, 1D), consistent with previous reports in the rat

and mouse (Rodgers et al, 2008; Sawatari et al., 2011). The insular auditory field (IAF) was

readily activated by a wide range of acoustic stimuli ranging from pure tones to complex,

naturalistic stimuli such as mouse calls (data not shown). Activation in the insular

somatosensory field (ISF) resulted from different tactile stimuli, such as brushing, touching
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or an air puff, administered at different positions across the body surface (data not shown)

but most prominently at the distal extremities.

To assess multisensory processing in the IC, we compared responses to pure tones of

varying sound frequencies and intensities directed to the contralateral ear, air puffs

administered to the contralateral front paw, or both audio-tactile stimuli applied

concurrently. In response to tones of medium and low sound intensities (60-80 dB sound

pressure level, SPL), adult C57 mice exhibited super-additive multisensory responses in the

IAF with amplitudes that were greater than the arithmetic sum of the two sensory modalities

applied alone (Figures 2A, B).

To quantify the degree of integration, we computed a multisensory index (MI) by dividing

the response amplitude upon combined stimulation by the sum of the unisensory responses

(Figure 2E). At 60dB, MI values in C57 mice were generally > 100% reflecting super-

additivity, while at very high sound intensities (> 90 dB SPL), multisensory enhancement

was no longer observed consistent with the principle of inverse effectiveness (Figure 2E;

Stein and Stanford, 2008)

In contrast to C57, adult BTBR mice showed neither multisensory enhancement nor

apparent integration of the two sensory stimuli regardless of sound intensity (Figures 2A,

B ,E). Notably, at low to medium sound intensities (60-80 dB SPL), BTBR mice exhibited

exaggerated auditory responses with a very large portion of IC responding to a pure tone

(Figures 2A, C, D). Only at very high sound intensities (>90 dB SPL) were auditory

responses equally strong in C57 and BTBR mice (Figure 2D).

We next addressed whether multisensory enhancement was frequency dependent. We found

that C57 mice integrated sounds over various frequencies reaching into the ultrasonic range.

In contrast, BTBR mice failed to exhibit multisensory integration at all frequencies tested

(Figure 2E). Given the dependence of multisensory integration on the intensity of the

auditory stimulus, we selected pure tones of medium intensity (80 dB SPL) at 4kHz for the

remainder of this study.

Impaired maturation of multisensory integration in BTBR T+tf/J mice

Sensory integration generally arises through an experience-dependent development

(Brandwein et al., 2011; Wallace et al., 2006). We therefore examined the postnatal

trajectory of MSI in the IC. In C57 mice, auditory responsiveness was not detectable before

postnatal day (P) 14 but became transiently large and widespread around P15/16 (Figures

3A, C). Over subsequent days, this response gradually contracted, yielding the

characteristically confined IAF of adult C57 mice (Figure 3A, 3C). In BTBR mice, no such

rapid postnatal refinement of IAF size was observed. Rather, auditory pruning was greatly

prolonged and incomplete (Figures 3A, C). Thus, BTBR mice of all ages continued to show

an enlarged IAF similar to that observed in juvenile C57 mice at the peak of their postnatal

development (Figures 3A, C).

Interestingly, the delayed contraction of sensory response field was specific to the auditory

map in IC, as tactile stimulation yielded similar ISF sizes in both BTBR and C57 mice at all
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ages (Figure 3C, right). To monitor developing integration, we then compared MI profiles

across groups. The MI was low and not significantly different in juveniles at P16-17 (Figure

3B). In C57 mice, the MI then gradually increased with postnatal age (Figure 3B) to reach

levels of super-additive enhancement (>100%) beyond 2 months of age. In contrast, BTBR

mice failed to strengthen IC integration, with similar MI values across all ages (2 weeks – 6

months) (Figure 3B). Taken together, these results indicate that impaired postnatal

maturation underlies multisensory defects in the IC of adult BTBR mice.

Impaired integration reflects weak cortical inhibition in BTBR mice

Consolidation of unimodal areas, such as primary visual cortex, depends upon the

establishment of proper circuit balance (Hensch, 2005). In contrast, autism is associated with

E/I imbalance in key brain regions (Rubenstein and Merzenich, 2003; Gogolla et al., 2009).

