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ABSTRACT OF THE DISSERTATION 

 

Impaired sensory adaptation  

in the Fmr1-/- mouse model of autism 

 
by 

 
Cynthia He 

Doctor of Philosophy in Neuroscience 

University of California, Los Angeles, 2017 

Professor Carlos Portera-Cailliau, Chair 

 

Sensory overreactivity is a common symptom in autism spectrum disorders (ASDs), including 

Fragile X Syndrome (FXS), and frequently leads to tactile defensiveness.  In mouse models of 

ASDs, there is mounting evidence of neuronal and circuit hyperexcitability in several brain 

regions, which could contribute to sensory hypersensitivity.  However, it is not yet known 

whether or how sensory stimulation might trigger abnormal sensory processing at the circuit 

level or abnormal behavioral responses in ASD mouse models, especially during an early 

developmental time when experience-dependent plasticity shapes such circuits.  Using a new 

behavioral assay, we discovered exaggerated motor responses to whisker stimulation in young 

Fmr1-/- mice (postnatal days (P) 14-16), a model of FXS.  Adult Fmr1-/- mice actively avoided 

the same stimulus, a sign of tactile defensiveness.  Using a novel protocol for expressing and 

imaging GCaMP6s in L2/3 barrel cortex neurons of early postnatal mice, we found no 

differences between wild-type and Fmr1-/- mice in overall whisker-evoked activity, though 45% 
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fewer neurons in young Fmr1-/- mice responded in a time-locked manner.  Notably, we identified 

a pronounced deficit in neuronal adaptation to repetitive whisker stimulation in both young and 

adult Fmr1-/- mice.  Thus, impaired adaptation in cortical sensory circuits is a potential cause of 

tactile defensiveness in autism. 
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Introduction 

  

 

 

One form, now another; one configuration, now another. 
Like fossils locked deep in the folds of my brain, 
outliving a time by telling its story. Like stars. 
 

---from “The Enigma,” by Anne Stevenson 
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Autism and sensory overreactivity 

Autism Spectrum Disorder (ASD) affects approximately 1 in 68 children in the United States 

(Christensen et al., 2016), with global prevalence estimated as 1% (Lai et al., 2014).  This 

behavioral syndrome was originally described by Leo Kanner in 1943 (Kanner, 1943) and Hans 

Asperger in 1944 (Asperger, 1944).  In their profiles of 11 and 4 children, respectively, both 

Kanner and Asperger described in exacting detail their subjects’ difficulties with interpersonal 

communication and emotional expression, as well as an obsessive insistence on routines, all 

apparent at young ages and persisting over time.  As Kanner wrote: “The outstanding, 

“pathognomonic,” fundamental disorder is the children’s inability to relate themselves in the 

ordinary way to people and situations from the beginning of life”; and, “The child’s behavior is 

governed by an anxiously obsessive desire for the maintenance of sameness that nobody but the 

child himself may disrupt on rare occasions” (Kanner, 1943).  Seventy years later, the American 

Psychiatric Association’s Diagnostic and Statistical Manual (Fifth Edition) defined ASD using 

criteria that strikingly reflect Kanner and Asperger’s original descriptions: 1) “persistent deficits 

in social communication and social interaction across multiple contexts,” and 2) “restricted, 

repetitive patterns of behavior, interests, or activities,” beginning during early development and 

causing functional impairment (American Psychiatric Assocation, 2013).  Other frequent 

comorbidities include aggression, intellectual disability, attention deficit hyperactivity disorder, 

epilepsy, motor abnormalities, and gastrointestinal and sleep disturbances (Lai et al., 2014). 

One DSM-defined sub-feature of restricted and repetitive behavioral patterns in ASD is sensory 

dysfunction hyperreactivity, hyporeactivity, or “unusual interest in sensory aspects of the 

environment” (American Psychiatric Assocation, 2013).  Indeed, sensory dysfunction, especially 



3 
 

hypersensitivity causing overreactivity, occurs in 56-70% of individuals with ASD (Marco et al., 

2011; Green et al., 2015).  Sensory overreactivity commonly affects auditory, tactile, or visual 

processing, as well as multisensory integration, and may present as defensiveness, avoidance, or 

even sensory-seeking behavior (Marco et al., 2011; Green et al., 2015; Sinclair et al., 2016).  One 

study of sensory and attentional dysfunction in 144 children with ASD found correlations 

between sensory overreactivity and social symptoms, as well as perseveration impairments (Liss 

et al., 2006).  Indeed, sensory overreactivity that begins early in life likely contributes to other 

ASD symptoms, such as anxiety, hyperarousal and sleep disturbances, attention deficit, 

stereotyped behaviors or rituals, language delay, and learning difficulties (Ben-Sasson et al., 

2007; Marco et al., 2011; Sinclair et al., 2016), and is thus a symptom of central significance in 

autism. 

Over these seventy years, diagnostic sensitivity for autism has increased, with earlier clinical 

assessment and detection of atypical development enabling early interventions (Zwaigenbaum et 

al., 2015).  However, treatments still rely primarily on behavioral therapies such as applied 

behavior analysis, structured teaching, and parent-mediated intervention, all of which aim to 

improve a child’s cognitive, social, and emotional development and adaptive skills (Lai et al., 

2014).  Medications are used as adjunctive treatments for specific symptoms, such as 

antipsychotic drugs (risperidone) to reduce aggressive behaviors or stimulants (methylphenidate) 

to treat attention-deficit hyperactivity (Lai et al., 2014).  None of these agents are disease-

modifying, nor are they specific for autistic dysfunctions.  The potential for adverse effects – 

both known and unknown – when these drugs are administered to young children provides 

significant cause for concern, as well as additional impetus to develop treatments targeted to 

ASD and its subsidiary functional deficits. 
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The origins of ASD are complex, involving a significant but multifactorial genetic component as 

well as epigenetic and environmental factors, which can converge, through neurobiological 

mechanisms still largely unclear, onto a wide range of clinical phenotypes (Lai et al., 2014; 

Parikshak et al., 2016).  Because autism is a disorder of early neurodevelopment, with 

pathophysiological changes beginning in the gestational period (Ben-Ari, 2015), a truly disease-

modifying treatment might have to be administered prenatally, or at least at a very young age.  

However, specific functional deficits such as repetitive behaviors, communication deficits, or 

sensory hyperreactivity are not consolidated until the postnatal period, under the influence of 

environmental cues and experience-dependent plasticity, and these deficits form a unique 

constellation in each affected child.  It has been suggested that phenotypic heterogeneity in 

autism might not reflect only unique genetic or cellular pathologies, but rather a perturbation of 

network properties that emerge when neurons interact (Belmonte et al., 2004).  As postulated by 

Liss and others, sensory overreactivity could be explained as a response to “overarousal” or 

“overexcitement” at the level of neural networks (Liss et al., 2006).  Similarly, Markram & 

Markram have presented the “Intense World Theory” of ASD, wherein genetic predisposition, 

environmental influences, and/or toxic insult result in molecular pathologies that alter gene 

expression pathways.  These molecular and cellular changes lead to hyperreactivity and 

hyperplasticity of neural microcircuits within multiple brain regions, hyperconnectivity between 

brain regions, and a variety of cognitive and functional changes including hypersensitivity, 

hyperattention, and hyperfear.  According to this theory, the ultimate result of all of this “hyper-

ing” is the child’s perception of an overly intense and aversive world, to which the child 

responds with the clinically defined repetitiveness and social communication difficulty or 

withdrawal (Markram and Markram, 2010). 
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Because of ASD’s molecular and phenotypic heterogeneity and the role of experience in shaping 

neurodevelopment, the development of effective treatments for specific functional deficits in 

ASD will likely require understanding the circuit-level alterations involved, including whether 

circuits are in fact “hyperreactive” or “overexcited.”  Electrophysiological studies (EEG) in 

children and adults with ASD have found some evidence, though inconsistent, for altered 

auditory brainstem responses, primary auditory cortex event-related potentials, gamma power, 

and gamma phase-locking (Marco et al., 2011; Sinclair et al., 2016).  More strikingly, fMRI 

studies of children with ASD have showed increased resting-state functional connectivity and 

exposure-based activation in primary sensory cortical areas and the amygdala in response to 

visual, auditory, and tactile stimuli, with heightened activity correlating with parent-rated 

sensory overreactivity (Green et al., 2013, 2015, 2016).  While these studies are crucial for 

evaluating network-level correlates of sensory dysfunction in humans, the EEG and fMRI 

methodologies lack single-neuron or microcircuit spatial resolution.  To record network activity 

in vivo, with cellular resolution, the transgenic mouse models of the inherited or syndromic 

forms of ASD are particularly useful contexts within which to study circuit dysfunction related to 

autistic phenotypes (Gonçalves et al., 2013; Lu et al., 2016). 

 

Fragile X Syndrome as a paradigm for studying autistic sensory overreactivity 

In 1943, geneticists James Purdon Martin and Julia Bell described a sex-linked disorder of 

“mental deficiency” in eleven affected males within a single family, all born to apparently 

unaffected mothers (Martin and Bell, 1943).  Based on their pedigree study, the authors 
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hypothesized a sex-linked recessive transmission.  Over two decades later, Herbert Lubs used 

karyotyping in a study of four related males with mental retardation and described in their X 

chromosomes, as well as those of several unaffected relatives, a secondary constriction of the 

long arms (Lubs, 1969).  His theory that the observed mental retardation was due to X-linked 

inheritance of this “marker X chromosome [….] a new type of cytogenetic abnormality in man” 

(Lubs, 1969) was borne out by subsequent work confirming the “fragile” chromosomal defect 

(Sutherland, 1977) and, crucially, demonstrating that the original probands described by Martin 

& Bell and other members of the same family in fact carried the fragile X chromosome (Richards 

et al., 1981).  As a result the disorder of “X-linked mental retardation associated with terminal X-

chromosome constriction” was given the name Martin-Bell Syndrome (Richards et al., 1981), 

but has become commonly known as Fragile X Syndrome (FXS). 

FXS presently affects roughly 1:5000 males and 1:2500-8000 females (Tassone, 2014).  This 

disorder is molecularly defined by a trinucleotide CGG repeat expansion in the 5’ untranslated 

region of the Fmr1 gene on the X chromosome, identified as the genetic cause in 1991 (Pieretti 

et al., 1991).  The Fmr1 gene normally contains fewer than 55 CGG repeats, and repeat 

expansion into a range of 55-200 is considered a premutation allele (Hagerman et al., 2010; 

Santoro et al., 2012).  Premutation carriers are susceptible to Fragile X-Associated 

Tremor/Ataxia Syndrome, as well as premature ovarian insufficiency in female carriers 

(Wattendorf and Muenke, 2005).  The chance of repeat expansion from a premutation to 

mutation allele during maternal transmission correlates with the maternal allele size (Fu et al., 

1991).  An expansion above 200 CGG repeats crosses the full mutation and syndrome threshold, 

causing transcriptional silencing of Fmr1 and subsequent loss or reduction of Fragile X mental 

retardation protein (FMRP).  FMRP is a RNA-binding protein that, in the brain, normally 
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represses the translation of key synaptic proteins.  However, Fmr1 is also expressed throughout 

the body, and physical manifestations of FXS include elongation of the face; enlargement of the 

jaw, ears, and testes; and connective tissue abnormalities including mitral valve prolapse and 

hyperextensible joints (Wattendorf and Muenke, 2005; Tassone, 2014).  

FXS is the most common single-gene cause of ASD and intellectual disability, accounting for 

approximately 2% of ASD cases (Bailey et al., 1993; Wassink et al., 2001; Reddy, 2005).  

Genomic studies have revealed that a large set of FMRP-associated genes shows high overlap 

with autism target genes (Iossifov et al., 2012), and that translational regulation by FMRP is 

important in a variety of molecular pathways that are affected by ASD-related mutations 

(Parikshak et al., 2013).  Of individuals with FXS, 30-60% have autism or an autism spectrum 

disorder (Harris et al., 2008; Hagerman et al., 2014; Richards et al., 2015), and up to 90% present 

a notable degree of autistic symptoms (Harris et al., 2008; Wheeler et al., 2015).  Accordingly, 

FXS is particularly compelling as a prototypical neurodevelopmental disorder in which to study 

circuit mechanisms underlying altered sensory processing. 

The neurodevelopmental manifestations of FXS include intellectual disability, language delay, 

anxiety, and hyperactivity, as well as a number of autistic traits such as social phobia (Butler et 

al., 1991; Hagerman et al., 1991).  The vast majority of FXS patients exhibit some degree of 

hyperarousal to sensory stimuli and, in particular, tactile defensiveness: an aversion to touch or 

tactile stimuli, often presenting in children as strong dislike or protest of clothing seams, rough 

fabrics, touch on the face, or tooth brushing (Butler et al., 1991; Goldsmith et al., 2006).  One 

longitudinal study of sensory dysfunction in boys with FXS between ages 9 months and 60 

months found that parent-reported sensory hyporesponsiveness or passivity around ages 9-12 
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months tended to precede the emergence of hyperresponsiveness behaviors, and that the latter 

tended to increase as the child reached preschool age (Baranek et al., 2008).  It is certainly 

possible that infants with FXS might be overwhelmed by sensory stimuli and thus reluctant to 

interact with their environment, but are also unable to communicate their discomfort.  This might 

result in the apparent passivity at 9-12 months, which then transitions into recognizable 

hyperresponsiveness as the child becomes more behaviorally mature (Baranek et al., 2008). 

EEG studies of sensory processing in humans with FXS have yielded more consistent results 

than studies of humans with ASD of more varied etiology.  At baseline, individuals with FXS 

have showed decreased alpha power and functional connectivity, with increased theta power and 

functional connectivity (Sinclair et al., 2016).  In addition to acoustic startle tests showing 

disrupted prepulse inhibition in individuals with FXS, EEG studies in children and adults with 

FXS have found an increased amplitude of the N1 component of auditory event-related 

potentials (ERPs), reduced or absent N1 habituation, and increased gamma power with reduced 

phase-locking (Castren et al., 2003; Van der Molen et al., 2012; Ethridge et al., 2016; Sinclair et 

al., 2016).  These findings suggest differences in both spontaneous and sensory-evoked activity 

of neocortical circuits involved in sensory processing in FXS. 

 

Circuit-level alterations in the Fmr1-/- mouse model of FXS 

The detailed study of circuit dysfunction in FXS requires an animal model with a similar 

phenotype to the human disease.  In mice, the Fmr1 gene, mRNA, amino acid sequence, and 

protein expression levels are relatively similar to those of the human, providing a biochemical 
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justification for a mouse with silenced Fmr1 to model FXS (Bakker et al., 1994).  This mouse 

was originally developed and characterized by the Dutch-Belgian Fragile X Consortium (Bakker 

et al., 1994).  In brief, embryonic stem cells were transfected with a targeting vector containing 

disrupted murine Fmr1 DNA.  Stem cells with successful homologous recombination were 

injected into blastocysts, which were then implanted into pseudopregnant female C57BL/6J 

mice.  The chimeric males among the F0 offspring were then crossed to wild-type (WT) females 

to yield F1 Fmr1+/- females, which were crossed to both WT and chimeric males to yield F2 

Fmr1-/- males and females, respectively (Bakker et al., 1994).  The initial characterization of 

these animals noted a loss of the WT Fmr1 allele, as well as a lack of Fmr1 mRNA and FMRP 

(Bakker et al., 1994).  A later characterization found that this mouse may not be a true molecular 

null, and instead does have a low level of residual Fmr1 mRNA expression and alternatively 

spliced protein products (Yan et al., 2004; Mientjes et al., 2006).  This residual expression may 

in fact be a useful reflection of molecular variability in humans with FXS, who can have varying 

residual levels of FMRP due to mosaicism, full or partial methylation status, or X-inactivation in 

women (de Vries et al., 2003; Jacquemont et al., 2011, 2014). 

In humans, repeat instability during oogenesis can lead to expansion from a premutation allele to 

a full mutation allele, wherein the CGG repeats and Fmr1 promoter are methylated, causing 

chromatin condensation and transcriptional silencing (Santoro et al., 2012).  Mouse models 

carrying premutation or mutation-size Fmr1 alleles have demonstrated repeat instability and 

repeat expansion; however, even with 230 CGG repeats, these models have failed to show 

methylation and transcriptional silencing of the Fmr1 gene (Brouwer et al., 2007; Entezam et al., 

2007). As such, the Fmr1 knockout much more effectively mirrors the loss or near-loss of FMRP 

seen in FXS. 



