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Abstract:  
Sodium channel dysfunction in autism spectrum disorder 

Perry Spratt 
 

 Dysfunction in the gene SCN2A has a strong association with autism spectrum 

disorder (ASD). SCN2A encodes the protein NaV1.2, a voltage-gated sodium channel 

important for the initiation and propagation of action potential in excitatory neurons in the 

developing cortex. ASD-associated SCN2A variants impair the function of NaV1.2, 

however, the resulting consequences of NaV1.2 dysfunction for ASD are unknown. Here, 

I show that NaV1.2 is unexpectedly critical for dendritic excitability and synaptic function 

in mature pyramidal neurons, in addition to regulating axonal excitability early in 

development. Scn2a-haploinsufficiency disrupts action potential propagation into the 

dendritic arbor, impairing synaptic plasticity and synaptic function, even when NaV1.2 

expression is disrupted in a cell-autonomous fashion late in development. Homozygous 

Scn2a-loss further exacerbates dendritic excitability deficits, yet paradoxically increases 

axonal excitability, likely resulting from compensation by other sodium channel genes. 

Encouragingly, restoring Scn2a expression in mature neurons appears sufficient to 

rescue dendritic and synaptic impairments. CRISPR activators are demonstrated as a 

variable approach for exogenously increasing Scn2a expression, restoring dendritic 

excitability and synaptic function in Scn2a-haploinsufficient mice. Overall, these results 

reveal a novel dendritic role for NaV1.2, provide insight into cellular mechanisms 

underlying circuit and behavioral dysfunction in ASD, and identify potential therapeutic 

avenues for loss-of-function SCN2A variants and other haploinsufficient ASD genes. 
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Chapter 1 

Introduction 

Remarkable progress has been made over the past decade uncovering the genetic 

basis of autism spectrum disorder (ASD), a childhood-onset disorder characterized by 

deficits in sociability and repetitive behaviors and/or interests (American Psychiatric 

Association, 2013). This advance has come through the discovery of (as of this writing) 

102 high-risk genes identified through high-throughput sequencing of rare inherited and 

de novo ASD gene variants (Satterstrom et al., 2020), providing insight into genetic 

etiology of ASD. It remains an enduring challenge however to connect impairment in 

these genes to changes in neurobiology that result in the ASD-phenotype. If this 

challenge can be met, the hope is that common emergent deficits between gene variants 

will reveal biological sites of convergence in ASD, raising the prospects for the 

development of therapies for what is currently an intractable disorder (Willsey et al., 

2018).  

This dissertation describes progress in understanding the neurobiological 

consequences of one such high-risk ASD gene, SCN2A. SCN2A was among the first 

genes identified through the study de novo ASD gene variants (Sanders et al., 2012), and 

to date it remains one of the genes with the strongest ASD-association (Sanders et al., 

2015; Satterstrom et al., 2020). SCN2A is of particular interest because it is atypical 

among other ASD genes in that it encodes the voltage-gated sodium channel NaV1.2 

(Goldin et al., 2000), a member of a particularly well studied family of proteins that is 

fundamental to the generation of electrical activity in the brain (Catterall, 2012). The 

research described in this dissertation reveals unexpected roles for SCN2A in regulating 
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dendritic excitability and synaptic function, hinting at possible sites of convergence with 

other ASD genes. SCN2A expression throughout life is unexpectedly important for 

maintaining proper dendritic and synaptic function, yet promisingly, restoring normal 

expression late in life appears sufficient to rescue SCN2A-related deficits. This gives hope 

for the development of therapies for ASD-associated SCN2A variants using novel genetic 

approaches for increasing gene expression.  

1.1 Autism Spectrum Disorder and SCN2A 

Autism Spectrum disorder (ASD) is a highly prevalent neurodevelopmental 

disorder that has significant consequences for a child's cognitive and social development 

(American Psychiatric Association, 2013). ASD is highly heritable, indicating that its cause 

can overwhelmingly be ascribed to genetic factors (Fombonne, 2009; Muhle et al., 2004). 

However, only recently has significant progress been made in identifying specific genes 

that contribute to ASD. This breakthrough has come through the application of modern 

high-throughput genomic sequencing methods to identify de novo mutations that confer 

significant risk for ASD. De novo mutations are novel mutations present in offspring and 

not either parent, arising in the parental germline or somatically. Usually these mutations 

have no effect, however in rare cases they can disrupt the function of a gene, possibly 

resulting in a genetic disorder. In cases where a child is diagnosed with ASD despite an 

absence of family history of the condition, the genomic sequence of an affected child can 

be compared to their unaffected parents and siblings to identify sequence differences 

resulting from de novo mutations. As the basal de novo mutations rate is low, if different 

de novo mutations are observed disrupting the same gene in independent children at a 
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rate higher than expected by chance, it is possible to ascribe a significant contribution of 

that mutation to the development ASD in those children (Ronemus et al., 2014). 

SCN2A was the first ASD gene with multiple de novo mutations identified in 

independent children (Sanders et al., 2012), an association that has since been 

repeatedly replicated and strengthened (De Rubeis et al., 2014; Iossifov et al., 2014; 

Sanders et al., 2015; Satterstrom et al., 2020). Similar methods have demonstrated a 

strong association of SCN2A mutations with neurodevelopmental delay/intellectual 

disability (NDD/ID) (Deciphering Developmental Disorders Study, 2015). It is estimated 

that roughly three hundred children with ASD/ID-associated SCN2A variants are born 

each year (Sanders et al., 2018). In these children, early development is unremarkable 

until moderate motor and verbal delays appear at around 6 months of age. Children are 

described as placid and content, and there is a tendency for them to engage in repetitive 

actions such as chewing, hand gestures and roaming (Sanders et al., 2018). Up to a third 

of affected children develop seizures, often between the ages of 18 months to 4 years 

(Ben-Shalom et al., 2017; Sanders et al., 2018). There is documented muted responses 

to pain and other aversive stimuli (Tavassoli et al., 2014), although other parents report 

increased sensitivity to heat. Additional related deficits include cortical visual impairments, 

disrupted sleep, gastrointestinal disturbances, and uncoordinated oral movements 

(Sanders et al., 2018). 

Prior to the association with ASD/ID, SCN2A variants had previously been 

identified in children with infantile epilepsy (Howell et al., 2015; Wolff et al., 2017, 2019). 

These epileptic variants broadly fall into one of two categories: (1) epileptic 

encephalopathy (IEE), characterized by infantile-onset seizures followed by 
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neurodevelopmental delay (Sugawara et al., 2001), and (2) benign (familial) infantile 

seizures (BISs), characterized by infantile-onset seizures that resolve by two-years of age 

without long-lasting problems (Heron et al., 2002). While a subset of children with ASD/ID-

associated SCN2A variants develop epilepsy (Sanders et al., 2018), epilepsy-onset in 

IEE/BISs variants is much earlier in development (<12 months) (Wolff et al., 2019). In 

addition to ASD/ID and IEE/BIS, SCN2A variants have also been observed in patients 

exhibiting IEE with choreoathetoid movements (Kobayashi et al., 2016; Samanta and 

Ramakrishnaiah, 2015), BISs with late-onset episodic ataxia (Leach et al., 2016; Liao et 

al., 2010), childhood-onset IEE (Howell et al., 2015), and schizophrenia  (Carroll et al., 

2016; Fromer et al., 2014).  

1.2 The structure and function of SCN2A/NaV1.2 

SCN2A encodes the voltage-gated sodium channel, type II, alpha subunit, the 

primary protein that forms the NaV1.2 sodium channel (Goldin et al., 2000). The 

importance of sodium channels to the proper functioning of the nervous system of higher 

organisms cannot be overstated. By permitting the voltage-dependent flux of sodium ions 

across the cell membrane, sodium channels enable neurons to generate large 

regenerative electrical impulses called action potentials that can rapidly travel long 

distances with precise temporal fidelity (Hodgkin and Huxley, 1952a, 1952b; Hodgkin et 

al., 1952). At rest, neurons lie at a hyperpolarized potential where sodium channels are 

closed. As synaptic inputs onto the dendrites of neurons integrate and converge upon the 

axon, the resulting depolarization, if sufficiently strong, activates sodium channels. The 

electro-chemical gradient of sodium ions across the cell membrane favors influx into the 

neuron, causing further depolarization and the activation of neighboring sodium channels. 
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This generates a cascade of sodium channel activation, resulting in a sharp, regenerative 

spike in the membrane potential that rapidly propagates along the membrane. Within 

milliseconds, the activated sodium channels inactivate and the delayed activation of 

voltage-gated potassium channels quickly repolarizes the membrane back to its resting 

state. Sodium channels subsequently recover from inactivation after a brief refractory 

period, resetting the process. 

The ability of sodium channels to generate and propagate action potentials is 

enabled by their structure. The alpha subunit of sodium channels are large (~4000 amino-

acids), pseudo-heterotetramer proteins composed of four homologous domains (I-IV), 

each containing six transmembrane segments (S1-S6) (Guy and Seetharamulu, 1986). 

The alpha subunit contains all of the structures required for a fully functioning sodium 

channel (Noda et al., 1986a, 1986b): a sodium-selective pore, a voltage-sensor, and a 

fast-inactivation gate. The pore is composed from the four α-helical segments between 

the S5 and S6 transmembrane segments which contain charged amino-acid residues that 

comprise the DEKA sodium-selectivity filter (Heinemann et al., 1992). S4 of each domain 

contains 4-8 repeated motifs of positively charged arginine residues that move across the 

membrane in response to changes in membrane potential, initiating conformational 

changes that lead to the opening and closing of the pore (Guy and Seetharamulu, 1986; 

Hirschberg et al., 1995). Fast inactivation is controlled by a short intracellular loop that 

connects domains III and IV that folds into the pore during inactivation (Rohl et al., 1999). 

The structure and function of sodium channels is highly conserved with other members 

of the voltage-gated ion channel superfamily. Indeed, it is postulated that sodium 
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channels evolved from a voltage-gated T-type calcium channel, which in turn arose from 

an evolutionarily ancient voltage-gated potassium channel (Yu and Catterall, 2004).  

1.3 SCN2A/NaV1.2 expression 

NaV1.2 is one of four sodium channel isoforms (along with NaV1.1, 1.3, and 1.6) 

expressed in the central nervous system (CNS) and ten sodium channels expressed 

throughout the body (NaV1.4, 1.5, 1.7, 1.8, 1.9, and NaX) (Goldin et al., 2000). NaV1.2 

channels are expressed broadly throughout the central nervous system, with significant 

expression in the neocortex, hippocampus, and cerebellum (Goldin, 1999). In the cortex. 

NaV1.2 is expressed in excitatory pyramidal neurons, co-expressed alongside NaV1.6 (Hu 

et al., 2009). Cortical interneurons primarily express NaV1.1 (Catterall et al., 2010), 

however there are reports of NaV1.2 expression exclusive of NaV1.1 in multipolar (VIP-

expressing) and single-bouquet (Reelin-expressing) interneurons in mice (Yamagata et 

al., 2017). There may also be co-expression of NaV1.1 ,1.2 and 1.6 in SST-labelled 

interneurons (Li et al., 2014).  

Within individual neurons there are differences in the subcellular distribution of 

sodium channel isoforms. The cellular compartment with the highest sodium channel 

density is the axon initial segment, the site of action potential initiation (Bender and 

Trussell, 2012; Kole et al., 2008), and nodes of ranvier, periodic gaps in the axonal myelin 

sheath that enable action potentials to travel quickly down axons to synaptic connections 

with downstream neurons (Cohen et al., 2020; Rasband and Peles, 2015). Sodium 

channel composition is dynamic within these compartments during development. At 

nodes and in the AIS, NaV1.2 is the primary isoform expressed in early development, 

however over the first postnatal week in mice, NaV1.6 displaces NaV1.2 at nodes and in 
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the distal AIS  (Boiko et al., 2001, 2003). NaV1.6 has a lower voltage-dependence of 

activation than NaV1.2 (Rush et al., 2005) and takes over the role of determining action 

potential initiation, while the remaining NaV1.2 channels are hypothesized to help action 

potentials backpropagate from the AIS to the soma (Hu et al., 2009).  

Sodium channels are also expressed in the soma and dendrites of neurons, albeit 

at a much lower density. These dendritic sodium channels contribute to a variety of 

functions including action potential backpropagation (Stuart et al., 1997) and soma-

independent spike-like events in dendrites that contribute to synaptic plasticity (Golding 

and Spruston, 1998; Golding et al., 2002). The molecular identity of dendritic sodium 

channels is poorly defined, however there is evidence of NaV1.6 expression in 

hippocampal CA1 pyramidal cell dendrites (Lorincz and Nusser, 2010). 

SCN2A has two splice isoforms that use mutually exclusive copies of exon 5 that 

differ by one amino-acid in position 209: asparagine (5N isoform) or aspartic acid (5D 

isoform). Early in development there is co-expression of the 5N and 5A isoforms, however 

by the 2nd postnatal week in mice neurons primarily express only the 5A isoform. The 5A 

isoform has a more hyperpolarized voltage-dependence of activation, potentially 

contributing to increased neuronal activity later in development (Gazina et al., 2015).  

1.4 SCN2A pathophysiology  

Differences between ASD/ID and IEE/BIS-associated SCN2A variants have been 

identified through bioinformatics, electrophysiological characterization, and 

computational modeling (Ben-Shalom et al., 2017). ASD/ID variants show enrichment for 

both de novo missense mutations (variants with amino-acid substitutions) and nonsense 

mutations (variants with premature stop codons) that cause protein truncation. ASD-
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missense variants cluster on the pore-loop between transmembrane segments, and 

electrophysiological characterization in heterologous expression systems reveals they 

result in a loss of channel conductance or the impairment of activation and inactivation 

kinetics, reducing channel excitability (Ben-Shalom et al., 2017). By contrast, IEE/BIS 

variants are exclusively missense, with mutations clustering around transmembrane 

segments 4 and 5, proximal to the voltage sensor, increasing the excitability of the 

channel (Ben-Shalom et al., 2017; Howell et al., 2015).  

The consequences of these pathological variants been explored using 

computational models of cortical pyramidal neurons with AIS sodium channel distributions 

matching immature (NaV1.2 only) and mature (NaV1.6 distal, NaV1.2 proximal) neurons 

(Ben-Shalom et al., 2017). ASD variants exhibited hypo-excitability selectively in the 

immature model, with no overt changes in excitability in the mature model. BISs variants 

had the inverse effect, with selective hyperexcitability in the immature model and normal 

excitability in maturity. EEI variants were hyperexcitable in both immature and mature 

models, accounting for why EEI mutations result in a more severe epileptic phenotype. 

This leads to a general model for SCN2A pathophysiology: infantile epilepsy results from 

hyperexcitability caused by gain of function variants, whereas ASD/ID results from 

SCN2A haploinsufficiency caused by loss-of-function variants (Ben-Shalom et al., 2017; 

Sanders et al., 2018). 

1.5 Dissertation Overview 

It is not clear why loss-of-function SCN2A variants result in the cognitive and social 

deficits characteristic of ASD. Additionally, SCN2A is unique among other high-risk ASD 

genes which can broadly be clustered by genes that support synaptic function or genes 
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that regulate gene expression (De Rubeis et al., 2014; Sanders et al., 2015; Satterstrom 

et al., 2020). It is therefore of interest to understand the consequence of the loss of 

SCN2A function on neuronal excitability and neurodevelopment to gain insight into why 

this gene is so strongly associated with ASD, how it leads to similar cognitive and 

behavioral alterations as genes with seemingly unrelated functions, and what can be done 

to remedy these deficits. This dissertation comprises a body of work that attempts to 

address these questions presented over the following chapters: 

Chapter 2 examines contributions of SCN2A/NaV1.2 to neuronal excitability using 

a mouse model heterozygous for Scn2a, demonstrating that the Scn2a unexpectedly 

contributes to dendritic excitability and synaptic function in mature pyramidal neurons in 

addition to supporting axonal excitability early in development.  

Chapter 3 extends key finding from chapter 2 using a prairie vole model of Scn2a 

haploinsufficiency, establishing that deficits in dendritic excitability are conserved across 

species, and functionally validating an novel Scn2a haploinsufficiency rodent model that 

has social behaviors better suited to modeling social-deficits characteristic of ASD. 

Chapter 4 examines the consequence of a complete loss of SCN2A/NaV1.2 

expression in pyramidal cells, revealing further impairments in dendritic excitability 

unexpected increases in axonal excitability not observed in Scn2a+/- neurons.  

Chapter 5 examines possible therapeutic approaches to treating Scn2a 

haploinsufficiency. Restoring Scn2a expression late in development is shown to be 

sufficient to rescue dendritic excitability and synaptic deficits. 

Chapter 6 presents a novel variant of the genetic-encoded calcium indicator 

GCaMP that is restricted to the soma using ribosome-tethering. This tool improves 
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calcium imaging experiments involving large numbers of labelled neurons by removing 

signal crosstalk from overlapping neuropil.  

Chapter 7 synthesizes the central findings of this dissertation and provides an 

outlook on future directions of study. 
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Chapter 2:  

The autism-associated gene Scn2a contributes to dendritic excitability and 
synaptic function in prefrontal cortex 

 
2.1 Abstract 

Autism spectrum disorder (ASD) is strongly associated with de novo gene 

mutations. One of the most commonly affected genes is SCN2A. ASD-associated SCN2A 

mutations impair the encoded protein NaV1.2, a sodium channel important for action 

potential initiation and propagation in developing excitatory cortical neurons. The link 

between an axonal sodium channel and ASD, a disorder typically attributed to synaptic 

or transcriptional dysfunction, is unclear. Here, we show NaV1.2 is unexpectedly critical 

for dendritic excitability and synaptic function in mature pyramidal neurons, in addition to 

regulating early developmental axonal excitability. NaV1.2 loss reduced action potential 

backpropagation into dendrites, impairing synaptic plasticity and synaptic strength, even 

when NaV1.2 expression was disrupted in a cell-autonomous fashion late in 

development. Furthermore, mice heterozygous for Scn2a exhibited learning and 

sociability impairments. These results reveal a novel dendritic function for NaV1.2, 

providing insight into cellular mechanisms likely underlying circuit and behavioral 

dysfunction in ASD.  
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2.2 Introduction 

High-throughput sequencing has implicated numerous genes in autism spectrum 

disorder (ASD) (Sanders et al., 2015). These genes cluster into two groups: chromatin 

modifiers and genes that support synaptic function (De Rubeis et al., 2014; Sanders et 

al., 2015). Surprisingly, SCN2A, the gene with the most robust ASD association (Ben-

Shalom et al., 2017; Sanders et al., 2012; Satterstrom et al., 2018), does not readily fit 

within either group. SCN2A encodes the protein NaV1.2, a voltage-gated sodium channel 

known to be expressed in the axon initial segment (AIS), an axonal subcompartment 

adjacent to the soma that is the site of action potential (AP) initiation (Bender and Trussell, 

2012; Kole and Stuart, 2012). Interestingly, SCN2A variants with different effects on 

channel function are associated with distinct neurodevelopmental disorders. 