We, thus, examined the expression of inhibitory markers in the IC by

immunohistochemistry. In adult BTBR mice, GAD65 puncta were decreased in size,

intensity and density when compared to age-matched C57 mice (Figures 4A). The intensity

and number of parvalbumin (PV)+ puncta surrounding NeuN+ pyramidal cell bodies

(Figures 4A) were decreased, as was the intensity and complexity of wisteria floribunda

agglutinin (WFA)+, perineuronal nets (Figures 4A). These anatomical findings suggest an

immature or weakened inhibitory circuitry in the IC of BTBR mice.

To confirm the impact on inhibitory circuit function, we examined miniature inhibitory

postsynaptic currents (mIPSCs) recorded in layer (L) 2/3 pyramidal cells of granular insular

cortex (GI). While the amplitude of mIPSCs did not differ across strains, the frequencies of

these events were significantly decreased in BTBR mice, consistent with a reduction of

presynaptic inhibitory innervation (Figure 4B). Instead, miniature excitatory postsynaptic

currents (mEPSCs) recorded from GI of BTBR mice displayed no significant changes in

amplitude or frequency (data not shown). Acute benzodiazepine agonist treatment

(diazepam) enhanced inhibitory transmission in BTBR mice. Bath application (15 μM)

prolonged inhibitory currents, producing a significant increase in the mIPSC decay time (not

shown) and half-width (Figure 4C).

Given the efficacy of diazepam on mIPSCs in vitro, we asked whether acute administration

to BTBR mice in vivo would rescue the observed integration deficits. Systemic diazepam

(20mg/kg i.p.) during multisensory processing as assessed by intrinsic imaging revealed a

short-lived restoration of multisensory enhancement lasting 10-20 minutes (Figure 4D). The

same treatment in C57 mice conversely degraded MSI (Figure 4D), indicating that excessive

inhibition may equally lead to integration deficits in the IC (see discussion).

Rescuing integration by early enhancement of inhibitory transmission

Previous work in primary visual cortex has shown that under chronically weak inhibition, an

increase of inhibitory transmission by systemic benzodiazepine administration over several

days can trigger a critical period of heightened brain plasticity and initiate synaptic

reorganization (Fagiolini and Hensch 2000; Hensch 2005). We, thus, hypothesized that

boosting GABA action in BTBR mice over a sustained period might similarly initiate

postnatal maturation of MSI and potentially rescue the observed multimodal impairments.
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BTBR mice were treated for 14 days with benzodiazepine agonist, diazepam (20 mg/kg, i.p.

daily; Fagiolini and Hensch 2000), during one of two time windows (Figure 5A).

First, juvenile BTBR mice were injected during the expected period for IAF pruning (from

P15 to P28), when MSI normally would mature in C57 mice (Figures 3B, C). Animals were

then recorded upon reaching adulthood (P70-100). Early pharmacological enhancement of

inhibition strikingly restored MSI to BTBR mice (Figures 5B, C) concomitant with reduced

IAF size (Figures 5B, D), reflecting an enduring postnatal contraction of auditory response

(Figures 5B, D). Both MSI strength and IAF size were comparable to C57 mice at P70-100

(compare Figures 5B-D and 2C, 2E). Thus, early postnatal inhibitory transmission triggers a

refinement of auditory representation and MSI in the IC of BTBR mice.

Next, we treated older BTBR mice with diazepam for a similar duration (P45-58). Unlike

the juvenile group, such a late exposure did not restore MSI or IAF size (Figures 5C, D),

suggesting an early sensitive period for GABAergic rescue. One possible consequence of

juvenile drug treatment may be the permanent rewiring of multisensory circuits in the IC per

se.

Establishment of proper E/I balance that outlasts early drug exposure has been shown in the

primary visual cortex (Fagiolini and Hensch 2000; Iwai et al 2003). Thus, we re-examined

inhibitory marker expression in the IC of adult BTBR mice treated with diazepam as

juveniles. Size, density and intensity of GAD65 puncta were significantly rescued in

adulthood (Figures 5E, 5F). Likewise, PV+ puncta (basket synapses) around NeuN+

pyramidal cell bodies had increased in size (Figures 5E, F) and WFA+ perineuronal nets

exhibited greater intensity and complexity (Figures 5E, F).

These findings reveal that a transient increase of inhibition in early postnatal life induces an

enduring inhibitory circuit reorganization and proper multisensory processing in the IC of

adult BTBR mice. The same early treatment interestingly reduced the amount of self-

grooming behavior as well (Figure S1).