10 
 

Despite the differences in molecular pathology between FXS and the Fmr1-/- mouse, this mouse 

is particularly useful for studying the human disease because, in addition to macroorchidism, it 

exhibits behavioral deficits remarkably analogous to human symptoms.  These deficits include 

deficits in spatial learning, abnormal social behavior, hyperactivity, audiogenic seizures, and 

increased auditory and air puff startle (Table 1) (Bernardet and Crusio, 2006; Contractor et al., 

2015; Orefice et al., 2016).  Of note, several of the behavioral phenotypes are dependent on the 

mouse’s background strain; for instance, the increased startle responses were described in 

C57/BL6J Fmr1-/- mice (Zhang et al., 2014; Orefice et al., 2016), as was the increased motor 

stereotypy and marble burying (Spencer et al., 2011), while increased audiogenic seizures are a 

hallmark of the FVB Fmr1-/- mice (Bernardet and Crusio, 2006).  EEG and electrophysiological 

studies in adult mice have also found, similarly to human studies, reduced N1 habituation in 

auditory cortex and reduced gamma frequency synchrony in the somatosensory cortex (Gibson et 

al., 2008; Lovelace et al., 2016). 

Table 1: Behavioral phenotypes in FXS and Fmr1-/- mice
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The expression of Fmr1 is developmentally regulated and normally peaks during the second 

postnatal week in the mouse cortex and the second to fourth postnatal weeks in mouse 

hippocampus (Meredith et al., 2012).  Because this expression timing coincides with critical 

periods for cortical network development and experience-dependent plasticity, it stands to reason 

that the loss or reduction of FMRP during development could have massive effects on synaptic 

and circuit function, both during early development and in adulthood.  Indeed, the Fmr1-/- mouse 

shows alterations in activity-dependent synaptic plasticity at P4-7 (Harlow et al., 2010) and 

delayed pruning of axonal arbors at P14 (Bureau et al., 2008), as well as delayed stabilization 

and immature morphology of spines at P10-12 and in adulthood (Cruz-Martín et al., 2010; Pan et 

al., 2010; He and Portera-Cailliau, 2013; Padmashri et al., 2013).  In addition, circuit-level 

studies have found a delay in the developmental GABA polarity switch (He et al., 2014), as well 

as a delay in the developmental desynchronization of cortical neurons at P14-16 (Gonçalves et 

al., 2013).  It is clear that the Fmr1-/- mouse displays a variety of neuronal defects that contribute 

to delayed circuit maturation (Contractor et al., 2015).   

It is still unclear how the many abnormalities in synapses or circuits give rise to specific 

behavioral and functional abnormalities in the Fmr1-/- mouse, just as the pathogenesis of FXS 

and ASD behavioral deficits remain unparsed.  One long-standing hypothesis regarding the 

pathogenesis of FXS is the mGluR theory, based on observations that the Fmr1-/- mouse exhibits 

dysregulated metabotropic glutamate receptor (mGluR) 5-dependent long-term depression 

(Huber et al., 2000), and that several behavioral and synaptic phenotypes can be rescued by 

genetic reduction of mGluR or administration of mGluR5 antagonists (Chuang et al., 2005; Yan 

et al., 2005; Dölen et al., 2007; Michalon et al., 2012).  Unfortunately, Phase 2 clinical trials of 

two mGluR5 antagonists, AFQ056 (mavoglurant) and RG7090 (basimglurant), were 
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discontinued in 2014 because they failed to demonstrate therapeutic efficacy in adolescents and 

adults with FXS (FRAXA, 2014; Santarelli, 2014).  Another theory of FXS is the GABA theory, 

which argues that Fmr1-/- mice show reduced expression of GABAA receptors, a loss of 

parvalbumin neurons in neocortex, and reduced tonic inhibition in the amygdala, which cause 

excess excitability of neurons and may contribute to the anxiety and seizures in children with 

FXS (D’Hulst and Kooy, 2007; Selby et al., 2007; Pfeiffer and Huber, 2009; Olmos-Serrano et 

al., 2010).  However, a Phase 2 clinical trial of the GABA agonist STX209 (arbaclofen) also 

failed to demonstrate therapeutic efficacy (Berry-Kravis et al., 2012).  

Factors which may have contributed to the lack of clinical trial success include the heterogeneity 

of patient populations, differences between dosages effective in mice and dosages administered 

to human subjects, subjects being older than the critical ages for circuit plasticity, a dearth of 

clear biomarkers for measuring treatment response, and a reliance on parental assessment of 

symptoms (Mullard, 2015).  Improved study design for ongoing and future evaluations of 

mGluR5 and GABA modulators is certainly necessary.  At the same time, these are unlikely to 

be the only dysregulated pathways in FXS.  The development of effective treatments for FXS 

will certainly require investigation of other pathways that may provide therapeutic targets.  

Additionally, investigation of how neuronal connectivity is abnormal at the level of circuits and 

networks in the Fmr1-/- mouse can not only fill the gap of understanding between subcellular 

changes and behavioral deficits in FXS, but can also identify circuit-level biomarkers that could 

be used to more effectively measure treatment efficacy.  These circuit-level phenotypes should 

also ideally be linked to behavioral phenotypes that more accurately represent functional deficits 

in humans. 
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Rationale for the thesis research 

Many studies in Fmr1-/- mice have revealed increases in neuronal and circuit excitability, 

including increased intrinsic excitability, reduced inhibition, and network hypersynchrony 

(Contractor et al., 2015).  However, how such hyperexcitability leads to behavioral sensory 

hypersensitivity, or whether Fmr1-/- mice even exhibit an avoidance response to tactile stimuli 

akin to the sensory overreactivity seen in humans, has not been studied.  Moreover, because FXS 

and ASD present in childhood, circuit and network activity should be studied in young Fmr1-/- 

mice.  However, the vast majority of behavioral phenotyping in the Fmr1-/- model has used adult 

animals (Bernardet and Crusio, 2006), potentially because of the technical challenges in 

performing experiments with young animals.  Our lab previously reported that during normal 

development, layer (L) 2/3 neurons of the mouse barrel cortex, which processes whisker input, 

show abnormally high network synchrony and spontaneous firing during early development, 

providing evidence of circuit hyperexcitability during a critical period at postnatal day (P) 14-16 

(Gonçalves et al., 2013).  We believe that this network hyperexcitability could result in 

exaggerated neuronal responses to sensory stimuli and contribute to the sensory hypersensitivity 

symptoms of children with FXS. 

I have taken a circuit-to-symptom approach, or rather, a symptom-to-circuit approach, in my 

studies: beginning with a particular functional deficit in humans with FXS and examining its 

correlate in the animal model, as well as examining neuronal activity changes that are likely 

related to the behavioral dysfunction.  I tested the hypothesis that specific abnormalities in 
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sensory-evoked network activity in primary somatosensory cortex are associated with tactile 

defensiveness in Fmr1-/- mice.  I sought to answer the following questions: do Fmr1-/- mice 

display an impaired behavioral response to whisker stimulation, i.e., an avoidance motor 

response akin to tactile defensiveness? What are the circuit-level correlates of sensory 

hypersensitivity in neocortex that give rise to the tactile defensiveness? 

In Chapter 1, I describe our novel behavioral screen for tactile defensiveness in young and adult 

wild-type (WT) and Fmr1-/- mice.  In Chapter 2, I describe our novel protocol for expression of 

the genetically encoded calcium indicator GCaMP6s in early postnatal mice.  This protocol 

enabled our in vivo two-photon imaging study of whisker-evoked activity in L2/3 neurons in 

barrel cortex, described in Chapter 3.  Chapter 4 contains a discussion of our findings.  Detailed 

methods are presented at the end of each chapter, along with an appendix describing the 

statistical approach and considerations.  
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Chapter 1 

A behavioral assay for tactile defensiveness 
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The whiskers of rodents enable surface detection, texture discrimination, and navigation 

(Petersen, 2007).  The necessity of whiskers for rodent navigation was conclusively 

demonstrated over a century ago by Stella Burnham Vincent in her doctoral research (Vincent, 

1912).  As rodents are nocturnal, relying heavily on somatosensation over visualization 

(Diamond et al., 2008), Vincent included in her work “a plea for more experimentation involving 

the cutaneous senses and a protest against the conclusiveness of the analyses of the mental 

processes of animals when based upon investigations which require the use of the weakest and 

most defective sense [of vision]” (Vincent, 1912).  Whereas humans also use somatosensory 

inputs derived from contact with hairs on the skin and the skin itself, somatosensation is arguably 

a weaker sense for many of us, compared with vision and hearing.  Nevertheless, the clear 

phenotype of tactile hypersensitivity and defensiveness in FXS and other ASDs makes it highly 

relevant to study behavioral responses to tactile stimulation in rodent models of disease. 

Because sensory hypersensitivity and tactile defensiveness in FXS and autism present in early 

childhood, we focused our initial studies on young mice at P14-16.  This is a critical period when 

sensory experience drastically shapes cortical circuits, as mice open their eyes and begin actively 

whisking (Arakawa and Erzurumlu, 2015).  As far as the maturation of brain circuits involved in 

sensory processing, P14-16 in mice grossly corresponds to the human period between the third 

trimester and the earliest months of life (Workman et al., 2013). 

We first considered whether Fmr1-/- mice might display an avoidance response to whisker 

stimulation that is reminiscent of tactile defensiveness in humans with autism.  No previous 

study has assessed behavioral responses to whisker stimulation at P14-P16; instead, behavioral 

phenotyping of Fmr1-/- mice and other ASD models has relied on adult animals and on 
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assessments of acute startle response (Bernardet and Crusio, 2006; Orefice et al., 2016; Sinclair 

et al., 2016).  Thus, we developed an assay to detect abnormal behavioral responses to repetitive 

whisker stimulation (as an aversive tactile stimulus) in head-restrained animals and demonstrated 

its utility for testing avoidance in both young (P14-16) and adult (P35-41) mice.  The animals 

were awake and head-fixed but able to run freely on a floating polystyrene ball treadmill (Fig. 

1a, see Methods).  After a 3 min baseline, we performed a sham stimulation trial during which a 

flexible wire stimulator was placed in front of the mouse but out of whisker range, to control for 

any visual startle.  The stimulation lasted 80 s and consisted of 20 sequential 1-s stimulations at 

10 Hz (anterior-posterior), with a 3 s inter-stimulus interval (ISI).  After the sham stimulation, 

the stimulator was intercalated between whiskers on the left snout, approximately 5 mm from the 

skin, and the same stimulation protocol was delivered. 

 

Exaggerated motor response to tactile stimulation in 2-week-old Fmr1-/- mice 

Because of their young age, not all of the P14-16 animals moved on the treadmill (Fig. 1b).  

Despite previous reports of hyperactivity in adult Fmr1-/- mice (Bernardet and Crusio, 2006), we 

did not find a significant difference in the total time spent moving between WT and Fmr1-/- mice 

during the 3 minute baseline period, in the absence of any sham or real (whisker) stimulation 

(17.1±16.7 s vs. 27.8±18.8 s, respectively; p=0.20 by rank-based two-group comparison with 

resampling, data not shown).  We also did not find increased time running over the 80-second 

sham or whisker stimulation periods (Fig. 1c).  However, we did find that compared to WT mice, 

a higher proportion of Fmr1-/- animals moved during both sham and whisker stimulation 
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conditions (13/21 during sham stimulation and 15/21 during whisker stimulation, vs. 7/21 and 

11/21 for the WT group, Fig. 1b).  This was the first hint that Fmr1-/- mice overreact to tactile 

stimulation. 

We developed this assay under the assumption that in head-fixed mice (both young and adult), 

increased locomotion might reflect an avoidance response to an aversive stimulus.  We 

hypothesized that young Fmr1-/- mice would show increased locomotion only to ongoing real 

whisker stimulation (as an escape response), whereas the behavior of WT mice would be the 

same for real and sham stimulation.  In other words, WT animals can habituate behaviorally to 

tactile stimulation, but Fmr1-/- mice cannot.  As such, we compared locomotion toward the end 

(last 20 s) of the sham stimulation versus the end of the real whisker stimulation.  We found that 

in WT, the total locomotion time was not different between the two (p=0.242 by paired two-

group comparison with Bonferroni correction, Fig. 1d).  In contrast, Fmr1-/- animals showed a 

clear increase in running during the end of the whisker stimulation (p=0.034), demonstrating a 

heightened reaction to the repeated tactile stimulation (Fig. 1d). 
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Figure 1:  

Increased locomotion of Fmr1-/- mice at P14-16 during repeated whisker stimulation 
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Fig. 1: Increased locomotion of Fmr1-/- mice at P14-16 during repeated whisker stimulation 

(a) Cartoon of behavioral assay setup (left) and timeline of protocol (right).  A whisker 

stimulator comb of flexible wires, moved by a piezoelectric actuator, was placed in front of 

but not in contact with the whiskers (sham) or intercalated between whiskers on the left snout 

(whisker stimulation) as shown. 

(b) Locomotion of WT and Fmr1-/- mice (n=21 per genotype), postnatal day (P)14-16, during 20 

sham and whisker stimulations (each 1 s with 3 s ISI).  Each row represents one animal; dark 

grey means mice were stationary, light grey means they were moving (see Methods).  

Colored heatmap shows summed running activity across all animals. 

(c) Total time spent running during entire 80 s of sham and whisker stimulations, for WT and 

Fmr1-/- mice.  In both (c) and (d), circles represent individual mice, bars represent group 

medians, and error bars represent first/third quartiles.  In (c), P-values from unpaired rank-

based two-group comparisons with 10,000 resamples and Bonferroni correction. 

(d) Total time spent running during last 20 s of sham and whisker stimulations, for WT and 

Fmr1-/- mice.  P-values from pairwise rank-based two-group comparisons with 10,000 

resamples and Bonferroni correction. 
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Evidence of tactile defensiveness in adult Fmr1-/- mice 

Because early postnatal mice have underdeveloped gross motor skills, we could not determine 

whether increased locomotion on the treadmill represented a true escape response.  Thus, we 

tested whether adult mice manifest a more obvious avoidance response, namely, steering away 

from the source of aversive stimulation.  We used a subset of the mice previously tested at P14-

16 and again assayed their behavioral responses to repetitive whisker stimulation at P35-41. 

Adult mice showed nearly constant running on the treadmill (Fig. 2a), with speeds comparable to 

those observed in the open field (Niell and Stryker, 2010).  The total time running during the 

sham or whisker stimulations was not different between genotypes (p=0.41 and p=1.00 by two-

group comparisons, Fig. 2b).  WT animals showed no significant differences in running direction 

during the entire 80 s of either sham or real whisker stimulation (p=1.00 for sham by two-group 

comparison, p=0.42 for real stimulation, Fig. 2c left).  In contrast, Fmr1-/- mice showed 

significantly more running away from (and less running toward) the stimulator during whisker 

stimulation (p=0.005, Fig. 2c left), whereas they showed no directionality during sham (p=1.000, 

Fig. 2c right).  Hence, adult Fmr1-/- mice display a clear avoidance behavior to repeated whisker 

stimulation, akin to tactile defensiveness.  
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Figure 2:  

Adult Fmr1-/- mice show tactile defensiveness during repeated whisker stimulation 
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Fig. 2: Adult Fmr1-/- mice show tactile defensiveness during repeated whisker stimulation 

(a) Running of WT (n=17) and Fmr1-/- (n=13) adult mice (P35-41) during repetitive sham and 

whisker stimulation (as in Fig. 1b). 

(b) Total time spent running during entire 80 s of sham and whisker stimulations, for WT and 

Fmr1-/- mice.  In (b-d), circles represent individual mice, bars represent group medians, and 

error bars represent first/third quartiles.  In (b), P-values from unpaired rank-based two-group 

comparisons with 10,000 resamples and Bonferroni correction. 

(c) Total time spent running toward (left) or away (right) from whisker stimulator for WT mice 

during the specified time bins.  P-values from pairwise rank-based two-group comparisons 

with 10,000 resamples and Bonferroni correction. 