Heterozygous loss of function variants (haploinsufficiency) in SCN2A that diminish or 

eliminate channel function are strongly associated with ASD as well as intellectual 

disability (ID), whereas gain of function missense variants are strongly associated with 

infantile epilepsy of varying severity (Begemann et al., 2019; Ben-Shalom et al., 2017; 

Sanders et al., 2018; Wolff et al., 2017). While neuronal hyperexcitability due to gain-of-

function SCN2A variants likely contributes to infantile epilepsy, the neuropathological 

mechanisms underlying the strong association between SCN2A loss of function and 

ASD/ID remains largely unknown.  

In neocortex, NaV1.2 is primarily expressed in glutamatergic pyramidal cells (Hu et 

al., 2009; Li et al., 2014; Yamagata et al., 2017), where its distribution within different 

axonal compartments changes over development. In the first postnatal week in mice, 

corresponding to late gestation through the first year of life in humans (Workman et al., 
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2013), NaV1.2 is the only sodium channel isoform expressed in the axon and AIS, and is 

thus solely responsible for the initiation and propagation of action potentials (Gazina et 

al., 2015). Later in development, NaV1.2 in the axon and distal AIS is replaced by NaV1.6 

(SCN8A), which has a lower voltage threshold for activation (Bender and Trussell, 2012; 

Kole and Stuart, 2012). Consequently, the distal AIS becomes the site of AP initiation and 

NaV1.2, now restricted to the proximal AIS, is thought to promote effective 

backpropagation of APs from the AIS into the soma (Hu et al., 2009). Given these 

potentially distinct developmental roles, it is critical to understand how SCN2A 

haploinsufficiency affects neuronal excitability and network function across development, 

as this may shed light on ASD and ID etiology.  

Here, we examined cellular, synaptic, and behavioral consequences of 

heterozygous loss of Scn2a in mice (Scn2a+/-). AP initiation was impaired in early 

development, consistent with a major role for Scn2a in axonal excitability. Unexpectedly, 

we identified deficits in somatodendritic excitability, consistent with the expression of 

NaV1.2 channels throughout these compartments, that arose after early development and 

persisted throughout life. Furthermore, postsynaptic features of excitatory synapses on 

Scn2a+/- neurons were both functionally and structurally altered in adulthood, with 

morphological and electrophysiological features reminiscent of less mature synapses. 

Synaptic impairments were found even when Scn2a expression was disrupted late in 

development, selectively impairing dendritic excitability without a period of reduced 

axonal excitability. Reduced dendritic excitability impaired the backpropagation of action 

potentials into distal dendrites, with corresponding deficits in spike-timing dependent 

plasticity. Finally, we observed sex-specific deficits in both learning and sociability in 
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Scn2a+/- mice. Together, these results identify a novel role for NaV1.2 in the dendrites of 

mature pyramidal neurons, demonstrating that NaV1.2 contributions to dendritic, and not 

only axonal, excitability are important for proper synaptic development and function. This 

generates the hypothesis that SCN2A contributes to ASD and ID by disrupting synaptic 

function, like many other ASD genes, and that these effects persist in mature neurons.  
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2.3 Methods 

2.3.1 Experimental Model and Subject Details 

All experimental procedures were performed in accordance with UCSF and 

Gladstone Institutes IACUC guidelines. All experiments were performed on mice housed 

under standard conditions with ad libitum access to food and water.  

C57B6J (JAX: 000664), B6.Cg-Tg(Camk2a-cre)T29-1Stl/J (Jax: 005359), Ai14: 

6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (JAX: 007908) were obtained from 

The Jackson Laboratory and bred in our onsite colony. Scn2a+/- mice were provided by 

Drs. E. Glasscock and M. Montal (Mishra et al., 2017; Planells-Cases et al., 2000). 

Scn2a+/fl mice were created by inserting LoxP sites around exon 2 of the Scn2a gene 

(Fig. S6A, Cyagen). A targeting vector was generated by PCR using BAC clone RP23-

332C13 and RP24-42717 from the C57BL/6J library to create homology arms around a 

LoxP flanked cKO region that includes exon 2 of the Scn2a gene. The targeting vector 

included a Neo cassette flanked by Rox sites for positive selection, and DTA outside of 

the homology arms for negative selection. The linearized vector was subsequently 

delivered to ES cells (C57BL/6) via electroporation, followed by drug selection, PCR 

screening, and Southern Blot confirmation. Confirmed clones were then introduced into 

host embryos and transferred to surrogate mothers. Chimerism in the resulting pups was 

identified via coat color. F0 male chimeras were bred with C57BL/6 females to generate 

F1 heterozygous mutants that were identified by PCR. 

2.3.2 Ex Vivo Electrophysiology  

Mice aged P4 through P62 were anesthetized, and 250 mm-thick coronal slices 

containing medial prefrontal cortex, medial orbitofrontal cortex, hippocampal CA1, or 



 

24 

primary visual cortex (Figure 6.8A) were prepared. Slices were prepared from Scn2a+/- , 

CaMKII-Cre (MGI: 2446639)::Scn2a+/fl , Parv-Cre (MGI: 3590684)::Ai14::Scn2a+/-, SOM-

Cre (MGI: 4838416)::Ai14::Scn2a+/- , or Scn2a wild-type littermates (genotyped by PCR). 

All data were acquired and analyzed blind to Scn2a genotype, except for experiments 

examining the effects of tetrodotoxin in a wild-type background (AP waveform and 

synaptic plasticity), and the effects of sparse Cre transfection in Scn2a+/fl mice. Data were 

acquired from both sexes (blind to sex), with no sex-dependent differences noted in 

measurements made in acute slice recordings [e.g., AMPA:NMDA ratio, combined data 

across constitutive and conditional heterozygote cases: Male +/+ 5.1 ± 0.3, n = 8, Female 

+/+: 4.7 ± 0.3, n = 22, Male ± : 2.4 ± 0.3, = 18, Female ± : 3.1 ± 0.3, n = 11; p = 0.13, 2-

factor ANOVA. Peak rising dV/dt of AP, combined data from P23-62 constitutive and > 

P50 conditional heterozygote cases: Male +/+: 584.4 ± 8.8 V/s, n = 48; Female +/+: 588.0 

± 22.8, n = 6; Male ± : 405.3 ± 8.1, n = 32; Female ± : 449 ± 19.0, n = 9; p = 0.21, 2-factor 

ANOVA). Cutting solution contained (in mM): 87 NaCl, 25 NaHCO3 , 25 glucose, 75 

sucrose, 2.5 KCl, 1.25 NaH2 PO4 , 0.5 CaCl 2 and 7 MgCl2 ; bubbled with 5%CO2 

/95%O2 ; 4  C. Following cutting, slices were either incubated in the same solution or in 

the recording solution for 30 min at 33  C, then at room temperature until recording. 

Recording solution contained (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2 , 1 MgCl2 , 25 

NaHCO3 , 1.25 NaH2 PO4 , 25 glucose; bubbled with 5%CO2 /95%O2 ; 32-34  C, ~310 

mOsm. 

Neurons were visualized with differential interference contrast (DIC) optics for 

conventional visually guided whole-cell recording, or with 2-photon-guided imaging of 

reporter-driven tdTomato fluorescence overlaid on an image of the slice (scanning DIC). 
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For current-clamp recordings and voltage-clamp recordings of K + currents, patch 

electrodes (Schott 8250 glass, 3-4 MU tip resistance) were filled with a solution containing 

(in mM): 113 K-Gluconate, 9 HEPES, 4.5 MgCl2 , 0.1 EGTA, 14 Tris2 -phosphocreatine, 

4 Na2 -ATP, 0.3 tris-GTP; ~290 mOsm, pH: 7.2-7.25. For Ca 2+ imaging, EGTA was 

replaced with 250 mM Fluo-5F and 20 mM Alexa 594. For voltage-clamp recordings of 

persistent Na + currents and synaptic activity, internal solution contained (in mM): 110 

CsMeSO3 , 40 HEPES, 1 KCl, 4 NaCl, 4 Mg-ATP, 10 Na-phosphocreatine, 0.4 Na2 -

GTP, 0.1 EGTA; ~290 mOsm, pH: 7.22. All data were corrected for measured junction 

potentials of 12 and 11 mV in K- and Cs-based internals, respectively. 

Electrophysiological data were acquired using Multiclamp 700A or 700B amplifiers 

(Molecular Devices) via custom routines in IgorPro (Wavemetrics). For measurements of 

action potential waveform, data were acquired at 50 kHz and filtered at 20 kHz. For all 

other measurements, data were acquired at 10-20 kHz and filtered at 3-10 kHz. For 

current-clamp recordings, pipette capacitance was compensated by 50% of the fast 

capacitance measured under gigaohm seal conditions in voltage-clamp prior to 

establishing a whole-cell configuration, and the bridge was balanced. For voltage-clamp 

recordings, pipette capacitance was compensated completely, and series resistance was 

compensated 50%. Series resistance was < 15 MU in all recordings. Experiments were 

omitted if input resistance changed by > ± 15%. 

Between P4 and P10, whole-cell current-clamp recordings were made from in the 

center of the cortical plate, corresponding to developing layer 5 (Ca´novas et al., 2015). 

Putative pyramidal cells were identified based on regular spiking characteristics. 

Pyramidal cell identity was validated by 2-photon visualization of dendritic spines in a 
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subset of these recordings (25/81). After P13, laminae became more distinct and 

recordings were restricted to L5b. In pyramidal cells aged > P17, AP characteristics are 

known to vary based cell class (Clarkson et al., 2017; Dembrow et al., 2010). To minimize 

variability, recordings were restricted to cells with low or high HCN expression levels, 

corresponding to intratelencephalic (IT) or pyramidal tract (PT) neurons, respectively. In 

current clamp, PT neurons were defined as those that exhibited a voltage rebound more 

depolarized that V rest following a strong hyperpolarizing current (-400 pA, 120 ms) that 

peaked within 90 ms of current offset (Clarkson et al., 2017). All others were defined as 

IT. These metrics were not employed in cells from < P15 due to a lack of mature HCN-

mediated current. AP threshold and peak dV/dt measurements were determined from the 

first AP evoked by a near-rheobase current in pyramidal cells (300 ms duration; 10 pA 

increments), or the first AP within a train of APs with a minimum inter-AP frequency of 25 

Hz in inhibitory neurons. Threshold was defined as the V m when dV/dt measurements 

first exceeded 15 V/s. 

Miniature excitatory and inhibitory postsynaptic currents (mEPSC, mIPSC) were 

assessed in the presence of 10 mM R-CPP and 400 nM TTX. mEPSCs and mIPSCs were 

measured while voltage-clamping neurons at -80 and 0 mV, respectively. Events were 

detected using a deconvolution algorithm based on Pernı´a-Andrade et al. (2012), with a 

noise threshold of 3.5x. All events larger than ± 2 pA that were separated by 1 ms were 

analyzed and subsequently screened manually. Baseline recording noise was not 

different across genotype (P27 mEPSC root mean square noise, WT: 2.1 ± 0.2 pA, n = 

23; Scn2a+/- : 2.2 ± 0.2 pA, n = 19, p = 0.6, Mann-Whitney test). 
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In experiments measuring paired pulse ratio and AMPA:NMDA ratio, EPSCs were 

evoked via a bipolar glass theta electrode placed ~200 mm lateral to the recorded neuron 

in layer 5. Paired pulse ratio was assessed in the presence of 10 mM R-CPP and 25 mM 

picrotoxin at -80 mV. Overall divalent concentration was maintained when calcium was 

lowered from 2 to 1 mM by increasing MgCl 2 from 1 to 2 mM. For AMPA:NMDA ratio, R-

CPP was omitted and neurons were held at -80 and +30 mV to assess AMPA and NMDA-

mediated components. AMPA and NMDA components were defined as the peak inward 

current at -80 mV and the outward current 50 ms after stimulus onset at +30 mV, 

respectively. 

For sparse Cre expression experiments, mice were anesthetized with isoflurane 

and positioned in a stereotaxic apparatus. 500 nL volumes of AAV-EF1A-Cre-IRES-

mCherry (UNC Vector Core) diluted with saline (1:10) were injected into the mPFC of 

Scn2a+/fl mice (stereotaxic coordinates [mm]: anterior-posterior [AP], +1.7, mediolateral 

[ML] -0.35; dorsoventral [DV]: -2.6). Mice were used in experiments four weeks post 

injection. 

Persistent Na+ and currents were activated with 500 ms voltage steps from -90 mV 

and corrected using p/n leak subtraction. 10-15 trials were averaged per voltage step. 

Current amplitudes were calculated as the average of the last 100 ms of each step. 

Experiments were performed in 25 mM picrotoxin, 10 mM NBQX, 10 mM TEA, 2 mM 4-

AP, 200 mM Cd2+ , 2 mM TTA-P2, and 1 mM Cs+ . K+  currents were activated with 500 

ms voltage steps from -90 to -20, in 10 mV increments. 5 trials were averaged per voltage 

step. Current amplitudes were calculated from the transient peak and sustained 

components (last 50 ms). Experiments were performed in 500 nM TTX, 25 mM picrotoxin, 
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10 mM NBQX, and 1 mM Cs+ . Cav channels were not blocked to allow for activation of 

Ca2+ -dependent K+ channels. 

In burst-based spike timing-dependent plasticity protocols, excitatory postsynaptic 

potentials (EPSPs) were evoked with a theta stimulating electrode placed in layer 1, 25-

50 mm from the L1/2 border, 350-500 mm dorsal to the recorded L5b pyramidal cell. After 

establishing a stable baseline (EPSP ISI: 0.1 Hz), EPSPs were paired with AP bursts 

evoked by 500-800 pA somatic current steps (20 ms, onset: 10 ms after EPSP stimulation, 

2 APs at > 100 Hz). These EPSP-AP pairings were delivered in a train of 5 at 100 ms ISI. 

Trains were repeated every 5 s for 20 trials. Following induction, EPSP stimulation 

frequency was reset to 0.1 Hz, and changes in EPSP slope were assessed by comparing 

data 15-25 min following induction to baseline. For experiments performed in 5 nM TTX, 

bursts were evoked with somatic current injection steps of larger amplitude (800-1500 

pA). 

2.3.3 Two-Photon Imaging  

Two-photon laser scanning microscopy (2PLSM) was performed as previously 

described (Bender and Trussell, 2009). A 2-photon source (Coherent Ultra II) was tuned 

to 810 nm for morphology and calcium imaging. Epi- and transfluorescence signals were 

captured either through a 40 3 , 0.8 NA objective for calcium imaging or a 60 3 , 1.0 NA 

objective for spine morphology imaging, paired with a 1.4 NA oil immersion condenser 

(Olympus). Fluorescence was split into red and green channels using dichroic mirrors and 

band-pass filters (575 DCXR, ET525/70 m-2p, ET620/60 m-2p, Chroma). Green 

fluorescence (Fluo-5F) was captured with 10770-40 photomultiplier tubes selected for 

high quantum efficiency and low dark counts (PMTs, Hamamatsu). Red fluorescence 
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(Alexa 594) was captured with R9110 PMTs. Data were collected in linescan mode (2–

2.4 ms/line, including mirror flyback). For calcium imaging, data were presented as 

averages of 10-20 events per site, and expressed as D(G/R)/(G/R)max *100, where (G/R) 

max was the maximal fluorescence in saturating Ca 2+ (2 mM) (Yasuda et al., 2004). 

Backpropagation experiments were performed in 25 mM picrotoxin, 10 mM NBQX and 

10 mM R-CPP. 

Spine morphology and density images were obtained during 2PLSM images 

obtained at 2x the Nyquist resolution limit for 810 nm excitation, with z stacks through the 

dendritic arbor (0.1 mm steps in the z axis). For constitutive knockout animals, z stacks 

of dendritic spines were acquired developing (P5-6) and mature (P24-36) neurons from 

secondary or tertiary dendritic branches in the apical tuft (Mean distance from soma: P24-

36 WT = 350 ± 52 mm, P24-36 Scn2a +/- = 308 ± 37 mm, P5-6 WT = 197 ± 39 mm, P24-

36 Scn2a +/- = 197 ± 68 mm) and primary and secondary basal dendritic branches (Mean 

distance P24-36 WT = 99 ± 23 mm, P24-36 Scn2a +/- = 106 ± 25 mm). For conditional 

knockout animals, z stacks were acquired from P75-76 Scn2a+/fl ::CaMKII-Cre mice and 

littermate controls from secondary or tertiary dendritic branches in the apical tuft (WT = 

390 ± 51 mm, Scn2a+/fl :: CaMKII-cre = 401 ± 30 mm) and primary and secondary basal 

dendritic branches (WT = 98 ± 23 mm, Scn2a+/fl ::CaMKII-Cre = 86 ± 25 mm). Stacks 

were post-processed with the CANDLE denoising protocol (Coupe´et al., 2012), then 

reconstructed using IMARIS 6 (Bitplane). Maximum intensity image projections are 

displayed within the main and supplemental figures using the ‘‘Red Hot’’ lookup table 

(FIJI). Full dendritic reconstructions were stitched together using pairwise stitching in FIJI 

before generation of maximum intensity projection. 
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2.3.4 Behavioral Analyses  

Three separate cohorts of mice were assessed, blind to genotype. In the first, tests 

included open field, elevated plus maze, balance beam, rotarod, nesting, spontaneous 

alternation, grooming, response and reversal learning, and three trial social interactions. 

Based on the results of this screen, four trial social preference was assessed in a second 

cohort and response and reversal learning was assessed in the second and third cohort. 

Open field and elevated plus maze were also reassessed in each cohort to determine 

whether each cohort responded similarly in these anxiety-related assays. Open Field – 

Mice were transferred to the testing room 60 minutes prior to the start of testing. Mice 

were then placed in a clear plastic chamber (41 3 41 3 30 cm) and allowed to explore. 

Movement in the center and outer periphery were recorded by an array of 16 3 16 

photobeams (San Diego Instruments). 

Elevated Plus Maze: Mice were placed at the center of an elevated plus maze 

consisting of two open arms (5.715 cm wide, 70.485 cm long), and two enclosed arms 

(5.715 cm wide, 70.485 cm long, 16.51cm walls) elevated 63 cm above the ground and 

were allowed to explore for 10 minutes. Location, distance traveled, and arm entries were 

measured by infrared photobeam breaks. 

Balance Beam: On day 1, mice were first trained to talk across a wide beam (37 

cm long x 15.875 mm diameter circular beam) over two guided trials. Following training, 

mice completed three trials (15-minute inter-trial interval) where they were placed end of 

the beam and traversed 

the wide beam unguided into an opposing dark chamber. On day 2 the mice 

completed three trials using a medium beam (37 cm x 12.7 mm diameter circular beam), 
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and on day 3 three trials were completed on the small beam (37 cm x 6.35 mm wide 

square beam). For each tested trial, the latency to traverse, number of foot slips, and falls 

were recorded. All testing was performed under normal light conditions. 