Monogenic models of autism share MSI deficits in the insular cortex

Our results with BTBR mice suggest that impaired sensory integration may arise from

altered neurodevelopmental trajectories of E/I balance, consistent with a widely held view of

autism spectrum disorders (Rubenstein and Merzenich, 2003; Gogolla et al., 2009). To

ascertain the generality of the IC defect, we assessed MSI in three etiologically distinct

mouse models of E/I imbalance, which do not harbor the many homozygous mutations and

developmental defects that are common to inbred mouse models such as the acallosal BTBR

strain.

First, we tested direct genetic perturbation of inhibitory circuits in mice lacking GAD65, one

of the two major enzymes synthesizing the inhibitory neurotransmitter γ-aminobutyric acid

(GABA). Adult GAD65 knockout (KO) mice exhibited large IAFs and impaired MSI

(Figures 6A, 6B). Notably these mice also displayed autism-relevant behaviors, such as

excessive self-grooming and impaired social approach (Figure S2). Thus, loss of GAD65

itself leads to MSI deficits in the IC and the expression of autism-like behaviors.
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In humans, disruptions of the Shank3 gene are linked to 22q13 deletion (Phelan-McDermid)

syndrome and other non-syndromic ASDs (Durand et al., 2006). Recently, it has been shown

that mice with Shank3 gene deletions exhibit autistic-like behaviors (such as hyper-

grooming) together with reduced cortico-striatal synaptic transmission (Peca et al., 2011).

Here, we found that Shank3 KO mice also display MSI deficits in the IC (Figure 6A, 6B).

Unlike BTBR mice, IAF sizes were not altered in Shank3 KO as compared to wild-type

mice (Figure 6C), indicating that MSI deficits are not purely a consequence of auditory

hyper-responsiveness. Rather, PV+ puncta and WFA+ peri-neuronal nets were again found

to be compromised in these animals (despite a global increase in GAD65+ puncta) (Figure

6D, 6E), suggesting that functional connectivity of PV-circuitry may be most relevant for

MSI.

To explore this possibility further, we finally addressed MSI in mice lacking the methyl-

CpG-binding protein 2 (Mecp2) which display an early hyper-maturation of perisomatic PV-

circuits but overall decrease in GAD65 and subsequent regression of cortical function as

they grow older (Durand et al, 2012). Based on mutations found in human patients, Mecp2

KO mice serve as a model for Rett syndrome and several other neurodevelopmental

disorders including cognitive disorders, autism and juvenile-onset schizophrenia (Moretti

and Zoghbi, 2006). Despite presenting the opposite combination of inhibitory circuit

perturbation found in the absence of Shank3, Mecp2 KO mice also exhibited impaired MSI

in the IC (Figure 6A, 6B) along with an extremely large IAF reminiscent of those observed

in BTBR mice (Figure 6C). Taken together, an optimal range of PV-circuit function may be

required for integration in the mature IC to emerge (Figure 7).

DISCUSSION

Our study reveals that the postnatal emergence of integrative properties in the IC relies on

the maturation and strengthening of inhibitory circuits. We further show that four distinct

ASD mouse models of unrelated etiologies, but characterized by disrupted E/I balance,

exhibit a common phenotype of impaired sensory integration. Importantly, our results

suggest an optimal range of PV cell function in particular may enable proper MSI in the IC.

Integration in the IC as a model to understand ASD mechanisms

Aberrant function in higher order brain regions may reflect circuit development locally, the

cumulative impact of prior unimodal stages or both (Hensch, 2005). It is likely that multiple

brain areas, rather than any one site, contribute to the complex manifestations of autism (von

dem Hagen et al., 2012, Uddin & Menon, 2009). The IC is well-suited to investigate the

dynamic interactions and basic principles of this integration across large-scale networks

processing sensory, visceral, emotional and cognitive information (Menon & Uddin, 2010).

Our initial characterization of MSI development in the mouse IC then provides an excellent

model system for investigating the relationship between microcircuits and distant input.

This structure combines features consistently impaired in human autism, such as long-range

disconnection, local E/I imbalance and sensory hyper-responsiveness (Courchesne & Pierce,

2005; O’Neill & Jones, 1997; Rubenstein and Merzenich, 2003). Notably, gastro-intestinal

problems are often comorbid with ASD (Chaidez et al, 2014; Hsiao et al, 2013; Mazurek et
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al, 2013; McElhanon et al, 2014), which may send strong, persistent visceroceptive signals

to the IC. Finally, the proposed roles of the IC in emotion and cognition make it an ideal

candidate region underlying critical aspects of neuropsychiatric disorders more broadly,

such as social behaviors, ranging from self-awareness to empathy (Craig et al., 2009; Engen

and Singer, 2012). Moreover, safety signals which predict stress-free periods are learned in

the posterior IC (Christianson et al, 2008).

