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Circuit-level theories for sensory
dysfunction in autism:
convergence across mouse
models

Hannah R. Monday*, Han Chin Wang and Daniel E. Feldman*

Department of Molecular and Cell Biology, Helen Wills Neuroscience Institute, University of California,

Berkeley, Berkeley, CA, United States

Individuals with autism spectrum disorder (ASD) exhibit a diverse range of

behavioral features and genetic backgrounds, but whether di�erent genetic forms

of autism involve convergent pathophysiology of brain function is unknown.

Here, we analyze evidence for convergent deficits in neural circuit function

across multiple transgenic mouse models of ASD. We focus on sensory

areas of neocortex, where circuit di�erences may underlie atypical sensory

processing, a central feature of autism. Many distinct circuit-level theories for

ASD have been proposed, including increased excitation–inhibition (E–I) ratio and

hyperexcitability, hypofunction of parvalbumin (PV) interneuron circuits, impaired

homeostatic plasticity, degraded sensory coding, and others. We review these

theories and assess the degree of convergence across ASD mouse models for

each. Behaviorally, our analysis reveals that innate sensory detection behavior

is heightened and sensory discrimination behavior is impaired across many

ASD models. Neurophysiologically, PV hypofunction and increased E–I ratio are

prevalent but only rarely generate hyperexcitability and excess spiking. Instead,

sensory tuning and other aspects of neural coding are commonly degraded and

may explain impaired discrimination behavior. Two distinct phenotypic clusters

with opposing neural circuit signatures are evident across mouse models. Such

clustering could suggest physiological subtypes of autism, which may facilitate

the development of tailored therapeutic approaches.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized

by impaired social communication, restricted or repetitive behaviors or interests, and

atypical sensory processing. ASD is extremely diverse, with widespread phenotypic

differences among individuals and hundreds of risk genes (1). These ASD genes

do not share a single common molecular or cellular function, though they tend to

be involved in chromatin remodeling, mRNA translation, and synapse function (2).

A major goal in autism research has been to test whether distinct gene mutations

drive convergent pathophysiology at the level of molecular pathways, synapse function,

neural circuits, or neural coding, which may underlie the shared core features of the

condition. Whether such convergence exists, and at what level, remains unknown.
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In principle, distinct gene mutations could converge on a single

shared neurobiological impairment (indicating a common basis

for ASD), a small set of distinct impairments (indicating different

functional clusters of ASD), or no common impairment (indicating

that ASD is actually a large constellation of pathophysiologically

distinct conditions).

Here, we review theories of autism at the neural circuit and

neural coding levels and evaluate evidence for convergence across

different genetic forms of autism. We focus on the primary sensory

areas of the cerebral cortex because these have been intensively

studied and because atypical sensory processing is a common

feature of people with ASD and has been a diagnostic criterion

since DSM-5 (3). Cellular, synapse, and circuit dysfunction have

been extensively studied in the primary somatosensory (S1), visual

(V1), and auditory (A1) cortex inmany transgenicmousemodels of

ASD. This review focuses on these three cortical areas because the

large number of studies in different ASD models provides a strong

test case for pathophysiological convergence. Circuit dysfunction

in these areas may underlie atypical sensory processing in autism.

Multisensory, social, and motor phenotypes in ASD likely reflect

dysfunction in other cortical areas (4, 5), but may be caused by

similar cellular and circuit deficits as in the sensory cortex because

of shared circuit architecture and developmental principles across

the neocortex.

Why focus on the sensory cortex? Sensory
processing impairments in ASD

Up to 90% of people with ASD show atypical sensory

processing, which is often classified into hyper-responsiveness,

hypo-responsiveness, sensory avoidance, and sensory-seeking

behaviors (3, 6). These behavioral symptoms suggest dysfunction

in sensory brain regions, which is often observed in brain-based

measurements (4).

Behaviorally, multiple sensory domains are often affected (6).

Hypo-responsiveness and hyper-responsiveness can occur in the

same individuals (7). Hypo-responsiveness is as pronounced as

hyper-responsiveness across clinical studies (8) and in first-person

accounts (9). Sensory seeking is thought to reflect underlying

hyposensitivity to sensory stimuli, while sensory avoidance may be

driven by hypersensitivity. Individual syndromic forms of autism

also exhibit a mixture of these sensory phenotypes across different

sensory modalities, depending on the type of stimulus and its social

relevance (10, 11). Cluster analyses of sensory profiles of individuals

with autism tend to reveal two main behavioral subgroups: one

that is impaired relative to typically developing individuals across

all four sensory domains (poor registration, sensitivity, sensory

seeking, and sensory avoiding), and one that shows no impairment

across any of the four (12–14). Recent work suggests smaller

clusters of individuals with deficits in particular sensory modalities

exist (15).

More specific psychophysical characterization of processing

impairments is rare and usually performed in high-functioning

individuals. Some of the most common findings from

psychophysical studies in touch, vision, and hearing are lower

tactile thresholds for detection of vibration and painful stimuli

(7, 16), auditory hyper-responsiveness (17–20), difficulty in

distinguishing speech in noise (21, 22), impaired temporal

processing of sounds (23), elevated visual detail detection (24),

weak binocular rivalry, altered visual motion processing (25), and

possibly face perception deficits (26). These sensory impairments

are reviewed in detail elsewhere (4, 5, 18, 27). Psychophysical

differences across more severe, syndromic forms of autism

are generally less known. In the sensory cortex, functional

magnetic resonance imaging (fMRI) and electroencephalography

(EEG) studies have identified varied phenotypes in people with

ASD, including hypo- and hyperactivation by sensory stimuli.

fMRI findings include hyperactivation by visual and auditory

stimuli, which may relate to behavioral hypersensitivity (28),

abnormal somatosensory maps, and decreased habituation in the

somatosensory cortex to mildly aversive tactile stimuli (29). This

suggests that the sensory cortex is a site of processing abnormalities

in autism, a view that is supported by a recent study that found

that, of all brain areas, primary sensory cortices show the most

profound gene expression changes in people with ASD (30).

“Sensory-first” theories of autism posit that impairments in

early sensory processing (including in the primary sensory cortex)

may lead to widespread effects that contribute to impairments

outside of the sensory domain. For example, touch and tactile

perception are essential during infancy for the development of

secure attachments with caregivers and continue to support social

functioning throughout life (31). Impairments in somatosensation

leading to tactile aversion could thereby contribute to social

dysfunction and anxiety in individuals with ASD, as suggested by

recent studies in mice (32). Similarly, impairments in early visual

processing or in the processing of face information could drive

reduced eye contact, which is an early indicator of autism, persists

through adulthood, and may be relevant for social impairments

in autism (4). Moreover, the mechanism of circuit disruption in

sensory areas may occur commonly throughout the cortex and

underlie both sensory and non-sensory features of ASD.

Genetic mouse models of ASD provide a
basis for studying convergence

Nearly all widely used transgenic mouse models of ASD model

severe monogenic, syndromic forms of autism, caused by loss of

function in a single gene. These include fragile X syndrome (FXS,

caused by loss of function in the FMR1 gene), Rett Syndrome (loss

of function in theMECP2 gene), Tuberous Sclerosis Complex (loss

of function in either the TSC1 or TSC2 gene), Phelan-McDermid

syndrome (PMS, loss of function in the SHANK1, 2, or 3 genes), and

Angelman syndrome (loss of function in the UBE3A gene). These

mice exhibit abnormal social interactions and repetitive behavior,

as well as sensory processing impairments reminiscent of human

autism. In humans, many of these syndromes are also associated

with intellectual disability, cognitive impairment, and/or seizures,

and these mouse models often exhibit corresponding behavioral

phenotypes. Other transgenic rare syndromic ASDmodels in which

the sensory cortex has been substantially studied include Cntnap2–

/–, Syngap1+/–, Scn1a+/–, Scn2a+/–, and Arid1b+/–mice.
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These ASD models exhibit a range of sensory behavioral

abnormalities, which may reflect atypical sensory processing

in autism (31). In the tactile domain, many ASD models

(including Mecp2 null, Shank3B–/–, Fmr1–/–, Gabrb3+/–, and

Syngap1+/– mice) show impaired recognition of novel textured

objects, interpreted as a deficit in texture discrimination (32–35).