Rotarod: Mice were trained on a rotarod apparatus over three trials (inter-trial 

interval 15 minutes) with the rod rotating at a constant speed of 16 rotations per minute 

(RPM). Following training, mice were tested on 2 consecutive days with 2 sessions of 3 

trials each (2-hour inter-session interval, 15-minute inter-trial interval) in which mice were 

placed on a rotarod apparatus that gradually accelerated from 4 RPM to 40 RPM in 4 rpm 

increments every 30 s. Trials would end when the mouse would fall off the apparatus or 

after 5 minutes. All testing was performed under normal light conditions. 

Nesting: Mice were placed in a standard mouse cage with 2 cm of paper chip 

bedding and a single nestlet (5 cm square of pressed cotton batting). Nests in the cage 

were then scored 2, 6, and 24 hours after the introduction of the mouse on the following 

scale: 0 = nestlet untouched, 1 = less than 10% of the nestlet is shredded, 2 = 10%–50% 

of the nestlet is shredded but there is no shape to the nest, 3 = 10%–50% of the nestlet 

is shredded and there is shape to the nest, 4 = 50%–90% of the nestlet is shredded but 

there is no shape to the nest, 5 = 50%–90% of the nestlet is shredded and there is shape 

to the nest, 6 = Over 90% of the nestlet is shredded but the nest is flat, 7 = Over 90% of 

the nestlet is shredded and the nest has walls that are as tall as the mouse on at least 

50% of its sides. Half scores were given to nests that lacked well-defined walls but had 

clear indentations in the middle where the mouse could sit. Spontaneous Alternation Mice 

were placed in an arm of a Y-maze consisting of three arms (30 3 5.5 3 15 cm) and 

allowed to explore for 6 minutes. Successful alterations were counted when the mouse 
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entered all three arms in succession without repeating an arm. Percent alternation was 

calculated by the total number of alterations in 6 minutes/(total number of entries - 2) * 

100. Entries were defined as all four paws entering an arm. 

Grooming: Mice were placed in a clear plastic container and left undisturbed for 

20 minutes. Following 10 minutes of habituation, the number of grooming bouts and the 

total time spent grooming during the subsequent 10-minute period were then manually 

scored. Response and Reversal Learning Mice were singly housed and habituated to the 

testing room for two days prior to the start of testing. Under red light conditions, mice were 

placed in the start of a water T-maze (10 cm wide, 31 cm long and 17 cm tall) and were 

required to locate a submerged escape platform at the end of either the right of left arm 

of the T-maze. Mice performed 4 trials per day in 2 sessions of 2 trials each (3-hour inter-

session interval and 15 minute inter-trial interval) for four consecutive days. The platform 

location remained in the same location across trials for each mouse, and platform location 

was counterbalanced between mice. On day 5, the platform location was moved to the 

opposite arm and mice were required to learn the new platform location. Mice performed 

6 trials a day in 2 separate sessions of 3 trials (3-hour inter-session interval and 15 minute 

inter-trial interval) for 4 consecutive days. The maximum length of each trial was 60 s, 

and if mice failed to find the platform within the time limit they were guided to the platform. 

After successfully finding the platform, the mice were allowed to remain for 10 s. Trials 

were considered incorrect if the mouse failed to enter the correct arm first or if the trial 

time limit expired. All trials were recorded and tracked using Ethovision (Noldus). 

Social Approach: Testing was conducted with a white acrylic box divided into two 

chambers with clear acrylic dividers containing arch-shaped entrances at their center 
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(24in. long, divided into two 12 in chambers, 16 in. wide, and 8.75 in. tall). The chambers 

contained 10cm square, open-bottomed social enclosures made of clear acrylic with two 

staggered rows of small access holes (0.5cm in diameter) 

2.5 cm from the bottom on the 2 sides of the enclosures facing toward the center 

of the chamber. On day one, mice were first habituated to the empty testing apparatus in 

3 10-minute sessions (Mice were returned to their home cage for at least 10 minutes 

between sessions). On day 2, mice were allowed to explore the empty apparatus for a 

fourth habituation trial. Social approach was then assessed in a fifth trial by placing a 

stimulus mouse in one of the two enclosures and the test mouse was allowed to explore 

either the empty or social enclosures for 10 minutes. Each trial was recorded by video 

and analyzed with Ethovision. Interaction time was considered the total time spent sniffing 

within 2 cm of the social enclosures. 

Four Trial Social Preference: Sex-matched stimulus mice were habituated to the 

enclosures for 3 10-minute sessions, between which they were returned to their home 

cages for at least 10 minutes. Both the experimental and stimulus mice were brought into 

the testing room and given one hour to acclimate to the normal lighting conditions and 

room prior to testing. For trial 1, the stimulus and toy mouse (Hexbug 480-4466, white) 

were placed in the enclosures, after which the experimental mouse was placed in the 

chamber and given 10 minutes to freely explore the box and interact with the social 

enclosures. The stimulus and experimental mouse were then returned to their home 

cages for 1 hour before starting trial 2. Trial 2 and 3 proceeded identically to trial 1, using 

the same stimulus mouse in the same social enclosure. Trial 4 proceeded as in trials 1-

3, however the toy mouse was replaced with a novel sex-matched stimulus mouse. For 
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three trial social interaction, only trials 1-3 were assessed. Social preference was 

assessed on trial 4. Each trial was recorded by video and analyzed with Ethovision. 

Interaction time was considered the total time spent sniffing within 2 cm of the social 

enclosures. 

2.3.5 Modeling  

A pyramidal cell compartmental model was implemented in the NEURON 

environment (v7.5), with baseline distributions of NaV 1.2 and NaV 1.6 set as previously 

described (Ben-Shalom et al., 2017), based on a pyramidal cell model by Hallermann et 

al. (2012). For phase plane comparisons, the first AP evoked with 2.2 nA stimulus 

intensity (100 ms duration) were compared in each model configuration. For 

backpropagation into dendritic arbors, stimuli were shorted to 20 ms to match empirical 

stimulus conditions (STDP). Stimulus intensity was increased to 2.7 nA. Relative 

distributions of NaV 1.2 and NaV 1.6 in the proximal AIS, soma and dendrite were 

adjusted as described in figure legends. AP waveforms were assessed at 5 locations 

along the apical dendrite, and AP amplitude was defined as the difference between AP 

peak V m and AP threshold (when voltage first exceeds 15 V/s). 

2.3.6 Chemicals  

Fluo-5F pentapotassium salt, and Alexa Fluor 594 hydrazide Na + salt were from 

Invitrogen. Picrotoxin, R-CPP, and NBQX were from Tocris. TTX-citrate was from 

Alomone. All others were from Sigma. 

2.3.7 Quantification and Statistical Analysis 

Data are summarized either as single points with error bars (mean ± standard 

error) or with boxplots depicting the median, quartiles, and 90% tails with individual 
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datapoints overlaid. n denotes cells for all electrophysiology, spines for spine morphology, 

and animals for behavior. Data were obtained from 2-9 mice per condition for 

electrophysiology and imaging experiments. Behavioral cohorts were randomized and the 

experimentalist was blind to genotype. For electrophysiology and imaging experiments, 

acute slices were typically prepared from WT and conditional or constitutive Scn2a +/- 

littermates simultaneously (genotype blind to experimentalists), with experiments 

interleaved between the two genotypes to control for recording conditions. Group sample 

sizes were chosen based on standards in the field, and no statistical methods were used 

to predetermine sample size. Unless specifically noted, no assumptions were made about 

the underlying distributions of the data and two-sided, rank-based nonparametric tests 

were used. Statistical tests are noted throughout text. Significance was set at an alpha 

value of 0.05, with a Bonferroni correction for multiple comparisons when appropriate. 

Statistical analysis was performed using Prism 8 (Graphpad Software), Statview (SAS), 

and custom routines in MATLAB R2016b (Mathworks), Python 3.6.4 and R 3.4.3. 
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2.4 Results 

2.4.1 Scn2a loss impairs axonal and dendritic excitability in distinct developmental 

periods. 

To determine how Scn2a haploinsufficiency affects cortical neuron excitability, 

acute slices containing medial prefrontal cortex (mPFC) were prepared from Scn2a+/- and 

wild-type (WT) littermate control mice aged postnatal day (P)4 through P64. Scn2a+/- mice 

have a 50% reduction in NaV1.2 mRNA, have reduced NaV-mediated currents in 

dissociated cell culture at P5-9 (Planells-Cases et al., 2000), and are convulsive-seizure 

free (Mishra et al., 2017; Ogiwara et al., 2018), consistent with the majority of Scn2a loss-

of-function cases reported in ASD (Sanders et al., 2018). We focused our studies 

primarily on subcortically projecting layer 5b thick-tufted neurons that were identified 

based on electrophysiological properties (Clarkson et al., 2017; Dembrow et al., 2010; 

Gee et al., 2012) (see Methods), as dysfunction within this region and cell class has been 

implicated in ASD (Willsey et al., 2013). Neuronal excitability was assessed using a series 

of current steps to generate APs. AP threshold was depolarized and spike output was 

reduced relative to WT in the first postnatal week (Fig. 2.1A, C, F). Differences between 

Scn2a+/- and WT were not present thereafter (Fig. 2.1B, C, F), consistent with increased 

NaV1.6 expression in the AIS. In agreement, persistent sodium currents, which reflect the 

recruitment of AIS sodium channels with the lowest threshold (Taddese and Bean, 2002), 

were suppressed in Scn2a+/- mice at P6, but not at P30 (Fig. 2.2A-G). Furthermore, 

axonal conduction, assayed by imaging AP-evoked calcium transients in boutons, was 

reliable in both immature and mature neurons (Fig. 2.3). Input resistance was comparable 

between Scn2a+/- and WT at all ages, and transient and sustained potassium currents 
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were not different in both immature and mature neurons (Fig. 2.2H-K). Therefore, Scn2a 

haploinsufficiency impairs neuronal excitability early in development without functional 

compensation from the remaining Scn2a allele or other ion channels involved in AP 

initiation. 

Although impairments in AP threshold recovered after P7, a closer examination of 

the AP waveform revealed a striking reduction in the velocity of the AP (dV/dt) that 

became more pronounced as neurons matured (Fig. 2.1E-F) (>P22, WT: 578.2 ± 9.2 V/s, 

n = 44; Scn2a+/-: 417 ± 9.5, n = 33; p < 0.001, Two-sided Mann-Whitney). Similar relative 

deficits were identified in putative thin-tufted neurons, which have different AP waveform 

characteristics compared to thick-tufted neurons (Dembrow et al., 2010) (>P18: WT: 

426.9 ± 24.7 V/s, n = 8; Scn2a+/-: 358 ± 21.1, n = 9; p = 0.007, Two-sided Mann-Whitney). 

Plotting AP velocity as a function of voltage (phase-plane) highlights two components of 

the rising phase of the AP (Fig. 2.1D), as measured with somatic current-clamp. The first 

relates to the initiation of the AP in the AIS and the second to the recruitment of somatic 

sodium channels (Bean, 2007). In Scn2a+/- cells, both AIS and somatodendritic 

components of the AP were slower, suggesting that NaV1.2 channels are distributed in 

both the AIS and somatodendritic compartment, and that their density is lower in both 

compartments. Similar AP speed deficits were observed in pyramidal cells located in 

other neocortical regions, including medial orbital frontal cortex and primary visual cortex 

(Fig. 2.4A-D). By contrast, AP dynamics were unaffected in prefrontal parvalbumin or 

somatostatin positive interneurons (Fig. 2.5), consistent with a lack of NaV1.2 expression 

in these cell classes (Yamagata et al., 2017; but see Li et al., 2014). Additionally, no 

alterations in AP threshold and peak speed were apparent in hippocampal CA1 pyramidal 
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neurons (Fig. 2.4E-F), consistent with immunostaining indicating that hippocampal 

pyramidal cell dendrites predominantly express NaV1.6 (Lorincz and Nusser, 2010). 

Overall, these data suggest that Scn2a haploinsufficiency may be more consequential for 

somatodendritic excitability than axonal excitability in mature excitatory neurons in 

various neocortical regions. 

To explore the cellular consequences of reduced somatodendritic excitability, we 

modified an established computational model of cortical pyramidal cells (Hallermann et 

al., 2012) by varying the localization and relative density of NaV1.2 and NaV1.6 (Ben-

Shalom et al., 2017). First, NaV1.2 channels were localized only to the AIS, and AP 

waveform was compared between models with 100% and 50% NaV1.2 expression (Fig. 

2.6A). AP waveform was only modestly altered by such manipulations. To best account 

for empirical observations, we found that NaV1.2 expression was required throughout the 

somatodendritic compartment, in equal levels with NaV1.6 (Fig. 2.6A, Fig. 2.7A-B, D-E). 

In this configuration, we modeled AP waveform throughout the dendritic arbor and found 

that backpropagating APs (bAPs) from the AIS to the dendritic arbor were attenuated in 

a distance dependent fashion. Though AP amplitudes were reduced only 10% in the 

soma, they were attenuated to far greater extents in distal dendrites (41% of WT 

amplitude in distal tuft) (Fig. 2.6B, Fig. 2.7D), suggesting that cellular processes that 

depend on bAPs may be altered in Scn2a+/- cells. 

Backpropagating APs can provide instructive signals for dendritic integration and 

synaptic plasticity, largely through their ability to elicit calcium influx through dendritic 

voltage-dependent calcium channels and NMDA receptors (Feldman, 2012; Larkum et 

al., 1999b; Stuart and Häusser, 2001). To determine whether bAP-associated dendritic 
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excitability was impaired in Scn2a+/- neurons, we imaged calcium transients evoked by 

trains of high-frequency bursts (2APs at >100Hz) at various locations throughout the 

apical dendrite of layer 5 pyramidal cells. Bursts of APs, rather than single APs, were 

chosen because they have been shown to evoke dendritic calcium transients throughout 

apical dendrites, including distal tuft regions (Barth et al., 2008; Gulledge and Stuart, 

2003; Larkum et al., 1999a; Short et al., 2017). In WT neurons, bursts reliably evoked 

calcium transients throughout the apical dendrite. By contrast, calcium transients in 

Scn2a+/- neurons rapidly diminished in amplitude with increasing distance from the soma, 

becoming virtually absent in the most distal dendritic branches (Fig. 2.6C-D). To 

determine whether these effects were due to acute loss of NaV channels, rather than a 

consequence of altered excitability during development, we partially blocked sodium 

channels in mature WT neurons with tetrodotoxin (TTX), using a concentration that 

mimicked the reduced AP speed observed in Scn2a+/- neurons (5 nM, Fig. 2.7G-H). 

Consistent with acute effects of Scn2a haploinsufficiency, bAP-evoked calcium transients 

were reduced to a comparable extent in TTX-exposed WT neurons (Fig. 2.6C-D). Thus, 

Scn2a+/- haploinsufficiency leads to a major, persistent deficit in dendritic excitability in 

adult L5 neurons that is likely due to loss of NaV1.2 channels localized to the dendrite. 

2.4.2 Excitatory synapses are impaired in mature Scn2a+/- neurons. 

Impairments of both axonal and dendritic excitability could affect synapses, which 

are a common locus of dysfunction in mouse models of ASD (Bourgeron, 2015; Monteiro 

and Feng, 2017; Tsai et al., 2012a). We tested this by first measuring miniature excitatory 

and inhibitory postsynaptic currents (mEPSC, mIPSC) at P6 and P27, capturing 

developmental periods of axonal and dendritic excitability deficits, respectively. Neither 
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mEPSCs nor mIPSCs were affected at P6. At P27, mEPSC frequency was reduced by 

48% (WT: 9.3 ± 1.1 Hz, n = 23; Scn2a+/-: 4.9 ± 0.8, n = 19; p < 0.001 Mann-Whitney), 

with no change in mEPSC amplitude (Fig. 2.8A-B) or mIPSC amplitude or frequency (Fig. 

2.9A-B).  

Lower mEPSC frequencies could reflect reductions in release probability or the 

number of functional synapses contributing to AMPA-mediated mEPSCs. The paired 

pulse ratio, which is sensitive to differences in release probability, was not different 

between Scn2a+/- and WT cells (Fig. 2.8C, Fig. 2.9C-D). By contrast, the ratio of AMPA- 

to NMDA-mediated current in evoked EPSCs was substantially reduced in Scn2a+/- cells 

(Fig. 2.8D; WT: 5.5 ± 0.7, n = 8: Scn2a+/-: 3.2 ± 0.2, n = 12; p < 0.01, Mann-Whitney). 

Taken together, the reduction in both mEPSC frequency and AMPA:NMDA ratio suggest 

that mature Scn2a+/- neurons have an excess of AMPA-lacking spines that are more 

commonly observed at earlier developmental time points (Hanse et al., 2013; Kerchner 

and Nicoll, 2008).  

Consistent with these functional observations, dendritic spine morphology was 

also altered in mature, but not immature, Scn2a+/- cells, though overall dendritic arbor 

structure was unaltered (Fig. 2.10A-B). At P5-6, filipodial spines identified on developing 

apical dendrites were similar in morphology and density in wildtype and Scn2a+/- neurons 

(Fig. 2.10C-D). In more mature neurons (>P23), spine density was comparable between 

WT and Scn2a+/- on both apical and basal dendrites; however, Scn2a+/- spines were 

longer and had smaller heads relative to their total head and neck volume (Fig. 2.10C-D), 

thus sharing features with spines more commonly found in less mature cells.  
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To determine whether impaired synaptic function was due to early developmental 

deficits in axonal excitability or persistent deficits in dendritic excitability, we engineered 

a mouse with one Scn2a allele under Cre-loxP control (Scn2a+/fl) (Fig. 2.11A). Mice were 

first crossed to the CaMKII-Cre driver line, which expresses Cre in neocortical pyramidal 

cells only after P10 (Fig. 2.11B, Xu et al., 2000). As such, Scn2a+/fl::CaMKII-Cre mice 

develop with normal AP threshold and spike output. In Scn2a+/fl::CaMKII-Cre mice, peak 

dV/dt was not different at P18, likely due to a combination of low Cre expression and slow 

NaV1.2 turnover. By P50, peak dV/dt matched constitutive Scn2a+/- neurons (Fig. 2.12B). 

Furthermore, bAP-evoked dendritic Ca transients were suppressed to comparable 

extents as observed in constitutive Scn2a+/- mice (Fig. 2.12C-D). Thus, these mice 

developed without early deficits in axonal excitability and exhibited impaired dendritic 

excitability only later in development.  

Strikingly, AMPA:NMDA ratio was reduced in Scn2a+/fl::CaMKII-Cre neurons when 

measured after P50, revealing that impaired dendritic excitability alone is sufficient to alter 

synapse strength (Fig. 2.12E; WT: 4.2 ± 0.3, n = 12; floxed: 2.5 ± 0.4, n = 11; p < 0.01, 

Two-sided Mann-Whitney). To test whether these synaptic deficits result from a cell-

autonomous loss of Scn2a, we injected a dilute Cre-expressing adeno-associated virus 

(AAV-EF1α-Cre-mCherry) into mPFC of P28 Scn2a+/fl mice (Fig. 2.12A). Four weeks 

later, we found that both peak dV/dt and AMPA:NMDA ratio were reduced in Cre-positive, 

but not Cre-negative neurons (Fig. 2.12B, E; WT: 5.0 ± 0.4, n = 10; floxed: 2.4 ± 0.4 n = 

9; p < 0.01, two-sided Mann-Whitney). Modest increases in spine length were also noted 

in spines along the apical dendrites of Scn2a+/fl::CaMKII-Cre cells (Fig. 2.13). These 



 

42 

results indicate that the persistent, cell-autonomous, dendritic function of NaV1.2 is 

required to maintain aspects of normal synaptic function in mature pyramidal cells. 