(d) Total time spent running toward (left) or away (right) from whisker stimulator for Fmr1-/- 

mice during the specified time bins.  P-values from pairwise rank-based two-group 

comparisons with 10,000 resamples and Bonferroni correction. 

 

  



24 
 

METHODS 

 

Materials 

Unless otherwise noted, materials were purchased from Sigma-Aldrich. 

 

Experimental animals 

All experiments followed the U.S. National Institutes of Health guidelines for animal research, 

under an animal use protocol (ARC #2007-035) approved by the Chancellor's Animal Research 

Committee and Office for Animal Research Oversight at the University of California, Los 

Angeles.  All experiments used male and female FVB.129P2 WT mice (JAX line 004828) 

and Fmr1−/− mice (JAX line 004624) (Bakker et al., 1994) housed in a vivarium with a 12-h 

light-dark cycle.  Experiments were performed during the light cycle.  Animals were weaned at 

P21-22 and afterward housed with up to five mice per cage.  Before P21, pups were housed with 

their dam.  The FVB background was chosen because of its robust breeding, and because the 

FVB Fmr1−/− phenotype includes a predisposition to audiogenic seizures (Bernardet and Crusio, 

2006).  Due to the potentially stressful effects of surgeries on pups of early prenatal ages and 

their dams, homozygous litters were used to maximize survival by eliminating the possibility of 

littermates with different genotypes receiving unequal attention from the dam.  Experimenters 
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were aware of the genotype of the animals in each experiment, as homozygous litters were used.  

Both male and female animals were used. 

 

Tactile defensiveness assay in head-restrained mice 

We adapted the head-restrained paradigm as previously described (Dombeck et al., 2007), where 

animals are habituated to head restraint on a 200 mm polystyrene ball moving freely on an air 

cushion within a half-sphere polystyrene shell (Graham Sweet) (Fig. 1a).  The ball is covered 

with black dots, 1 cm diameter, hand-drawn with black permanent marker with 2-3 cm between 

dots.  The animal can choose to rest, whisk, or run freely in any direction, with minimal friction.  

For P14-16 experiments, titanium headbars were implanted at P10-12, and the pups were then 

habituated on the ball for 20 min/day for three consecutive days, with the earliest age of head 

restraint being P11 (Fig. 1a).  Before P11, we observed very little motion from the pups when on 

the ball.  As was previously observed in freely moving pups, not only do neonatal rodents 

strongly prefer huddling to free exploration in the first postnatal week, they develop exploratory 

behavior and bilateral whisking at P11-15 (Grant et al., 2012; van der Bourg et al., 2016).  For 

P35-41 experiments, 17 of the WT animals and 13 of the Fmr1-/- animals previously tested were 

re-habituated for four consecutive days before testing. 

On the test day, the animal was first placed on the ball for a 3 min baseline period.  Next we 

performed a sham stimulation trial in which the whisker stimulator was visibly moving, but just 

out of tactile range of the animal’s whiskers on its left side (Fig. 1a).  The stimulator consisted of 

a long, narrow comb of five slightly flexible wires descending from bent glass capillaries, which 
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were in turn attached to a piezoelectric actuator.  During the stimulation trial, the wires of the 

stimulator were intercalated between the animal’s whiskers.  Whisker bundling onto a glass 

capillary (as used during the imaging experiments) would not have been feasible here because 

the mouse could have damaged the capillary or unbundled some of its whiskers with its forepaw.  

The stimulation protocol consisted of a 10 s baseline followed by 20 whisker stimulations along 

the anterior-posterior direction (1 s long at 10 Hz), with a 3 s ISI, with the stimulations totaling 

80 s, ending with another 10 s baseline.  This protocol was created based on the fact that mice 

tend to whisk at 5-15 Hz for bouts of 1-4 s, and is consistent with published studies using a 

comparable frequency of 8 Hz (Mégevand et al., 2009) and 2-6 s ISI (Kerr et al., 2007; Heiss et 

al., 2008).  A fast infrared camera (Allied Vision Technologies GE680) was used to monitor ball 

motion and animal movements. 

A custom-written semi-automated video analysis routine was implemented in MATLAB to 

determine when the animal was moving/running vs. stationary (Fig. 1b and 2a).  The videos 

were carefully inspected to decide whether the animal was moving forward/backward or 

left/right (left = toward whisker stimulator, right = away from stimulator) for each one-second 

increment of video, based on the animal’s forelimb movements and the movement of dots on the 

ball (Fig. 2c).  Analysis of running during the “end” of the stimulation (Fig. 1d) included the last 

20 s of the stimulation, which covers the last five stimulations and is a time frame used during 

later imaging analysis. 
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Chapter 2 

Neonatal GCaMP injection for imaging of cortical circuit activity  

during development in awake mice 
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Fluorescent calcium indicators for imaging neuronal activity 

Across cell types and within multiple intracellular compartments, calcium ions (Ca2+) play a 

variety of roles, including cell cycle regulation, gene transcription modulation, intracellular 

signaling, and in neurons, neurotransmission (Grienberger and Konnerth, 2012).  Action 

potentials result in massive influxes of Ca2+ through voltage-gated channels, as well as the 

release of Ca2+ from intracellular stores (Kandel et al., 2000), and changes in free Ca2+ in the 

presynaptic and postsynaptic compartments contribute to activity-dependent plasticity 

(Grienberger and Konnerth, 2012).  Because the level of intracellular Ca2+ is a robust analog for 

cellular or subcellular responses like action potentials or depolarizations, Ca2+ indicators have 

become powerful tools for visualizing cellular activity in near-real time. 

In general, Ca2+ imaging relies on a sensor compound that is introduced into neurons (or other 

cells) and, when bound to Ca2+, changes its fluorescent properties.  The two primary classes of 

Ca2+ indicators are the synthetic chemical indicators and the genetically encoded indicators.  The 

chemical indicators (e.g., Fura-2, Indo-1, Fluo-4, Oregon Green BAPTA-1) were pioneered by 

Roger Tsien’s group and utilize a synthetic Ca2+ chelator combined with a fluorophore 

(Grynkiewicz et al., 1985; Tsien et al., 1985; Brain and Bennett, 1997; Gee et al., 2000).  When 

Ca2+ binds to the chelator site, the molecule undergoes a conformational change that alters the 

spectrum of emitted fluorescence (Grienberger and Konnerth, 2012).  Fura-2 is excited by 

ultraviolet wavelengths, produces peak fluorescence at 505-520 nm, and has a relatively fast time 

course (Tsien et al., 1985).  Under two-photon excitation, Fura-2 fluorescence decreases as 

[Ca2+] increases, making negative fluorescent changes reflective of neuronal activity.  In 

contrast, the fluorescence emitted by Fluo-4 and Oregon Green BAPTA-1 increases above its 
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baseline as [Ca2+] increases.  These chemical Ca2+ indicators are typically delivered into single 

cells via micropipettes (enabling electrophysiology) or electroporation (Grienberger and 

Konnerth, 2012).  Alternatively, a large population of neurons can be bulk-loaded with a cell 

membrane-permeable acetoxymetyl (AM) ester-conjugated indicator form (e.g., Fura-2-AM or 

Fluo-4-AM) or dextran-conjugated form, enabling readout of activity across a network (Yuste et 

al., 2011).  While the chemical indicators have high sensitivity and fast on-off kinetics allowing 

for precise temporal resolution of action potentials, their use must be acute, and they are not 

amenable for labeling of specific cell populations (Grienberger and Konnerth, 2012). 

The genetically encoded Ca2+ indicators (GECIs) use, instead of a chelator like BAPTA, a Ca2+ 

binding protein such as calmodulin or troponin.  The GECI subcategory of cameleons (Miyawaki 

et al., 1997), of which Yellow Cameleon is an example (Nagai et al., 2004), utilizes Förster 

resonance energy transfer (FRET) between two different fluorophores, linked by calmodulin and 

calmodulin binding peptide M13.  Upon calmodulin binding to Ca2+, the conformational change 

brings the two fluorophores – one ECFP and one Venus – close enough to result in activation of 

the yellow, resulting in a measurable change in the cyan:yellow fluorescence ratio (Nagai et al., 

2004; Grienberger et al., 2014).   

Another subcategory of cameleon-based GECIs, the GCaMPs, utilizes a single circularly 

permuted green fluorophore (GFP), attached to calmodulin and the M13 peptide and maintained 

in a low fluorescence state when Ca2+ is not bound (Nakai et al., 2001).  Ca2+ binding to 

calmodulin causes a conformational shift that changes the solvency of the GFP and allows a 

fluorescence increase (Chen et al., 2013).  The earlier GCaMP indicators, GCaMP2 and 3, had 

relatively low signal-to-noise and slow on-off kinetics.  Fortunately, the recent development of 
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the ultrasensitive GCaMP6 has dramatically improved the neuronal event detection capabilities 

for in vivo two-photon imaging in awake, behaving animals; with targeted expression in specific 

neuronal sub-populations; and with chronic imaging of the same neuronal population (Chen et 

al., 2013).  Single-spike resolution is now possible in sparsely firing neurons, though the off-

kinetics of GCaMPs remain slow.  Typical expression methods for GECIs include viral 

transduction (Chen et al., 2013), with the associated limitation of eventual cytotoxicity caused by 

long-term Ca2+ sequestration; and transgenic mice expressing GCaMP (Chen et al., 2012; 

Zariwala et al., 2012; Dana et al., 2014).  Finally, it is important to note that continual 

improvements have also been made in red-shifted GECIs (Looger and Griesbeck, 2011), with the 

most recent iterations being jRCaMP1a, jRCaMP1b, and jRGECO1a (Dana et al., 2016). 

 

A new protocol for early postnatal GCaMP expression 

 The conventional approach for cortical imaging with GCaMP consists of a cranial window 

surgery with injection of a recombinant adeno-associated virus encoding for the GCaMP into the 

superficial cortex.  Imaging is typically performed 2-4 weeks after surgery (Tian et al., 2009; 

Chen et al., 2012, 2013; Zariwala et al., 2012).  However, injection of rAAV-GCaMP can result 

in inconsistent expression, with the expression being highest at the injection site but potentially 

still uneven between nearby cells (Dana et al., 2014), and the progressive viral infection leads to 

eventual physiological abnormalities and neuronal death starting about four weeks after injection 

(Tian et al., 2009; Zariwala et al., 2012).  These limitations preclude imaging of the same cell 

population over months.  An improvement on injection-based GCaMP expression techniques are 
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the transgenic mice expressing GCaMP: the Thy1-GCaMP3 mice (Chen et al., 2012), the Ai38 

mouse with Cre-dependent GCaMP (Zariwala et al., 2012), and most recently, the Thy1-

GCaMP6 mice (Dana et al., 2014).  In particular, the Thy1-GCaMP6 line shows higher 

expression of GCaMP6 and faster kinetics than the GCaMP3 mice, and shows stable expression 

of GCaMP6 in multiple cortical regions across months (Dana et al., 2014).  

However, one of the major drawbacks of existing GCaMP techniques, whether injection-based or 

in transgenic mice, is the inability to express GCaMP before early adulthood.  The Ai38 mouse is 

treated with tamoxifen at P7 to induce the GCaMP3 expression, and showed very low expression 

at 4 weeks of age (Zariwala et al., 2012).  Because the Thy1 promoter is developmentally 

regulated, the Thy1-GCaMP2.2 and GCaMP3 mice showed very little expression before 2 

months of age (Chen et al., 2012), and the Thy1-GCaMP6 mouse also showed sufficient 

expression for imaging only after 2 months of age (Dana et al., 2014).  The injection of rAAV 

encoding GCaMP is also typically performed at the same time as the cranial window surgery and 

requires 2-4 weeks between the time of injection and the start of imaging, to allow time for the 

expression to increase.  

Here, I describe a novel protocol for neonatal injection of recombinant AAV encoding GCaMP6s 

at postnatal day (P) 1, which enables in vivo two-photon imaging of L2/3 cortical neurons as 

early as P10.  At P1, a modified burr hole surgery is used to inject the rAAV encoding GCaMP 

into the desired area of superficial cortex (Figs. 3-4), with rapid post-operative recovery of the 

pup.  At P10, a cranial window is implanted over the previously injected area.  The pup can be 

imaged the same day if fully anesthetized, and the next day if lightly sedated or awake.  The 

major advantage of this protocol is that it can be used to chronically image the same population 
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of cells from P10 through adulthood.  Of particular note, the GCaMP expression provided by the 

P1 injection can enable visualization of the entire process of developmental desynchronization of 

cortical neurons from P12 through P14, which has never before been shown in the same animal.  

Figure 3: P1 injection setup and procedure (drawings by Kim Battista) 
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Fig. 3: P1 injection setup and procedure 

(a) Dissecting microscope with illumination. 

(b) At left, positioning of P1 pup with blunt ear bars, isoflurane delivery next to nose, and 

exhaust.  At right, surgical tools: pneumatic dental drill, forceps, iridectomy scissors, fine 

forceps, sterile saline vial, sterile cotton swab, and petri dish of Gelfoam soaking in sterile 

saline. 

(c) Creating a 3-4 mm triangular skin flap over the desired injection area. 

(d) Folding back the skin flap and covering with wet Gelfoam to prevent the skin flap from 

drying and shrinking. 

(e) Light drilling of exposed skull to crack the bone slightly. 

(f) Injection of GCaMP viral vector with glass micropipette. 

(g) Sealing of injection site with VetBond. 

(h) Sealing of skin flap with VetBond. 

 

  



34 
 

 

 

Figure 4: Surgery photographs of P1 injection procedure 

(a) Creating a 3-4 mm triangular skin flap over the desired injection area. 

(b) Folding back the skin flap and covering with wet Gelfoam to prevent the skin flap from 

drying and shrinking. 

(c) Covering the skin flap with wet Gelfoam to prevent drying and shrinking; exposed skull is 

dry after light cleaning with dental drill. 

(d) Small crack in skull after drilling. 

(e) Injection of GCaMP viral vector with glass micropipette. 

(f) Sealing of injection site with VetBond. 

(g) Replacement of skin flap. 

(h) Sealing of skin flap with VetBond. 
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We have also tested in utero injection of rAAV-GCaMP at E15, but observed only scant 

expression at P6-10, with fewer than 10 cells per imaging field.  We believe that overexpression 

of GCaMP6 in L2/3 progenitor cells causes significant cytotoxicity.  The P1 injection is most 

likely successful because the viral vector infects cells after they have already populated the 

cortical layers.  Postnatal injection is also more versatile and allows for more successful targeting 

of a specific cortical area (e.g., visual cortex, barrel cortex) than can be easily achieved by in 

utero injection.  Confocal fluorescence imaging of cortical slices demonstrated broad expression 

of GFP in L2/3 neurons (Fig. 5). 

 

Figure 5: GFP in L2/3 cortex from two P16 animals injected with AAV-GCaMP6s at P1 

(a) Fluorescence expression in barrel cortex from a P16 animal after P1 injection.  10X 

magnification. 

(b)  Fluorescence expression in barrel cortex from a second P16 animal after P1 injection.  10X 

magnification at left, with 20X magnification of the boxed area at right. 
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We also used a brief electrophysiological study to assess the health of neurons expressing 

GCaMP6s after the P1 injection.  We performed whole cell patch-clamp recordings of six L2/3 

neurons expressing GCaMP6s in acute slices from two P16-17 pups that had been injected at P1, 

as well as six L2/3 neurons from two uninjected littermates at the same age, following previously 

described methods (Goel and Buonomano, 2016).  The ACSF solution was consistent between 

recordings with the exception of the [KCl], which ranged from 1.25 mM to 5 mM.  The series 

resistance varied from 4-7 MΩ during the recordings.  The input resistance (Rm) or membrane 

potential (Vm) did not change more than 15% during the course of recording for each cell.  The 

Rm and Vm were not statistically different between GCaMP-expressing cells (from injected 

animals) and cells without GCaMP (uninjected animals) (Fig 6), demonstrating that the P1 

GCaMP expression did not have cytotoxic effects on the neurons. 