Syngap1+/– mice also show impaired tactile sensory detection

on an operant task (34). In contrast, Shank3B–/– mice show

enhanced detection of weak tactile stimuli (36), and Fmr1 mice

show impaired adaptation that causes innate tactile defensiveness

(37). Innate sensitivity to touch and painful stimuli is enhanced

in Fmr1–/–, Shank3B–/–, Mecp2 null, Gabrb3+/–, and Cntnap2–/–

mice (32, 35, 38), while pain sensitivity is decreased in Shank2–

/– mice (39). In the visual domain, orientation discrimination

is impaired in Fmr1–/– mice (40); visual contrast detection is

impaired in Cntnap2–/–mice (41); and visual form discrimination

learning is slowed in Ube3a m–/p+mice (42). In contrast, a variety

of innate visual detection behaviors are enhanced, including the

optokinetic reflex in Mecp2 duplication mice (43), and visually

evoked fidget responses in Fmr1–/– mice (44). Visual acuity is

also enhanced in Mecp2 duplication mice (45). In the auditory

domain, Fmr1–/– and Cntnap2–/– mice show increased acoustic

startle (19, 46) and audiogenic seizures (47), and Fmr1–/– mice

show normal tone detection performance on an operant task,

but reduced reaction times that suggest increased perceived

loudness (48).

This diversity of sensory deficits parallels the broad

range of sensory phenotypes in people with ASD, but is

there any convergence in sensory deficits across different

mouse models? While behavioral task design varies across

studies, a strong trend is apparent in the evidence. Across

mouse models, innate sensory detection-related behaviors are

reliably elevated (e.g., paw withdrawal to a touch stimulus,

acoustic startle, and visually evoked fidget behavior), operantly

trained detection behaviors show a mix of enhancement and

impairment (e.g., operant visual or whisker touch detection),

and innate or operant sensory discrimination behaviors are

reduced or impaired (e.g., textured novel object recognition

and operantly trained visual discrimination). This suggests

that subcortical sensory processing (subserving innate

detection) may be hypersensitive across many models, whereas

cortical processing (mediating more complex discrimination

and some operantly learned detection behaviors) may

be degraded.

Using these mouse models, many studies have measured

molecular, cellular, and circuit correlates of ASD in the

sensory cortex. These provide the main data for evaluating

possible pathophysiological convergence in brain function

across genetic forms of ASD. Mouse models also provide

a platform for testing potential therapeutic approaches to

normalize cellular and circuit function and behavior. However,

it is important to recognize that these mice all model severe

syndromic forms of autism that are only a small fraction of

autism cases in humans and do not include milder, higher-

functioning forms of autism. Lessons from existing mouse

models are therefore unlikely to be relevant across the entire

autism spectrum.

Theories of sensory circuit dysfunction
in ASD

This section will describe and evaluate common mechanistic

theories of cortical circuit dysfunction in ASD (schematized in

Figure 1). This overview will position us to evaluate, for each

theory, the evidence for convergence across various genetic mouse

models of autism.

Excitation–inhibition (E–I) ratio and
hyperexcitability

One of the first cellular-circuit theories of ASDwas the E–I ratio

hypothesis. This hypothesis proposes that in ASD, cortical circuits

exhibit reduced synaptic inhibition or increased synaptic excitation

onto pyramidal (PYR) cells, and that the resulting increase in

E–I ratio drives circuit hyperexcitability and excess PYR spiking

(49, 50). In support of this idea, a reduction of GABAergic markers

is commonly observed in the brains of people with autism, which

could potentially drive hyperexcitability, and may explain why

autism is associated with epilepsy in 30% of individuals (51). In

the sensory cortex, circuit hyperexcitability could predict sensory

hypersensitivity in autism (52). But atypical sensory processing

in autism is not just hypersensitivity, and indeed, hyposensitivity

and sensory seeking are common, so circuit hyperexcitability is

unlikely to provide a full explanation. Moreover, the diversity of

inhibitory cell types and circuits in the cortex complicates the idea

of a simple “E–I ratio,” and it is now understood that transient

imbalances and delays between E and I are a critical aspect of

normal information processing in the cortex. While inhibition is

often reduced in the ASD mouse cortex, this only in some cases

leads to consequential changes in PYR spiking (53). Therefore,

the E–I ratio and hyperexcitability hypothesis does not appear to

account for sensory cortex dysfunction in the majority of autism

mouse models.

Parvalbumin (PV) interneuron hypofunction

The parvalbumin (PV) hypothesis of ASD posits that cortical

dysfunction originates from the hypofunction of PV-positive

interneuron circuits (54). PV interneurons represent ∼40% of

cortical interneurons and provide powerful perisomatic inhibition

to PYR cells (55). PV cells have critical information processing

functions in the sensory cortex, including gain modulation,

sharpening sensory tuning, generating gamma rhythms, enforcing

precise spike timing, and modulating noise correlations. In post-

mortem brains of people with ASD, PV is the most downregulated

mRNA transcript, and the number of PV-positive neurons is

diminished (56, 57). In studies of ASD mouse models, reduced

PV cell number, reduced PV protein expression, or impaired

PV circuit function are commonly featured (58, 59). PV cell

and circuit hypofunction could detrimentally elevate the PYR

firing rate, and even if the PYR firing rate remains normal, it

could muddy neural codes by broadening tuning, impairing gain
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FIGURE 1

Schema of circuit mechanisms underlying sensory processing that are theorized to go awry in autism. Each image illustrates the normal circuit

function, a breakdown of which may contribute to sensory features of autism.

regulation, disturbing gamma synchronization, or degrading spike

timing. PV neurons also regulate critical period plasticity, and

thus PV hypofunction could alter or impair activity-dependent

circuit development, producing abnormal or persistently immature

circuits (60). Ample evidence exists for PV hypofunction in

ASD, which could drive many of the sensory phenotypes. PV

function may be altered directly by some ASD gene mutations.

Alternatively, because PV circuits are highly plastic as part of the

brain’s endogenous homeostatic mechanisms, PV hypofunction

could arise as a compensatory mechanism that is recruited in

response to abnormal cortical activity (61).

Impaired, abnormal, or maladaptive
homeostatic plasticity

Homeostatic plasticity is a negative-feedback process that

dynamically adjusts excitation, inhibition, and/or intrinsic

excitability to stabilize network activity. Impaired or abnormal

homeostatic plasticity has been proposed to drive atypical firing

rates or patterns, disrupting the flow of information in cortical

circuits and driving sensory processing impairment in ASD (62).

Multiple homeostatic mechanisms exist in cortical circuits, and

function together to actively maintain the PYR cell firing rate

near a setpoint value that may represent the optimal firing rate for

encoding information (63). These mechanisms include synaptic

scaling, which multiplicatively adjusts excitatory or inhibitory

synaptic weights on single PYR cells; homeostatic plasticity of PYR

cell intrinsic excitability; and PV circuit plasticity, in which the

gain of PV interneuron circuits is adjusted in response to mean

activity in local networks. These processes work at different time

scales, but all have the net effect of preventing the mean firing rates

of local PYR cells from deviating from their setpoint.

If homeostatic plasticity is impaired or abnormal in ASD,

networks would lose the ability to maintain stable PYR firing rates.