These changes in synapse structure and function could arise if synapses lack 

instructive signals for maintaining synaptic strength. Indeed, physiologically relevant 

forms of synaptic plasticity depend on the coincident detection of bAPs and glutamate at 

the synapse, which may be altered in Scn2a+/- cells (Feldman, 2012; Magee and 

Johnston, 1997; Markram et al., 1997, 2012). To test whether plasticity is impaired in 

these cells, we induced long-term potentiation (LTP) of putative apical dendrite synapses 

by pairing layer 1 fiber stimulation with bursts of APs (Fig. 2.14A, Kampa et al., 2006; 

pairing protocol: Tzounopoulos et al., 2004). In WT neurons, paired stimulation resulted 

in long-lasting synaptic potentiation. In contrast, LTP was not observed in either Scn2a+/- 

neurons or in WT neurons in 5 nM TTX (Fig. 2.14B-D, EPSP slope, normalized to 

baseline: WT: 1.52 ± 0.10, n = 11; Scn2a+/-: 0.98 ± 0.11, n = 11; TTX: 0.97 ± 0.06, n = 9; 

p = 0.0002, Kruskal-Wallis test; WT vs Scn2a+/-: p = 0.0007, WT vs TTX: p = 0.002, Dunn's 

multiple comparisons test). Thus, Scn2a haploinsufficiency impairs synaptic plasticity, 

consistent with impairments in bAP-evoked calcium transients in the dendrites. 

2.4.3 Scn2a+/- mice have sexually dimorphic deficits in learning and social behavior 

Given these physiological deficits and the association of loss-of-function SCN2A 

mutations with ASD and ID in humans, we next asked if Scn2a haploinsufficiency results 

in corresponding behavioral impairments in mice. As mouse models harboring other ASD-

associated genetic variants exhibit a range of behavioral differences (Pasciuto et al., 

2015; Silverman et al., 2010), we screened Scn2a+/- mice and WT littermates of both 

sexes (5-13 mice per sex and genotype combination) through a behavioral panel 
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designed to assess locomotion, anxiety, repetitive behavior, sociability, and learning (Fig. 

2.16A-J). In total, 10 assays were performed yielding 30 metrics that we assessed for 

genotypic differences. While no individual metric differed significantly between the 

wildtype and heterozygous mouse after correcting for multiple comparisons, we observed 

a trend towards impaired reversal learning in a water T-maze task in males (Fig. 2.16J). 

In this task, mice must first learn which arm of a maze contains a submerged platform 

(day 1-4, 4 trials/day), then reverse their association when the platform location is 

switched (day 5-8, 6 trials/day). A replication experiment of two further batches of male 

(23 vs. 24 mice total) and female (20 vs. 24 mice total) Scn2a+/- and WT littermates 

showed a similar reversal learning impairment (Fig. 2.15A, p = 0.026, F¬Genotype (1, 45) 

= 5.2, 2-way repeated measures ANOVA), while no significant difference was observed 

in females (p = 0.9147). 

We also observed nominally significant social impairments in female mice (Fig. 

2.15B-D), though these do not survive multiple comparisons, necessitating future 

replication. Specifically, in our initial screen we observed no difference in social approach 

behavior in a two-chamber social task, where mice had the option of interacting with a 

caged, sex-matched stimulus mouse in one chamber or an inanimate toy mouse in the 

other (Fig. 2.16G). In a second cohort, mice were paired with the same stimulus mouse 

for three trials to assess social approach and habituation. Both genders and genotypes 

showed a comparable preference to the stimulus mouse vs the toy mouse across the 

three trials (Fig. 2.15C). Given the importance of social interaction in ASD, we also tested 

interactions when the toy mouse was replaced with a novel stimulus mouse on the fourth 

trial. Both male and female WT mice switched preference to the new stimulus mouse 
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whereas female Scn2a+/- mice showed no preference for the novel mouse (p = 0.017) 

(Fig. 2.15D). The replication cohort also revealed nominally significant increased entries 

and time spent in open arms of the elevated plus maze by female Scn2a+/- mice (Sig. 

S9M). Overall, these results suggest that Scn2a+/- mice have sex-specific impairments in 

behavioral flexibility and, possibly, social discrimination.  
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2.5 Discussion 

Here, we report that NaV1.2 channels contribute to excitatory synapse function 

through an unexpected role in dendritic excitability, and that cell-autonomous Scn2a 

haploinsufficiency late in development is sufficient to impair excitatory synaptic 

connectivity. This reframes SCN2A as a gene not only important for axonal excitability, 

but also for dendritic excitability in neocortical pyramidal neurons. Scn2a 

haploinsufficiency affects dendritic excitability throughout life, with corresponding deficits 

in synaptic function and plasticity that may be consequential for ASD/ID etiology. 

 

2.5.1 NaV1.2 channel expression in neocortical pyramidal cell dendrites 

While the expression of NaV1.2 in the AIS is well established (Gazina et al., 2015; 

Hu et al., 2009; Liao et al., 2010), there is less consensus on its distribution in pyramidal 

cell dendrites. The first immunostaining of NaV1.2 in neocortex revealed somatic and 

apical dendritic localization in pyramidal cells, though this may represent a pool of newly 

synthesized channels within vesicles (Gong et al., 1999). Functionally, somatodendritic 

NaV currents in neocortical pyramidal neurons are best described by NaV1.2 channels 

(Hu and Bean, 2018; Hu et al., 2009). Here, we found that AP waveform was altered in 

constitutive and conditional Scn2a+/- prefrontal thick-tufted layer 5 pyramidal cells in a 

manner best explained by somatodendritic loss of NaV1.2, with no functional 

compensation from the residual Scn2a allele or NaV1.6 (Fig. 2.1-2, S1, S5). Similar 

observations were made in prefrontal thin-tufted layer 5 pyramidal cells, and in thick-tufted 

layer 5 pyramidal cells localized to orbitofrontal and primary visual cortex (Fig. 2.4). 

Moreover, AP-evoked calcium transients in PFC pyramidal neurons were suppressed 
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throughout the dendritic arbor of Scn2a+/- cells (Fig. 2.6, 5), and this effect could be 

mimicked in wildtype neurons acutely by sub-saturating concentrations of TTX.  

In mature hippocampal preparations, NaV1.2 channels have been visualized in 

pyramidal cell initial segments, and also were co-localized with the presynaptic terminal 

marker VGlut1 in strata containing unmyelinated axons, but were not present in pyramidal 

cell dendrites (Lorincz and Nusser, 2010l but see Johnson et al., 2017). Consistent with 

this observation, AP waveform was not altered in recordings from CA1 hippocampal 

neurons (Fig. 2.4). This suggests that NaV1.2 channels are selectively found in the 

dendrites of neocortical pyramidal cells, and not those of archicortex. This hypothesis will 

require further work to measure dendritic excitability directly in hippocampal neurons, and 

to rule out compensation by other NaV subtypes. Altogether, these data indicate that 

NaV1.2 is functionally expressed in the soma and dendrites of neocortical pyramidal 

neurons, where they play an important role in excitability and synapse function. 

2.5.2 Role of NaV1.2 in dendritic and synaptic function 

Scn2a haploinsufficiency selectively impairs dendritic excitability and synaptic 

function in mature PFC pyramidal cells, with no effects on AP initiation or propagation 

(Fig. 2.1, S2). This distinguishes NaV1.2 from other NaV isoforms expressed in the mature 

cortex that either support overall excitability in inhibitory neurons (NaV1.1) or contribute 

to both action potential generation and dendritic excitability in pyramidal neurons (NaV1.6) 

(Hu et al., 2009; Lorincz and Nusser, 2008; Ogiwara et al., 2007). In the mature brain, 

NaV1.2 may instead play a major role in supporting the backpropagation of action 

potentials within neocortical pyramidal cell dendrites. These bAPs depolarize dendrites 

and can contribute to the generation of dendritic spikes, especially when paired with local 
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synaptic stimulation (Larkum et al., 1999b), or when packaged in high-frequency bursts 

(Barth et al., 2008; Gulledge and Stuart, 2003; Larkum et al., 1999a). Here, we found that 

somatodendritic NaV1.2 channels are critical for supporting bAPs from the AIS to the distal 

dendrites, and that Scn2a haploinsufficiency impairs the ability to induce a burst-based 

form of associative spike-timing dependent plasticity at apical tuft synapses (Figs. 2C-D, 

4C, 6). Furthermore, excitatory synapse function was altered throughout the dendritic 

arbor. Miniature EPSC frequency and AMPA:NMDA ratio were reduced markedly, 

consistent with the presence of a higher number of silent synapses in Scn2a+/- cells (Fig. 

2.8). These effects were mirrored by structural differences in spines imaged on basal and 

apical dendrites of more mature neurons (Fig. 2.10C-D). Interestingly, these functional 

and structural aspects were dissociable, as induction of Scn2a haploinsufficiency late in 

life reduced AMPA:NMDA ratio with little change in spine shape (Figs. 5E, S8). This is 

consistent with other cell- and circuit-based perturbations in more mature neurons, where 

synapse strength can be altered markedly with relatively small changes in spine 

morphology (Dobi et al., 2011; Sala et al., 2003; Shen et al., 2014), and suggests that 

certain aspects of spine morphology are developmentally regulated before the ages at 

which Scn2a loss was induced. 

Here, we focused on backpropagation of bursts and related plasticity in the tuft of 

Scn2a+/- cells. Reductions in NaV1.2 density likely affect many other dendritic processes. 

For example, dendrites are capable of generating spikes independent of APs at the AIS 

through multiple mechanisms, including NaVs (Kim et al., 2015; Stuart et al., 1997). These 

dendritic spikes alone can be instructive for synaptic plasticity (Golding et al., 2002; 

Kampa et al., 2007). Furthermore, plasticity mechanisms that influence synaptic strength 
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in dendrites more proximal to the soma are also likely affected, given the structural 

changes observed in basal dendrites and in EPSCs evoked with electrical stimulation in 

layer 5. High-frequency burst-based stimuli used here readily produced calcium transients 

in proximal dendritic locations in Scn2a+/- cells. Other activity that drives dendritic calcium 

influx, including single APs or coordinated activation of excitatory inputs (Ariav et al., 

2003), may instead be affected in these regions. 

Measurements of persistent sodium current suggest that the loss of NaV1.2 

channels is not functionally compensated for by NaV1.6. Consistent with this, mRNA for 

NaV1.6, NaV1.1, and NaV beta subunits are unaltered in Scn2a+/-mice (Ogiwara et al., 

2018). We also found no differences in transient or sustained potassium currents or input 

resistance, suggesting that other channel types are similarly unaltered by NaV1.2 

reductions. However, interpretation of this is hampered by the inability to adequately 

clamp these currents via somatic recording. While empirical measurements indicate that 

we have reasonable voltage control over persistent sodium currents in the AIS (Fig. 2.2 

E-G), other events, including synaptic activity and potassium currents, may suffer from 

incomplete voltage control in these large dendritic cells (Beaulieu-Laroche and Harnett, 

2018; Williams and Mitchell, 2008). Importantly, voltage errors are likely equivalent across 

genotype, since we do not observe differences in dendritic morphology, input resistance, 

and spine density (Figs. 4, S1). Furthermore, effects of NaV1.2 loss on bAP-associated 

dendritic calcium transients were recapitulated by acutely blocking a small fraction of 

NaVs in WT cells. Thus, even though we have not assessed the function of ion channels 

in the apical tuft directly, our data are most easily explained by a reduction in NaV1.2 

alone, with no compensation from other NaVs or other ion channel classes. 
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2.5.3 Relationship with other ASD-associated genes 

While SCN2A’s ASD association has been established for some time (Sanders et 

al., 2012), the mechanistic underpinnings of this strong association have been a mystery. 

Since NaV1.2 channels were best understood for their role in AP initiation (Hu et al., 2009), 

it was difficult to find parallels with other ASD-associated genes that are associated with 

synaptic function and gene transcription (De Rubeis et al., 2014). Data shown here 

instead suggest that SCN2A function in ASD converges at the dendrite with the large 

group of ASD-associated genes involved in synaptic function. Indeed, disruptions in both 

excitatory synaptic function and neuronal excitability have been reported in other ASD-

associated genes (Bateup et al., 2011; Bozdagi et al., 2010; Contractor et al., 2015; Greer 

et al., 2010; Meredith and Mansvelder, 2010; Nestor and Hoffman, 2012; Williams et al., 

2015; Yashiro et al., 2009; Yi et al., 2016). How the other ASD-associated genes with 

roles in regulating gene expression mediate ASD risk remains unknown (Sanders, 2015), 

however we note that SCN2A has been reported as a regulatory target of both FMRP and 

CHD8 (Darnell et al., 2011; Golden et al., 2019; Sugathan et al., 2014). 

SCN2A was one of the first genes identified with a clear excess of missense 

mutations in addition to predicted protein truncating variants linked to ASD and ID (Ben-

Shalom et al., 2017; Sanders et al., 2015). Recent efforts have identified other genes 

harboring ASD-associated missense variants, though the functional implications of such 

mutations are largely unclear (Geisheker et al., 2017). NaV1.2 function, by contrast, can 

be well characterized, allowing for a better understanding of how missense mutations that 

alter channel activity affect neuronal function. Several recurring SCN2A missense 

variants block sodium flux (Begemann et al., 2019; Ben-Shalom et al., 2017). These may 
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be functionally identical to protein truncating variants, since we and others find that 

NaV1.2 function is reduced 50% in Scn2a+/- mice (Planells-Cases et al., 2000), with no 

evidence for functional compensation. Other SCN2A missense variants observed in ASD 

patients alter channel voltage dependence or kinetics, reducing neuronal excitability in 

models of developing cortical pyramidal cells (Ben-Shalom et al., 2017). Whether they 

result in similar dendritic deficits in mature neurons remains to be tested. 

2.5.4 Role of Scn2a in learning and behavior 

Deficits in behavioral flexibility and social recall identified here were sexually 

dimorphic, appearing in males and females, respectively. Reversal learning deficits we 

observed in male mice parallel spatial learning impairments observed previously in male 

Scn2a+/- mice (Middleton et al., 2018). Whether female Scn2a+/- are similarly resistant to 

spatial learning impairments has not been explored. Nevertheless, these data add to a 

growing body of literature highlighting sex-based differences in the behavior of 

neurodevelopmental disorder models (Angelakos et al., 2017; Dhamne et al., 2017; 

Grissom et al., 2018; Reith et al., 2013a; Schmeisser et al., 2012a; Zamarbide et al., 

2018), paralleling the sex biases observed in ASD and, to a lesser extent, ID (Fischbach 

and Lord, 2010; Kim et al., 2011). Both social behavior and reversal learning depend on 

proper frontal cortex function (Birrell and Brown, 2000; McAlonan and Brown, 2003; 

Watson and Stanton, 2009; Yizhar et al., 2011); however, the cellular physiology of frontal 

neurons was similar across sex. This suggests that other aspects of cortical function or 

other circuits also involved in these behaviors contribute to the sex-specificity observed 

in these behaviors. 
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The behavioral differences observed here parallel aspects of behavioral 

phenotypes reported in other mouse models of ASD-associated genes (Pasciuto et al., 

2015; Silverman et al., 2010). Studies of other ASD-associated genes in rodents often 

focus on homozygous knockouts, despite the fact that, with notable exceptions (e.g., 

FMR1, CNTNAP2), haploinsufficient conditions exist in humans (Deciphering 

Developmental Disorders Study, 2017; Sanders et al., 2015). This is in part because 

behavioral deficits observed in homozygotes are either markedly reduced or absent in 

heterozygotes (Peça et al., 2011; Reith et al., 2013b; Schmeisser et al., 2012b; Tsai et 

al., 2012b; Wöhr et al., 2011; Won et al., 2012). By contrast, we observe both behavioral 

and physiological alterations in Scn2a heterozygotes, suggesting that Scn2a+/- mice 

provide good construct validity for studying ASD-related deficits in physiology and 

behavior that may be present in human populations.  