 

Figure 6: Rm and Vm of P16-17 L2/3 neurons injected with AAV-GCaMP6s at P1 
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Fig. 6: Rm and Vm of P16-17 L2/3 neurons injected with AAV-GCaMP6s at P1 

(a) Input resistance during whole-cell recordings of 6 L2/3 neurons from 2 P16-17 animals 

injected with AAV-GCaMP6s at P1, and 6 L2/3 neurons from 2 uninjected littermates.  For 

(a-b), each circle represents data for one cell, bars represent group medians, and p-values are 

from unpaired rank-based two-group comparison with 10,000 resamples. 

(b) Membrane voltage during whole-cell recordings of 6 L2/3 neurons from 2 P16-17 animals 

injected with AAV-GCaMP6s at P1, and 6 L2/3 neurons from 2 uninjected littermates.   

 

There is precedent for the use of neonatal injection of AAV vectors: for example, a P0 

intraventricular injection of an AAV vector encoding YFP or Cre-TdTomato has been shown to 

produce strong expression as early as P2, with levels of expression comparable to adulthood at 

P7 (Kim et al., 2013).  Therefore, we believe that our protocol could be combined with Cre-lox 

systems for cell type-specific targeting, or even with optogenetic approaches to enable 

manipulation of circuit activities. 

 

METHODS 

The protocol below describes detailed, step-by-step instructions for virus injections in newborn 

mice that have been optimized for targeting of GCaMP6s in L2/3 neurons of barrel cortex.  

Adjustments may be necessary for targeting deeper layers or different cortical regions. 

Additionally, we provide tips for overcoming potential hurdles to this technique (Table 2).  For 

example, the P1 injection can cause scarring in the injected area, which can make the subsequent 
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cranial window surgery much more difficult and reduce experimental efficiency.  Scarring can be 

minimized by the following considerations: 1) a rapid surgical procedure with carefully 

calibrated anesthesia levels; 2) gentle burr hole drilling that produces only a small crack in the 

skull through which the glass pipette can be smoothly inserted, ideally without a visible piece of 

skull being drilled out; and 3) careful application of the minimal amount of VetBond to seal the 

drilled area and, separately, the skin edges, so that the skull and skin are not glued to each other. 

If there is scarring, then the subsequent cranial window surgery may be much less successful, 

reducing the experimental efficiency.  

 

Reagents 

All reagents were obtained from Sigma unless otherwise specified. 

1. Wild-type or transgenic mice. Note: Animal studies must be carried out following 

institutional and governmental guidelines and regulations. 

2. Isoflurane. Note: Procedures using isoflurane should be conducted in well-ventilated 

areas, and should follow relevant animal care guidelines. 

3. O2 tank. 

4. Carprofen (Rimadyl, Pfizer, 50 mg/ml) 

5. Dexamethasone 2 mg/mL (Fresenius Kabl USA or Henry Schein) 

6. Lidocaine HCl 1% + epinephrine 1:100,000 (Hospira) 

7. Artificial Tears eye lubricant ophthalmic ointment (Henry Schein)  

8. Sterile NaCl (Addipak) 

9. AAV vector encoding GCaMP (U. Penn virus core), diluted to 2e13 concentration with 

1% Fast Green 
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10. 70% ethanol 

11. Betadine (Purdue Products) 

12. Sterile Gelfoam (absorbable gelatin sponge) (Ethicon) 

13. Cyanoacrylate glue (Krazy Glue) 

14. Ortho-Jet dental acrylic (Lang Dental) 

 

Equipment (Fig. 3a-b) 

1. Capillary puller (Narashige) 

2. Glass capillaries, O.D. 1.5 mm, I.D. 0.86 mm (Sutter Instruments) 

3. Picospritzer injection device (Parker Hannifin) 

4. Glass bead sterilizer (Fine Science Tools) 

5. Water recirculating heating blanket (Stryker) and pump (Gaymar) 

6. Rodent trimmer (Wahl) 

7. Dissecting microscope (Zeiss) 

8. Stereotaxic frame (Kopf) 

9. Anesthetic vaporizer (e.g. Surgivet Classic T3) with airflow meter (Porter) 

10. Pneumatic dental drill with drill bits (Henry Schein) 

11. Forceps, iridectomy scissors (World Precision Instruments) 

12. Small petri dish (e.g. 35-mm diameter) 

13. Sterile cotton swabs (Henry Schein) 

14. Glass coverslips, 5 mm (Electron Microscopy Sciences) 

15. Titanium or aluminum head bars (custom) 

16. 2P laser scanning microscope 
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17. Tunable Ti:Sapphire pulsing laser (Chameleon, Coherent) 

18. Objectives (4x and 20x water immersion) 

19. Resonant scanning mirrors, amplifiers and PMTs 

20. Image acquisition software (we used ScanImage (Pologruto et al., 2003)) 

 

Equipment setup (Fig. 3b) 

1. Pipette preparation for injection: Pull a custom micropipette from a 1.5-mm outer 

diameter (o.d.), 0.86-mm inner diameter glass capillary tube so that the length of the 

tapered tip is approximately 8 mm.  Break pipette tip slightly by gently touching the tip to 

the side of sterilized forceps.  The o.d. of the tip should be 12.5-25 um.  If the tip is too 

wide, the viral vector may reflux around the needle during the injection. 

2. Gelfoam preparation: Use sterilized scissors to cut small pieces of Gelfoam, approx. 1 

mm on each side.  Soak them in a small petri dish filled with sterile saline. 

3. Surgical instruments: Sterilize instruments in a glass bead sterilizer and spray with 

ethanol before use. 

4. Heating blanket: Turn on heating blanket 15 minutes before start of each surgical 

procedure so that blanket temperature is sufficiently high once mouse is anesthetized. 

 

P1 burr hole injection procedure (timing 15-20 min): 

1. Preoperative care: Administer subcutaneous injection of carprofen (5 mg/kg BW) to the 

mouse. 

2. Anesthetize the mouse with 5% isoflurane for induction, followed by 2% isoflurane for 

maintenance. 
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3. Use blunt ear bars to position mouse so that desired injection area is as flat as possible, 

with isoflurane delivery over nose (Fig. 3b).  Ensure that the mouse remains warm (on 

the heating pad) throughout the procedure, and monitor breathing carefully, including tail 

and toe pinches.  Young pups will tend to breathe erratically, making close monitoring 

under anesthesia crucial.  The ear bars should prevent movement of the pup during 

subsequent manipulations, without applying excessive pressure to the soft skull.  Ensure 

that the heating blanket is functioning correctly. 

4. Sterilize operating area using three alternating wipes of betadine and 70% alcohol. 

5. Using the iridectomy scissors, make one snip to create a 3-4 mm triangular skin flap over 

the desired injection area (Figs. 3c, 4a).  Fold back the skin flap and cover with a piece of 

wet Gelfoam to prevent the skin from drying and shrinking (Figs. 3d, 4b-c). 

6. Immediately apply a drop of lidocaine/epinephrine.  After 30 seconds, dry surface. 

7. Use pneumatic dental drill and repeated light touches of the drill bit tip to clear the 

periosteum from the skull surface.  Use wet Gelfoam to clean the area of foam and debris, 

then let the area dry.  At this step, the drill bit should not touch the skull surface. 

8. Once the exposed skull is clear of periosteum and dry, apply repeated light touches of the 

drill bit tip at the desired injection site until the bone has clearly weakened and very 

slightly cracked, enough to permit insertion of the glass micropipette (Figs. 3e, 4d).  

Clean up any bleeding with Gelfoam.  Ideally, there should be no bleeding and no visible 

removal of a piece of skull.  If any bone is visibly removed by the drilling, that will delay 

healing and result in a larger scar, which will make the later cranial window surgery less 

successful. 
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9. Load glass micropipette with approximately 200 nL of GCaMP viral vector and position 

for injection at 45o angle to skull surface. 

10. Lower pipette until pipette tip has pierced through the cracked bone and into superficial 

cortex (Figs. 3f, 4e).  Inject vector using the picospritzer.  Withdraw pipette.  Note: if the 

pipette tip is sufficiently narrow, the vector should not reflux. 

11. Using a needle tip (e.g., 19-gauge), apply a very small drop of VetBond to the injection 

site (just enough to seal the cracked area but not enough to reach the skin edges) and let 

dry completely (Figs. 3g, 4f). 

12. Replace the skin flap and seal the skin edges with a minimal amount of VetBond (Figs. 

3g, 4g-h). 

13. Allow VetBond to dry before placing mouse in warm recovery cage.  After the mouse 

completely recovers from anesthesia, return it to the litter.  Carefully monitor the dam 

and the pups to ensure reintegration of the post-operative pup(s). Minimize 

rearrangements of the litter in the cage to reduce stress on the dam and reduce the 

possibility of cannibalism.  Placing a small cardboard shed in the cage can also reduce 

stress for the dam. 

 

P10-P13 cranial window procedure (timing 45 min – 1 hr) (technique based on Cruz-Martín 

et al., 2010; Holtmaat et al., 2012)  

1. Anesthetize the mouse with 5% isoflurane for induction, followed by 1.5-2% isoflurane 

for maintenance.  Monitor anesthesia level throughout surgery by watching breathing, as 

well as using tail and toe pinches, and ensure that heating blanket is functioning correctly. 
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2. Use rodent trimmer to shave from the neck to the eyes, being careful not to trim any 

whiskers.  

3. Use blunt ear bars to position mouse on stereotaxic frame, with anesthesia nose cone.  

The ear bars must be secured with just enough pressure such that the mouse’s head does 

not shift during surgery.  The skull is still soft at P10 and care must be taken not to 

excessively squeeze the skull between the bars. 

4. Administer subcutaneous injections of carprofen (5 mg/kg BW) and dexamethasone (0.2 

mg/kg BW). 

5. The original injection site should be apparent as a triangular scar on the skin, not raised 

or inflamed. If a large plug of fibrous tissue is present at the original injection site, and 

the skin at the injection site cannot be freely moved above the skull, there is likely an 

excessive amount of scarring that will preclude a successful window surgery. 

6. Sterilize operating area using three alternating wipes of betadine and 70% alcohol. 

7. Using the scissors, remove the skin on top of the skull, as well as the periosteum.  Apply 

lidocaine/epinephrine to skin edges.  After 30 seconds, dry skull surface using cotton 

swabs. 

8. Apply a small amount of cyanoacrylate glue to the skin edges, but do not apply glue on 

top of sutures. 

9. Use a pneumatic dental drill to very lightly trace a circular window of 3-4 mm in 

diameter.  Apply lidocaine/epinephrine, let sit for 30 seconds, then dry skull.  The skull at 

P10 is still very soft, and the bone near the injected area will also be particularly brittle.   

Drilling should proceed with minimal pressure to reduce the chance of excessive 

bleeding. 
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10. Continue to gently drill along circular trace until bone has been weakened all around the 

craniotomy.  When the center of the craniotomy is pushed gently, it should indent 

slightly.  Clean up any bleeding with Gelfoam.  

11. Apply a drop of saline, let sit for up to 10 min.  Then use fine-tipped forceps to gently lift 

the craniotomy.  Apply Gelfoam to stop any minor bleeding.  Also use Gelfoam to wipe 

away any scar tissue remaining from the original burr hole and injection.  Minimal 

bleeding at the edge of the window, if readily staunched with Gelfoam, should not 

impede imaging that same day.  However, bleeding, bruising, or damage to the dura in 

the center of the window will preclude same-day imaging and, if severe, may also 

preclude later imaging.  Remove bone dust using sterile saline irrigation and Gelfoam. 

12. Apply a small drop of saline to keep brain moist, then position a glass coverslip onto the 

dura. 

13. Hold coverslip in position using forceps, with gentle pressure so that coverslip is resting 

against the bone edges.  With the other hand, apply small drops of cyanoacrylate to the 

coverslip edge at two or three points, securing the coverslip to the skull.  Cyanoacrylate 

should not seep onto the dura.  Let cyanoacrylate dry completely. 

14. Mix dental acrylic and apply over the entire skull surface, also sealing the edges of the 

coverslip.  Use acrylic to secure headbar to the caudal edge of the acrylic area, so it will 

not impede the mouse’s feeding or the positioning of the microscope objective.  The 

plane of the headbar should be parallel to the coverslip.  Also use dental acrylic to make a 

small well around the window to hold water for the 20X immersion objective. 

15. Allow the dental acrylic to cure for 5-10 minutes, and then move mouse to a warm 

recovery cage.  When the mouse has recovered from anesthesia completely, return to the 
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litter.  Monitor the dam closely to ensure the pups are reintegrated.  Placing a cardboard 

shed in the cage can improve the dam’s caretaking of pups.  

16. The mouse can be imaged later the same day if re-anesthetized and maintained under 

anesthesia during imaging, to prevent any movement that might damage the window 

before the dental acrylic is completely cured.  If imaged the same day, the session should 

be brief to minimize the total duration of anesthesia exposure. 

 

Table 2: Troubleshooting for P1 injection and P10-13 cranial window 

Problem Possible reason Solution 
Mouse is 
moving 

Insufficient 
anesthesia 

1. Check that isoflurane delivery is immediately 
adjacent to or covering the nose. 
2. Check that ear bars are not too tight.  
3. Increase maintenance anesthesia to 2.5% 
4. If mouse is still moving, remove the mouse 
from the stereotax and re-induce at 5%, then 
reposition on stereotax. 

Mouse dies 
during surgery 

Excessive 
anesthesia, 
hypothermia, or 
excessive cranial 
pressure. 

1. Keep duration of surgery (anesthesia time) 
under 20 minutes. 
2. Adjust isoflurane level to ensure that mouse 
is still breathing regularly, though slowly, 
during surgery, and without response to toe or 
tail pinches. 
3. Ensure that heating blanket temperature is 
sufficiently high. 
4. Check that ear bars are not too tight.  Skull 
should be immobile but only barely bulging 
between the ear bars. 

Bleeding 
during drilling 

Damaged blood 
vessels, or the drill 
bit punctured the 
dura. 

1. Apply wet Gelfoam to the drilled area and let 
sit for 30 seconds.  If bleeding stops, then 
proceed with surgery.  If bleeding does not stop, 
irrigate with sterile saline and then apply wet 
Gelfoam.  
2. If the drill bit has clearly punctured through 
the skull and into the dura, terminate the 
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surgery.  
Vector does not 
exit the pipette 
tip 

The pipette is 
clogged 

1. Increase the picospritzer pulse duration and 
apply a single larger pulse of pressure to try and 
unclog the pipette, then proceeding with the 
injection at lower duration.  
2. If the pipette tip remains clogged, retract the 
pipette and switch to a new pipette. 

Vector refluxes 
around pipette 
tip and pools 
on skull 

The pipette tip is 
too wide 

1. Use barely any pressure to break the pipette 
tip. 
2. Reduce the picospritzer pulse duration and 
increase the pause time between pulses (i.e. 
reduce the volume injected per pulse), to allow 
time for the injected vector to absorb away from 
the pipette tip.  
3. After injection is complete and the pipette is 
retracted, use wet Gelfoam to thoroughly clean 
the skull surface before applying VetBond. 

Skin at 
injection site 
has adhered to 
the skull 
(excessive 
scarring) 

Removal of too 
much bone, 
excessive VetBond 
application, or skin 
flap replacement 
before VetBond on 
skull was dry 

1. If the skin at the injection site is adhered to 
the skull, it is possible that the cranial window 
can still be completed (i.e. the dura and skull 
may not be adhesed). 
2. If the skull flap cannot be lifted due to 
adhesion, terminate the surgery. 

Bleeding 
occurs upon 
bone flap 
removal 

Blood vessel 
damage or dura 
damage 

1. Apply wet Gelfoam to the drilled area and let 
sit for 30 seconds.  If bleeding stops, then 
proceed with surgery.  If bleeding does not stop, 
irrigate with sterile saline and then apply wet 
Gelfoam.  
2. If the drill bit has clearly punctured through 
the skull and into the dura, or if the bone flap 
has ripped the dura, terminate the surgery. 
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Chapter 3 

In vivo imaging of local network activity in L2/3 of barrel cortex 
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The elucidation of the neurobiological pathway for whisker processing began in 1970, with 

Thomas Woolsey and Hendrik van der Loos’ description of “multicellular cytoarchitectonic units 

– ranging from about 100 μm to 400 μm – which [they] termed ‘barrel[s]’” in Layer 4 of the 

mouse somatosensory cortex (Woolsey and van der Loos, 1970).  The primary vibrissal 

somatosensory (barrel) cortex was uniquely suited to our investigation of circuit-level sensory 

activity because of the well-defined somatotopy between the anatomical barrel map and the 

whisker pad: inputs from individual whiskers are progressively processed by specific barrelettes 

in the trigeminal nucleus, barreloids in the thalamus, and eventually the L4 neurons in barrel 

cortex (Petersen, 2007).  L2/3 pyramidal neurons function in early intracortical processing and 

provide outputs from the barrel cortex, and while the barrel map remains intact, L2/3 neurons 

show much greater heterogeneity of responses compared with L4 (Sato et al., 2007; O’Connor et 

al., 2010; Kuhlman et al., 2014).   