In support of this theory, ASD risk genes span a range of cellular

processes, including activity-dependent transcription, translation,

energy metabolism, synaptic function, and intrinsic excitability,

that are expected to contribute to homeostatic plasticity (64). This

suggests that ASD-linked mutations may abolish or dysregulate key

forms of neuronal homeostasis, so that PYR activity is destabilized

or abnormal (62). Alternatively, mutations may alter homeostatic

plasticity to make it maladaptive, in the sense that it could succeed

in stabilizing firing rates, but at the cost of degrading some other

critical aspect of neural coding (53). Several genes associated with

syndromic autism have been linked to the failure of homeostatic

mechanisms, suggesting that impaired or abnormal homeostasis

could be a convergent explanation for multiple forms of ASD in

humans (65). In this view, the diverse array of synaptic and intrinsic
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physiological abnormalities observed across different ASD mouse

models may reflect the failure of homeostasis to reset normal values

for these parameters.

Abnormal synaptic plasticity

Impairments in long-term synaptic plasticity, including long-

term potentiation (LTP) and long-term depression (LTD) at

excitatory synapses onto PYR cells, are prevalent across mouse

models of autism. These impairments may not only impact learning

and memory but also drive sensory dysfunction by impairing

the use-dependent refinement of circuits in the sensory cortex.

Impaired LTD could lead to excessive synaptic strength and

sensory hypersensitivity, while impaired LTP may prevent the

formation or strengthening of connections necessary for normal

sensory processing or integration (66). Many ASD-associated gene

mutations are predicted to influence synaptic plasticity directly

or indirectly, for example by dysregulating protein synthesis and

degradation (2, 67).

A specific synaptic plasticity-related theory is the metabotropic

glutamate receptor (mGluR) hypothesis for fragile X syndrome

(68). In Fmr1 null mice, mGluR-mediated LTD is exaggerated

due to the absence of the fragile X protein (FXP, encoded by

the Fmr1 gene), leading to increased protein synthesis levels

(69). Excessive LTD is associated with an increased prevalence

of long, thin dendritic spines with weaker synapses, which may

reflect immature circuits that generate weak or imprecise sensory

codes. Other mouse models of ASD also have immature spine

phenotypes and altered mGluR signaling and/or mGluR-LTD (70–

72), and it appears that dysregulation of protein synthesis and

mGluR-LTD in either direction may lead to ASD-related behaviors

(73). Activity-dependent protein synthesis subserves both LTP

and LTD and is dysregulated in numerous ASD models (74, 75).

Decoupling protein synthesis from network activity will affect not

only mGluR-mediated forms of plasticity but also have numerous

consequences for sensory circuit development and function. Recent

reviews discuss these synaptic plasticity and protein synthesis-

related hypotheses in depth (76–78).

Impaired critical period plasticity and
synapse maturation

Sensory cortical areas undergo robust activity-dependent

plasticity during critical periods in development, when

environmental input drives synapse maturation and refines

and stabilizes circuits. In the impaired critical period hypothesis,

ASD pathophysiology disrupts critical period plasticity, perturbing

normal circuit maturation to produce long-lasting changes in

circuit organization and behavior (79). Such critical period

disruption could be due to impairments in cellular plasticity

mechanisms, abnormal sensory experience, or abnormal circuit

activity patterns. Impaired or dysregulated synaptic plasticity rules

are well described in several ASD mouse models (see “Abnormal

synaptic plasticity”). In addition, PV hypofunction is likely to

disrupt critical period plasticity because PV interneurons are

critical for regulating the timing of critical periods. Because PV

neurons tend to sharpen the sensory tuning of PYR cells, PV

hypofunction could also impair the sensory-guided development

of precise sensory circuits, undermining the development of typical

sensory processing (80).

Children often begin showing behavioral signs of ASD during

these critical windows of development, although structural and

physiological changes in neural circuitry could begin as early as

infancy (81). Multiple mouse models of ASD show disrupted

critical periods (82–84), altered critical period timing (85), and

critical period-related synaptic impairments that include impaired

cellular plasticity, delayed maturation of inhibitory circuitry, and

abnormal retention of immature dendritic spines and silent

synapses (86–90). Whether these abnormalities reflect a specific

deficit in critical period plasticity or a more general impairment of

plasticity throughout life, remains unclear.

Degraded sensory coding

The local circuit and synaptic alterations described above are

all likely to lead to impairments in the neural coding of sensory

information. Degraded coding could take many forms, including

broadened sensory tuning of individual neurons, blurred sensory

maps, reduced signal-to-noise ratio of sensory responses relative

to spontaneous activity, increased trial-to-trial sensory response

variability, and altered firing correlations that reduce information

carried by population codes. We define degraded coding as

changes in sensory coding that reduce the information available

for sensory detection or discrimination. Such changes would dim,

blur, or distort perception and could underlie both atypical sensory

processing and downstream behavioral phenotypes such as sensory

seeking, sensory aversion, or insistence on sameness. The degraded

coding hypothesis supposes that the specific genetic, cellular, or

circuit origin of the deficits is less relevant than the coding deficit

itself, so that convergence across genetic forms of ASD occurs on

the neural coding level.

Many mouse models of ASD exhibit degraded sensory coding

in the form of reduced signal-to-noise for sensory responses (34,

53, 91, 92), increased trial-to-trial response variability (93–95),

abnormal sensory maps (83, 96–98), degraded sensory tuning (40,

93–95, 99), or abnormal firing correlations (100–105). In people

with ASD, studies have reported impaired sensory discrimination

for touch and vision (40, 106, 107), impaired detection of speech

in noise (21, 108), altered sensory-evoked event-related potentials

(ERPs) (18), increased trial-to-trial variability of sensory-evoked

ERPs (109), and altered topography of cortical sensory maps

(110, 111). These suggest degraded sensory coding, though more

quantitative psychophysical measurements are needed.

Degraded sensory coding is distinct from the classical E–I

ratio theory, which proposes hyperexcitability and excess spiking in

ASD, leading to sensory hypersensitivity (49) and an overly intense

sensory world (52). Sensory hyper-reactivity and aversion in people

with ASD may reflect either excessive psychophysical intensity or a

heightened affective reaction but a normal perception of intensity

(20, 47, 112). Across ASDmouse models, even those with increased

E–I ratio in the sensory cortex, normal or below-normal neural
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sensory-evoked spiking is common (34, 40, 53, 91, 99, 113) while

excess spiking is relatively rare (36, 94, 114). Thus, degraded coding

may be more prevalent than hyperexcitability in the sensory cortex,

at least in mice.

Failure of sensory adaptation

Adaptation to repeated or continuous stimuli is a common

feature of sensory processing and serves to increase coding

efficiency and enhance the representation of novel stimuli by

reducing spiking to repeated, predictable stimuli. This theory

proposes that in ASD, cellular and circuit abnormalities cause a

failure of adaptation so that repeated stimuli evoke abnormally

strong cortical spiking. This may lead to sensory processing

impairments, sensory hypersensitivity, and behavioral avoidance

of ongoing stimuli. Failure of adaptation will preferentially affect

coding in sensory contexts with dense ongoing stimuli, which are

common in natural environments. Consistent with this theory,

individuals with ASD can show reduced adaptation to audio-visual

stimulation (115) and tactile stimuli (29, 107, 116).