Children with SCN2A loss-of-function variants display a range of phenotypes, 

including ASD, ID, and cortical visual impairments. Here, we found that neurons in visual 

cortex have similar deficits in AP waveform, possibly reflecting deficits in dendritic 

excitability that could impair visual processing (Xu et al., 2012). Furthermore, a fraction 

of these children also develop seizure phenotypes, typically after the first year of life 

(Sanders et al., 2018; Wolff et al., 2017). Scn2a+/- mice have been reported to be seizure 

free (Mishra et al., 2017; Planells-Cases et al., 2000), or to have low-frequency, short 

duration spike-wave discharges (Ogiwara et al., 2018). The variability of seizure 

occurrence in human and mouse suggests that factors other than Scn2a loss alone, 

including genetic background, may contribute to seizure susceptibility. 
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In conclusion, we found that haploinsufficiency induction at two different 

developmental timepoints, both well after NaV1.2 channels cease to contribute to AP 

initiation, was sufficient to alter synaptic function (Fig. 2.8, 5). While this result does not 

exclude additional effects on network function due to reduced axonal excitability in early 

cortical development, it does indicate that proper NaV1.2 function that supports dendritic 

excitability is required for maintaining synaptic strength. Thus, restoring proper NaV1.2 

function, even in the mature brain, may be an enticing avenue for therapeutic intervention 

in loss-of-function SCN2A cases.  
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2.6 Figures 

 

Figure 2.1: Scn2a haploinsufficiency impairs different aspects of neuronal excitability across 
developmental periods 
A: Left, 2-photon laser scanning microscopy (2PLSM) z-stack of developing pyramidal cell (P7). Right, APs generated 
by current injection (12-44 pA, 300 ms) in Scn2a+/+ (black) and Scn2a+/- (cyan) cells. AP data from neurons recorded 
at P4. 
B: Left, 2-photon z-stack of mature thick-tufted pyramidal cell. Right, AP response as in (A). 
C: APs (spikes) per 300 ms stimulation epoch for each current amplitude. At P4, Scn2a+/- are less excitable (Firing rate 
slope between 4-44 pA, Scn2a+/+: 0.67 ± 0.07 APs/pA*s, n = 9; Scn2a+/-: 0.41 ± 0.07, n = 9, *: p = 0.02, Two-sided 
Mann-Whitney). At >P60, no differences are observed between Scn2a+/+ and Scn2a+/- cells (Slope between 50-350 pA: 
Scn2a+/+: 0.08 ± 0.007 APs/pA*s, n = 12; Scn2a+/-: 0.08 ± 0.005, n = 14, p = 0.96, Two-sided Mann-Whitney). 
D: An AP is plotted as voltage vs. time (top) and dV/dt vs voltage (phase-plane plot, bottom). Different phases of the 
AP are color-coded across panels to indicated different phases of the AP corresponding to initiation of AP in AIS and 
full detonation of AP in soma. 
E: Phase-plane plots at P4, P7, P10, and >P60 in Scn2a+/+ and Scn2a+/- cells. Note recovery of AP threshold (kink) 
deficit between P4 and P10, and decrements in peak dV/dt that become more pronounced with age. 
F: Top: AP threshold across development from P4-64 (log2 scale for age) in Scn2a+/+ (black) and Scn2a+/- (cyan) mice. 
Bottom: Peak rising phase dV/dt vs. age. Circles and bars are mean ± SEM within an age group (n = 7-28 cells per 
group). Data fit with a generalized logistic function with 95% confidence intervals determined from fits to single cells. *: 
difference in parameters of the sigmoid fits. Top: Left asymptote, Scn2a+/+: -44.1 ± 0.6 mV, Scn2a+/- -35.6 ± 1.6, p < 
0.001, unpaired two-sided t-test. Bottom: Right asymptote, Scn2a+/+:  587.8 ± 10.2 V/s, Scn2a+/-: 420.3 ± 9.5, p < 0.001, 
unpaired two-sided t-test.  
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Figure 2.2: Additional electrophysiological measurements in Scn2a+/- neurons 
A: At P4, NaV-mediated currents were evoked with voltage steps from -90 mV to either -60 or -50 mV. Note generation 
of transient current at -50 mV. Data are color coded to match voltage step. Currents generated in TTX were assessed 
with steps from -90 to -50 mV only. Horizontal black bar highlights timing of persistent currents measurement. 
B: Summary of persistent current amplitudes. Open circles are single cells. Box plots are median, quartiles, and 90% 
tails.  TTX was applied in a subset of cells, and data were pooled over both Scn2a+/+ and Scn2a+/- cells. *: p < 0.05, 
Two-sided Mann-Whitney. 
C: NaV-mediated currents from P30-40 neurons. Note that voltage steps range from -90 to either -60 or -55, instead of 
-50, due to increased current amplitude and voltage-dependent differences between NaV1.2 presumably recruited in 
P4 neurons and NaV1.6 presumably recruited in P3-40 neurons. 
D: Summary as in b, but for P30-40 neurons. No differences observed between Scn2a+/+ and Scn2a+/- cells at this age 
range. 
E: 2PLSM fluorescence image overlaid with scanning-DIC of slice, showing simultaneous recording from soma and 
axon bleb. Bleb electrode filled with dye-free solution. 
F: Example of voltage command delivered via somatic pipette and resultant voltages recorded in current clamp in axon 
bleb. 
G: Percent of somatic voltage recovered via axon pipette vs. axonal length from hillock. Circles are single recordings. 
H: Potassium currents generated from voltage steps from -90 to -20 mV (10 mV increments for >P32-39 cells, 20 mV 
increments for P5 cells) in Scn2a+/+ and Scn2a+/- cells. Closed and open circles denote when transient and steady-
state current amplitudes were analyzed. N = 6 cells per condition. 
I: Summary of current amplitudes per voltage step. Circles and bars are mean ± SEM. No differences noted across 
genotype. 
J: Left: Development of input resistance in Scn2a+/+ and Scn2a+/- cells. Data fit with a generalized logistic function with 
95% confidence bands based on group mean values. Circles and bars are mean ± SEM within an age group. 
K: Left: same data as in J, but restricted to P16-64 with an expanded Y axis to better visualize data at these ages. 
Middle: development of action potential amplitude of Scn2afl/+::CaMKII-cre and WT mice. Right: Action potential 
amplitude of Cre+ and Cre- Scn2afl/+ neurons sparsely infected with AAV,-EF1α-Cre-mCherry at P28. No statistical 
differences noted. 
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Figure 2.3: APs reliably evoke calcium transients in axonal boutons of Scn2a+/- pyramidal cells 
A: 2PLSM z-stack of basal dendrites and axon of an immature pyramidal cell filled with Alexa-Fluor 594. Inset: example 
boutons used for calcium imaging. 
B: Calcium transients of boutons pairs highlighted in A in response to a train of 2 action potentials at 20Hz. Grey traces 
are individual sweeps, black are averages of 20 sweeps. Red dotted lines indicate timing of APs. 
C: Comparison of calcium transient amplitudes to the first action potential in the train. Failure of the spike-evoked 
calcium transient to exceed 2 standard deviations above the baseline signal (highlighted by the grey box) was 
considered an action potential failure. No Failures were observed. 15-20 trials per bouton pairs, 2-4 bouton per cell, 4 
cells per genotype. 
D: 2PLSM z-stack of basal dendrites and axon of a mature pyramidal cell filled with Alexa-Fluor 594. Inset: bouton pairs 
used for calcium imaging. 
E: Calcium transients of boutons pairs highlighted in D in response to a train of 5 action potentials at 20Hz. Grey traces 
are individual sweeps, black are averages of 20 sweeps. Red dotted lines indicate timing of APs. 
F: Comparison of calcium transient amplitudes of individual sweeps for each bouton pair in response to a single action 
potential (e.g., the first of the 5 APs shown in B). The coincident failure the spike-evoked calcium transient to exceed 2 
standard deviations above the baseline signal (highlighted by the grey box) was considered an action potential failure. 
No coincident failures were observed. 15-20 trials per bouton pairs, 4-8 bouton pairs per cell, 3-4 cells per genotype 
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Figure 2.4: Peak action potential speed is reduced in neocortical, but not hippocampal pyramidal 
neurons 
A: Spiking generated from thick-tufted layer 5 pyramidal neurons in visual cortex in Scn2a+/+ and Scn2a+/- mice. 
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B: Left: Example phase-plane plots of spiking at rheobase, Right: AP threshold and peak rising dV/dt Open circles are 
single cells. Box plots are median, quartiles, and 90% tails. *: p < 0.01, Two-sided Mann-Whitney. 
C-F: Identical to A-B, but for layer 5 pyramidal neurons in orbital frontal cortex (C-D, *: p < 0.001, Two-sided Mann-
Whitney), and CA1 pyramidal neurons in hippocampus (E-F). 
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Figure 2.5: Layer 5 parvalbumin and somatostatin neuron APs are not altered in Scn2a+/- mice. 
A: 2PLSM single optical section of tdTomato-positive parvalbumin interneuron, overlaid with scanning-DIC image 
showing pipette in cell-attached configuration. Scale bar: 20 µm. 
B: Spiking generated from parvalbumin positive cells in Scn2a+/+ and Scn2a+/- mice. 
C: Phase-plane plots of data shown in (B). 
D: AP threshold and peak rising dV/dt for the first AP of spike train. Open circles are single cells. Box plots are median, 
quartiles, and 90% tails. No statistical differences noted. Data obtained from P34-40 animals. 
E-H: Identical to A-D, but for somatostatin positive interneurons. Data obtained from P37-38 animals. 
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Figure 2.6: Scn2a haploinsufficiency impairs dendritic backpropagation of APs 
A: Compartmental model of cortical layer 5 pyramidal cell with two distributions of NaV1.2 and NaV1.6 (see Fig. 2.7 for 
other model configurations). Top model has NaV1.2 in the proximal AIS, NaV1.6 in the distal AIS, and NaV1.2 and 1.6 
equally co-expressed in the somatodendritic compartment. Note reduction in peak rising dV/dt. Bottom model has 
NaV1.2 in the proximal AIS only, with NaV1.6 in the somatodendritic and distal AIS compartments. Removal of half the 
NaV1.2 channels results in only minor changes to AP phase-plane. 
B: A single AP evoked in the top model in (A), backpropagating throughout dendrite. More marked differences in AP 
shape observed in more distal dendritic locations. 
C: 2PLSM calcium imaging throughout apical dendrite of L5 thick-tufted neuron. Calcium transients evoked by bursts 
of AP doublets. 
D: Transient amplitude is plotted for the first of 5 bursts (top) and area under the curve from stimulus onset to stimulus 
offset +100 ms (bottom) in Scn2a+/+ (n = 10), Scn2a+/- (n = 8), and Scn2a+/+ cells treated with 5 nM TTX (n = 5).  Circles 
and bars are means ± SEM.  *: p < 0.05, Kruskal-Wallis test.  
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Figure 2.7: Modeling NaV1.2 loss in pyramidal cells with different NaV compartmental distributions 
and mimicking Scn2a+/- with sub-saturating TTX 
A: Top, the peak rising phase dV/dt in cells expressing different ratios of NaV1.2 vs NaV1.6 in the somatodendritic 
compartment in WT and Scn2a+/- conditions. Bottom, ratio of Scn2a+/- to WT peak dV/dt vs. ratio of NaV1.2 vs NaV1.6 
in the somatodendritic compartment. Larger relative reductions in peak dV/dt are observed in cases where NaV1.2 
dominates the somatodendritic NaV conductance. The ratio that best matches empirical observations (dashed grey line) 
occurs when equal numbers of NaV1.2 and NaV1.6 are expressed in the somatodendritic compartment. 
B: Compartmental model of cortical layer 5 pyramidal cell where NaV1.2 expression is restricted to the proximal AIS 
and is co-expressed in equal levels with NaV1.6 in the soma. In this model configuration, NaV1.6 is the only channel 
isoform in the dendrite. Note that both models resemble empirical observations, suggesting that proximal AIS and 
somatic NaV1.2 channel distributions largely influence phase plane shape recorded at the soma. 
C: Backpropagation of single spikes for conditions modeled in (B). AP waveform is shown at several points along 
dendritic arbor, including the base of the apical tuft and the distal part of the apical tuft. No major differences are 
observed in backpropagation when NaV1.2 is only in the AIS and soma (right). Thus, while this model can account for 
empirically observed differences in somatically recorded dV/dt, it cannot account for deficits in bAP evoked dendritic 
Ca transients (Fig. 2.6). 
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D: Peak voltage for single backpropagating spikes and AP amplitude relative to WT for conditions modeled in Main 
Figure 2. 
E: Left, Model in which NaV1.2 is the only NaV isoform expressed throughout the somatodendritic compartment. Scn2a 
haploinsufficiency in this condition alters dV/dt far more dramatically than observed experimentally. 
F: Models in which NaV1.2 loss in different compartments is compensated by increased expression of NaV1.6. Two 
cases modeled in Fig. 2.6 are considered (same color code). Note marginal change to phase plane plot, suggesting 
that compensation is unlikely in Scn2a+/- conditions. 
G: Example phase-plane plots of action potential from a cell pre and post treatment with 5nM TTX. 
H: Peak action potential velocity for cells pre and post 5nM TTX and cells recorded with 5nM TTX in recording solution 
at the time of whole-cell recording initiation. Data compared to mean and 95% confidence intervals of Scn2a+/+ 
(black/grey) and Scn2a+/- (blue) neurons (Fig. 2.1 F).  
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Figure 2.8: Scn2a haploinsufficiency disrupts excitatory synapse function 
A: mEPSCs recorded in Scn2a+/+ (black) and Scn2a+/- (cyan) pyramidal cells at P6 and P27. Tick marks denote detected 
events. 
B: Left, average mEPSC frequency per cell (open circles). Box plots are median, quartiles, and 90% tails. Note that 
frequency range is different for P6 and P27. Middle, cumulative probability distribution of mEPSC event intervals at 
P27. Distributions were generated per cell, then averaged. Bars are SEM. P < 0.0001, Kolmogorov-Smirnov test. Right, 
average mEPSC amplitude per cell. 
C: Paired pulse ratio of evoked excitatory inputs to Scn2a+/+ (black) and Scn2a+/- (cyan) pyramidal cells at 3 different 
stimulus intervals. Bottom, summary grouped by inter-stimulus interval. No differences noted. 
D: Top, AMPA receptor-mediated and mixed AMPA/NMDA receptor-mediated evoked EPSCs at -80 and +30 mV, 
respectively. Dashed line denotes time at which NMDA receptor-mediated component was calculated. Bottom, AMPA-
NMDA ratio in Scn2a+/+ and Scn2a+/- neurons. * p < 0.01, Two-sided Mann-Whitney.  
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Figure 2.9: mIPSCs and PPR controls. 
A: Examples of mIPSCs recorded in pyramidal cells voltage-clamped to 0 mV in Scn2a+/+ (black) and Scn2a+/- (cyan) 
cells. Tick marks denote detected events. Data obtained at P6 (top) and P27 (bottom). 
B: Mean mIPSC frequency and amplitude per cell, separated by age. Open circles are single cells. Box plots are 
median, quartiles, and 90% tails. Cumulative probability histograms were generated per cell, then averaged across all 
cells. Bars are SEM per data bin. n = 15, 14, 22, 21 for P6 Scn2a+/+, P6 Scn2a+/-, P27 Scn2a+/+, and P27 Scn2a+/- cells, 
respectively. No statistical differences noted. 
C: Reducing extracellular calcium from 2 to 1 mM (divalents compensated with MgCl2) in WT neurons reduces EPSC 
amplitude and increases PPR, demonstrating PPR is sensitive to changes in release probability at these synapses. 
Left, raw traces. Right, scaled to highlight increase in PPR. Stimulus artifact blanked for clarity. 
D: Summary of PPR change evoked by altering extracellular calcium. Circles are single cells. Lines connect data 
obtained from single cells. Box plots are median, quartiles, and 90% tails. Data obtained at 50 ms ISI only. Asterisk: p 
= 0.004, Wilcoxon signed rank test, n = 12 cells.  
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Figure 2.10: Dendritic spines are morphologically immature in Scn2a+/- cells 
A: Examples of dendritic morphology in P22-25 Scn2a+/+ (black) and Scn2a+/- (cyan) pyramidal cells. 
B: Overall dendrite length and branch points in apical and basal trees. Open circles are single cells. Box plots are 
median, quartiles, and 90% tails. No differences across genotype noted. 
C: Examples of spines along apical dendrites of immature (P5-6) and more mature (P24-36) neurons. 
D: Overall spine length from shaft to spine head, volume of spine head relative to total volume of head and shaft, and 
number of spines per length of dendrite were measured in apical dendrites of P5-6 neurons (n = 560-685 spines per 
group, 1-4 dendritic branches per cells, 10 cells per group; note that basal dendrites often lacked spines at this age 
and were therefore not assessed). Spines along both apical and basal dendrites were imaged in P24-36 neurons (n = 
500-600 spines per group, 1-3 dendritic branches per cell, 6 cells per group). *: p < 0.05, Two-sided Mann-Whitney.  
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Figure 2.11: Conditional Mouse Construction. 
A:  Schematic overviewing the construction of the conditional Scn2a+/fl allele. Briefly, LoxP sites were inserted around 
exon 2 of the Scn2a gene by homologous recombination in embryonic stem (ES) cells and screened for successful 
insertion. Positive ES cells were introduced into host embryos and transferred to surrogate mothers, generating F0 
chimeras that were outbred with C57BL/6 to generate heterozygous mutants. Please see methods for further details. 
B:  Left, CaMKII-Cre mice were crossed to Ai14 reporter mice, and tdTomato-mediated fluorescence was measured 
across development from P4-P32 to determine when Cre-driven tdTomato expression can first be observed in frontal 
cortex of CaMKII-Cre mice. Values were normalized to DAPI intensity. Measurements were made from frontal cortex 
regions encapsulated by dashed white perimeter. Right, Ai14/DAPI fluorescence ratio over development, normalized 
to P4 data. Circles and bars are mean ± SEM at each age (n = 6 sections from 2 animals). Data fit with a generalized 
logistic function with 95% confidence bands. 
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Figure 2.12: Inducing Scn2a haploinsufficiency late in development disrupts dendritic excitability, 
AP backpropagation, and synaptic stability. 
A: Scn2a+/fl mice were injected with a dilute Cre virus, infecting a subset of neurons in PFC. Images are single 2PLSM 
optical section of transmitted laser light (“scanning-DIC”) and mCherry fluorescence (red). Left, dashed circles highlight 
two neighboring Cre+ and Cre- neurons. Right, Cre+ neuron targeted for whole-cell recording with pipette from left-
hand side. Image taken while in cell-attached configuration. 
B: Peak dV/dt vs age in conditional Scn2a mice. dVdt measurements were made from CaMKII::Scn2a+/fl or +/+ mice at 
several ages and compared to developmental curve derived from constitutive mice. Note overlap with wild-type 
developmental curve at P18 and eventual overlap with Scn2a+/- curve at >P50 for CaMKII::Scn2a+/fl neurons. Neurons 
in Scn2a+/fl mice injected with dilute Cre virus were assessed after P55. Circles and bars are means ± SEM. *: p < 0.01, 
Two-sided Mann-Whitney. 
C: Dendritic calcium imaging as in Fig. 2.4C, except in CaMKII::Scn2a+/fl or +/+ cells. 
D: Transient amplitude is plotted for the first of 5 bursts (left) and area under the curve from stimulus onset to stimulus 
onset + 500ms (right) in CaMKII::Scn2a+/+ (n = 9 cells) or CaMKII::Scn2a+/- (n = 8 cells). Circles and bars are means ± 
SEM.  *: p < 0.05, Two-sided Mann-Whitney. 
E: AMPA:NMDA ratio between CaMK-Cre:Scn2a+/+ and Scn2a+/fl littermates, and between Cre+ and Cre- neurons in 
Scn2a+/fl mice injected with EF1α-Cre. * p < 0.05, Two-sided Mann-Whitney.  
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Figure 2.13: Dendritic spines morphology in Scn2afl/+::CaMKII-Cre neurons 
A: Examples dendritic spines in p75-76 Scn2afl/+::CaMKII-Cre neurons and cre- littermates. 
B: Overall spine length from shaft to spine head, volume of spine head relative to total volume of head and shaft, and 
number of spines per length of dendrite in apical and basal dendrites (n = 588-871 spines per group, 1-3 dendritic 
branches per cell, 5-6 cells per group). *: p < 0.05, Two-sided Mann-Whitney.  
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Figure 2.14: Scn2a haploinsufficiency impairs synaptic plasticity 
A: Recording configuration for burst-based LTP experiments. Stimulating electrode was placed in layer 1 and synaptic 
stimulation was paired with somatic current-evoked AP bursts. 
B: Example of EPSPs before and after LTP pairing protocol. Lighter shades are post-induction data (15-25 minutes 
after pairing). Stimulus artifact removed for clarity. 
C: EPSP slope (first 2 ms), membrane potential (Vm) and input resistance (Rin) vs time before and after LTP induction. 
Circles and bars are mean ± SEM. 
D: EPSC slope per cell in Scn2a+/+ cells with and without TTX and Scn2a+/- cells. *: p = 0.0002, Kruskal-Wallis test; WT 
vs Scn2a+/-: p = 0.0007, WT vs TTX: p = 0.002, Dunn's multiple comparisons test.  