Prior studies using single-cell electrophysiological approaches to characterize L2/3 neurons in 

barrel cortex have shown sparse coding of whisker inputs, with neurons firing on average one 

action potential per whisker deflection (Sato et al., 2007; Heiss et al., 2008; Mégevand et al., 

2009; Sachidhanandam et al., 2013).  More recent work utilizing the calcium indicators Oregon 

Green BAPTA-1 (Kerr et al., 2007; Clancy et al., 2015) or GCaMP3 (O’Connor et al., 2010) 

revealed that many L2/3 neurons show no response to whisker stimulation (Sato et al., 2007; 

O’Connor et al., 2010); in fact, only 25% of excitatory neurons in a single imaging field show 

responses tuned to the anatomically associated whisker (Clancy et al., 2015).  The newer and 

more sensitive calcium indicator GCaMP6s (Chen et al., 2013) enabled confirmation, with 

greater sensitivity, of the heterogeneity of L2/3 neuronal responses (Peron et al., 2015). 
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A reduced fraction of L2/3 neurons in barrel cortex respond to whisker stimulation in P14-

16 Fmr1-/- mice 

In light of the maladaptive whisker-induced behavioral responses that are already present in 

young Fmr1-/- mice, described in Chapter 1, we considered the underlying cortical circuit 

alterations in early postnatal development.  P14-P16 is a critical period in sensory processing 

because the pattern of neuronal activity in barrel and visual cortices has just undergone a marked 

transition from high synchrony to a decorrelated and more computationally efficient state 

(Golshani et al., 2009; Rochefort et al., 2009; Frye and MacLean, 2016; O’Donnell et al., 2017).  

We tested three possible cortical mechanisms underlying sensory hypersensitivity in Fmr1-/- 

mice: 1) Neurons exhibit higher-than-normal firing rates in response to sensory stimulation; 2) A 

higher proportion of neurons respond to stimulation; and 3) Neurons show reduced adaptation 

(desensitization) to repetitive sensory stimuli.  We considered the last possibility especially 

likely, based on the lack of behavioral adaptation to whisker stimulation we observed in Fmr1-/- 

mice. 

To record whisker-evoked activity in L2/3 neurons of the barrel cortex, we used in vivo two-

photon imaging of GCaMP6s signals (Chen et al., 2013) in P14-16 mice.  First, we injected 

AAV1.Syn.GCaMP6s.WPRE.SV40 at P1, as described in Chapter 2, and then implanted a glass-

covered cranial window at P10-12; we confirmed our targeting of barrel cortex with optical 

intrinsic signal imaging at P12-15 (see Methods, Fig. 7a-c).  During imaging the animals were 

head-fixed, awake, and lightly sedated with isoflurane (<0.5%) and chlorprothixene.  We first 
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recorded spontaneous activity (205 s), followed by whisker-evoked activity (103 s), for which 

the animals received the same stimulation direction, timing and frequency as during the 

behavioral experiments (Fig. 7d-e).   We did not find significant differences between WT and 

Fmr1-/- mice in equivalent periods of spontaneous or whisker-evoked activity (Spontaneous: 

median fluorescence Z-score ± median absolute deviation was 4.73±0.43 for WT vs. 3.85±0.98 

for Fmr1-/-, p=0.31 by two-group comparison; Evoked: 3.13±0.39 for WT vs. 3.14±0.74 for 

Fmr1-/-, p=1.00, Fig. 7f).  

Next, we asked whether whisker stimulation recruits a larger-than-normal cohort of barrel cortex 

neurons in Fmr1-/- mice.  To do so, we calculated the proportion of L2/3 neurons that responded 

to whisker stimulation in a time-locked fashion (see Methods, Fig. 7g).  Unexpectedly, we found 

that nearly half (45%) as many neurons exhibited an activity pattern that was time-locked to 

epochs of whisker stimulation in Fmr1-/- compared to WT mice (37.2±9.1% of WT neurons vs. 

20.5±13.0% of Fmr1-/- neurons; p=0.022 by two-group comparison, Fig. 7h).  This suggests that 

the behavioral overreactivity that Fmr1-/- mice manifest is not due to either exaggerated sensory-

evoked firing of local networks in barrel cortex or to higher proportions of neurons within local 

networks being recruited by whisker stimulation.  
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Figure 7: Differences in whisker-evoked network activity in Fmr1-/- mice at P14-16 
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Fig. 7: Differences in whisker-evoked network activity in Fmr1-/- mice at P14-16 

(a) Schematic of how AAV vector for GCaMP6s injection was injected into somatosensory 

cortex at P1 (left), and P14-16 in vivo imaging and whisker stimulation setup (right).  

(b) Example cranial window over right somatosensory cortex at P14 and a map of whisker-

evoked activity obtained with optical intrinsic signal imaging (green).  Black box shows 

location of in vivo calcium imaging in (c). 

(c) Example field of view of neurons expressing GCaMP6s in the same mouse (at P15) shown in 

(b) at P15 (xyt SUM projection of 100 consecutive frames at 7.8 Hz). 

(d) Protocol for recording spontaneous (1600 frames ≈ 205 s) and whisker-evoked activity (800 

frames ≈ 103 s). 

(e) Example of individual fluorescent signals extracted from one L2/3 neuron during 20 whisker 

stimulations (grey) and the mean signal (black). 

(f) Median fluorescence Z-scores for spontaneous (left) and whisker-evoked activity (right) of 

L2/3 neurons in WT and Fmr1-/- mice at P14-16 (n= 10 mice per genotype).  Each circle 

shows the median Z-score across all ROIs for one animal, for equivalent durations of 

spontaneous and evoked imaging (103 s).  Bars represent group medians.  In panels (f) and 

(h), p-values from two-group rank-based comparisons with 10,000 resamples, and Bonferroni 

correction in (f). 

(g) Example fluorescence traces from two L2/3 neurons with activity that is time-locked (top) 

and from two different neurons with activity that is not time-locked (bottom) to whisker 

stimulation epochs (light grey bars). 

(h) Local networks in Fmr1-/- animals have 50% fewer time-locked cells compared with WT. 
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To determine whether the structure of sensory-evoked network activity differs between WT and 

Fmr1-/- mice, we also compared the timing of peak activity relative to the onset of whisker 

stimulation.  After sorting all whisker-responsive cells by the timing of their peak extrapolated 

firing rate relative to the stimulation onset, we did not find a difference in the two genotypes’ 

temporal distributions (Fig. 8).  At the spatial (~1 barrel) and temporal (~125 ms/bin) scales we 

examined, sensory-evoked activity propagates at comparable rates in WT and Fmr1-/- barrel 

cortex. 

Figure 8: Propagation of whisker-evoked activity across local networks at P14-16 
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Fig. 8: Propagation of whisker-evoked activity across local networks at P14-16 

(a) Heatmap of activity for all time-locked ROIs in WT (n=208 cells).  After conversion of 

fluorescence Z-scores into extrapolated spiking rates (see Methods), spiking rates for each 

ROI were averaged across all 20 stimulation time bins (from 0.2 s before each stimulation 

onset to 2.8 s after stimulation end).  ROIs were sorted and activity was plotted based on 

timing of their peak extrapolated spiking rate. 

(b) Heatmap of activity for all time-locked ROIs in Fmr1-/- mice (n=111 cells), sorted as in (a). 

(c) Cumulative histogram showing the % of ROIs in WT and Fmr1-/- mice reaching peak activity 

at different times relative to the stimulation onset. 
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Impaired adaptation of local whisker-evoked neuronal activity in P14-16 Fmr1-/- mice 

Our experimental design allowed us to determine whether L2/3 neurons exhibit any adaptation 

during the 20 sequential whisker deflections, i.e., a reduction in firing with successive 

stimulations.  We found that some L2/3 neurons showed robust adaptation, while others did not 

(Fig. 9a-b).  When we analyzed whisker-evoked activity of all neurons imaged in each P14-16 

WT animal, we found that the decrease in activity over time could be fit by an exponential curve 

with a decay constant τ=4.1±1.3 stimulations (Fig. 9c).  Accordingly, we compared neuronal 

activity during the first five stimulations with activity during the last five stimulations.  This 

analysis revealed that in WT mice at P14-P16, neuronal activity was significantly lower during 

the last five stimulations than during the first five (Z-scores: 3.56±0.27 vs. 2.02±0.38, p=0.028 

by two-group comparison, Fig. 9d).  In sharp contrast to WT mice, however, there was no 

significant change for Fmr1-/- mice in neuronal activity from the first five to last five stimulations 

(2.95±1.01 vs. 2.59±0.99, p=1.000, Fig. 9d), suggesting that neural circuits in the mutant mice 

are unable to adapt to repetitive tactile stimuli. 

We then wondered whether neuronal adaptation might only be evident in cells that responded to 

whisker stimulation in a time-locked fashion.  The subpopulation of time-locked cells showed 

robust adaptation in both WT and Fmr1-/- mice at P14-16 (WT p=0.011 by two-group 

comparison; Fmr1-/- p=0.005, Fig. 9e left).  Interestingly, while non-time-locked cells also 

showed significant adaptation in WT mice, they did not in Fmr1-/- mice (WT p=0.018; Fmr1-/- 

p=1.000, Fig. 9e right).  It appears that the lack of modulation of the activity of non-time-locked 

cells in the young Fmr1-/- mice contributes to the defect in overall network adaptation during 

repetitive whisker stimulation.  As a control for possible effects of continuous calcium imaging, 
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we analyzed spontaneous activity of all ROIs during the equivalent “first five” and “last five” 

time bins, and found no significant change within either genotype (Fig. 9f). 

Finally, we analyzed the correlation between the WT and Fmr1-/- animals’ proportions of time-

locked neurons and the degree of neuronal adaptation, calculated as an Adaptation Index: 

(𝑍𝑍 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 𝐹𝐹𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹 5 𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠) − (𝑍𝑍 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 𝐿𝐿𝑠𝑠𝑠𝑠𝐹𝐹 5 𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠)
(𝑍𝑍 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 𝐹𝐹𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹 5 𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠) + (𝑍𝑍 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 𝐿𝐿𝑠𝑠𝑠𝑠𝐹𝐹 5 𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠)

 

In WT mice, these two measures were significantly correlated (Spearman’s ρ=0.733, p=0.021 by 

bootstrapping with 10,000 resamples) (Fig. 9g).  In Fmr1-/- mice, these two measures were not 

correlated (Spearman’s ρ=0.273, p=0.436) (Fig. 9g).  This finding indicates that the defect in 

L2/3 neuronal adaptation in the Fmr1-/- mice is linked to their reduced proportion of time-locked 

neurons in local networks. 
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Figure 9:  
Lack of adaptation of whisker-evoked activity in local networks of P14-16 Fmr1-/- mice 
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Fig. 9: Lack of adaptation of whisker-evoked activity in local networks of P14-16 Fmr1-/- 

mice 

(a-b) Heatmaps of activity from example P14-16 WT L2/3 neurons showing adaptation (a) or no 

adaptation (b) during 20 consecutive whisker stimulations (y-axis).  For panels (a-c), median 

fluorescence Z-scores per animal were binned from 0.2 s before stimulation onset to 2.8 s 

after stimulation end. 

(c) Median Z-scores for P14-16 WT mice (n=10) during each stimulation bin, with exponential 

curve fit (see Methods). 

(d) Median Z-scores of whisker evoked activity across all L2/3 neurons during the specified time 

bin during First 5 and Last 5 stimulations in WT and Fmr1-/- mice at age P14-16 (n=10 mice 

per genotype).  For panels (d-f), the median fluorescence Z-scores per animal were binned 

from the start of the first stimulation to 3 s after the end of the fifth stimulation.  Each circle 

represents a different animal.  Bars represent group medians.  P-values result from pairwise 

rank-based comparisons with 10,000 resamples and Bonferroni correction. 

(e) Median Z-scores of whisker-evoked activity across time-locked and non-time-locked L2/3 

neurons during First 5 and Last 5 stimulations in WT and Fmr1-/- mice at P14-16.  

(f) Median Z-scores of spontaneous activity across all ROIs at P14-16, binned using the same 

start and end times as used to analyze whisker-evoked activity in (d-e). 

(g) Percentages of time-locked ROIs in WT and Fmr1-/- mice at P14-16, plotted against Z-score 

Adaptation Indices, with Spearman’s correlations.  Adaptation Index = (Z-score during First 

5 stimulations – Z-score during Last 5 stimulations) / (Z-score First 5 + Z-score Last 5).  P-

values from bootstrapping with 10,000 resamples. 
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Based on both the behavioral and imaging findings of defective adaptation in the P14-16 Fmr1-/- 

animals, we hypothesized that these defects would be linked, i.e., that a lack of adaptation in the 

activity of L2/3 neurons correlates with a persistence of locomotion during repetitive whisker 

stimulation.  In an additional set of five P14-16 Fmr1-/- animals, we performed injections of 

GCaMP6s viral vector at P1, cranial window surgeries at P10-11, ball treadmill habituation for 

three consecutive days between P11-14, and behavioral testing and calcium imaging at different 

times within P14-16.  To quantify the degree of network and behavioral adaptation we again 

calculated Adaptation Indices:  

(𝑋𝑋 𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 𝐹𝐹𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹 5 𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠) − (𝑋𝑋 𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 𝐿𝐿𝑠𝑠𝑠𝑠𝐹𝐹 5 𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠)
(𝑋𝑋 𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 𝐹𝐹𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹 5 𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠) + (𝑋𝑋 𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 𝐿𝐿𝑠𝑠𝑠𝑠𝐹𝐹 5 𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝐹𝐹𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠)

, 

where X = Z-score of fluorescence or X = time with ball movement for each animal.  The 

findings were inconclusive in this small sample size (Fig. 10), although 4 of the animals appear 

in the quadrants that suggest a relationship between the two measures. 
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Figure 10: Neuronal and movement adaptation during repetitive whisker stimulation in the 

same animals 

Movement adaptation in five WT and Fmr1-/- mice at P14-16, plotted against Z-score 

Adaptation Indices.  Adaptation Index = (Z-score or time moving during First 5 stimulations 

– Z-score or time moving during Last 5 stimulations) / (Z-score First 5 + Z-score Last 5).   
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Impaired adaptation of local whisker-evoked neuronal activity in Fmr1-/- mice persists into 

adulthood 

Finally, we tested whether a similar lack of neuronal sensory adaptation was evident in adult 

Fmr1-/- mice, given that they show a clear avoidance response to repetitive whisker stimulation.  

We injected the AAV vector for GCaMP6s expression at 2-4 weeks before imaging and 

confirmed barrel cortex targeting using optical intrinsic signal imaging (see Methods).  We did 

not find significant differences between adult WT and Fmr1-/- mice (P34-74) in equivalent 

periods of spontaneous or whisker-evoked activity (p=1.00 by two-group comparison, Fig. 11a).  

In contrast to P14-16 mice, we did not find a difference in the proportion of time-locked L2/3 

neurons between adult WT and Fmr1-/- mice (p=0.35 by two-group comparison, Fig. 11b).  

However, whereas adult WT mice exhibited robust neuronal adaptation to repetitive whisker 

stimulation (Z-scores: 2.42±0.53 first five vs. 1.58±0.53 last five, p=0.012 by two-group 

comparison, Fig. 11c), adult Fmr1-/- animals did not (2.18±0.34 first five vs. 2.20±0.50 last five, 

p=1.000, Fig. 11c). 