In ASD mice, evidence for this theory comes from Fmr1–

/– mice, which show impaired spike adaptation to repeated

whisker stimuli in L2/3 of the S1 cortex and behavioral avoidance

of repetitive whisker stimulation, termed ‘tactile defensiveness’

(37). Fmr1–/– mice also have impaired habituation in A1

to repeated sounds (117). In Fmr1–/– mice, pharmacological

or pharmacogenetic enhancement of PV cell spiking increases

response adaptation by PYR cells to repeated whisker stimuli and

reduces tactile defensiveness (61). This suggests that impaired

adaptation in Fmr1–/– mice arises at least in part from PV

hypofunction in the sensory cortex, although other mechanisms

could also contribute. Whether other ASD models have impaired

sensory adaptation is unknown, though Ube3A m–/p+ mice have

changes in inhibitory synaptic transmission that potentially suggest

changes in response adaptation (118).

Oscillations and altered synchrony

Cortical sensory areas exhibit rhythmic oscillations at a wide

range of frequencies (119). Both the amplitude and phase of

oscillations, particularly in the gamma (>30Hz) and alpha (8–

12Hz) bands, have been correlated with sensory perception

in humans (120–125). In standard models, gamma rhythms

(thought to be generated by PV interneuron networks) create a

temporal scaffold for local sensory processing and information

relay that is necessary for sensory perception, while alpha rhythms

are part of an attentional suppression mechanism. EEG and

magnetoencephalography (MEG) studies have reported atypical

oscillations in both the gamma and alpha bands in humans with

ASD (126). In multiple studies, visual-evoked gamma rhythm

was weakened in individuals with ASD (127–134), suggesting a

processing impairment. Yet other studies found no difference

or increased gamma power (135–138), so there is no complete

consensus (139). Some studies have shown weaker alpha power

or aberrant alpha power modulation in ASD children, which may

indicate impaired suppression of responses to irrelevant stimuli

(129, 140). In addition to these local effects, synchronization

between the left and right hemisphere V1 is reported to be

disrupted across a wide range of frequencies (141–143), which may

correlate with impaired perceptual integration (143).

Oscillations have been studied less in mouse models of ASD.

Divergent effects on gamma power in the auditory cortex have been

reported, from reduced (138, 144, 145), to increased (146), to not

different from wild type (147). Some studies have reported that

gamma phase locking is impaired (138, 144, 145). Thus, gamma

oscillations may be abnormal in sensory cortex in humans with

ASD, and interhemispheric coherence and gamma phase locking

may be reduced, but whether these effects are reliably observed in

ASD mouse models remains unclear. More work needs to be done

to discern common oscillation and synchrony phenotypes in mice

and to identify the underlying circuit mechanisms.

Convergence across mouse models of
autism

Here, we examine the evidence for each of these circuit-

level theories across ASD mouse models to evaluate the extent

to which distinct genetic forms of ASD converge on any of

these circuit-level deficits. Of the theories summarized above,

sufficient empirical studies exist across mouse models to begin to

evaluate convergence for four theories. These are the E–I ratio

and hyperexcitability hypothesis, the PV hypofunction hypothesis,

the impaired homeostasis hypothesis, and the degraded sensory

coding hypothesis.

E–I ratio and hyperexcitability

Elevated E–I ratio is theorized to drive hyperexcitability and

excess spiking in the sensory cortex in ASD mouse models, leading

to behavioral hypersensitivity. At the local circuit level, synaptic

E–I ratio is demonstrably increased across many ASD models,

including in S1 for Fmr1–/–, Cntnap2–/–, Tsc2+/–, and 16p11.2

deletion (53), driven by a large reduction in synaptic inhibition

coupled to a weaker drop in excitation onto L2/3 pyramidal cells.

Remarkably similar synaptic findings are reported in V1 forMecp2

null and Ube3A m–/p+ mouse lines (93, 118). However, rather

than cause excess spiking, the increase in E–I ratio in the four

mouse models from Antoine et al. (53) was shown to quantitatively

predict normal net synaptic depolarization and to be associated

with normal firing rate in L2/3 pyramidal cells measured in vivo.

This shows that while an increased E–I ratio is common, it does not

necessarily drive hyperactive cortical circuits in ASD mice.

There is convincing evidence for neural hyperactivity in

primary sensory cortices in just three mouse lines: Scn1a+/–,

Shank3B–/–, and some cortical areas in Fmr1–/–. Scn1a is a

major sodium channel in forebrain GABAergic interneurons, and

Scn1a+/– mice show reduced excitability of PV and somatostatin

interneurons that reduces recurrent inhibition and leads to

strong hyperexcitability and epilepsy, including in S1 (148–

152). Shank3B–/– mice have increased spontaneous and whisker-

evoked calcium responses in L2/3 pyramidal neurons in S1
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and reduced activity in interneurons, and this excess pyramidal

activity is associated with behavioral hyper-reactivity to weak

whisker stimulation in a whisker detection task (36). Spontaneous

spiking in L5 of S1 is also strongly elevated in Shank3B–/–

(153) and hyperexcitability is present in V1 (154). However,

one study did not observe neural hyperactivity in S1 using

c-fos (33). Fmr1–/– mice show excess sensory-evoked spiking

in some sensory areas, including in A1 and forepaw S1 (94,

114). These mice show audiogenic seizures, but these are due

to circuit hyperexcitability in the inferior colliculus, not the

auditory cortex (155). In slice physiology experiments in Fmr1–

/– mice, thalamocortical circuits evoke sustained up-states in S1,

indicating local circuit hyperexcitability (156). Together, these

results indicate hyperactivity in A1 and S1 in Fmr1–/– mice.

However, hyperexcitability is not present in Fmr1–/y in other

sensory areas, for example in whisker S1, where spiking to preferred

whisker stimuli is normal or slightly depressed with broadened

single-neuron tuning, leading to blurred somatotopic maps (53, 97,

157). Excess spikes are also not apparent in V1 (40). Thus, Fmr1–/y

mice appear to show hyperexcitability only in some cortical areas.

Cntnap2–/– mouse models present somewhat weaker evidence

for hyperexcitability, which is inconsistent across studies.Cntnap2–

/– mice show increased c-fos expression in S1 following whisker

stimulation (158), but no change in spontaneous or whisker-

evoked spiking in S1 measured with extracellular recordings

(53). In V1, neurons are hyporesponsive to visual stimuli, and

mice show behavioral hyposensitivity and impaired discrimination

(41). In A1, Cntnap2–/– mice show reduced spontaneous activity

and slightly increased sound-evoked spiking responses (159),

which are associated behaviorally with increased startle and

impaired auditory filtering (160). Thus, Cntnap2–/– rodents show

a range of spike rate phenotypes but not consistent evidence for

excess spiking.

Other mouse lines, including Mecp2 and Syngap1, show

substantial evidence of decreased cortical excitability. In both

Mecp2 null and Mecp2 duplication mice, multiple reports show

a decreased E–I ratio, involving both reduced synaptic excitation

(91) and increased inhibition associated with increased PV cell

number and/or PV expression in V1, S1, and A1 (85, 161, 162).

These changes are associated with a strong reduction in sensory-

evoked neural responses in V1 (43, 45, 163). A different study

in Mecp2 null mice found an increased E–I ratio in V1 as a

result of a preferential reduction of inhibition over excitation,

but still observed abnormally weak visual-evoked spiking (93).

In contrast, A1 of Mecp2 knockout mice shows hyperexcitable

auditory responses (164). The reason for discrepancies between

various Mecp2 studies is not clear but could be related to age

differences (163, 165). Hypoactivity is also evident in Syngap1+/–

mice, which displayed reduced whisker-evoked activity in L2/3

pyramidal cells in S1, due to reduced whisker-evoked synaptic input

and reduced intrinsic excitability (34). This neural hypoactivity

was correlated with poor performance in tactile object detection

and discrimination.