In this context, it may be noteworthy that integration of auditory and forepaw tactile

stimulation were disrupted in our animal models. The contingency of these inputs is salient

during rough-and-tumble play behaviors, especially during social development in rodents

(Panksepp, 1981). The pruning of hyper-responsive auditory regions within the IC was

normally found to occur just ahead of this period of intense play behavior, but failed to do so

in BTBR mice (Figure 3). The latter engage in numerous bouts of stereotypical self-

grooming behaviors (Figure S1) and lower levels of spontaneous, conspecific social

interactions in the home cage environment throughout juvenile development (Babineu et al,

2013; McFarlane et al, 2008; Pearson et al, 2011). It is then interesting that somatosensory

activation of the IC follows a normal developmental trajectory in BTBR mice, while the

maturation of auditory response is aberrant (Figure 3). Given their sub-additive response to

conjoint stimulation, self-grooming in these mice may serve to blunt the excessive

(potentially ‘painful’) activation of the IC by ambient sound or internal inflammatory cues

(Onore et al, 2013).

In contrast, language – which is classically disrupted in ASD patients (Uddin and Menon,

2009; Silani et al., 2008) – is a quintessential sensory integration task (Gick and Derrick,

2009) potentially involving the IC (Remedios et al., 2009; Habib et al., 1995; Allen et al.,

2008; Ackerman and Riecker, 2010). Hypo-activity, altered size and reduced functional

connectivity in the IC have repeatedly been reported along with MSI deficits in autistic

patients (see Introduction; Di Martino et al. 2009b). Here, we found that ultrasonic

vocalizations also activate the IC in mice (data not shown), but to what degree this is

reduced in BTBR mice exhibiting a limited and unusual repertoire of vocalizations (Scattoni

et al, 2011) remains to be explored.

Parvalbumin circuit function and MSI in the IC

Our data further suggest that diverse genetic alterations in microcircuit function can lead to

common IC deficits in integration. Anatomical evidence suggested that the salient

component of this E/I balance involves the status of PV-circuits. When they are weakened

(BTBR, Shank3 KO, GAD65 KO) or hyper-connected (Mecp2 KO; Durand et al, 2012),

MSI in the IC is impaired. Similarly, in young C57 mice whose PV-circuits are still

maturing, weak MSI gradually strengthens with increasing postnatal age. Degradation of

MSI in adult C57 mice acutely injected with diazepam (Figure 4D) further corroborates the

idea of an optimal range for PV-cell function governing MSI (Figure 7). Notably, the same

acute treatment temporarily improved MSI in adult BTBR mice (Figure 4D), and

enduringly, concurrent with increased PV puncta size, when applied over several days in

early life (Figure 5).
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What might determine the optimal range of PV-cell function underlying MSI? Recent work

in the mouse visual cortex offers a clue. Unlike pyramidal cells which exhibit enhanced

visuo-tactile response, very little increase in firing is observed in PV-cells to multisensory

versus unimodal stimulation (Olcese et al., 2013). Thus, during multimodal stimulation,

pyramidal cells may receive proportionally less inhibition from their surrounding PV-cells

than for unimodal stimulation. This could provide a mechanism by which excessive PV

circuit function might disrupt MSI on a population level. Indeed, optogenetic activation of

PV cells impairs enhancement in neighboring pyramidal cells (Olcese et al., 2013).

Likewise, weak PV circuit function may fail to adequately dampen pyramidal cells during

unimodal input to allow for substantial firing increases upon multimodal stimulation. This

optimal PV circuit function model (Figure 7) underlying MSI can now be tested directly by

targeted optogenetic activation or silencing of PV-cells in the IC.