In adult WT mice, both time-locked and non-time-locked cells showed adaptation (p=0.012 and 

p=0.066, Fig. 11d), but adult Fmr1-/- mice did not show adaptation in either subset of cells 

(p=0.258 and p=1.000, Fig. 11d).  There was again no change in spontaneous activity of all ROIs 

between the equivalent “first five” and “last five” time bins (Fig. 11e).  On the whole, the data in 

adult mice was similar to the results in P14-P16 mice.  The lack of modulation of the activity of 

non-time-locked cells in Fmr1-/- mice (especially at P14-P16) appears to be responsible for the 

overall network adaptation defect observed during repetitive whisker stimulation. 
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Figure 11:  
Lack of adaptation of whisker-evoked activity in local networks of adult Fmr1-/- mice 
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Fig. 11: Lack of adaptation of whisker-evoked activity in local networks of adult Fmr1-/- 

mice 

(a) Median Z-scores for spontaneous (left) and whisker-evoked activity (right) of L2/3 neurons 

in WT and Fmr1-/- mice at P34-74 (n= 10 WT mice and n=8 Fmr1-/- mice).  Each circle 

shows the median Z-score across all ROIs for one animal, for equivalent durations of 

spontaneous and evoked imaging (103 s).  In (a-e), bars represent group medians and p-

values were obtained from two-group rank-based comparisons with 10,000 resamples, with 

pairwise comparisons and Bonferroni correction for (c-e). 

(b) The proportion of time-locked neurons is not different between WT and Fmr1-/- adult mice 

(n= 10 WT mice and n=8 Fmr1-/- mice).  Each circle represents a different animal. 

(c) Median Z-scores of whisker evoked activity across all L2/3 neurons during the specified time 

bin during First 5 and Last 5 stimulations in WT and Fmr1-/- mice at age P34-74.  For panels 

(c-e), the median Z-scores per animal were binned from the start of the first stimulation to 3 s 

after the end of the fifth stimulation. 

(d) Median Z-scores of whisker-evoked activity across time-locked and non-time-locked L2/3 

neurons during First 5 and Last 5 stimulations at P34-74. 

(e) Median Z-scores of spontaneous activity across ROIs at P34-74, binned using the same start 

and end times as used to analyze whisker-evoked activity in (c-d). 
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METHODS 

 

Cranial window surgery for P14-16 imaging. 

Full details are given at the end of Chapter 2.  In brief, pups (P10-12) were anesthetized with 

isoflurane (5% induction, 1.5-2% maintenance via a nose cone, vol/vol) and placed in a 

stereotaxic frame.  A 2.5-3.5 mm diameter craniotomy was performed over the right barrel 

cortex and covered with a 3 or 5 mm glass coverslip, as previously described (Mostany and 

Portera-Cailliau, 2008; Golshani et al., 2009).  A headbar was also attached to the skull with 

dental cement to secure the animal to the microscope stage. 

 

Cranial window surgery with AAV vector injection for adult GCaMP6s imaging 

For 8 of the 10 WT adult animals and 5 of the 8 Fmr1−/− adult animals imaged, the 

AAV1.Syn.GCaMP6s.WPRE.SV40 vector was injected into the barrel cortex during the cranial 

window surgery, following existing protocols (Chen et al., 2013).  After creation of a 4 mm 

craniotomy over the right barrel cortex, approximately 30 nL of rAAV vector, diluted to a 

working titer of 2e13 with 1% filtered Fast Green, was injected into 4-7 sites in the barrel cortex.  

The craniotomy was covered with a 5 mm glass coverslip, and a headbar was also attached to the 

skull with dental cement.  For 2 of the 10 WT adult animals and 1 of the 8 Fmr1−/− adult animals, 

the rAAV vector had been injected at P1, following the previously described protocol, but was 
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not included in the P14-16 imaging experiments.  The remaining 2 of 8 Fmr1−/− adult animals 

had been injected with rAAV vector at P1, and were also included in the P14-16 imaging 

experiments. 

 

Optical Intrinsic Signal (OIS) imaging.  

Following cranial window surgery, OIS imaging was used to map the barrel cortex at P12-14 (for 

P14-16 imaging) or at least 1 day before imaging (for adults).  As previously described (Johnston 

et al., 2013), the contralateral whisker bundle was gently attached using bone wax to a glass 

needle coupled to a piezo-actuator (Physik Instrumente).  Each stimulation trial consisted of a 

100 Hz sawtooth stimulation lasting 1.5 s.  The response signal divided by the averaged baseline 

signal, summed for all trials, was used to generate the cortical representation of stimulated 

whiskers (Fig. 7b).  

 

In vivo two-photon calcium imaging in head-restrained mice. 

Calcium imaging was performed on a custom-built two-photon microscope, with a Chameleon 

Ultra II Ti:sapphire laser (Coherent), a 20X objective (0.95 NA, Olympus) and ScanImage 

software (Pologruto et al., 2003).  Mice were lightly sedated with chlorprothixene (2 mg/kg, i.p.) 

and isoflurane (0-0.5%), and kept at 37°C using a temperature control device and heating blanket 

(Harvard Apparatus).  The isoflurane was manually adjusted to maintain a breathing rate ranging 
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from 100-150 breaths/min for P14-16 mice and 140-150 breaths/min for adult mice.  Both 

spontaneous activity and whisker-evoked barrel cortex activity were recorded. Whisker 

stimulation was delivered by bundling the contralateral whiskers (typically all macrovibrissae of 

at least ~1 cm in length), via soft bone wax, to a glass needle coupled to a piezo-actuator (Fig. 7a 

right).  The stimulation protocol was the same as that used during behavioral experiments (Fig. 

7d).  Whole-field images were acquired at 7.8 Hz (1024 x 128 pixels downsampled to 256 x 128 

pixels) (Fig. 7c).  

 

Data analysis for calcium imaging. 

Calcium imaging data were analyzed using custom-written MATLAB routines, which included 

modifications over previously described MATLAB code (Golshani et al., 2009; Gonçalves et al., 

2013).  In 4 out of 20 movies of P14-16 spontaneous activity (1,600 frames acquired), between 8 

and 34 frames with significant Z-motion were manually removed before motion correction.  In 1 

out of 20 movies of P14-16 evoked activity (800 frames), 24 frames with Z-motion occurred 

during the initial 10 seconds of baseline acquisition before whisker stimulation began, allowing 

replacement of these frames with an averaged Z-projection of the remainder of the video.  In 11 

out of 20 movies of P34-74 spontaneous activity (1,600 frames acquired), some frames (up to 

420) exhibiting Z-axis motion were manually removed before motion correction.  Subsequent 

data quantifications used only the first 800 frames of spontaneous activity, i.e., an equivalent 

duration as the evoked activity. 
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X-Y drift in the movies was then corrected using either a frame-by-frame, Hidden-Markov-

Model-based registration routine (Dombeck et al., 2007) or a cross-correlation-based, non-rigid 

alignment algorithm (Mineault et al., 2016).  A semi-automated algorithm (Chen et al., 2013) 

was used to select regions of interest, each representing a single cell body, and extract the 

fluorescence signal (ΔF/F) for each neuron.  A “modified Z-score” Z_F vector for each neuron 

was calculated as 

𝑍𝑍𝐹𝐹 =  
𝐹𝐹(𝐹𝐹) –  𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑(𝑞𝑞𝑑𝑑𝑑𝑑𝑠𝑠𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹 𝑝𝑝𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑑𝑑)

𝑠𝑠𝐹𝐹𝑑𝑑(𝑞𝑞𝑑𝑑𝑑𝑑𝑠𝑠𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹 𝑝𝑝𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑑𝑑) , 

where the quietest period is the 10 s period with the lowest variation (standard deviation) in 

ΔF/F.  All subsequent analyses were performed using the Z_F vectors. 

To define whether an individual cell showed time-locked responses to whisker stimulations, a 

probabilistic bootstrapping method was implemented.  First, we calculated the correlation 

between the stimulus time-course and the Z_F vector, followed by correlation calculations 

between the stimulus time-course and 10,000 scrambles of all calcium activity epochs in Z_F 

(epoch = consecutive frames wherein Z_F ≥ 3).  The 10,000 comparisons generated a 

distribution of correlations (R values), within which the correlation of the unscrambled data and 

the stimulus fell at a certain percentile.  If the calculated percentile for a cell was less than 0.01, 

then we described that cell as being time-locked. 

For analysis of aggregate activity within a particular time range, e.g. First 5 stimulations or 800 

frames, the mean of Z_F within that time range was calculated for each ROI, and for each animal 

imaged, a median Z_F was then calculated across all ROIs or a subset of ROIs (e.g. only time-
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locked or non-time-locked ROIs).  The initial and end baseline periods of Evoked activity were 

included in the analyses for Figs. 7f, 7h, and 11a-b. 

For curve fitting of WT neuronal activity across stimulations (Fig. 9c), we calculated the median 

Z_F across ROIs for each animal imaged, within each of the 20 stimulations (from 0.2 s before 

stimulation onset to 2.8 s after stimulation end), and then applied iterative nonlinear, least-

squares curve fitting with the Levenberg-Marquardt algorithm.  The best-fit exponential curve to 

all data points for each stimulation had the equation 𝑦𝑦 = 𝐴𝐴𝑠𝑠−𝑥𝑥/𝜏𝜏 + off, where A = 1.94±0.25, τ = 

4.10±1.26, and off = 1.42±0.14. 
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Chapter 4 

Discussion 

 

 

 

Answers were important, the canyon said, 
But the answers were not the solution. 
 

--- from “Adolescence,” by Adrienne Su  
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Defects in neuronal and behavioral adaptation during tactile stimulation in Fmr1-/- mice 

A common symptom in FXS is abnormal sensory reactivity, which frequently manifests as tactile 

defensiveness (Liss et al., 2006; Sinclair et al., 2016).  Sensory overreactivity is significant 

because it can contribute to other symptoms, such as anxiety, sleep disturbances, seizures, and 

inattention, and ultimately disrupt daily living.  Tactile hypersensitivity is also seen in other 

ASDs; indeed, one study of children with autism found that 60% (of 171) of children with autism 

showed tactile symptoms, particularly manifesting during grooming and hygiene activities 

(Tomchek and Dunn, 2007).  Clinical interventions to improve sensory modulation in ASDs rely 

on behavioral or pharmacological treatments that are not specific for the underlying disorder 

(van Karnebeek et al., 2016).  Coinciding with the disappointments of recent clinical trials aimed 

at molecular targets (Mullard, 2015), neuroscientists are increasingly turning to in vivo 

recordings of network activity in rodent models of ASDs (Gonçalves et al., 2013; Arnett et al., 

2014; Zhang et al., 2014; Lu et al., 2016) to discover new therapeutic targets. 

We followed such a symptom-to-circuit approach and designed our experiments to characterize 

circuit-level defects that underlie sensory overreactivity in the Fmr1-/- mouse model of FXS.  We 

established a new behavioral assay for tactile defensiveness in both young and adult mice, and 

used in vivo calcium imaging with GCaMP6s to record ensemble activity of L2/3 neurons in the 

barrel cortex.  Our main results were as follows: 1) P14-16 Fmr1-/- mice demonstrate an 

exaggerated locomotor response during repetitive whisker stimulations; 2) Adult Fmr1-/- mice 

show an avoidance response to repetitive whisker stimulation, resembling tactile defensiveness 

in FXS patients; 3) Unexpectedly, we found no evidence of exaggerated sensory-evoked 

neuronal activity in L2/3 of young or adult Fmr1-/- mice; 4) The proportion of L2/3 neurons in 
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barrel cortex that responds in a time-locked manner to whisker stimulation is 45% lower in 

Fmr1-/- mice compared to WT mice at P14-16; 5) Neuronal activity in Fmr1-/- mice at both P14-

P16 and P34-74 shows a lack of adaptation to repetitive whisker stimulation.  Our results 

indicate that the absence of adaptation within local neuronal networks is a likely contributor to 

sensory overreactivity in FXS, and perhaps in other ASDs. 

Active avoidance of tactile stimulation is challenging to study during early postnatal ages 

because of the small size and limited locomotion of neonatal mouse pups.  Although spontaneous 

whisker movements begin during the first postnatal week (Akhmetshina et al., 2016), mice do 

not show robust locomotion or true exploratory whisking before P13 (Arakawa and Erzurumlu, 

2015; van der Bourg et al., 2016).  Remarkably, our novel behavioral assay for head-restrained 

mice identified a behavioral equivalent of human tactile defensiveness: not only did we observe a 

pronounced increase in locomotion with repetitive whisker stimulation in P14-16 Fmr1-/- mice 

(which we interpret as an escape behavior), but there was also a clear avoidance response 

(turning away from the aversive stimulus) in adult Fmr1-/- mice. 

Considering that FXS symptoms present in the first year of life, we chose to carry out 

experiments during the second postnatal week, a critical age in mice analogous to an early 

perinatal period when sensory experience shapes somatosensory cortex in humans (Workman et 

al., 2013).  The second postnatal week coincides with the onset of robust active whisking and 

with the consolidation of anatomical and functional “barrel” maps in the mouse cortex (Petersen, 

2007).  Our results add to the notion that alterations in circuits during critical periods of 

experience-dependent plasticity are fundamental to the pathophysiology of FXS (Bureau et al., 
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2008; Cruz-Martín et al., 2010; Harlow et al., 2010; Gonçalves et al., 2013; He et al., 2014) and 

ASDs in general (Meredith et al., 2012), even if they endure into adulthood. 

For our behavioral and calcium imaging experiments we chose to stimulate groups of whiskers to 

better mimic the passive whole-snout inputs derived from long bouts of contact with littermates 

and from grooming by the dam, which dominate the animals’ early somatosensory experience.  

Our stimulation frequency and timing were also physiologically relevant, as exploratory 

whisking in mice is typically 5-15 Hz in 1-4 s bouts (Kleinfeld et al., 2006).  Whereas each of 

our 20 stimulations was relatively physiological in scale and magnitude (1 s at 10 Hz), the 

repetitive nature of the entire 80 s stimulation series was intentionally chosen to be more akin to 

a environmental stimulation that might be perceived as persistently irritating (e.g., wearing 

certain clothes), without being shocking (e.g., a brief but extremely loud sound).  Our results on 

neuronal adaptation to repetitive whisker stimulation in early postnatal WT mice are consistent 

with those of a recent study of using multi-electrode array recordings (van der Bourg et al., 

2016), in which barrel cortex activity in young mice was recorded during ten consecutive 10 ms-

long whisker deflections (200 ms ISI).  It is important to note that the time course of stimulation 

and adaptation we chose is particularly relevant to studying the problem of tactile defensiveness 

in autism. 

In addition to running on the ball as a putative escape response to aversive stimulation, additional 

behaviors of interest include batting or grabbing at the stimulator, as well as pupil diameter as a 

measure of arousal (Reimer et al., 2014).  We had examined durations of contact between the 

animals’ paws and the stimulator by attaching the stimulator’s wires to a capacitive touch sensor 

breakout board, but we did not observe differences between genotypes, nor was batting a 
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consistent phenotype within either of the genotypes.  In other experimental work, our group has 

observed that stimulation frequencies above 50 Hz elicit much more frequent batting motions, 

and as such, the 10 Hz stimulation frequency was probably not aversive enough to make this 

behavior a useful metric in this study.  We also attempted to measure pupil diameters using an 

additional camera inside the behavior rig, but found that the P14-16 mice do not keep their 

eyelids open wide enough to permit constant visualization of the pupil.  Our rig interior lighting 

was also too dim to maintain the adult animals’ pupils at a sufficiently small baseline diameter to 

measure fluctuations during the sensory stimulation. 