Thus, Shank3B–/–, Scn1a+/–, and Fmr1–/– in some brain

regions form a phenotypic cluster that exhibits increased E–I

ratio and excess spiking and often correlates with hypersensitivity

in sensory detection tasks (Figure 2). In other sensory areas,

Fmr1–/– has normal or reduced spiking, rather than increased

spiking. Cntnap2–/– shows mixed results, and in at least one

study, Cntnap2–/– is similar to Fmr1–/y, 16p11.2 del, and Tsc2+/–

mice in showing elevated synaptic E–I ratio but no increased

spiking (53), with Ube3a m–/p+ showing similar results. These

latter genotypes may have abnormal cortical circuit function due to

reduced inhibition, but they do not exhibit overt hyperexcitability.

In contrast, Syngap1+/– and most Mecp2 null studies indicate a

second phenotypic cluster, which generally shows a reduced E–

I ratio and reduced spiking in the sensory cortex. Both clusters

exhibit impairments in sensory processing (described below), but

only the first cluster shows excess spiking.

Therefore, the expectation that an increased E–I ratio drives

excess spiking and that this leads to sensory hypersensitivity holds

only rarely, and just for genes in the first cluster (Figure 2).

These represent ASD genes that are essential for interneuron

function but have a smaller role in PYR cells (e.g., Scn1a, which

encodes NaV1.1, the main voltage-gated sodium channel in cortical

interneurons). Loss of function of these genes is likely to weaken

inhibition and increase the E–I ratio very substantially without

a sufficient compensating drop in excitation, thus driving excess

PYR spiking. Other ASD genes are associated with a modestly

elevated E–I ratio, which appears to degrade neural coding without

an elevation of net spiking in the sensory cortex, or a decreased

E–I ratio, which correlates with reduced spiking (as in the case

of the Syngap1+/– and Mecp2 null clusters) (Figure 2). Overall,

increased E–I ratio does not systematically predict elevated spike

rates. This may be because in many cases, a modest increase in E–

I ratio associated with normal spike rates may actually reflect an

endogenous homeostatic adjustment of E–I ratio that is recruited

to preserve the mean firing rate or other aspects of sensory

processing (53). Consistent with these results frommice, an analysis

of syndromic ASD individuals shows that cortical hyperactivity vs.

hypoactivity does not correlate well with sensory hypersensitivity

vs. hyposensitivity, arguing further against the monolithic E–I ratio

hypothesis (166).

Hypofunctional parvalbumin inhibitory
circuits

Parvalbumin (PV) circuit dysfunction is strongly linked to

autism, both in people with ASD and across genetically distinct

ASD mouse models (54). PV is a calcium-binding protein whose

expression in PV interneurons is believed to be activity-dependent

(167). PV cell number, PV expression level, and PV circuit function

have all been shown to be perturbed in ASD (58). Given the

many impacts of PV interneurons on circuit function and neural

coding, including sharpening sensory tuning, regulating E–I ratio

and sensory response gain, contributing to sensory adaptation, and

generating gamma oscillations, PV circuit dysfunction could drive

multiple impairments in sensory processing and perception (80).

Reduced PV cell number, assayed by anti-PV immunostaining,

is observed in sensory cortex in many ASD models, including

Fmr1–/– (61, 168, 169), Shank3B–/– (170), Neuroligin-3–/– (171),

Arid1b+/– (172), and some studies of Cntnap2–/– (173, 174)
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FIGURE 2

Cluster analysis of the circuit, neural coding, and behavioral phenotypes across di�erent genetic mouse models of ASD. Only findings from V1, S1,

and A1 are considered, and only mouse models with a substantial number of published studies are included. Top panel: circuit phenotypes related to

sensory tuning and sensory discrimination behavior. Discrimination behavior results include both innate discrimination behavior and operantly

trained discrimination behavior (see text). Within each rectangle, the axis is organized so that the naively predicted consequences of a high E–I ratio

are above and the consequences of a low E–I ratio are below. When multiple studies in the same cortical area gave conflicting results, an unfilled

symbol was used to indicate the major reported e�ect. When multiple studies in di�erent sensory regions or modalities gave di�erent results,

multiple points were plotted and labeled accordingly. Lines show relationships within each mouse model. S1w denotes whisker S1, and S1nw denotes

non-whisker S1. Bottom panel: circuit phenotypes related to signal-to-noise ratio and sensory detection behaviors. Dashed ovals highlight

convergence across ASD models or logical conclusions that can be drawn across models.
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but not others (175, 176). In S1, PV loss in Shank3B–/– and

Cntnap2–/– mice is strongest in the hemisphere corresponding to

the mouse’s dominant paw (177). Loss of PV cells could be due

to their failure to develop properly or through selective apoptosis.

Both of these factors are known to contribute to GABAergic cell

loss in Arid1b+/– mice (172). In S1 of Fmr1–/– mice, PV cells

die off via apoptosis during early postnatal development due to

insufficient PV cell activity (61). In other ASD models, it remains

unclear whether PV cell number is truly reduced or whether PV cell

hypoactivity causes PV protein expression to fall below detectable

levels (170). The use of alternative markers for PV cells, such as

labels targeting the perineuronal net, can resolve this issue.

Those PV cells that remain are hypoactive in many mouse

models. In S1 slices, feedforward L4-L2/3 inhibition, which is

known to be PV-mediated, is reduced in Fmr1–/–, Cntnap2–/–,

16p11.2 del, and Tsc2+/– mice, and whisker stimuli evoke 50%

fewer spikes than normal in L2/3 fast-spiking (presumed PV) units

in Fmr1–/–, Cntnap2–/–, and 16p11.2 del mice (53). Whisker-

evoked spiking in PV cells is also greatly reduced in Syngap1+/–

mice (34) and Shank3B–/–mice (36). In V1, reduced visual-evoked

activity is observed in PV interneurons in Fmr1–/– mice (40) and

in one study inMecp2 null mice (93). Reduced sensory responses in

PV cells can have diverse causes, including reduced PV intrinsic

excitability in Tsc2+/– mice (178) and Scn1a+/– mice (148),

and delayed development of intrinsic excitability and excitatory

synaptic input to PV cells in Fmr1–/–mice (89, 156).

The prediction in the cases above is that PV hypofunction

would promote excess spiking, but as discussed in the “E–I ratio

and hyperexcitability” section, this is not always true. Instead,

PV hypofunction can lead to either network hyperexcitability

or other types of downstream effects, including dysregulation of

critical period plasticity, broadening of sensory tuning in PYR cells,

or failure of sensory adaptation, as discussed below. Two clear

examples of this divergence are Shank3B–/– and Fmr1–/– mice,

which both exhibit PV hypofunction and increased E–I ratio. In

Shank3B-/–, this leads to excess spiking in S1 and enhanced tactile

detection (36, 40), but in Fmr1–/–, this leads to variable findings of

excess, normal, or slightly reduced spiking in S1 (53, 97, 114, 157),

and no excess spiking in V1 but broadened orientation tuning of

PYR cells that impairs behavioral discrimination (36, 40).

Unlike the mice above that show PV hypofunction,Mecp2 null

mice generally exhibit PV hyperfunction, which contributes to an

overall increase in inhibition in the sensory cortex, particularly in

the juvenile period. These mice show elevated PV expression and

excitatory synaptic input to PV cells in S1 and excess PV synapses

and PV inhibitory transmission in V1 (85, 162, 163). Some evidence

suggests early PV hyperfunction may give way to PV hypofunction

in adulthood (93, 163).

Because PV cells regulate critical periods in the sensory cortex,

a reduction in PV number or a delay in PV circuit maturation

could drive consequential changes in the developmental refinement

of neural circuitry. This has been examined most closely in

Fmr1 null mice, where PV interneurons in S1 show delayed

development of intrinsic excitability and synaptic connections

that are rescued by treatment with a TrkB agonist (89, 168).