Acute amelioration of autism relevant behaviors by benzodiazepine treatment in adult BTBR

mice has been reported for social interactions (Defensor et al., 2011; Han et al., 2014),

repetitive behaviors and spatial learning (Han et al., 2014). In accordance with our MSI

results, the effect of adult diazepam treatment in these studies is not long lasting (Han et al.,

2013). In contrast, our study suggests that early treatments aimed at restoring E/I balance

during developmental windows of circuit maturation may provide the potential for long-term

improvements of autistic phenotypes. Our treatment was sufficient to permanently increase

the size, density and intensity of GAD65 puncta, size of PV puncta, and intensity and branch

length of PNNs, indicating a permanent strengthening of local inhibitory circuits. We could

further demonstrate that excessive grooming behavior in adult BTBR mice was enduringly

improved through this early diazepam treatment (Figure S1), but other autistic behaviors

remain to be tested.

In the adolescent brain, GABA signaling itself can powerfully regulate PV cell innervation

patterns (Chattopadhyaya et al., 2007). Decreased GABA levels in basket interneurons

impair axon growth and bouton formation during the postnatal maturation of perisomatic

innervation, while boosting the GABAA receptor function with diazepam rescues these

defects under low GABA availability, but not under control conditions (Chattopadhyaya et

al., 2007). In our study, treating juvenile BTBR mice with diazepam may similarly induce

proper maturation of perisomatic inhibition by PV cells and thus permanently increase PV

circuit connectivity, ultimately rescuing MSI function in adulthood. Why the same acute

treatment is not long-lasting in adult BTBR mice is unclear. Perhaps the level of GABAergic

transmission, albeit lower than in C57 mice, is still sufficient to close a critical period of

plasticity in earlier stages of the sensory hierarchy leading up to the IC, thus preventing the

same extent of network remodeling observed when treating juvenile mice.

Alternatively, the role of local PV cells in pruning long-range thalamocortical afferents to

primary sensory areas offers another possibility (Hensch, 2005). Recent anatomical evidence

reveals topographic projections from the auditory thalamus (MGv) directly into the IC

(Takemoto et al, 2014). As PV cell-mediated inhibition within the IC matures, activity-

dependent pruning of these inputs may be enabled, much as for tonotopic or ocular

dominance maps in auditory and visual cortices, respectively (Barkat et al, 2011; Hensch &

Stryker, 2004). In BTBR mice, this developmental pruning specifically of auditory input
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may fail to occur due to inadequate PV-cell function, but rescued during a critical period by

diazepam.

MSI disruption across multiple ASD models

One of the major findings of our study is that MSI deficiencies are found in the IC of several

ASD models of differing etiology. Animal studies have offered many possible genetic,

cellular and circuit mechanisms which underlie particular deficiencies, but only few have

addressed commonalities between them. This stands in stark contrast to work with human

patients, where the etiology of the disorder is often unknown and thus different subtypes of

ASD are grouped together. The choice of BTBR, Shank3 and Mecp2 lines here is

representative of three distinct clusters identified by MRI-based neuroanatomical

phenotyping of 30 different ASD mouse models (Ellegood et al, 2013).

Across groups, when PV-circuits in the IC appear weak, MSI was compromised. This was

true not only in adult BTBR mice, young wild-type or following direct GAD65 deletion, but

also after the delayed compensatory reduction of GAD65 in Mecp2 KO mice which display

an early PV-circuit hyper-connectivity (Durand et al, 2012). We surprisingly also found

diminished PV puncta in the adult IC lacking Shank3, a key regulator of the post-synaptic

density at glutamatergic synapses. The precise location of the mutation within the Shank3

gene is key to its phenotypic outcomes (Han et al, 2013; Kouser et al, 2013; Wang et al,

2011; Yang et al, 2012). These reflect defects specific to discrete brain regions rather than

an overall CNS dysfunction, such as cortico-striatal glutamatergic signaling in our Shanl3b

KO mice which may underlie their obsessive grooming (Peca et al, 2011). Our results here

further implicate altered GABA circuits in the IC underlying their asocial urges. Acute

direct manipulation of PV-cell function (e.g. optogenetic activation/silencing) as well as

single-unit recording in the mature IC will be informative.

The trajectory of PV-circuit maturation also determines timing of critical period plasticity

(Hensch, 2005). Pruning of the IAF is no exception: either a delayed (BTBR, GAD65 KO)

or accelerated timecourse of PV-connectivity (Mecp2 KO) preserves a broad, immature

auditory response in the IC. Instead, normal IAF size in adult Shank3b KO mice suggests

that their PV-cell deficits in the IC arise late after the critical period for auditory pruning has

passed. It further reveals that MSI and absolute IAF size are dissociable. What appears

crucial for MSI to emerge is an optimal E/I balance by PV-circuits in adulthood. Notably,

our results suggest a therapeutic strategy in development to permanently correct mechanisms

relevant to autism through GABA manipulation in early postnatal life. As these early

treatments may induce enduring circuit rearrangements, they will need to be carefully

tailored to the low / high PV status of individual ASD etiologies. Identifying a key neuronal

circuit which is disturbed across sub-groups of the disorder is an essential first step to assess

treatment success or as a novel biomarker for early detection.