In adult mice, brief (200 ms) deflections of 2-3 whiskers cause inter-whisker inhibition between 

barrel cortex neurons within <500 ms (Simons, 1985); conversely, during 10 Hz multi-whisker 

stimulations lasting 1 s, adaptation of barrel cortex neurons enables “surround facilitation” 

instead of suppression (Ramirez et al., 2014).  As we examined neuronal adaptation over much 

longer time scales, it is unlikely that single-whisker stimulation would reveal different results (in 

other experiments, we find that single-whisker stimulation also leads to neuronal adaptation in 

WT mice; data not shown).  One caveat regarding the interpretation of our results is that we 

imaged L2/3 activity in barrel cortex of mice that were lightly sedated, in order to maintain a 

consistent behavioral state, as well as to minimize active whisking events that might contribute 

to feedback-enhanced cortical activity and contaminate our recordings (Petersen, 2007).  While 

deep anesthesia via >1% isoflurane is known to produce a markedly different neuronal activity 

pattern from the awake state, the use of light (<0.5%) isoflurane has been shown to allow a 

sparse, desynchronized pattern of neuronal population activity that is similar to the awake state 

(Lissek et al., 2016). 
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In our experiments of imaging and behavior in the same five P14-16 animals, we were unable to 

demonstrate a correlation between the degree of neuronal adaptation and the degree of locomotor 

adaptation during repeated whisker stimulation.  This certainly does not mean that the two 

defects are in fact linked, as we still believe them to be, but that a small sample size is 

insufficient to demonstrate the presence or lack of such an association.  We had attempted to 

perform simultaneous imaging and behavior assessment with the animals fully awake and non-

sedated on the running ball treadmill.  However, we found that even after three days of ball 

habituation and use of a new headbar design with two-point fixation, locomotion of the young 

pups caused too much motion in the Z direction to allow for stable visualization of the same 

ROIs.  We suspect that this is due to the softness of the skull and openness of sutures during the 

earliest weeks of life.  As such, we had to perform the behavioral testing and imaging at different 

times, greatly reducing our ability to link the imaging and behavioral phenotypes.  

It was not surprising that the degree of L2/3 neuronal adaptation correlated well with the 

proportion of L2/3 neurons showing time-locked responses to whisker stimulations in the WT 

mice, but not in the Fmr1-/- mice.  It may be intuitive that a critical number of neurons within a 

local network must respond robustly to a particular stimulation pattern in order for those 

neurons, and for the neurons to which they connect, to adapt.  Accordingly, we observed that 

both the time-locked and non-time-locked neuronal subpopulations in the WT showed adaptation 

over the course of 20 stimulations.  However, if the Fmr1-/- mice lack enough spatial density of 

time-locked L2/3 neurons to drive overall adaptation across the local networks, that could 

explain our observation that the time-locked neurons did show adaptation in the Fmr1-/-, but the 

non-time-locked subpopulations did not. 
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An unexpected finding of our study was that the proportion of time-locked L2/3 neurons was 

much lower in Fmr1-/- than in WT animals at P14-16 (though not evident in adult mice), and that 

sensory stimulation did not trigger abnormally high activity in neurons from Fmr1-/- mice at 

either age.  These results seem to contradict predictions of the theory of neuronal and network 

hyperexcitability in FXS (Contractor et al., 2015).  However, the L2/3 activity from a single 

whisker stimulation is known to be distributed across several cortical columns (Clancy et al., 

2015).  It is possible that in Fmr1-/- mice the functional circuits for whisker touch processing are 

dispersed over an even larger spatial area, resulting in an apparently reduced proportion of time-

locked neurons within any given local network (about 200 µm in diameter), as we observed.  

Indeed, recent studies using OIS and in vivo electrophysiology found that stimulation of a single 

whisker resulted in a larger spatial area of activation across the Fmr1-/- barrel cortex, compared 

with WT (Arnett et al., 2014; Juczewski et al., 2016).   

 

Potential mechanisms underlying neuronal adaptation defects in the Fmr1-/- 

Our results prompt speculation regarding how connectivity within local networks differs between 

the WT and Fmr1-/- barrel cortices or other cortical areas.  It is possible that there are genotype-

specific differences in the prevalence or function of so-called “hub neurons,” which are cells 

with high functional connectivity and high impact on local network dynamics (Cossart, 2014).  

Hub neurons have been characterized as GABAergic cells, crucial for synchronizing 

hippocampal network oscillations (Bonifazi et al., 2009), but have been less frequently studied in 

the cortex (Shimono and Beggs, 2015).  If adaptation of hub neurons was in fact necessary to 
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drive the entire network’s adaptation, and if the Fmr1-/- cortex had fewer such hub neurons, then 

the resulting activity patterns would in fact be more poorly organized, with a broader spatial 

distribution (as others have published) and with reduced adaptation, as we observed.   

The ideas of hub neurons and hyperexcitability also call into question the roles of interneurons in 

Fmr1-/- circuit dysfunction.  Earlier work has found a decrease in inhibitory interneuron drive, 

delayed GABA polarity switch, and a reduced density of PV interneurons in the Fmr1-/- 

somatosensory cortex (Selby et al., 2007; He et al., 2014; Tyzio et al., 2014; Lovelace et al., 

2016).  We used a recently described post hoc kurtosis filter (Ringach et al., 2016) to try and 

isolate the putative interneurons in our GCaMP6 imaging.  However, we did not find differences 

in adaptation profile between the high-kurtosis (excitatory) and low-kurtosis (mixed excitatory 

and inhibitory) neurons.  This kurtosis filter’s utility was limited in our data because 1) this filter 

isolated one relatively homogenous population of pyramidal neurons from one heterogeneous 

population, with the latter comprising over 50% of our imaged neurons; and 2) our data sets were 

too small, i.e. well under 100 neurons per local network.  Ongoing experiments in our lab are 

using imaging and electrophysiology of fluorescently labeled interneuron populations to 

specifically characterize the role of interneurons in primary visual cortex activity and visual 

perceptual deficits of the Fmr1-/- mice.  The lab will eventually seek to do so in the barrel cortex 

as well. 

Adaptation of cortical neurons to repeated or ongoing sensory stimulation is a robust 

phenomenon across sensory modalities (Ohzawa et al., 1982; Castro-Alamancos, 2004; Khatri et 

al., 2004; Ulanovsky et al., 2004), enabling increased detection, discriminability, and gain 

control (Castro-Alamancos, 2004; Ollerenshaw et al., 2014).  The thalamocortical synapse is the 
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principal site of cortical adaptation to repeated whisker stimulations, with additional adaptation 

occurring within L2/3 and L4 (Chung et al., 2002; Khatri et al., 2004; Heiss et al., 2008).  

Previous studies in the Fmr1-/- somatosensory cortex have identified specific functional defects 

in thalamocortical synapses during both development (Harlow et al., 2010) and adulthood 

(Gibson et al., 2008); as well as defects in transmission and experience-dependent plasticity in 

L4-to-L3 projections (Bureau et al., 2008).  The neuronal adaptation defect we observed in L2/3 

cortical neurons of Fmr1-/- could also reflect upstream changes in sensory neurons in the 

periphery, brainstem, thalamus, or even in L4 neurons of barrel cortex.  For example, a recent 

study identified hyperexcitability in peripheral somatosensory neurons of several mouse models 

of ASDs (Orefice et al., 2016), and the same defects could be present in Fmr1-/- mice.  More 

work is needed to establish whether a loss of adaptation originates in the periphery and then 

spreads to somatosensory cortex, or whether it occurs simultaneously throughout the brain. 

Our findings raise additional questions about the role of downstream brain regions in translating 

a lack of neuronal adaptation in somatosensory cortex into an avoidance/escape response to an 

aversive sensory stimulus.  Altered sensory adaptation in Fmr1-/- circuits could also involve 

infragranular output layers (L5/6) in barrel cortex.  However, in early postnatal normal mice, L5 

and L6 neurons tend to show facilitation (i.e., an increase in activity, not a decrease) to repetitive 

whisker stimulation (van der Bourg et al., 2016), making an adaptation defect less likely at this 

step of the pathway.  Beyond the cortex, the amygdala is almost certainly involved in autistic 

overreactivity to sensory stimuli (Green et al., 2015), and outputs of the basal ganglia were 

recently shown to modulate active avoidance (Hormigo et al., 2016).  Future studies will need to 

address how specific brain regions (e.g., amygdala, periaqueductal gray, or cingulate), pathways, 

and neurotransmitters are involved in top-down modulation of tactile defensiveness, and we have 
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shown that Fmr1-/- mice are an ideal model in which to study these questions.  One hypothesis is 

that neuronal activity in the amygdala is necessary to translate an incoming sensory stimulation 

into a perception of aversion or annoyance, resulting in a locomotor escape response.  

Experiments recently underway in the lab include the infusion of muscimol into the amygdalas 

of Fmr1-/- pups to potentially modulate their behavioral response to repetitive whisker 

stimulation. 

 

Future directions 

Given our findings, Fmr1-/- mice would be expected to show impairments in behavioral tasks that 

assess tactile perception and perceptual decision-making.  Indeed, unpublished work from our 

lab has found that Fmr1-/- mice are slower to learn a visual discrimination task, and also show 

reduced performance with increased task difficulty or with distractors.  In the somatosensory 

modality, published studies of the adult Fmr1-/- mouse have reported functional deficits in 

whisker sampling, gap-crossing, and texture discrimination (Arnett et al., 2014; Juczewski et al., 

2016; Orefice et al., 2016), but these deficits have not been demonstrated in younger animals 

during critical periods of sensory plasticity.  Our present results have demonstrated the feasibility 

of a head-fixed behavioral setup for testing reactions to passive sensory stimulation in early 

postnatal mice.   Assessing perceptual decision-making in young pups is certainly of interest, but 

is more technically difficult because a week of consecutive training days may be necessary 

before testing on head-fixed or navigational tasks, because these tasks frequently require 
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sensorimotor maturity, and because adult animals frequently need to be motivated by food or 

water restriction (Arnett et al., 2014; Guo et al., 2014), which would be dangerous in pups.   

However, it is also possible to assay whisker-based texture discrimination in adult mice using a 

modified novel object recognition task, with only three days of brief (10 min) training sessions, 

and without food or water restriction (Wu et al., 2013).  During the first two postnatal weeks, 

pups are highly motivated by warmth (huddling with littermates) as well as feeding.  Perhaps a 

task similar to the one described by Wu et al., involving association between a warm (preferred) 

location and a particular surface texture, with a sweetened milk reward, could be implemented 

with P14-16 pups.  During several days of habituation, beginning soon after the onset of 

exploratory locomotion at P10-11, pups could be repeatedly placed in a small (cage-sized) square 

arena, in which each of the four corners has a different floor and wall texture.  The relative 

positions of the four textures would be randomized across training trials, but one texture would 

consistently be linked to warming of that corner by a heating pad, as well as the milk reward 

when the pup reaches that corner and stays there for a certain amount of time.  On the testing 

day, the pup could be placed in the same type of arena, but without any heated corner.  The pup 

should seek out the texture that was associated with warmth, and I hypothesize that the Fmr1-/- 

pups would be less successful on this task, demonstrating a texture discrimination deficit and/or 

a somatosensory learning deficit; I also hypothesize that task performance would be correlated 

with other measures of behavioral tactile dysfunction and abnormal cortical response.   Such a 

task would assay deficits in both whisker-based and skin-based somatosensory processing; the 

latter is also of interest, given the recent finding of peripheral somatosensory neuronal 

hyperexcitability in other adult mouse models of ASD (Orefice et al., 2016). 
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It is also interesting to consider how altered somatosensory adaptation (as we have shown) and 

reduced sensory discrimination and decision-making (as in the published gap-crossing deficits) 

might be more directly linked in the Fmr1-/- mouse.  One study using voltage-sensitive dye 

imaging in WT adult rats showed that delivery of a 1 s 10 Hz “adapting stimulus” to a single 

whisker caused spatial reduction of the cortical response to subsequent deflection of that 

whisker, as well as increased separation of the cortical response maps for that whisker and an 

adjacent whisker, i.e., improved cortical discriminability (Ollerenshaw et al., 2014).  The same 

study also used a head-fixed whisker discrimination task wherein rats had to detect stimulation of 

one whisker or an adjacent whisker, with the test stimulus preceded by the same 1 s “adapting 

stimulus” in 50% of the trials (Ollerenshaw et al., 2014).  During the condition with adapting 

stimulus, stimulus detectability decreased, but whisker discrimination performance – behavioral 

discriminability – improved (Ollerenshaw et al., 2014).  This study was performed in rats and 

required a long habituation and training period, but the adapting stimulus had the same length 

and frequency as a single stimulation from our 20-stimulation series, making Ollerenshaw et al.’s 

findings even more relevant to our present paradigm.  We showed that the L2/3 neuronal 

adaptation defect in Fmr1-/- mice persists into adulthood, and prior findings of larger receptive 

fields in the Fmr1-/- barrel cortex suggest decreased baseline cortical discriminability for whisker 

inputs.  If the adaptation defect is present at both short (1 s) and long time scales (as we used), 

then the animals’ perceptual threshold might remain low (detectability remaining high) after 

stimulus exposure has begun, instead of decreasing appropriately, which could contribute to the 

behavioral defensiveness.  At the same time, due to the adaptation defect, the Fmr1-/- animals’ 

cortical and behavioral discriminability might remain too poor to allow successful learning or 

performance on a whisker discrimination task.  These hypotheses are certainly worth testing in 
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the Fmr1-/- model, especially since cognitive deficits in this mouse model could have 

implications for our understanding of learning difficulties in children with FXS. 

We believe that sensory processing and integration abnormalities contribute to not just cognitive 

deficits in ASDs, but also to repetitive behaviors and social behavior deficits.  This interplay was 

certainly reflected in recent fMRI findings that adolescents with ASD show more effortful social 

information processing – increased activity in frontotemporal language areas and prefrontal 

cortex – during the presence of a tactile sensory distractor (Green et al., 2017).  It is necessary to 

test the link between sensory and social symptoms in animal models in order to demonstrate the 

role of sensory dysfunction as a core neurodevelopmental deficit in ASD.  Of note, in the 

Shank3B-/- mouse model of autism, the most prominent behavioral phenotypes are reduced social 

interaction and dramatically repetitive grooming behaviors beginning in early adulthood (Peça et 

al., 2011), but these animals also have heightened whisker sensitivity and hyperactivity in the 

primary somatosensory cortex (Feng, 2016).  The Fmr1-/- mouse also has a phenotype of tactile 

hypersensitivity (and defective tactile adaptation), as well as social interaction deficits and 

repetitive behaviors (Spencer et al., 2011), though the latter two deficits are less severe than in 

the Shank3B-/- model.  I would hypothesize that in both of these animal models, the degree of 

behavioral and cortical tactile dysfunction would correlate with the severity of altered social 

behavior even before weaning age, and might also correlate with the onset or severity of 

repetitive grooming in the Shank3B-/- mice. 

Another open question in the field of FXS research is the necessity of Fmr1 expression and 

FMRP during prenatal and postnatal critical periods. Other mouse models of monogenic 

neurodevelopmental disease have been used to show the apparent sufficiency of gene expression 
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in adulthood for restoration of a WT phenotype, or the necessity of specific gene expression 

during adulthood for maintenance of normal phenotype.  Earlier work has used a conditional 

Mecp2 knock-in model of Rett Syndrome, wherein the Mecp2lox-Stop allele was controlled by a 

cre-ER transgene (Guy et al., 2007).  The mice carrying Mecp2lox-Stop/y,cre-ER developed as 

Mecp2 null mice, but the restoration of MeCP2 in adulthood via tamoxifen administration 

resulted in rescue of neurological phenotype and hippocampal LTP to levels comparable to the 

WT, even after the emergence of disease symptoms (Guy et al., 2007).  In a complementary 

study, mice carrying a floxed Mecp2 and inducible Cre-ER were used to remove MeCP2 during 

adulthood, resulting in neurological and motor impairments comparable to Mecp2 null animals 

(McGraw et al., 2011).  More recently, the conditional Shank3 knock-in mouse model was used 

to demonstrate that restoration of Shank3 in adulthood rescued deficits in post-synaptic density 

protein expression, striatal neurotransmission, repetitive grooming, and social interaction; but not 

the deficits in anxiety, locomotion, motor coordination (Mei et al., 2016).  It remains unknown 

whether the circuit and behavioral deficits caused by a lack of Fmr1/FMRP during prenatal and 

early postnatal development could be compensated for by later restoring Fmr1 expression.  A 

conditional Fmr1-/- mouse is available (Mientjes et al., 2006) and could be crossed with an 

inducible Cre-ER line to yield animals in which Fmr1 expression is silenced at a specific 

developmental age and/or in a specific cell population.  A conditional Fmr1 knock-in mouse may 

still be under development (Mientjes et al., 2006).  As was seen in the Shank3 adult rescue 

experiments, it is very likely that adult restoration of Fmr1 expression might restore some 

deficits, but not others; alternatively, restoration before the second postnatal week may be 

necessary in order to ensure normal circuit activity and sensory processing phenotypes.  It is also 

possible that removal of Fmr1 expression only during adulthood might not result in the same 
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deficits that are seen in the Fmr1-/-, because the circuits mediating sensory reactivity and 

sensory-based decision-making have already been consolidated during the early weeks of life. 