 

70 

 

 

Figure 2.15: Scn2a haploinsufficiency impairs learning and social preference. 
A: Top: Schematic of the water T-maze behavioral assay. Mice were placed at the start of a water T-maze and had to 
identify the arm containing a submerged platform. Accuracy was measured as percentage of trials with correct arm 
choices. Bottom: Task accuracy for male and female Scn2a+/+ and Scn2a+/- mice across response sessions (2 trials 
per session) and reversal sessions (3 trials per session). Squares/circles and bars are mean ± SEM. Difference 
between genotypes, *:p = 0.026, F-Genotype (1, 45) = 5.2,  2-way repeated measures ANOVA. 
B: Schematic of social preference assay. Mice were placed in a two-chamber container and time spent interacting with 
a stimulus mouse (same mouse each trial) and a toy mouse (trials 1-3, social interaction/habituation) or novel stimulus 
mouse (trial 4, social preference) was recorded. 
C: Difference in interaction time of the stimulus mouse and the toy mouse across trials 1-3 for male and female Scn2a+/+ 
and Scn2a+/- mice. Squares/circles and bars are mean ± SEM. No statistical differences noted. 
D: Difference in interaction of the familiar stimulus mouse and a novel stimulus mouse for male and female Scn2a+/+ 
and Scn2a+/- mice. Squares/circles and bars are mean ± SEM. *: p=0.017, Two-sided Mann-Whitney.
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Figure 2.16: Locomotor, anxiety, spontaneous alternation, motor coordination, balance, grooming, 
and nesting behavior in Scn2a+/- mice 
A: Screen of locomotor deficits and anxiety-related behaviors in an open field test. Left: total movement and Right: 
proportion of movement in the center. Comparisons are of male and female Scn2a+/+ (13 male, 13 female) and Scn2a+/- 
(9 male, 5 female) mice. 
B: Screen of anxiety-related behaviors with an elevated plus maze. Left: total time spent in the open arms and Right: 
total number of open arm entries during an elevated plus maze test. Comparisons are of male and female Scn2a+/+ (13 
male, 13 female) and Scn2a+/- (9 male, 5 female) mice. 
C: Screen of spontaneous alternation behaviors in a Y-maze. Left: number of arm entries made and Right: percent of 
arm entries contributing to entering all three arms of a Y-maze in succession without repeating an arm (total number of 
alternation/(total number of entries – 2) *100). Comparisons are of male and female Scn2a+/+ (13 males, 13 females) 
and Scn2a+/- (9 males, 5 females) mice. *: p , 0.05, two-sided Mann-Whitney. 
D: Screen of motor coordination deficits. Latency to fall during rotarod training (16 RPM) and testing (variable speed, 
4-40RPM). Comparisons are of male and female Scn2a+/+ (13 males, 10 females) and Scn2a+/- (9 males, 5 females) 
mice. 
E: Left: latency to cross and Right: number of foot slips while crossing a small, medium or large balance beam (three 
trials per beam). Comparisons are of male and female Scn2a+/+ (13 males, 13 females) and Scn2a+/- (9 males, 5 females 
) mice. 
F: Screen of grooming behavior differences. Left: number of grooming bouts and Right: total grooming time of isolated 
mice over a 10-minute undisturbed period. Comparisons are of male and female Scn2a+/+ (13 males, 13 females) and 
Scn2a+/- (9 males, 5 females) mice. 
G: Screen of social approach behavior in a 2-chamber social tests. Differences in interaction between the social and 
non-social side are shown. Comparisons are of male and female Scn2a+/+ (13 males, 13 females) and Scn2a+/- (9 
males, 5 females) mice. 
H: Nesting scores (methods) of singly housed mice measured at 2, 6, and 24 hours from the start of nest creation. 
Comparisons are of male and female Scn2a+/+ (13 males, 13 females) and Scn2a+/- (9 males, 5 females) mice. 
I: Screen of response learning deficits in a water-T maze task. Comparisons are of male and female Scn2a+/+ (13 males, 
13 females) and Scn2a+/- (9  males, 5 females) mice. 
J: Screen of reversal learning deficits in a water-T maze task. Comparisons are of male and female Scn2a+/+ (13 males, 
13 females) and Scn2a+/- (8 males, 5 females) mice. 
K: Replication of H with additional cohorts of mice Scn2a+/+ (10 males, 13 females) and Scn2a+/- (9 males, 8 females). 
L: Replication of A with additional cohorts of Scn2a+/+ (24 males, 24 females) and Scn2a+/- (23 males, 20 females). *: p 
, 0.05, two-sided Mann-Whitney. 
M: Replication of B with a new cohort of mice Scn2a+/+ (24 males, 24 females) and Scn2a+/- (23 males, 20 females). *: 
p , 0.01, two-sided Mann-Whitney. 
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Chapter 3:  

Loss of the autism-associated gene SCN2A impairs dendritic excitability  
in prairie voles 

 
3.1 Introduction 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized 

by deficits in social interactions and repetitive behaviors/interests (American Psychiatric 

Association, 2013). Numerous high-risk genes associated with ASD have been identified 

(Satterstrom et al., 2020), yet it remains an enduring challenge to determine how these 

genetic differences relate to the social and cognitive impairments that define ASD. 

Bridging this divide necessitates using animal models to study how these genes impact 

the neurobiology of social behaviors and cognitive function.  Mice (Mus musculus) have 

historically been used in this role owing to the numerous benefits that they offer laboratory 

research, and they have yielded tremendous insight into how ASD-associated genes 

impact the neurobiology of the brain and alter rodent behaviors (Jiang and Ehlers, 2013; 

Smith et al., 2011; Tabuchi et al., 2007; The Dutch-Belgian Fragile X Consorthium et al., 

1994). The use of mice to study gene-brain-behavior relationships in ASD however is 

limited as mice do not form enduring social attachments that are a hallmark of human 

social relationships (Byrne and Bates, 2010; Young and Wang, 2004). This limitation 

needs to be addressed by the development and use of additional animal models that 

better approximate human social behavior.  

Prairie voles (Microtus  ochrogaster) are an attractive rodent model for studying 

the neurobiology of social relationships because, like humans, they form enduring social 

bonds that persist throughout life (McGraw and Young, 2010). In contrast with mice, 
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prairie voles form socially monogamous mating pairs, exhibit biparental care, incest 

avoidance, and exhibit physiological signs of stress and anxiety when separated from 

pair-bonded individuals (Carter et al., 1995). Additionally, there is evidence that the 

neurobiological mechanisms underlying vole pair-bonding translate to human social 

relationships. In prairie voles it was discovered that the neuropeptide hormones oxytocin 

and vasopressin mediate the formation of pair bonding behaviors (Carter et al., 1995; 

Pitkow et al., 2001; Winslow et al., 1993). These hormones have since been found to 

influence social attachment behaviors in humans (Baumgartner et al., 2008). Prairie voles 

therefore provide a valuable model to study social deficits in neurodevelopmental 

disorders such as ASD.  

SCN2A is an example of a gene where using prairie voles as a model organism 

may be able to offer additional insight into gene-brain-behavior relationships than can be 

gathered from using mouse models alone. SCN2A has amongst the strongest ASD-

association of any gene identified to date (Ben-Shalom et al., 2017; Sanders et al., 2018; 

Satterstrom et al., 2020), and mouse models have revealed striking deficits in dendritic 

excitability and excitatory synaptic function that disrupts cellular learning mechanisms 

(Shin et al., 2019; Spratt et al., 2019). Despite these findings, social behaviors in Scn2a+/- 

mice appear to be only mildly disrupted, with varying and conflicting reports of impaired 

vocal communication, social interaction and social memory (Léna and Mantegazza, 2019; 

Shin et al., 2019; Spratt et al., 2019; Tatsukawa et al., 2019). This suggests that Scn2a+/- 

mice may be a limited model for linking neurobiological impairment to social deficits that 

are present in human patients with ASD-associated Scn2a variants.  
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To address this limitation, our collaborators in the Manoli lab have used CRISPR-

Cas9 based gene editing to create prairie voles with a null Scn2a allele. We find that the 

vole pyramidal neurons in prefrontal cortex exhibit similar dendritic excitability deficits to 

those observed in Scn2a+/- neurons in mice, demonstrating neuronal deficits that are 

conserved across species. This validates that these mutant voles are functionally 

haploinsufficient, providing a novel animal model for studying how SCN2A-

haploinsufficiency impacts social behaviors.  
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3.2 Methods 

3.2.1 Experimental Model and Subject Details 

Prairie voles with null SCN2A alleles were generated using CRISPR-Cas9 induced 

mutagenesis.  Small guide RNAs targeting the first and third exons of the SCN2A resulting 

in alleles with deletions (one in each targeted exon) introducing premature stop codons 

early in the gene.  Targeted alleles were cloned and sequenced to verify the generation 

and location of premature stop codons in the first or third exon. Functional validation of 

the generation of loss-of-function alleles was determined through ex vitro 

electrophysiology. 

3.2.2 Ex vivo electrophysiology 

250 mm-thick coronal slices containing medial prefrontal cortex, medial 

orbitofrontal cortex, hippocampal CA1, or primary visual cortex (Figure 6.8A) were 

prepared from Scn2a+/- prairie voles blind to genotype. Cutting solution contained (in mM): 

87 NaCl, 25 NaHCO3 , 25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH2 PO4 , 0.5 CaCl 2 

and 7 MgCl2 ; bubbled with 5%CO2 /95%O2 ; 4  C. Following cutting, slices were either 

incubated in the same solution or in the recording solution for 30 min at 33  C, then at 

room temperature until recording. Recording solution contained (in mM): 125 NaCl, 2.5 

KCl, 2 CaCl2 , 1 MgCl2 , 25 NaHCO3 , 1.25 NaH2 PO4 , 25 glucose; bubbled with 5%CO2 

/95%O2 ; 32-34  C, ~310 mOsm. 

Neurons were visualized with differential interference contrast (DIC) optics for 

conventional visually guided whole-cell recording. Current-clamp recordings used patch 

electrodes (Schott 8250 glass, 3-4 MU tip resistance) filled with a solution containing (in 

mM): 113 K-Gluconate, 9 HEPES, 4.5 MgCl2 , 0.1 EGTA, 14 Tris2 -phosphocreatine, 4 
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Na2 -ATP, 0.3 tris-GTP; 290 mOsm, pH: 7.2-7.25. For Ca 2+ imaging, EGTA was 

replaced with 250 mM Fluo-5F and 20 mM Alexa 594. All data were corrected for 

measured junction potentials of 12 mV. 

Electrophysiological data were acquired using Multiclamp 700A or 700B amplifiers 

(Molecular Devices) via custom routines in IgorPro (Wavemetrics). For measurements of 

action potential waveform, data were acquired at 50 kHz and filtered at 20 kHz. Pipette 

capacitance was compensated by 50% of the fast capacitance measured under gigaohm 

seal conditions in voltage-clamp prior to establishing a whole-cell configuration, and the 

bridge was balanced.  

Recordings were restricted to L5b pyramidal cells using physiological 

characteristics known to vary based cell class (Clarkson et al., 2017; Dembrow et al., 

2010). To minimize variability, recordings were restricted to cells with high HCN 

expression levels, corresponding to pyramidal tract (PT) neurons as defined by exhibiting 

a voltage rebound more depolarized that Vrest following a strong hyperpolarizing current 

(-400 pA, 120 ms) that peaked within 90 ms of current offset (Clarkson et al., 2017). AP 

threshold and peak dV/dt measurements were determined from the first AP evoked by a 

near-rheobase current in pyramidal cells (300 ms duration; 10 pA increments), or the first 

AP within a train of APs with a minimum inter-AP frequency of 25 Hz in inhibitory neurons. 

Threshold was defined as the Vm when dV/dt measurements first exceeded 15 V/s. 

3.2.3 2-photon imaging 

Two-photon laser scanning microscopy (2PLSM) was performed as previously 

described (Bender and Trussell, 2009). A 2-photon source (Coherent Ultra II) was tuned 

to 810 nm for morphology and calcium imaging. Epi- and transfluorescence signals were 
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captured either through a 40 3 , 0.8 NA objective for calcium imaging or a 60 3 , 1.0 NA 

objective for spine morphology imaging, paired with a 1.4 NA oil immersion condenser 

(Olympus). Fluorescence was split into red and green channels using dichroic mirrors and 

band-pass filters (575 DCXR, ET525/70 m-2p, ET620/60 m-2p, Chroma). Green 

fluorescence (Fluo-5F) was captured with 10770-40 photomultiplier tubes selected for 

high quantum efficiency and low dark counts (PMTs, Hamamatsu). Red fluorescence 

(Alexa 594) was captured with R9110 PMTs. Data were collected in linescan mode (2–

2.4 ms/line, including mirror flyback). For calcium imaging, data were presented as 

averages of 10-20 events per site, and expressed as D(G/R)/(G/R)max *100, where (G/R) 

max was the maximal fluorescence in saturating Ca 2+ (2 mM) (Yasuda et al., 2004). 

Backpropagation experiments were performed in 25 mM picrotoxin, 10 mM NBQX and 

10 mM R-CPP. Full dendritic reconstructions were stitched together using pairwise 

stitching in FIJI before generation of maximum intensity projection. 
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3.3 Results 

3.3.1 Targeted mutation of the Scn2a gene in prairie voles 

To generate a prairie vole model of Scn2a haploinsufficiency, zygotes were 

injected with Cas9 protein and small guide RNAs targeting the first and third coding exons 

of the Scn2a gene. Scn2a alleles in the resulting pups were sequenced to determine the 

presence and location of any novel insertion/deletion (indel) mutations. Pups with indel 

mutations resulting in predicted premature stop codons were outbreed to ensure germline 

transmission of the mutant Scn2a allele. Outbred voles heterozygous for the mutant 

Scn2a alleles did not exhibit gross morphological or behavioral deficits and appeared to 

develop normally. 

 
3.3.2 Scn2a-loss in prairie voles impairs dendritic excitability 

Functional impairment of the Scn2a gene by indel mutations was examined by 

electrophysiologically characterizing neurons using whole-cell recordings were made 

from layer 5b neurons in acute slices containing medial prefrontal cortex (mPFC) (Fig. 

3.1A). First, neuronal excitability was assessed using depolarizing current steps that 

generate trains of action potentials (APs). No differences in AP threshold (Fig. 3.1D and 

F) or repetitive spike generation (Fig. 3.1B and C) were observed. Closer examination of 

the AP waveform, however, revealed a substantial decrease in the speed (dVdt) of the 

rising-phase phase of APs (Fig. 3.1D and E). This replicates the major deficit observed in 

the AP waveform of Scn2a+/- neurons in mice (Spratt et al., 2019), suggesting loss of 

Scn2a in prairie voles also impairs dendritic excitability while sparing axonal excitability.  
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Deficits in dendritic excitability can be directly assessed by measuring the 

propagation of APs back into the dendritic arbor. AP backpropagation is an active process 

mediated in part by dendritic sodium channels (Stuart and Sakmann, 1994), therefore 

disruptions in dendritic Scn2a expression would be expected to impair how APs 

propagate in the dendritic arbor. Bursts of APs can generate dendritic calcium transients 

throughout the apical dendrites by activating voltage-gated calcium channels (Barth et 

al., 2008; Larkum, 2013; Short et al., 2017; Spratt et al., 2019). In wildtype voles, trains 

of bursts reliably evoked calcium transients throughout the apical dendrite, however, the 

amplitude of calcium transients were relatively attenuated in the distal tuft in neurons with 

the disrupted Scn2a allele (Fig. 3.1G and H). This replicates similar impairments observed 

in mice, providing additional evidence that dendritic deficits arising from Scn2a-

haploinsufficiency are conserved across species. 
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3.4 Discussion 

Here, we have described the generation of genetically modified prairie voles that 

express a null Scn2a allele. Whole-cell recordings from mPFC neurons derived from 

these voles exhibited nearly identical deficits as observed in mice, with notable reductions 

in the speed of the action potential waveform and impairments in the propagation action 

potentials into the dendritic arbor. This demonstrates that as in mice, impaired dendritic 

excitability is a primary deficit resulting from Scn2a haploinsufficiency.  

It remains to be determined whether Scn2a+/- neurons in voles exhibit the same or 

similar impairments in excitatory synapse development found in Scn2a+/- mice (Spratt et 

al., 2019). As these deficits are thought to be emergent from the loss of dendritic 

excitability, it seems likely that they would also be conserved. Scn2a+/- neurons in mice 

also have an early period of hypo-excitability during the first postnatal week of life. It is 

unclear what impact this has on neurodevelopment; however, it would be prudent to study 

the development of neuronal excitability in Scn2a+/- voles. It has also been reported that 

Scn2a+/- mice exhibit absence-like seizure events in EEG recordings (Ogiwara et al., 

2018). A third of children with ASD-associated SCN2A variants develop epilepsy, and 

seizures are one of the most concerning symptoms reported by parents (Ben-Shalom et 

al., 2017). It therefore would be of value to determine if similar EEG and seizure 

susceptibility phenotypes are present in voles. 

In modern neuroscience, it is rare to have the opportunity to compare 

neurophysiological deficits in different species modeling the same genetic condition. Such 

studies are important for interpreting data gathered from animal models as they are 

ultimately created to better understand human disease and to provide tools for preclinical 
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testing of potential therapeutics. This requires identifying deficits that are conserved 

across species to ensure that undue attention is not wasted focusing on species specific 

deficits that likely have little to do with the human condition. This is perhaps most 

significant with the use of animal models to study disruption in complex social behaviors 

that are a hallmark of disorders like ASD.  

Mice, the most widely used animal model in modern neuroscience (Ellenbroek and 

Youn, 2016), do exhibit social behaviors, however mouse social relationships are far less 

complex and differ substantially from those in humans (Byrne and Bates, 2010; Young 

and Wang, 2004). Therefore, the same neurobiological mechanisms that lead to profound 

deficits in human social interactions may manifest very differently in mice. This may be 

the case for ASD-associated mutations in SCN2A. Behavioral deficits, particularly those 

concerning sociability, are inconsistently reported in Scn2a+/- mice. The use of Scn2a 

voles may clarify this issue, as they enable studying the development of lasting social 

relationships, a behavior which may be impacted by SCN2A loss and by mutations in 

other ASD-associated genes.  