EXPERIMENTAL PROCEDURES

See a detailed description in the Supplemental Experimental Procedures.
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All procedures were conducted in strict compliance with the institutes Guidelines for the

Care and Use of laboratory animals of Harvard University. Founder C57BL/6J and BTBR T

+tf/J mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Original

GAD65 KO breeders obtained from Dr. K. Obata (RIKEN BSI), Shank3 KO adults from G.

Feng (MIT) and Mecp2 KO breeders from Jackson Labs (B6.129P2(c)-Mecp2tm1.bird/J) and

bred in house on a 12h light/dark cycle with food and water available ad libitum. All control

animals were WT age-matched littermates of mutant mice. We used on average > 5 (and at

least 3) mice per condition.

In vivo intrinsic imaging

Imaging of intrinsic flavoprotein fluorescence from insular cortex in vivo (Figure 1A) was

performed under Nembutal (50 mg/kg for adult mice; 25 mg/kg for animals <P25) and

Chlorprothixene (0.25 mg/adult or 0.1 mg/<P25 days) anesthesia as described in Shibuki et

al., 2003. For tactile stimulation, airpuffs (1s, 25 psi) were produced with a Picospritzer III

(Parker) and directed through a small plastic tube (1.5 mm inner diameter) onto the inside of

the contralateral frontpaw. For auditory stimulation, pure tones of different frequencies and

intensities were generated (System3, Tucker Davis Technologies) and presented (1s) from

an electrostatic speaker (ES1, TDT) mounted in front of the contralateral ear. Multisensory

stimulation was simultaneous presentation of both stimuli.

Quantitative analysis of intrinsic fluorescence signals

One trial consisted of 30 stimulus repetitions: 10 for each modality, alternating auditory,

tactile and multisensory (both). For each stimulus repetition, a time stack was acquired (80

image planes at 9Hz). Stimuli (1sec) were presented after a 3 second pre-stimulus period

(Figure 1B). Time stacks for each trial were acquired, processed and analyzed using

Metamorph software (version 7.1.1.0, 2007). For each mouse, images were averaged of the

same stimulus modality from 3-4 trials. Fluorescence intensities were measured within two

circular regions of interest (ROIs, 0.2 mm radius). One control ROI was positioned at the

periphery in a region that showed only background fluorescence fluctuations (on bone or

skin). The second ROI was placed manually within the IAF caudal extreme, adjacent to ISF,

guided by a binary mask of activated regions (see Figure 1C). Signal intensities recorded

within these ROIs and fluorescence changes in the IAF were calibrated by subtracting

control ROI intensities. Change in IC fluorescence intensity upon stimulation (ΔF/F0) was

calculated by dividing the calibrated response (ΔF) by the averaged intensity over the first

24 frames before stimulus onset (F0). Peak responses were averages over 8 frames (approx.

890 ms) around maximal ΔF/F0 values. Strength of integration was expressed as

multisensory integration index, MI = [AT]*100/([A]+[T])], where [AT] = peak

multisensory, [A] = peak auditory, and [T] = peak tactile responses. To best depict

qualitatively the position and extent of cortical activation upon sensory stimulation, images

shown in Figures 1C, 2A, 3A, 5B and 6A are maximum intensity projections (MIPs) of 35

frames (3.8 s) following stimulus onset taken from the averages of 3-4 trials. All data

analysis was performed using Metamorph software and custom Matlab scripts.
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Immunohistochemistry

Coronal brain sections were stained with one of the following antibodies: mouse anti-

GAD65 (1:1000, Millipore); rabbit anti-PV (1:500; Swant, Bellinzona, Switzerland); mouse

anti-NeuN (1:100, Millipore); Wisteria floribunda lectin (1:200, Vector laboratories, CA,

USA). Images within the IC were acquired on a confocal microscope (Olympus) and

analyzed using ImageJ software.