Delayed PV maturation also occurs in A1, where it involves

delayed perineuronal net formation, the rescue of which is sufficient

to improve network hyperactivity (169). In S1, Fmr1 null mice

exhibit a delayed developmental transition from depolarizing to

hyperpolarizing GABA, and correcting this imbalance restores

the precision of the somatosensory map (179). Critical period

plasticity is also impaired in Ube3A m–/p+ mice (84). In contrast,

Mecp2+/– mice show an accelerated critical period in the visual

cortex, which is attributed to elevated GABAergic activity (85,

161).

Given broad GABAergic changes in ASD brains, multiple

studies have focused on manipulating all or broad subsets

of interneuron types (MGE-derived vs. CGE-derived) to

determine their role in ASD phenotypes. Deletion of Shank3B

from forebrain interneurons is sufficient to drive whisker

hypersensitivity, as is acutely reducing inhibition using

chemogenetics in wild-type mice (36). Scn1a is primarily

expressed in interneurons, and its selective deletion from Dlx1/2+

interneurons recapitulates the full knockout ASD phenotype

(148). In maternal Ube3A m–/p+ mice, re-expression of Ube3A

selectively in GABAergic cells corrects increased spiking and

improves orientation tuning deficits (99). It is unknown whether

these effects are due to effects on PV cells alone or other

interneuron types.

Specific manipulation of the PV interneuron population

has been extensively studied in Fmr1–/– mice across sensory

areas. Activation of PV cells using chemogenetics restored visual

responsiveness and orientation tuning and improved performance

on an orientation discrimination task (40). Similarly, in S1 of

Fmr1–/– mice, pharmacological or chemogenetic activation of

PV cells restored normal sensory adaptation in pyramidal cells

and rescued tactile defensiveness behavior (61). Interestingly,

Fmr1 re-expression selectively in excitatory neurons during

P14–P21 was sufficient to rescue the reduction in PV cell

density and activation in A1 (180), suggesting Fmr1 mutation

in excitatory neurons drives changes in inhibitory circuits.

Haploinsufficiency of the PV gene itself causes autism-like

behaviors and neural activity phenotypes, and rescuing PV levels

is sufficient to rescue social behavior (181, 182). Thus, selective

loss or restoration of ASD genes in PV cells or GABAergic

interneurons can directly drive or rescue ASD circuits and

behavioral phenotypes.

Whether Mecp2 acts exclusively in PV neurons to drive ASD-

related phenotypes is unclear because of conflicting results in

the literature. In some studies, Mecp2 loss from GABAergic

neurons recapitulates Rett syndrome features and reduces levels

of GABA synthesis enzymes (93, 183). PV-specific deletion of

Mecp2 resulted in a decreased evoked spike rate in PV cells upon

visual stimulation, indicating PV hypofunction and impaired V1

critical period plasticity (88). These studies are consistent with

the idea that PV hypofunction (either caused cell-autonomously

by Mecp2 loss in PV cells or secondary to loss in excitatory

cells) can contribute to Rett phenotypes. But in another study,

deletion of Mecp2 from forebrain excitatory but not inhibitory

neurons led to seizures and a cell-autonomous reduction in

GABAergic transmission, suggesting Mecp2 loss has its primary

effect in excitatory neurons (184). Mecp2 is also expressed in other

interneuron types, where its deletion may have complementary

effects (185).
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In summary, PV circuit hypofunction is a convincing feature

of many ASD models, including Fmr1–/–, Shank3B–/–, Cntnap2–

/–, Scn1a+/–, and Ube3A m–/p+ (Figure 2). This can be due to

the loss of PV cells, decreased PV synaptic connectivity, reduced

PV intrinsic excitability, or reduced PV expression itself. In some

cases, PV hypofunction is driven by mutations in genes acting in

PV cells specifically, while in other cases it may be a secondary,

adaptive response to alterations in excitatory networks, e.g., via

PV circuit homeostasis. PV hypofunction does not manifest in

the same circuit- or sensory deficits in all ASD mouse models,

and instead drives a variable set of circuit consequences ranging

from excess spiking in PYR cells (Shank3B, Scn1a, some Fmr1

studies) to broader sensory tuning in PYR cells without excess

spiking (other Fmr1 studies) to delayed or impaired critical periods

(Fmr1–/–, Ube3A m–/p+). Mecp2 studies are mixed, but some

suggest that Mecp2 null mice exhibit enhanced, not reduced, PV

circuit function.

In spite of strong evidence for GABAergic dysfunction

in humans with ASD (186) and successful rescue of ASD-

related behaviors in mice using GABA modulators or PV circuit

modulation (detailed above), clinical trials using GABAergic

modulators to correct inhibition have not shown a substantial

effect in treating sensory issues in children with ASD (59, 187).

A possible explanation is that circuit dysfunction specifically

reflects the hypofunction of PV cells and not other interneurons,

suggesting that therapies should focus on PV-specific modulation.

However, the relative contribution of early developmental PV

impairment (which impairs critical period circuit refinement)

vs. ongoing adult PV circuit impairment for ASD phenotypes

remains unknown. Thus, new approaches using chemogenetics,

photoactivatable proteins, small molecules, and gene therapies to

selectively target PV cells in precise time windows may prove useful

in treating ASDs and other neuropsychiatric disorders (188, 189).

Altered homeostasis

Impaired homeostatic plasticity has been theorized to underlie

ASD, but studies evaluating this hypothesis are still somewhat

scarce in the sensory cortex. Many ASD genes are involved in

the activity-dependent regulation of network excitability (64), so

the breakdown of homeostatic plasticity in ASD is a plausible

mechanism of sensory circuit dysfunction.

Synaptic scaling is the most well-characterized homeostatic

plasticity mechanism and has been extensively studied in ASD.

Synaptic scaling is impaired in many mouse models, including

Fmr1–/–, Mecp2–/–, Cntnap2–/–, Syngap1+/–, and Shank3B–/–

(190–194). The classical form of synaptic scaling is up-scaling

of excitatory synapses, induced in cultured neurons in response

to silencing the network with TTX or glutamatergic blockers.

In up-scaling, the synaptic strength of excitatory synapses is

increased due to the insertion of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR). Up-scaling is absent

in neuronal cultures from V1 of Shank3B–/– mice (194), and

is reduced in cultures from Cntnap2–/– and Mecp2 knockdown

neurons (190, 191). Synaptic scaling may fail for Shank3B–/–

and Cntnap2–/– due to the role of these genes as postsynaptic

scaffolding molecules and for Mecp2 because of its role as

a transcriptional regulator. Interestingly, Fmr1–/– mice have

impaired excitatory and GABAergic synaptic scaling in cultures

from the hippocampus (192, 193), but synaptic scaling is normal

in cultures from the cortex (195), which is surprising given that the

fragile X protein is a key regulator of AMPAR receptor transcription

and translation (196).

Homeostatic plasticity of intrinsic excitability is also induced by

network silencing in neuronal cultures and is impaired in two ASD

mouse models, Shank3B–/– (194) and Fmr1–/– (195). This may

reflect direct and indirect interactions between Shank3 and FXP

with ion channels that are regulated during homeostatic intrinsic

plasticity. Whether other ASD mouse models show similar deficits

has not been tested.