The identification of conserved deficits in neuronal excitability between two species 

increases the confidence that similar deficits are present in humans. While a link between 

these physiological deficits and ASD-associated behaviors has not yet been identified,  

Scn2a+/- voles now provide an excellent tool to begin addressing this question. If deficits 

in pair-bonding are identified, Scn2a+/- voles may give us better insight into the 

neurobiology of social attachment and help identify potential sites of therapeutic 

intervention in ASD.  
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3.5 Figures 

 

Figure 3.1 Dendritic excitability is reduced in Scn2a+/- neurons in prairie voles 
A: 2-photon laser scanning microscopy z-stack of a prairie vole pyramidal cell in medial prefrontal cortex filled with 
alexa 594 
B: Representative action potentials generated by current injection in Scn2a+/+ (black) and Scn2a+/- (cyan) cells. 
C: Number of action potentials per stimulation epoch (300 ms) for increasing depolarizing current injection amplitude.  
D: Comparison of representative action potential phase-plane plots plotting voltage vs dVdt over time 
E: Comparison of peak action potential speed (dVdt, V/s). Box plots are median, quartiles, and 90% tails 
F: Comparison of action potential threshold. 
G: Representative calcium transients recorded in different dendritic compartments in response to bursts of AP doublets 
H: Calcium transient amplitudes plots for the first of 5 bursts (right) and area under the curve from stimulus onset to 
100 ms after stimulus offset (left) in Scn2a+/+ (n = 5) and Scn2a+/- (n = 4) neurons 
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Chapter 4:  

Loss of NaV1.2 sodium channels decreases dendritic and  
increases axonal excitability 

 
4.1 Introduction 

Sodium channels are integral to the generation of action potentials (APs), complex 

electrochemical signaling events that allow information to propagate throughout the 

nervous system (Hodgkin and Huxley, 1952). The distribution and composition of sodium 

channels in the axon, soma and dendrites have tremendous influence over the excitable 

properties of a neuron, dictating the site and conditions that permit AP generation, as well 

as the ability of APs to propagate between different subcellular compartments (Bean, 

2007). Sodium channel isoforms are differentially expressed within neurons (Hu et al., 

2009; Lorincz and Nusser, 2008), however the specific expression patterns and the 

resultings consequences for neuronal excitability remain poorly understood.  

In cortical pyramidal neurons, sodium channels are highly concentrated in the axon 

initial segment, a specialized axonal subcompartment ~50 µm adjacent to the soma 

(Grubb and Burrone, 2010; Rasband, 2010), and axonal nodes of ranvier (Rasband and 

Peles, 2015). High sodium channel density in these compartments reduces the threshold 

required to generate regenerative sodium channel activation, allowing for the generation 

and propagation of APs in the axon (Bender and Trussell, 2012; Kole et al., 2008). Sodium 

channels are also expressed in the dendrites of neurons (Lorincz and Nusser, 2010). 

While the comparatively low channel density does not permit the large regenerative 

events observed in the axon, dendritic sodium channels support the propagation of action 

potentials into the dendritic arbor of neurons (Stuart and Sakmann, 1994; Stuart et al., 
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1997), boost EPSP propagation from synapses to the soma (González-Burgos and 

Barrionuevo, 2001), and generate soma-independent spike-like events in dendrites 

(Golding et al., 2002). These functions have been shown to be critical regulators of 

synaptic plasticity and dendritic integration (Häusser et al., 2000; Stuart and Spruston, 

2015).  

Mature pyramidal neurons primarily express two sodium channel isoforms: NaV1.2 

and NaV1.6. NaV1.6 is the primary sodium channel expressed in the distal region of the 

AIS, with NaV1.2 confined to the proximal axon and somato-dendritic compartment (Hu 

et al., 2009; Katz et al., 2018; Lorincz and Nusser, 2008). Due to the distal location and 

relatively hyperpolarized voltage-dependence of activation (Chen et al., 2008; Rush et 

al., 2005; Smith et al., 1998), NaV1.6 channels are thought to define the AP initiation site. 

By contrast, the proximal NaV1.2 channels are hypothesized to help action potentials 

propagate backwards into the somatodendritic compartment by overcoming the 

impedance mismatch between the axon and soma (Hu et al., 2009). NaV1.6 has been 

detected in the dendrites of hippocampal pyramidal neurons (Lorincz and Nusser, 2010), 

however the dendritic distribution and functional roles of other isoforms remains unclear. 

 Testing the contribution of NaV1.2 and 1.6 to neuronal excitability is challenged by 

the limited pharmacological tools available to distinguish between sodium channel 

isoforms (de Lera Ruiz and Kraus, 2015). Novel genetic approaches, however, have 

begun to provide some insight. Selectively knocking out Scn8a (NaV1.6) expression 

surprisingly results in only minor impairs in AP generation due to compensation by 

NaV1.2, with no observable deficits in dendritic AP propagation (Katz et al., 2018). In 

comparison, the heterozygous-loss of Scn2a (NaV1.2) results in substantial impairments 
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in dendritic excitability and dendritic action potential backpropagation, with no detectable 

changes to AP initiation or propagation in the soma (Spratt et al., 2019). These findings 

suggest radically different functional roles and expression patterns of the two isoforms. 

 Here, we examined the consequences of complete NaV1.2-loss using mice 

homozygous for conditional Scn2a alleles. The homozygous knockout of Scn2a (Scn2a-

/-) exacerbated deficits in somatodendritic excitability seen in Scn2a+/- neurons, and 

further impaired AP backpropagation into the dendrites. By contrast, the propagation of 

APs from the AIS to soma was unaffected. Scn2a-/- neurons also exhibited a 

hyperpolarized threshold and increased repetitive rate of AP generation in response to 

depolarizing current injection, changes not observed Scn2a+/- neurons. Measurement of 

subthreshold currents suggests that this can be ascribed to increased persistent sodium 

current, likely due to compensation by Scn8a/NaV1.6. 
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4.2 Methods 

4.2.1 Experimental Model and Subject Details 

All experimental procedures were performed in accordance with UCSF IACUC 

guidelines. All experiments were performed on mice housed under standard conditions 

with ad libitum access to food and water. C57B6J were obtained from The Jackson 

Laboratory and bred in our onsite colony. Scn2a+/fl mice created as described previously 

(Spratt et al., 2019) 

4.2.2 Stereotactic Surgery 

Mice were anesthetized with isoflurane and positioned in a stereotaxic apparatus. 

500 nL volumes of AAV-EF1A-Cre-IRES-mCherry (UNC Vector Core) into the mPFC of 

Scn2afl/+ or Scn2afl/fl mice (stereotaxic coordinates [mm]: anterior-posterior [AP], +1.7, 

mediolateral [ML] -0.35; dorsoventral [DV]: -2.6). Mice were used in experiments after a 

minimum of four weeks after injection. 

4.2.3 Ex Vivo Electrophysiology  

250 mm-thick coronal slices containing medial prefrontal cortex were prepared 

from SCN2A+/KI and SCN2A+/- mice. Cutting solution contained (in mM): 87 NaCl, 25 

NaHCO3 , 25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH2 PO4 , 0.5 CaCl 2 and 7 MgCl2 ; 

bubbled with 5%CO2 /95%O2 ; 4  C. Following cutting, slices were either incubated in the 

same solution or in the recording solution for 30 min at 33  C, then at room temperature 

until recording. Recording solution contained (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2 , 1 

MgCl2 , 25 NaHCO3 , 1.25 NaH2 PO4 , 25 glucose; bubbled with 5%CO2 /95%O2 ; 32-

34  C, ~310 mOsm. 
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Neurons were visualized with differential interference contrast (DIC) optics for 

conventional visually guided whole-cell recording, or with 2-photon-guided imaging of 

reporter-driven tdTomato fluorescence overlaid on an image of the slice (scanning DIC). 

For current-clamp recordings and voltage-clamp recordings of K + currents, patch 

electrodes (Schott 8250 glass, 3-4 MU tip resistance) were filled with a solution containing 

(in mM): 113 K-Gluconate, 9 HEPES, 4.5 MgCl2 , 0.1 EGTA, 14 Tris2 -phosphocreatine, 

4 Na2 -ATP, 0.3 tris-GTP; ~290 mOsm, pH: 7.2-7.25. For Ca 2+ imaging, EGTA was 

replaced with 250 mM Fluo-5F and 20 mM Alexa 594. For voltage-clamp recordings of 

persistent Na + currents and synaptic activity, internal solution contained (in mM): 110 

CsMeSO3 , 40 HEPES, 1 KCl, 4 NaCl, 4 Mg-ATP, 10 Na-phosphocreatine, 0.4 Na2 -

GTP, 0.1 EGTA; ~290 mOsm, pH: 7.22. All data were corrected for measured junction 

potentials of 12 and 11 mV in K- and Cs-based internals, respectively. 

Electrophysiological data were acquired using Multiclamp 700A or 700B amplifiers 

(Molecular Devices) via custom routines in IgorPro (Wavemetrics). For measurements of 

action potential waveform, data were acquired at 50 kHz and filtered at 20 kHz. For all 

other measurements, data were acquired at 10-20 kHz and filtered at 3-10 kHz. For 

current-clamp recordings, pipette capacitance was compensated by 50% of the fast 

capacitance measured under gigaohm seal conditions in voltage-clamp prior to 

establishing a whole-cell configuration, and the bridge was balanced. For voltage-clamp 

recordings, pipette capacitance was compensated completely, and series resistance was 

compensated 50%. Series resistance was < 15 MU in all recordings. Experiments were 

omitted if input resistance changed by > ± 15%. 
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Whole-cell current-clamp recordings were restricted to L5b pyramidal cells with AP 

characteristics are known to vary based on cell class (Clarkson et al., 2017; Dembrow et 

al., 2010). To minimize variability, recordings were restricted to cells with high HCN 

expression levels, corresponding to pyramidal tract (PT) neurons. In current clamp, PT 

neurons were defined as those that exhibited a voltage rebound more depolarized that V 

rest following a strong hyperpolarizing current (-400 pA, 120 ms) that peaked within 90 

ms of current offset (Clarkson et al., 2017). AP threshold and peak dV/dt measurements 

were determined from the first AP evoked by a near-rheobase current in pyramidal cells 

(300 ms duration; 10 pA increments. Threshold was defined as the Vm when dV/dt 

measurements first exceeded 15 V/s. 

Persistent Na+ and currents were activated with 500 ms voltage steps from -90 mV 

to either -60 or -55 mV and corrected using p/n leak subtraction. 10 trials were averaged 

per voltage step. Current amplitudes were calculated as the average of the last 50 ms of 

each step. Currents were evoked in the presence 1 mM CsCl, 10 uM nifedipine, 2 uM 

TTA, 25 uM pictrotoxin, and 10 mM DNQX. 

4.2.4 Two-Photon Imaging  

Two-photon laser scanning microscopy (2PLSM) was performed as previously 

described (Bender and Trussell, 2009). A 2-photon source (Coherent Ultra II) was tuned 

to 810 nm for morphology and calcium imaging. Epi- and transfluorescence signals were 

captured either through a 40 3 , 0.8 NA objective for calcium imaging or a 60 3 , 1.0 NA 

objective for spine morphology imaging, paired with a 1.4 NA oil immersion condenser 

(Olympus). Fluorescence was split into red and green channels using dichroic mirrors and 

band-pass filters (575 DCXR, ET525/70 m-2p, ET620/60 m-2p, Chroma). Green 
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fluorescence (Fluo-5F) was captured with 10770-40 photomultiplier tubes selected for 

high quantum efficiency and low dark counts (PMTs, Hamamatsu). Red fluorescence 

(Alexa 594) was captured with R9110 PMTs. Data were collected in linescan mode (2–

2.4 ms/line, including mirror flyback). For calcium imaging, data were presented as 

averages of 10-20 events per site, and expressed as D(G/R)/(G/R)max *100, where (G/R) 

max was the maximal fluorescence in saturating Ca 2+ (2 mM) (Yasuda et al., 2004). 

Backpropagation experiments were performed in 25 mM picrotoxin, 10 mM NBQX and 

10 mM R-CPP. Full dendritic reconstructions were stitched together using pairwise 

stitching in FIJI before generation of maximum intensity projection. 

2.3.5 Modeling  

A pyramidal cell compartmental model was implemented in the NEURON 

environment (v7.5), with baseline distributions of NaV 1.2 and NaV 1.6 set as previously 

described (Ben-Shalom et al., 2017), based on a pyramidal cell model by Hallermann et 

al. (2012). For phase plane comparisons, the first AP evoked with 2.2 nA stimulus 

intensity (100 ms duration) were compared in each model configuration. Relative 

distributions of NaV 1.2 and NaV 1.6 in the proximal AIS, soma and dendrite were 

adjusted as described in figure legends.  
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4.3 Results 

 Homozygous loss of Scn2a (Scn2a-/-) in early development results in hypoxia and 

neuronal apoptosis in the brainstem, leading to death shortly after birth (Planells-Cases 

et al., 2000). Therefore, to study the electrophysiological properties of Scn2a-/- neurons 

we used mice with homozygous conditional Scn2a alleles (Scn2aflx/flx) (Spratt et al., 2019) 

to fully knockout Scn2a expression late in development. This was achieved by the 

unilateral injection of an adeno-associated virus expressing cre-recombinase and a 

mCherry fluorescent reporter (AAV-cre-mCherry) into the left medial prefrontal cortex 

(mPFC) of P28-35 Scn2aflx/flx mice. After a minimum of four weeks of expression, whole-

cell recordings were made from layer 5b neurons (Clarkson et al., 2017; Dembrow et al., 

2010) in acute brain slices containing the injection site. Unilateral injections allowed for 

electrophysiological comparisons of neurons from injected and uninjected hemispheres. 

4.3.1 Scn2a-loss affects action potentials in an allele-dependent manner  

Heterozygous loss of Scn2a (Scn2a+/-) alters the action potential (AP) waveform 

(Spratt et al., 2019). Therefore, first we compared APs in Scn2a-/- neurons to those from 

Scn2a+/- and Scn2a+/+ neurons. As reported previously, Scn2a+/- APs were shorter than 

wildtype, and shorter still in Scn2a-/- neurons (Fig. 4.1A and B). Surprisingly, Scn2a-/- 

neurons also exhibited a small, but significant reduction in AP threshold, a difference not 

seen between WT and Scn2a+/- neurons (Fig. 4.1C).  

More subtle features of the AP waveform can be revealed by plotting the time 

derivative of the voltage (dVdt) versus the voltage to create a phase-plane plot (Jenerick, 

1963). Phase-planes of pyramidal neuron APs have two distinct humps during the rising-

phase of the AP. The first is caused by the initiation of the AP in the AIS, and the second 
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by subsequent activation of sodium channels in the somato-dendritic compartment (Bean, 

2007). Scn2a+/- neurons have substantial reduction in the somatodendritic phase of the 

AP, a reduction that is further exacerbated in Scn2a-/- neurons (Fig. 4.1D and F). 

Intriguingly, the AIS component of the rising-phase of the AP was almost entirely 

unaltered (Fig. 4.1D and E), suggesting that the AP deficits caused by Scn2a loss are 

restricted to the somatodendritic compartment.  

Computational models of cortical pyramidal neurons with NaV1.2 channels located 

in the proximal AIS and distributed throughout the somatodendritic compartment equally 

with NaV1.6 can account for the AP waveforms deficits observed in Scn2a+/- neurons 

(Spratt et al., 2019). This model predicts a near linear relationship between the speed of 

the somatodendritic phase of the AP with levels of NaV1.2 expression (Fig. 4.1G-I), a 

prediction born out in our experimental data. Interestingly, this model also predicts a 

subtle reduction in the speed of the AIS component of the AP-rising phase with no change 

in AP threshold (Fig. 4.1H and I). In our recordings there was no apparent difference in 

the AIS component of the AP (Fig. 4.1 E), and threshold was slightly hyperpolarized in 

Scn2a-/- neurons (Fig. 4.1C). This could be explained by compensation of NaV1.2 by the 

lower threshold NaV1.6 isoform in the AIS of Scn2a-/- neurons, with no compensation in 

the soma and dendrites. 

4.3.2 NaV1.2-loss impairs dendritic but not axonal action potential propagation 

 The distribution of sodium channel subtypes in the proximal AIS has led to the 

hypothesis that lower-threshold NaV1.6 channels in the distal AIS are responsible for AP 

initiation, while higher-threshold NaV1.2 channels in the proximal AIS are responsible for 

propagating the AP back to the soma (Hu et al., 2009). This hypothesis has not been 
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tested directly however, and in the absence of NaV1.6 channels it has been found that 

NaV1.2 can initiate APs from the distal AIS (Katz et al., 2018). We tested whether AP 

propagation from the AIS was impaired in Scn2a-/- neurons using simultaneous somatic 

and axonal bleb recordings (Fig. 4.2A). Spikes initiated by somatic current injection 

propagated to the axonal bleb in both WT and Scn2a-/- neurons (Fig. 4.2B). Similarly, 

current injection into the bleb was able to generate APs that propagated back to the soma 

(Fig. 4.2C). Hu et al. observed the frequent occurrence of AP failures in the somato-

dendritic component of the AP waveform in recordings of rat mPFC neurons. These axon-

only AP “spikelets” were dependent on the membrane potential, suggesting that they 

resulted from the failure of NaV1.2 channels in the proximal AIS to activate. A loss of 

NaV1.2 channels would therefore be predicted to increase the occurrence of axon-only 

spikelets. In our recording configuration we only observed a single spikelet at a 

significantly hyperpolarized membrane potential (-150 mV) in a single WT neuron out of 

eleven WT pyramidal neuron recordings (Fig. 4.2D). No spikelets were observed in 

Scn2a-/- neurons (Fig. 4.2E and F). This difference could potentially be explained by rats 

and mice having subtly different AIS sodium channel distributions (Katz et al., 2018), 

however nevertheless these results demonstrate that AP backpropagation from the AIS 

to the soma is unimpaired in the absence of Scn2a expression in mice. 

 While backpropagation from the AIS to soma appears unaffected, we have 

previously reported that Scn2a+/- neurons exhibit substantial deficits in the 

backpropagation of APs from the soma to the distal dendritic arbor, resulting in impaired 

synaptic plasticity and synaptic function (Spratt et al., 2019). AP backpropagation can be 

assessed by measuring dendritic calcium influx in response to bursts of action potentials 
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(Fig. 4.3A). Scn2a+/- neurons show a noticeable reduction in burst evoked calcium influx 

starting 250 uM from the soma (Spratt et al., 2019). The same deficit is apparent in Scn2a-

/- neurons, only with differences apparent within 50 µm from the soma suggesting further 

impairments of dendritic excitability (Fig. 4.2B and C). This provides evidence that Scn2a 

expression is more consequential for dendritic excitability and dendritic backpropagation 

than AP backpropagation from the AIS to the soma.  

4.3.3 Scn2a-/- neurons are hyperexcitable 

 Mature WT and Scn2a+/- neurons show no difference in repetitive AP generation 

in response to prolonged depolarizing current pulses of increasing amplitude (Spratt et 

al., 2019). By contrast, Scn2a-/- neurons surprisingly generate more action potentials for 

equivalent current injection (Fig. 4.4A and B). The amount of current required to generate 

a single AP is not different (Fig. 4.4C), therefore the mild hyperpolarization in AP threshold 

(Fig. 4.1C) likely does not fully account for the difference in repetitive AP generation. 

Instead, Scn2a-/- neurons generate more action potentials once a minimum stimulus is 

reached, reflected by an increased slope of the FI curve (Fig. 4.4D). Additionally, the 

pattern of spikes in the AP trains appear more irregular and bursty, as indicated by 

increased variance in the interspike interval (Fig. 4.4E). This suggests greater axonal 

excitability during repetitive AP generation despite the loss of a population of sodium 

channels.  