The ultimate goal of studies that investigate abnormalities in network activity in Fmr1-/- mice is 

to identify effective treatments for the devastating symptoms of FXS.  Beyond the mGluR or 

GABA theories of FXS, a growing body of work indicates that dysregulated signaling of the 

excitatory neurotransmitter acetylcholine (ACh) plays a significant role in FXS pathophysiology.  

ACh can modulate cognition, arousal, and excitability, and is crucial for the response of neuronal 

ensembles to sensory input (Picciotto et al., 2012).  An in vitro study found that the cholinergic 

agonist carbachol caused aberrantly increased excitatory responses in Fmr1-/- mice, providing 

early evidence that cholinergic signaling is enhanced in the KO (D’Antuono et al., 2003).  Others 

have shown that the Fmr1-/- mice mouse has excessive muscarinic ACh receptor (mAChR) 

signaling causing abnormal long-term depression (Volk et al., 2007).  Also interestingly, our lab 

previously found that the circuit hyperexcitability in the Fmr1-/- mice is heightened during times 

of sleep or rest (Gonçalves et al., 2013).  Since an animal’s state of vigilance is already known to 

be highly dependent on cholinergic tone (Lee and Dan, 2012), this further suggests that abnormal 

cholinergic tone may be responsible for circuit pathology in FXS.  

Accordingly, future experiments should test the hypothesis that an excess of cholinergic tone 

could account for the observed defects in neocortical circuit and behavioral adaptation of Fmr1-/- 

mice.  It would first be useful to investigate whether a mouse model already known to have 

increased ACh signaling could recapitulate the circuit defects seen in the Fmr1-/- mouse.  Thus, 

in vivo imaging could be used to profile activity of L2/3 neurons in the barrel cortex of the 

ChAT-ChR2-EYFP mouse, which is a BAC transgenic model that overexpresses channel-
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rhodopsin 2 under the choline acetyl transferase promoter and was originally developed to enable 

optogenetic investigation of ACh neurotransmission (Zhao et al., 2011).  However, because the 

vesicular ACh transporter gene (VAChT) lies within the ChAT gene, the BAC expressing ChAT 

also carries intact VAChT.  This results in overexpression of the ACh transporter and a threefold 

increase in ACh release (Kolisnyk et al., 2013).  Consistent with a pathological level of ACh 

signaling, these mice show increased physical endurance and deficits in motor learning, spatial 

and working memory, and attentional processing (Kolisnyk et al., 2013).  Thus, even without 

optogenetic manipulations, this mouse is an intrinsically useful model for studying the effects of 

excessive cholinergic tone.  One could hypothesize that these mice also exhibit cortical network 

adaptation defects under repeated sensory stimulation, at both P14-16 and early adulthood.  

Examining spontaneous and evoked activity of L2/3 neurons in barrel cortex in this mouse model 

could provide a useful assessment of whether increased cholinergic tone can result in the same 

network abnormalities seen in the Fmr1-/- mice. 

Since recent studies have shown that administration of an M1 or M4 mAChR antagonist can 

reduce behavioral defects in the Fmr1-/- (Veeraragavan et al., 2011a, 2011b), manipulation of 

cholinergic signaling may be a novel therapeutic strategy in FXS.  While mAChR subtypes are 

complex and can be differentially antagonized by specific pharmacological agents, the effects of 

an anticholinergic drug on cortical network activity are unknown.  The nonselective muscarinic 

antagonist scopolamine is a reasonable candidate for acute and chronic administration in Fmr1-/- 

mice (Constantinople and Bruno, 2011).  Administration of this drug could potentially 

“normalize” the aberrant network activity by restoring a degree of adaptation during repetitive 

sensory stimulation, and might even reduce the associated behavioral defect. 
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*** 

We have concluded that altered sensory processing in the cortex might lead to anxiety and 

hyperarousal and ultimately contribute to the observed defensiveness behavior in Fmr1-/- mice.  

Our data fit well with not just the known behavioral phenotypes of Fmr1-/- mice and FXS 

patients, but also with existing EEG studies on sensory adaptation defects in Fmr1-/- mice and 

humans (Castren et al., 2003; Van der Molen et al., 2012; Ethridge et al., 2016; Lovelace et al., 

2016; Sinclair et al., 2016).  A recent fMRI study also found a defect in adaptation to repeated 

tactile stimulus in the somatosensory cortex of patients (age 9-17) with both ASD and 

documented sensory overreactivity behavior (Green et al., 2015).  

Our work encourages additional investigations using animal models of ASD at developmental 

stages to elucidate neuronal defects underlying aberrant behaviors that are relevant to human 

symptoms and function.  The overarching goal is to connect specific genetic and molecular 

changes with specific circuit-level phenotypes and behavioral changes, as well as treatments 

targeted to those circuit and behavioral changes.  Eventually, the management of ASD could 

begin with genetic diagnosis during routine prenatal or early postnatal screening, followed by 

neurological assessment using improved EEG and fMRI biomarkers during the first months and 

years of life.  This neurodevelopmental monitoring could be used to design early behavioral 

support to improve the development of sensory integration, social communication, and other 

skills, before dysfunctions would normally become apparent and then impairing.  Along with 

behavioral interventions to change the course of symptom development, targeted 

pharmacological treatments could be used to modulate circuit activity during these critical 

periods when these circuits, and their output behaviors, are being consolidated. 



86 
 

 

 

 

 

 

 

 

 

 

Appendix 

Statistical approach 

 

  



87 
 

Based on my group sizes of n=8-10 for imaging data comparisons and n=13-21 for behavioral 

data comparisons, normality cannot be ensured, and tests of normality and variance are also 

unreliable. There is no consensus on a sample size threshold at which normality and variance 

testing becomes useful, potentially enabling parametric tests, though n>30 is frequently 

recommended and n>10 has been considered an “absolute minimum” (Corder and Foreman, 

2009; Sullivan et al., 2016). 

As such, I implemented a conservative statistical approach.  Central tendencies are reported in 

the main text as group median with median absolute deviation.  Graphs show all data points as 

well as group medians and, where error bars are shown, interquartile ranges.  All statistical tests 

were rank-based comparisons with bootstrapping (10,000 resamples), without assumptions 

regarding normality or variance.  These comparisons were implemented using custom-written R 

code.  Paired rank-based comparisons were used when comparing measurements within the same 

animals (e.g. median fluorescence Z-scores during the first five vs. last five stimulations in WT 

mice).  Unpaired rank-based comparisons were used when comparing measurements in different 

animals (e.g. % time-locked neurons in WT vs. Fmr1-/- mice).  Two-sided p-values were 

calculated for each comparison, and Bonferroni corrections for multiple comparisons were 

applied where appropriate.  The threshold for significance was set at p<0.05. 

No statistical test was used to prospectively calculate sample sizes before experiments began.  

Target sample sizes were based on previous work from our group (Golshani et al., 2009; 

Gonçalves et al., 2013), and equal or exceed sample sizes for other recent studies using in vivo 

calcium imaging and head-fixed behavior.  Certainly a single prospective calculation of power at 

the start of project design would have been ideal from both a statistical and ethical perspective, 
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since sample sizes should be carefully chosen in order to use as few animals as possible.  

However, in our experiments, the expected effect sizes are not known or easily estimated a 

priori, and a calculation of prospective power estimates for a range of effect sizes would result in 

a large range of potential sample sizes that would not aid in planning (or minimizing) animal 

usage. 

Even smaller sample sizes than ours (e.g., n=5 animals) remain common in neuroscience, and it 

is also common in in vivo imaging studies to pool neurons from multiple animals and use a 

sample size of n = # of neurons imaged.  However, I feel strongly that all neurons imaged within 

a single animal should be considered related, and thus integrated into a single data point 

whenever possible, as a number of variables differ uncontrollably between animals and imaging 

sessions (neurodevelopmental maturity of the individual mouse, its response to sedation or 

handling, whether the imaging area is more or less affected by the presence of blood vessels, the 

number of detectable ROIs, etc).  Looking at my data, it is indeed clear that within the same 

genotype, animals vary greatly in their presentation of any imaging or behavioral phenotype. 

It is well established that most neuroscientific studies are dramatically underpowered and thus 

suffer from both low positive predictive value and effect inflation (the so-called “winner’s 

curse”).  Button et al. examined a large cohort of published primary research studies and meta-

analyses and reported, in 2013, that across neuroscience fields the median statistical power was 

21%, or 18% if outliers are excluded (Button et al., 2013).  For behavioral studies using animal 

models, they reported a median statistical power as 18% for medium effects and 31% for large 

effects (Button et al., 2013).  With such low power, p-values also lose their meaning, and the 
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reproducibility of results becomes much more difficult (Button et al., 2013; Krzywinski and 

Altman, 2013; Halsey et al., 2015).    

My data are undoubtedly affected by these realities, and the apparent plague of underpowered 

studies in this field (including my own work) is disconcerting.  However, Button et al. also 

acknowledge the “ongoing debate regarding the appropriate balance to strike between using as 

few animals as possible in experiments and the need to obtain robust, reliable findings” (Button 

et al., 2013).  One power analysis I performed relatively early in my project suggested that 

sample sizes over 50 would be needed to achieve 80% power with α=0.05, but such large 

numbers of animal (per genotype) are unfeasible and arguably unconscionable.  The actual 

number of animals used is always, in fact, much higher than the reported sample size, because of 

an unavoidable attrition of animals over the course of an experimental series: multiple intensive 

surgical and imaging procedures are involved, with unforeseen events such as cranial window 

not being clear enough for high-quality imaging, or viral vector expression not localized in the 

necessary area. 

There is no clear solution to the problem of reasonable and feasible sample sizes being 

underpowered in biology.  My approach has been to comprehensively report the data and openly 

acknowledge the limitations of our work, which include its limited sample sizes and low 

statistical power.  Conclusions regarding circuit activity and behavior in mouse models of 

disease must ultimately rely on a range of studies from multiple labs, including ours, each 

providing some limited insight and incremental corroboration. 
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	(e) Injection of GCaMP viral vector with glass micropipette.
	(f) Sealing of injection site with VetBond.
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	Figure 6: Rm and Vm of P16-17 L2/3 neurons injected with AAV-GCaMP6s at P1
	Fig. 6: Rm and Vm of P16-17 L2/3 neurons injected with AAV-GCaMP6s at P1
	(a) Input resistance during whole-cell recordings of 6 L2/3 neurons from 2 P16-17 animals injected with AAV-GCaMP6s at P1, and 6 L2/3 neurons from 2 uninjected littermates.  For (a-b), each circle represents data for one cell, bars represent group med...
	(b) Membrane voltage during whole-cell recordings of 6 L2/3 neurons from 2 P16-17 animals injected with AAV-GCaMP6s at P1, and 6 L2/3 neurons from 2 uninjected littermates.
	There is precedent for the use of neonatal injection of AAV vectors: for example, a P0 intraventricular injection of an AAV vector encoding YFP or Cre-TdTomato has been shown to produce strong expression as early as P2, with levels of expression compa...
	METHODS
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	16. 2P laser scanning microscope
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	20. Image acquisition software (we used ScanImage (Pologruto et al., 2003))
	Equipment setup (Fig. 3b)
	1. Pipette preparation for injection: Pull a custom micropipette from a 1.5-mm outer diameter (o.d.), 0.86-mm inner diameter glass capillary tube so that the length of the tapered tip is approximately 8 mm.  Break pipette tip slightly by gently touchi...
	2. Gelfoam preparation: Use sterilized scissors to cut small pieces of Gelfoam, approx. 1 mm on each side.  Soak them in a small petri dish filled with sterile saline.
	3. Surgical instruments: Sterilize instruments in a glass bead sterilizer and spray with ethanol before use.
	4. Heating blanket: Turn on heating blanket 15 minutes before start of each surgical procedure so that blanket temperature is sufficiently high once mouse is anesthetized.
	1. Preoperative care: Administer subcutaneous injection of carprofen (5 mg/kg BW) to the mouse.
	2. Anesthetize the mouse with 5% isoflurane for induction, followed by 2% isoflurane for maintenance.
	3. Use blunt ear bars to position mouse so that desired injection area is as flat as possible, with isoflurane delivery over nose (Fig. 3b).  Ensure that the mouse remains warm (on the heating pad) throughout the procedure, and monitor breathing caref...
	4. Sterilize operating area using three alternating wipes of betadine and 70% alcohol.
	5. Using the iridectomy scissors, make one snip to create a 3-4 mm triangular skin flap over the desired injection area (Figs. 3c, 4a).  Fold back the skin flap and cover with a piece of wet Gelfoam to prevent the skin from drying and shrinking (Figs....
	6. Immediately apply a drop of lidocaine/epinephrine.  After 30 seconds, dry surface.
	7. Use pneumatic dental drill and repeated light touches of the drill bit tip to clear the periosteum from the skull surface.  Use wet Gelfoam to clean the area of foam and debris, then let the area dry.  At this step, the drill bit should not touch t...
	8. Once the exposed skull is clear of periosteum and dry, apply repeated light touches of the drill bit tip at the desired injection site until the bone has clearly weakened and very slightly cracked, enough to permit insertion of the glass micropipet...
	9. Load glass micropipette with approximately 200 nL of GCaMP viral vector and position for injection at 45o angle to skull surface.
	10. Lower pipette until pipette tip has pierced through the cracked bone and into superficial cortex (Figs. 3f, 4e).  Inject vector using the picospritzer.  Withdraw pipette.  Note: if the pipette tip is sufficiently narrow, the vector should not reflux.
	11. Using a needle tip (e.g., 19-gauge), apply a very small drop of VetBond to the injection site (just enough to seal the cracked area but not enough to reach the skin edges) and let dry completely (Figs. 3g, 4f).
	12. Replace the skin flap and seal the skin edges with a minimal amount of VetBond (Figs. 3g, 4g-h).
	13. Allow VetBond to dry before placing mouse in warm recovery cage.  After the mouse completely recovers from anesthesia, return it to the litter.  Carefully monitor the dam and the pups to ensure reintegration of the post-operative pup(s). Minimize ...
	1. Anesthetize the mouse with 5% isoflurane for induction, followed by 1.5-2% isoflurane for maintenance.  Monitor anesthesia level throughout surgery by watching breathing, as well as using tail and toe pinches, and ensure that heating blanket is fun...
	2. Use rodent trimmer to shave from the neck to the eyes, being careful not to trim any whiskers.
	3. Use blunt ear bars to position mouse on stereotaxic frame, with anesthesia nose cone.  The ear bars must be secured with just enough pressure such that the mouse’s head does not shift during surgery.  The skull is still soft at P10 and care must be...
	4. Administer subcutaneous injections of carprofen (5 mg/kg BW) and dexamethasone (0.2 mg/kg BW).
	5. The original injection site should be apparent as a triangular scar on the skin, not raised or inflamed. If a large plug of fibrous tissue is present at the original injection site, and the skin at the injection site cannot be freely moved above th...
	6. Sterilize operating area using three alternating wipes of betadine and 70% alcohol.
	7. Using the scissors, remove the skin on top of the skull, as well as the periosteum.  Apply lidocaine/epinephrine to skin edges.  After 30 seconds, dry skull surface using cotton swabs.
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	9. Use a pneumatic dental drill to very lightly trace a circular window of 3-4 mm in diameter.  Apply lidocaine/epinephrine, let sit for 30 seconds, then dry skull.  The skull at P10 is still very soft, and the bone near the injected area will also be...
	10. Continue to gently drill along circular trace until bone has been weakened all around the craniotomy.  When the center of the craniotomy is pushed gently, it should indent slightly.  Clean up any bleeding with Gelfoam.
	11. Apply a drop of saline, let sit for up to 10 min.  Then use fine-tipped forceps to gently lift the craniotomy.  Apply Gelfoam to stop any minor bleeding.  Also use Gelfoam to wipe away any scar tissue remaining from the original burr hole and inje...
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