In vivo, homeostatic synaptic scaling, homeostatic plasticity of

intrinsic excitability in pyramidal cells, and homeostatic plasticity

in PV circuits work together to actively stabilize the mean firing

rate of cortical PYR cells, which can be observed experimentally

in response to sensory manipulations. For example, sustained

monocular visual deprivation causes an initial rapid reduction

in firing rate in PYR cells in V1, due to Hebbian plasticity

mechanisms that suppress cortical responses to the closed eye,

but after several days, firing rates begin to climb to restore pre-

deprivation firing rates (197). This restoration, termed “firing rate

homeostasis,” is due to homeostatic synaptic scaling, homeostatic

intrinsic plasticity, and downregulation of PV circuit activity (198–

200). Similar mechanisms occur in S1 to maintain stable firing rates

for several days after whisker deprivation (201–203). In Shank3B–

/–mice, firing rate homeostasis is abolished or substantially delayed

(194). Visual deprivation also fails to induce synaptic scaling in

V1 in vivo in Mecp2–/– and Cntnap2–/– mice (190, 191). Whether

PV circuit homeostasis is impaired in ASD remains unknown,

but it could be an important aspect of cortical pathophysiology

that destabilizes pyramidal firing rates and sensory coding. Thus,

more studies are needed, but existing evidence points to a

major impairment in homeostatic plasticity in V1 across several

ASD models.

Degraded sensory coding

Population imaging of neural activity and high-density single-

unit recording in ASD mouse models provide strong evidence for

neural coding disruptions in the sensory cortex. As discussed above,

relatively few ASD mouse models show excess sensory-evoked

spiking. Instead, mean sensory-evoked spike rate is often similar to

wild type, as in whisker S1 of Cntnap2–/–, 16p11.2 del, and Tsc2+/–

mice (53), V1 of Fmr1–/–mice andUbe3am–/p+mice (40, 118), or

is weaker than wild type, as in S1 of Syngap1+/–mice and Fmr1–/–

mice (34, 53), and V1 ofMecp2 null mice (93). But multiple aspects

of neural coding are abnormal in these cases, including elevated

spontaneous firing, increased trial-to-trial variability, broadened

sensory tuning, blurred sensory maps, and abnormal adaptation.

These coding phenotypes likely reflect cortical circuit dysfunction

and may contribute to altered sensory behavior in ASD.

Spontaneous firing represents baseline noise in the absence of

sensory stimuli and affects the signal-to-noise ratio for stimulus
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encoding. Some ASD models exhibit altered spontaneous activity,

with Shank3B–/– mice exhibiting increased and Syngap1+/– mice

exhibiting decreased spontaneous activity in S1 (34, 36). In

contrast, spontaneous firing is largely normal in S1 and V1 in Fmr1

and En2 null mice (37, 40, 53, 83, 97, 114). Trial-to-trial reliability

of sensory-evoked responses also affects coding accuracy and thus

impacts behavioral detection and discrimination of stimuli. Trial-

to-trial variability in sensory responses is increased in A1 and

V1 of Fmr1, Cacna2d3, and Mecp2 null mice (93–95), which is

predicted to worsen sensory performance. This is consistent with

excess trial-to-trial variability measured in visual, auditory, and

somatosensory-evoked ERPs in people with ASD (109).

Degraded sensory tuning of single neurons (i.e., broader

tuning) will also degrade sensory perception, by blurring

differences in population activity across different stimuli. In Fmr1–

/– mice, frequency tuning in A1 (94), whisker tuning in L2/3 of

S1 (97), and orientation tuning in L2/3 of V1 (40) are all broader

compared to the control. For Mecp2, two studies in Mecp2–/– and

Mecp2 overexpression mice found broader tuning in V1 (43, 93),

but other studies found normal tuning width (45, 85). Broader

orientation tuning was also found in V1 of Ube3a m–/p+ mice

(99), and broader whisker tuning in S1 of 15q duplicationmice (92).

Thus, broadened sensory tuning is a common motif across S1, A1,

and V1 (Figure 2). But this phenotype is not universal, with PTEN

and Cacna2d3–/– mice showing normal sensory tuning (95, 204),

and Shank3+/– mice showing overly narrow orientation tuning in

V1 (205). Broader tuning is expected to correlate with impaired

behavioral discrimination of sensory stimuli, and such impairments

have been observed for tactile stimuli (33, 34, 206), and for visual

orientation (40) across several ASD mouse models.

Topographic maps are another important feature of primary

sensory cortices and are also impacted in multiple ASD mouse

models. The somatotopic whisker map is blurred in Fmr1–/– mice

(53, 97, 157, 179), and the tonotopic map in the auditory cortex

is blurred in Mecp2 overexpression mice (98), Fmr1–/– mice (94)

and in the VPA rat model (96). The binocular area of V1 is

expanded in En2 null mice (83). These examples of blurring or

altered map topography are consistent with alterations in map

topography in humans with ASD (110, 111). Thus, ASD mouse

models commonly show broadened single-neuron sensory tuning

and blurred or altered sensory maps. These phenotypes are likely to

result in impairments in sensory discrimination.

Other aspects of neural coding are also disrupted in multiple

ASD mouse models, including abnormal sensory adaptation in

Fmr1–/– mice (37), which can be rescued by PV cell activation

(61), and abnormal firing synchrony between neurons in local

networks in Fmr1 and Cntnap2 null mice (100–105). Decoding

of sensory information by downstream regions may be impaired

by abnormal activity correlations across areas, which have been

observed in Shank3 null macaques and in humans with ASD

(207, 208), and abnormal gamma rhythms, as observed in Fmr1

and Cntnap2 null mice and in people with fragile X syndrome

(104, 144, 145, 180, 209).

Thus, degraded neural coding is evident on multiple levels

across many mouse models, even when sensory-evoked firing rates

are near normal. These coding deficits are predicted to reduce

the amount of sensory information available for detection and

discrimination at the level of the primary sensory cortex, which

may create a dim, blurred, or confusing sensory world. Across

ASD mice, there is no single uniform type of coding degradation,

but degraded sensory tuning and blurred maps are the most

common. These phenotypes are predicted either from an acute lack

of PV inhibition that normally sharpens sensory tuning or from

a developmental failure of experience-dependent strengthening,

refinement, and consolidation of synapses during critical periods.

In the latter case, sensory enrichment or training that engages

natural plasticity mechanisms could potentially restore coding

precision, perhaps in concert with treatments that enhance the

capacity for synaptic plasticity.

What are we missing beyond the primary
sensory cortex?

In this review, we have only considered circuit and coding

abnormalities in the primary sensory cortex, but other brain

areas are also likely to contribute to ASD sensory phenotypes.

For example, multiple ASD mouse models show hyperexcitability

in peripheral somatosensory receptor neurons that contribute

to behavioral touch hypersensitivity and may drive downstream

circuit changes in the somatosensory cortex, including homeostatic

changes to compensate for the increased upstream sensory drive

(35). These peripheral sensory changes could also drive secondary

social behavioral impairments due to distorted or aversive touch-

related social cues during critical periods for social behavior

(27). Other subcortical sensory circuits could contribute to

elevated sensory responsiveness in ASD, potentially including

the brainstem, amygdala, or cerebellum (which builds ongoing

predictive models of sensory input).

We also did not review theories of abnormal functional

connectivity between brain areas, which have been suggested by

fMRI and EEG studies in people with ASD. Such abnormalities

could alter the propagation and integration of sensory information

in the brain, but they include a wide variety of phenotypes

across brain areas and ages (210) and are currently difficult

to map onto underlying circuit mechanisms. One interesting

form of this theory is that sensory impairments in autism arise

from atypical hierarchical processing, in which there is an over-

reliance on bottom-up sensory processing and weakened top-down

modulation, leading to impaired ability to contextualize sensory

input (31, 211). While this idea has some interesting support (212),

the prevalence, circuit mechanisms, and functional consequences

remain unclear.