In vitro electrophysiology

To evaluate functional synaptic inhibition, whole-cell recordings (Axopatch 1D; Axon

Instruments, CA) were obtained from pyramidal neurons in granular IC layers (L) 2/3.

Effects of acute diazepam on mIPSCs were recorded 15 min following bath application.

Diazepam treatment

Chronic diazepam (20mg/kg in 0.9% saline) was administered daily (i.p.) for 14 days

between P15-28 for early and P45-58 for late treatments, respectively. Acute treatments

consisted of a single dose during the imaging session.

Statistical Analysis

All data presented as mean ± standard error with n and ages as shown in figures or stated in

text. All data were first analyzyed for D’Agostino & Pearson amnibus normality. The

following parametric tests were used: one-way ANOVA with Tukey ’s multiple comparison

test for comparison of multiple groups, two-way ANOVA for comparing MSI development

and unpaired t test for comparing between two groups. The following non-parametric tests

were used: Mann-Whitney rank-sum test for comparing between two groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Multi-sensory integration emerges in mouse insular cortex over development

• Cross-modal pruning and integration are impaired in the BTBR model of autism

• Enhancing weak GABA circuits early in life rescues IC integration in adult

BTBR

• Multi-sensory integration defects are common across monogenic models of

autism
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Figure 1. Intrinsic imaging of sensory integration in the mouse posterior insular cortex
(A) Left: Schematic of intrinsic flavoprotein imaging in temporal cortex. Right: Field of

view (bottom) on the mouse brain (top). D, dorsal; C, caudal; R, rostral; V, ventral. Dotted

purple lines demarcate the auditory cortices (AuCx) and posterior insular cortex (IC). (B)

Stimuli for one trial consisted of sets of 30 alternating presentations of auditory, tactile and

audio-tactile stimuli (10 each). (C) Regions of interest (ROI) for MSI measurements. Top

left: Maximum intensity projections (MIPs) of 35 images following stimulus onset in 3-4

averaged trials. Bottom left: Binary Masks of MIPs were created at 15% maximal response

constant threshold. Right: Overlay of binary masks for the insular somatosensory (ISF) and

auditory (IAF) fields. ROIs were placed within the IAF at the interface with the ISF. (D)

Localization of the IAF. Left: Schematic drawing of a coronal section at the level of the

injection site into IAF (here -1.06 mm from Bregma). Middle: DiI trace within IAF on a

Neurotrace (Nissl) stained section. Right: Higher magnification of the region in the dotted

square. (AIP, agranular insular cortex posterior part; Cl, claustrum; DI, dysgranular insular

cortex; GI, granular insular cortex; SII, secondary somatosensory cortex).
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Figure 2. Differential multisensory processing in the insular cortex of C57 and BTBR mice
(A) Activation patterns upon tactile [T], auditory [A] and audio-tactile [AT] stimulation in

adult C57 (top row) and BTBR mice (bottom row). (B) Peak response fluorescence (ΔF/F0)

in the IC upon A, T and AT stimulation. AT responses are larger than auditory responses in

adult C57 but not in BTBR mice (t test; **P < 0.01; n.s. = not significant, P > 0.05). (C) The

size of tone activated IC (IAF) is consistently larger in adult BTBR than in C57 mice at

different sound frequencies. (t test ***P<0.001, *P < 0.05). (D) Peak auditory response

strengths upon different sound intensities (left) and frequencies (right) in the IAF. Left:

BTBR exhibit significantly larger auditory responses at low to medium sound intensities

(≤80dB) than C57 mice. Right: BTBR mice exhibit stronger auditory responses than C57

across frequencies lower than 70kHz. (E) Comparison of MSI expressed as a multisensory

index (MI = [AT/(A+T)]*100) in C57 and BTBR mice. Left: C57 mice adhere to the inverse

effectiveness rule as lower sound intensities elicit significantly stronger MSI than higher

sound intensities (One-way ANOVA, *P<0.05), while MSI in BTBR mice is equally

impaired throughout all sound intensities (One-way ANOVA, n.s., P=0.78). Right: C57
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mice exhibit significantly stronger MSI than BTBR mice at all frequencies tested. (t tests; *P

< 0.05, **P < 0.01, ***P < 0.001, n.s., P > 0.05). All values: mean ± s.e.m.
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Figure 3. Impaired maturation of multisensory integration in BTBR mice
(A) With postnatal development, auditory representations contract in the IC of C57 mice but

remain enlarged in BTBR mice. (B) MSI increases with age in the IC of C57 but not BTBR

mice. One-way ANOVA (C57: *P < 0.05, BTBR: not significant, n.s.). (C) Left: insular

auditory field (IAF) is rapidly pruned in C57 (no size change > P20) but not in BTBR mice