Synthesis: convergence and clustering
across ASD mouse models

The circuit, coding, and behavioral phenotypes for the best-

studied ASDmouse models presented above are plotted in Figure 2

as a means of visualizing convergence and clustering across mouse

models. This analysis also allows predictive relationships between

theories to be visualized. Results are separated into two logical

streams in order to better visualize associations. Each stream

focuses on a different potential effect of inhibition on circuit

function, neural coding, and sensory behavior.
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Stream 1—circuit properties related to
sensory tuning and discrimination

PV circuits impact the sensory tuning of pyramidal cells. This

occurs both during development, where PV inhibition gates the

critical periods that refine excitatory circuits to create appropriate

sensory tuning and sensory maps, and in the adult brain, where

PV inhibition is recruited by sensory stimuli and acts to acutely

sharpen PYR cell sensory tuning. Thus, abnormal PV circuit

function in ASD, either in development or adulthood, may be

expected to alter the sensory tuning of pyramidal cells, which

in turn is likely to impact sensory discrimination behavior.

To test for these relationships, the first stream plots the E–I

ratio, PV function, critical periods, sensory tuning, and sensory

discrimination behavior, including both innate (e.g., texture

novel object recognition) and operantly trained discrimination

behavior.

Key lessons from this analysis:

1. “PV hypofunction” and “weak or immature excitation”

clusters. By examining E–I ratio, PV circuit function, and

critical period plasticity, two clusters of mouse models emerge.

the first cluster (Shank3B–/–, Fmr1–/–, Ube3Am–/p+, and

Cntnap2–/–) shows elevated E–I ratio, weakened PV circuits,

and delayed or impaired critical periods, which is a predicted

consequence of PV hypofunction. This may be considered a

“PV hypofunction” cluster, and Scn1a+/– is likely to also be in

this cluster. The second cluster (Mecp2–/– and Syngap1+/–)

shows the opposite effects: decreased E–I ratio and accelerated

early closure of critical periods, sometimes with hyperfunction

of PV cells (Mecp2–/–), but not always (Syngap1+/–). This

may be considered a “weak or immature excitation” cluster.

2. All models show impaired sensory discrimination behavior.

This behavioral phenotype can arise through different

circuit mechanisms because it is associated with both PV

hypofunction and weak excitation clusters.

3. Degraded sensory tuning is common and predicts impaired

discrimination behavior. Multiple ASD models show

degraded sensory tuning in the sensory cortex (and also

blurred maps, not explicitly plotted in the figure). All of

these models show impaired sensory discrimination. These

are likely to be causally linked because degraded tuning

reduces the information available in neural population codes

to support sensory discrimination, and circuit manipulation

in the primary sensory cortex that restores neural tuning

can rescue behavioral discrimination phenotypes (40).

Mouse models from both the PV hypofunction cluster and

the weak excitation cluster can show degraded sensory

coding, suggesting this is a common failure mode of cortical

development or computation.

Stream 2—circuit properties related to
signal-to-noise ratio and sensory detection

PV circuits, and inhibition more generally, also impact

spontaneous firing and the gain and signal-to-noise ratio of

sensory-evoked responses. These aspects of neural coding are

essential for stimulus detection. Thus, abnormal PV circuit

function or abnormal inhibition in ASD may be expected to

alter sensory detection behavior (for example, to generate sensory

hypersensitivity, as in the original E–I ratio hypothesis). To test

for these relationships, the second stream plots the E–I ratio,

PV function, sensory-evoked spike rate, and sensory detection

behavior, including both innate sensory detection behavior (e.g.,

paw withdrawal to a calibrated touch stimulus or acoustic startle)

and operantly trained detection behavior.

Key lessons from this analysis:

1. Elevated E–I ratio and PV hypofunction do not predict

excess PYR spiking. Instead, somemodels show excess spiking

(although not in all studies or all brain areas), and others

show normal or decreased spiking. The strongest or most

consistent excess spiking phenotypes are in Shank3+/– and in

some but not all sensory cortical areas in Fmr1–/y. Scn1a+/–

has highly elevated spontaneous activity and is also likely to

exhibit excess spiking, but this has not been tested. Other

models show clear evidence for normal or decreased spiking.

Among the mouse models with reduced E–I ratio (i.e., those

in the “weak or immature excitation” cluster (Syngap1+/– and

Mecp2–/–), there is a trend toward lower PYR spiking, but this

is also not absolute. Thus, while some phenotypic clustering

exists at the level of E-I ratio and PV function, there is no clear

convergence at the level of PYR firing rates in the sensory

cortex. Those models that show excess spiking may be those

in which gene mutation decreases PV and other interneuron

functions most dramatically, perhaps via direct regulation

of interneuron intrinsic excitability (e.g., Shank3B+/–

and Scn1a+/–), or in which gene mutation also impairs

synaptic and cellular homeostasis, so that firing rate cannot

be normalized by homeostatic mechanisms (e.g., Fmr1–/y

and Shank3B–/–).

2. Innate sensory detection behavior is uniformly elevated,

whether the sensory-evoked firing rate is increased or not.

Innate detection behavior is enhanced across all ASD models

in this review (i.e., lower detection thresholds or heightened

behavioral responses). This occurs independent of whether the

sensory-evoked firing rate is elevated in the sensory cortex or

not. We suggest that this is because innate detection behaviors

are often not cortically dependent, so this enhancement

may be driven by subcortical circuit alterations in ASD (35),

or by the breakdown of cortical modulation of subcortical

circuits. Operant sensory detection behavior is more variable,

sometimes being enhanced (e.g., Shank3B–/–) and sometimes

being reduced (e.g., Syngap1+/– and Cntnap2–/–). While

operant sensory detection behavior correlates well with PYR

spike rates in the sensory cortex, innate sensory detection

behavior does not. Overall, only a few mouse models show

consistent elevation (Shank3B–/–) or reduction (Syngap1+/–)

at all three levels of E–I ratio, PYR spiking, and sensory

behavioral detection.

Strikingly, the literature reveals a consistent pattern of degraded

sensory discrimination behavior but enhanced innate detection

behavior across all ASD mouse models that have been tested.
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Why might this pattern exist? We hypothesize that because

sensory discrimination behavior is typically cortically mediated,

impaired discrimination reflects degraded sensory coding that

is common in the sensory cortex across many ASD models.

In contrast, innate detection behavior is often not cortically

dependent, and Stream 2 shows that innate detection phenotypes

do not correlate with spiking phenotypes in the sensory cortex.

Thus, enhanced sensitivity for innate detection behaviors may not

reflect excess cortical spiking but hypersensitivity of subcortical

sensory pathways, which is known to occur in several ASD

models (35). These severe syndromic forms of ASD may therefore

reflect degraded cortical function, with the enhancement of

subcortically driven behaviors due to loss of cortical modulation.

Alternatively, discrimination behavior could be impaired simply

because discrimination is more processing-intensive than detection

and would be more affected by any minimal circuit dysfunction.

This meta-analysis reveals common circuit and sensory features

across ASD mouse models and the presence of phenotypic

clusters based on neurophysiology that can be labeled as “PV

hypofunction” vs. “weak/immature excitation.” Ideally, future

research will attempt to fill in the gaps across these mouse

models and identify other patterns of convergence. Notably, recent

studies are attempting to address this problem in individuals

with autism by integrating large genetic datasets, functional

connectivity studies, and sensory behavioral profiles to determine

whether the expression of ASD-related genes can predict clusters

of neuropathophysiology and behavior (15, 213, 214). Such

approaches leverage the massive amounts of data available and

newly developed machine learning tools but rely heavily on being

able to compare and normalize data across studies (215). Thus,

a key aspect of future research in human and mouse models

is the creation and usage of standardized quantitative sensory

behavior assays that integrate and compare naturalistic stimuli

with social and non-social valence. Understanding convergence

and divergence is decidedly useful from a therapeutic standpoint, as

it may allow us to predict which individuals will benefit from which

therapies. Moreover, by identifying shared domains of impairment

in syndromic models the autism field can establish biomarkers of

different forms of circuit impairment, which could be applied to

stratify candidates with idiopathic autism into particular clusters of

ASD pathophysiology and inform treatments options.
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