(ANOVA, P<0.05) whose IAF sizes are significantly larger than in C57 mice at all ages >

P20 (t test; *P<0.05, **P<0.01). Right: insular somatosensory field (ISF) sizes do not

change within each group > P15 (for each, ANOVA P > 0.05) or differ between groups at

any age (t tests; P > 0.05).
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Figure 4. Weak inhibition impairs MSI in the IC of BTBR mice
(A) Decreased expression of inhibitory markers in BTBR mice. Left: Representative

micrographs of GAD65 (top), PV (middle) and WFA (bottom) immunofluorescence in IC of

C57 (left) and BTBR (right) mice. Scale bar: 10μm. Right: Quantitative analysis of GAD65+

puncta (top), PV+ puncta (middle) and WFA+ perineuronal nets (PNN). All values: mean ±

s.e.m., normalized to C57 (100%). (B) Miniature inhibitory postsynaptic currents (mIPSCs)

recorded in layer (L) 2/3 pyramidal cells of the granular insular cortex (GI) of C57 (black,

sample trace top left) and BTBR (red, sample trace bottom left) mice. Note the significant

decrease in mIPSC frequency in BTBR mice. C57, n=17; BTBR, n=22 cells. (C) Diazepam

(DZ) bath application (15μM) prolongs inhibitory currents, producing a significant increase

in mIPSC half-width and decay time in BTBR mice (top, sample traces before / after DZ;

bottom, half-width measures). (D) Acute DZ treatment in vivo (arrow) yields transient loss

of MSI in C57 (black, top), but rescues MSI temporarily in BTBR (red, bottom). Asterisks

indicate significant differences from just before injection. All values: mean ± s.e.m. (t test;

*P < 0.05, **P < 0.01, ***P < 0.001, n.s., P > 0.05).
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Figure 5. Enhanced inhibition early in life permanently rescues MSI in BTBR mice
(A) Timeline of two diazepam (DZ) protocols in BTBR mice (see Experimental Procedures

for details). (B) Uni- and multisensory responses in treated BTBR mice. Top row: vehicle-

treated; bottom row: early DZ-treated. Note decrease in IAF size and rescue of multisensory

integration in early DZ-treated animals. (C) Increased MSI by early DZ- as compared to

adult DZ- or early vehicle treatment. (D) IAF size restricted significantly after early (but not

adult) DZ treatment. (E) Early DZ rescues inhibitory markers in the IC of BTBR mice:

immunohistochemistry against GAD65+ (left), PV+ puncta around NeuN+ somata (middle)

and WFA+ perineuronal nets (PNN) (right) after early vehicle or DZ-treatment. Scale bars:

20μm (left), 4 μm (middle), 30 μm (right). (F) Quantitative analysis of GAD65+ puncta

intensity, density and size (left), PV+ puncta intensity, number per NeuN+ soma and size

(middle), PNN intensity, branch length and perimeter (right). All values: mean ± s.e.m.,

normalized to vehicle control (100%). (t test: *P < 0.05, **P < 0.01, ***P < 0.001, n.s., P >

0.05).
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Figure 6. Shared multisensory integration deficits across monogenic mouse models of autism
(A) Tactile, auditory and audio-tactile responses in GAD65, Shank3 or MeCP2 knockout

(KO) mice and (B) their impaired MSI. (C) Adult IAF sizes are enlarged in GAD65 and

Mecp2 KO mice, but remain unaltered by deletion of Shank3. (D) Immunostaining for

GABA markers in the IC of Shank3 KO animals exhibits (E) increased intensity of GAD65

puncta, while the intensity, number per pyramidal cell soma and size of PV puncta is

decreased, as are WFA+ PNN size and intensity, compared to wild-type. Scale bar: 10μm.

All values: mean ± s.e.m. (t test; *P < 0.05, **P <0.01).
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Figure 7. Optimal range of PV circuit function underlies MSI in the IC
Multisensory integration in the IC reflects an optimal E/I circuit balance, in particular that of

PV circuit function. Pharmacological or genetic manipulations which excessively weaken or

strengthen PV-circuit function disrupt MSI in the adult insula.
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