 In addition to large transient currents, sodium channels generate a relatively small 

inactivating current that persists with prolonged depolarization. This persistent sodium 

current contributes to membrane depolarization and increases AP afterdepolarization, 

enhancing repetitive AP firing and bursting (Stafstrom, 2007; Yue et al., 2005). NaV1.6 
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notably exhibits a larger persistent current than NaV1.2 (Chen et al., 2008; Rush et al., 

2005; Smith et al., 1998), therefore compensation in the AIS by NaV1.6 could account for 

the increased axonal excitability of Scn2a-/- neurons. Subthreshold persistent sodium 

currents were evoked by depolarizing voltage-steps with pharmacological blockade of K+ 

and Ca2+ conductances. Persistent currents were notably larger in Scn2a-/- neurons (Fig. 

4.5A-B), suggesting increased NaV1.6 expression in the AIS in the absence of NaV1.2 

channels.  
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4.4 Discussion 

Here, we report that the loss of Scn2a expression reduces somato-dendritic 

excitability, impairing dendritic AP propagation, and increases axonal excitability, 

lowering AP threshold and increasing repetitive spiking and bursting. Increased persistent 

sodium current at the AIS likely accounts for the increased axonal excitability, suggesting 

compensation by Scn8a/NaV1.6. Overall, this reveals strikingly different functions for 

Scn2a/NaV1.2 in the axon and dendrites.  

Remarkably, the loss of NaV1.2 channels generally had the opposite effect of 

knocking out NaV1.6/Scn8a expression. Previously, it has been found that NaV1.6-loss is 

compensated by the expression of NaV1.2 in the AIS, resulting in broadly normal AP 

initiation with a slightly depolarized AP threshold and a decreased rate of repetitive spike 

output (Katz et al., 2018). Notably, the propagation of action potentials into the dendritic 

arbor was unimpaired in Scn8a-/- neurons, however the measurements of AP 

backpropagation were limited to proximal apical dendrites due to the constraints of 1-

photon calcium imaging. 

These results suggest starkly different roles for NaV1.2 and 1.6 in pyramidal cell 

excitability. Nav1.6, with its lower threshold of activation and relatively large persistent 

current (Chen et al., 2008; Rush et al., 2005; Smith et al., 1998) makes it well suited for 

generating repetitive action potential output in the axon, while higher threshold NaV1.2 

channels are more partial to propagating action potentials into the dendritic arbor. NaV1.2 

may be better suited for regulating dendritic excitability because their higher threshold of 

activation may avoid premature activation in the soma and dendrites during synaptic 

integration, leaving them able to propagate action potentials back into the dendritic arbor 



 

115 

after AP initiation in the AIS by NaV1.6 (Hu et al., 2009). Previously, this was the role 

hypothesized for NaV1.2 channels in the proximal AIS, however at least in mice, 

Scn2a/NaV1.2 is not required for AP propagation from the AIS to the soma.  

Despite the contrasting effects of losing either isoform, both the loss of 

NaV1.2/Scn2a and NaV1.6/Scn8a appears to be partially compensated by increased 

expression of the remaining sodium channel gene. Expression of NaV1.2 in the distal AIS 

in the absence of NaV1.6 indicates that either Scn2a expression is increased following 

NaV1.6 loss, or that there is relocation of NaV1.2 channels (Katz et al., 2018). Loss of 

Scn2a results in increased persistent sodium current that is hard to account for without 

an increase in the expression of NaV1.6 channels in the AIS. With NaV1.6 loss, increased 

NaV1.2 expression could be triggered to prevent loss of neuronal excitability that would 

result from losing NaV1.6 channels. The mechanism for increased Scn8a expression 

however is more challenging to explain as neurons appear more, not less excitable. 

Scn2a+/- neurons have impaired excitatory synaptic inputs (Spratt et al., 2019), and 

dendritic sodium channels help boost the propagation of EPSPs from synapses to the 

soma (González-Burgos and Barrionuevo, 2001). Therefore, in an intact neural circuit 

where AP generation is the consequence of synaptic integration, neurons lacking NaV1.2 

channels may functionally be less excitable, leading to increased Scn8a expression to 

compensate. 

Intriguingly, the homozygous loss of Scn2a revealed deficits not observed in 

Scn2a+/- neurons. The impairment of the somatodendritic waveform was increased 

proportionally to the loss of Scn2a expression. However, the hyperpolarized threshold, 

increased repetitive AP generation, and increased persistent sodium current in Scn2a-/- 
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neurons are notably absent in Scn2a+/- neurons (Spratt et al., 2019). The absence of 

these deficits in heterozygous neurons indicate a lack of compensation by the remaining 

Scn2a allele or Scn8a, but it appears there is compensation when both Scn2a alleles are 

lost. This suggests that there may be a threshold deficit that must be reached for 

compensation to occur, instead of a graded response proportional to the degree of Scn2a 

loss.  

It is important to consider differences that can arise from the hetero- or 

homozygous loss any gene of interest, particularly in the context of modeling human 

diseases. Scn2a has garnered significant attention recently due to the association of loss-

of-function SCN2A variants with autism spectrum disorder (Ben-Shalom et al., 2017; 

Sanders et al., 2012, 2018; Spratt et al., 2019). ASD-associated SCN2A variants, along 

with many other high-risk ASD genes (Satterstrom et al., 2020), result in 

haploinsufficiency. Despite this, homozygous knockouts of high-risk genes are still 

frequently used to model haploinsufficient disorders because they often result in larger 

deficits (Peça et al., 2011; Reith et al., 2013; Schmeisser et al., 2012; Tsai et al., 2012; 

Wöhr et al., 2011; Won et al., 2012). For Scn2a that would clearly be inappropriate as it 

could lead to a focus on increased axonal excitability that is absent in Scn2a+/- neurons, 

instead of the more relevant, yet more technically challenging to detect dendritic deficits.  

Overall, these results highlight the numerous roles sodium channels sodium 

channels have in regulating cellular excitability. In addition to enabling action potential 

initiation and propagation in the axon, sodium channels are important contributors to 

dendritic excitability and their loss can result in deficits in synapses located far away from 

the axon (Spratt et al., 2019). These differing roles in the dendrites and axons appear to 
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be subserved by different sodium channel isoforms, with NaV1.6 underlying axonal 

excitability and NaV1.2 dendritic excitability. 
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4.5 Figures 

Figure 4.1 NaV1.2-loss impairs the somatodendritic rising-phase of action potentials 
A: Action potential waveforms from Scn2a+/+ (black, n = XX), Scn2a+/- (cyan, n = XX) and Scn2a-/- (coral, n = XX) 
B: Comparison of action potential height. Circles are individual cells. Box plots are median, quartiles, and 90% tails 
C: Comparison of action potential threshold 
D: Action potential phase-plane plots plotting voltage vs dVdt over time for neurons show in A 
E: Comparison of action potential speed (dVdt, V/s) in the axon initial segment phase of the axon potential waveform 
F: Comparison of peak action potential speed (dVdt, V/s) 
G: Action potential waveform from compartmental models of cortical layer 5 pyramidal cells with NaV1.2 in the proximal 
AIS, NaV1.6 in the distal AIS, and NaV1.2 and 1.6 equally co-expressed in the somatodendritic compartment, with 
varying percentages of NaV1.2 expression 
H: Phase-plane plots from models in G with varying levels of NaV1.2 expression 
I: Comparison of action potential speed in the AIS (grey) and soma (peak dVdt) phases of the action potential waveform 
in compartmental models with varying levels of NaV1.2 expression 
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Figure 4.2 AP propagation from the AIS to soma is unaffected by NaV1.2 loss 
A: 2-photon laser scanning microscopy z-stack of a Scn2a-/- layer 5b neuron filled with alexa 594. Arrow indicates the 
axonal recording site at the bleb 
B) (Left) Representative action potentials recorded simultaneously in the soma and bleb initiated by somatic current 
injection. (Right) close of first action potential highlighting the slight delay in propagation from the soma to the bleb 
C: Representative phase-plane plots of somatic action potentials (left, upper right) elicited by current injection at the 
bleb (lower right) at different holding potentials. 
D: Membrane potential at the point of somatic action potential failure (closed circles), spikelets (open circles), or lowest 
membrane potential achieved before recording was lost without an AP failure (crosses) for Scn2a+/+ neurons 
E: As in C, but showing a Scn2a-/- neuron example 
F: As in F, but for Scn2a-/- neurons 
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Figure 4.3 AP backpropagation is impaired by NaV1.2 loss 
A: Representative calcium transients recorded in different neuronal subcompartments evoked by bursts of AP doublets 
B: Calcium transient amplitude is plotted for the first of 5 bursts at different distances from the soma 
C: Area under the curve from stimulus onset to 100 ms after stimulus offset at different distances from the soma 
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Figure 4.4 NaV1.2-loss increases action potential generation 
A: Representative action potentials generated from increasing depolarizing current steps in Scn2a+/+ (black) and Scn2a-

/- (coral) neurons 
B: Number of action potentials per stimulation epoch (300 ms) for increasing depolarizing current injection amplitude 
(FI curve). 
C: Comparison of rheobase (minimum current to generate action potential) for cn2a+/+ (black) and Scn2a-/- (coral) 
neurons. Circles are single cells. Box plots are median, quartiles, and 90% tails 
D: Comparison of FI curve slope (from 50-300 pA) 
E: Variance in the interspike interval for trains of varying numbers of action potentials elicited by depolarizing current 
injection (300 ms).  
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Figure 4.5 NaV1.2-loss results in increased persistent sodium currents 
A: NaV-mediated currents evoked with voltage steps from -90 mV to either 60 mV (left) or -55 mV (right). Currents were 
measured by P/4N subtraction 
B: Summary of persistent current amplitudes. Mean current amplitudes were measured from the last 50 ms before 
stimulus offset.  
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Chapter 5:  

CRISPR activation restores physiological deficits of autism-associated  
SCN2A haploinsufficiency   

 
5.1 Introduction 

Autism spectrum disorder (ASD) is a highly prevalent early-childhood onset 

disorder that can result in considerable disability and burden on supporting families 

(Baxter et al., 2015), yet there are no effective cures or treatments for core ASD 

symptoms.  ASD in most patients can be ascribed to genetic factors, however, only 

recently have large numbers of high-risk genes been associated with the disorder. 

Advances in gene discovery in ASD have revealed a significant contribution of de novo 

mutations to the prevalence of ASD (Ronemus et al., 2014), with rare inherited or de novo 

mutations identified in over a hundred high-risk genes to date (Satterstrom et al., 2020). 

De novo mutations present a unique therapeutic opportunity because they often result in 

haploinsufficiency, a condition where mutations render one allele non-functional, yet a 

healthy functioning allele remains. This results in deficits arising from reduced expression 

levels of the gene, therefore it may be possible to provide therapeutic benefit in these 

cases by restoring the correct level of gene expression.  

Gene therapy has seen a recent revival as a viable therapeutic approach for 

treating monogenic disorders, including haploinsufficiency, owing to advances in viral 

vectors that can safely deliver therapeutic genes to dysfunctional cells (Naldini, 2015). 

Many gene therapy approaches use recombinant adeno-associated viruses (AAVs) to 

deliver genetic payloads to targeted cells (Daya and Berns, 2008; Kotterman and 

Schaffer, 2014). AAVs offer numerous advantages over other gene delivery methods 
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including the ability to infect dividing and non-dividing cells, lack of genomic insertion, 

long-lasting expression, and limited immunoreactivity. However, the total packaging 

capacity of AAVs is limited to <5kb, restricting AAV-based gene therapy to genes shorter 

than 3.5kb due to additional regulatory sequences needed for stable gene expression 

(Wu et al., 2010). Of the 102 ASD-associated genes, 44 are ineligible for traditional AAV-

based gene therapy due to their size.   

CRISPR activation (CRISPRa) is an alternative approach for treating 

haploinsufficient mutations by increasing the expression of the remaining healthy allele. 

CRISPRa takes advantage of the genome-targeting capability of the CRISPR-Cas9 

system to direct a nuclease-deficient Cas9 (dCas9) fused with a transcription activator to 

promoter or enhancer sequences to increase expression of the targeted gene (Gilbert et 

al., 2013, 2014; Perez-Pinera et al., 2013; Qi et al., 2013). This approach has been 

successfully used to rescue obesity in mice caused by haploinsufficiency of Sim1 and 

Mc4r (Matharu et al., 2019), suggesting that it may have broad utility for other 

haploinsufficient disorders. 

Here we explore using CRISPRa to rescue physiological deficits ASD-associated 

haploinsufficiency in SCN2A, a gene with among the strongest ASD association 

(Satterstrom et al., 2020). SCN2A encodes the voltage-gated sodium channel NaV1.2, 

one over several sodium channel genes that enable the initiation and propagation of 

action potentials in neurons (Goldin, 1999). Recently, we found that Scn2a 

haploinsufficiency results in deficits in dendritic excitability and synaptic function, even 

when Scn2a expression is disrupted late in development (Spratt et al., 2019). This 

demonstrates that Scn2a expression is required throughout life for proper neuronal 
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function, not just early development, giving hope that restoring its expression late in 

development may be able to provide therapeutic benefit.  

We first show using a conditional knockin Scn2a allele that the cell-autonomous 

restoration of Scn2a expression late in development is sufficient to restore dendritic 

excitability and excitatory synaptic function. Next, we demonstrate that targeting 

CRISPRa to the promoter of Scn2a can increase expression in neuro-2a cells and 

Scn2a+/- mice. Finally, we find that CRISPRa in Scn2a+/- mice rescues excitability and 

synaptic deficits, demonstrating that CRISPRa may be a viable therapeutic approach for 

treating ASD-associated haploinsufficiency.  
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5.2 Methods 

5.2.1 Experimental Model and Subject Details 

All experimental procedures were performed in accordance with UCSF IACUC 

guidelines. All experiments were performed on mice housed under standard conditions 

with ad libitum access to food and water. C57B6J were obtained from The Jackson 

Laboratory and bred in our onsite colony. Scn2a+/- mice were provided by Drs. E. 

Glasscock and M. Montal (Mishra et al., 2017; Planells-Cases et al., 2000). Mice with a 

conditional knockin Scn2a allele (Scn2a+/KI) . A targeting vector with exons 3-5 were 

cloned upstream of exon 6 in an inverted orientation and a SA-2A-tdTomato-polyA 

cassette was inserted upstream of the inverted exons 3-5. These sequences were flanked 

with loxP and lox2272 sites. The targeting vector included a Neo cassette flanked by self-

deletion anchor sites for positive selection, and DTA outside of the homology arms for 

negative selection. The linearized vector was subsequently delivered to ES cells 

(C57BL/6) via electroporation, followed by drug selection, PCR screening, and Southern 

Blot confirmation. Confirmed clones were then introduced into host embryos and 

transferred to surrogate mothers. Chimerism in the resulting pups was identified via coat 

color. F0 male chimeras were bred with C57BL/6 females to generate F1 heterozygous 

mutants that were identified by PCR. 
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5.2.2 Stereotactic Surgery 

Mice were anesthetized with isoflurane and positioned in a stereotaxic apparatus. 

500 nL volumes of AAV-EF1A-Cre-IRES-mCherry (UNC Vector Core) into Scn2a+/KI mice, 

or a mixture of AAV-U6-sgRNA-CMV-mCherry and AAV-CMV-dCas9-VP64 into the 

mPFC of Scn2a+/+ or Scn2a+/- mice (stereotaxic coordinates [mm]: anterior-posterior [AP], 

+1.7, mediolateral [ML] -0.35; dorsoventral [DV]: -2.6). Mice were used in experiments a 

minimum of three weeks post injection. 

5.2.3 Ex Vivo Electrophysiology  

250 mm-thick coronal slices containing medial prefrontal cortex were prepared 

from SCN2A+/KI and SCN2A+/- mice. Cutting solution contained (in mM): 87 NaCl, 25 

NaHCO3 , 25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH2 PO4 , 0.5 CaCl 2 and 7 MgCl2 ; 

bubbled with 5%CO2 /95%O2 ; 4  C. Following cutting, slices were either incubated in the 

same solution or in the recording solution for 30 min at 33 C, then at room temperature 

until recording. Recording solution contained (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2 , 1 

MgCl2 , 25 NaHCO3 , 1.25 NaH2 PO4 , 25 glucose; bubbled with 5%CO2 /95%O2 ; 32-

34  C, $310 mOsm. 

Neurons were visualized with differential interference contrast (DIC) optics for 

conventional visually guided whole-cell recording, or with 2-photon-guided imaging of 

reporter-driven tdTomato fluorescence overlaid on an image of the slice (scanning DIC). 

For current-clamp recordings and voltage-clamp recordings of K + currents, patch 

electrodes (Schott 8250 glass, 3-4 MU tip resistance) were filled with a solution containing 

(in mM): 113 K-Gluconate, 9 HEPES, 4.5 MgCl2 , 0.1 EGTA, 14 Tris2 -phosphocreatine, 

4 Na2 -ATP, 0.3 tris-GTP; $290 mOsm, pH: 7.2-7.25. For Ca 2+ imaging, EGTA was 
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replaced with 250 mM Fluo-5F and 20 mM Alexa 594. For voltage-clamp recordings of 

persistent Na + currents and synaptic activity, internal solution contained (in mM): 110 

CsMeSO3 , 40 HEPES, 1 KCl, 4 NaCl, 4 Mg-ATP, 10 Na-phosphocreatine, 0.4 Na2 -

GTP, 0.1 EGTA; $290 mOsm, pH: 7.22. All data were corrected for measured junction 

potentials of 12 and 11 mV in K- and Cs-based internals, respectively. 

Electrophysiological data were acquired using Multiclamp 700A or 700B amplifiers 

(Molecular Devices) via custom routines in IgorPro (Wavemetrics). For measurements of 

action potential waveform, data were acquired at 50 kHz and filtered at 20 kHz. For all 

other measurements, data were acquired at 10-20 kHz and filtered at 3-10 kHz. For 

current-clamp recordings, pipette capacitance was compensated by 50% of the fast 

capacitance measured under gigaohm seal conditions in voltage-clamp prior to 

establishing a whole-cell configuration, and the bridge was balanced. For voltage-clamp 

recordings, pipette capacitance was compensated completely, and series resistance was 

compensated 50%. Series resistance was < 15 MU in all recordings. Experiments were 

omitted if input resistance changed by > ± 15%. 

Whole-cell current-clamp recordings were restricted to L5b pyramidal cells with AP 

characteristics are known to vary based on cell class (Clarkson et al., 2017; Dembrow et 

al., 2010). To minimize variability, recordings were restricted to cells with high HCN 

expression levels, corresponding to pyramidal tract (PT) neurons. In current clamp 

experiments, PT neurons were defined as those that exhibited a voltage rebound more 

depolarized that V rest following a strong hyperpolarizing current (-400 pA, 120 ms) that 

peaked within 90 ms of current offset (Clarkson et al., 2017). AP threshold and peak dV/dt 

measurements were determined from the first AP evoked by a near-rheobase current in 
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pyramidal cells (300 ms duration; 10 pA increments). Threshold was defined as the V m 

when dV/dt measurements first exceeded 15 V/s. 

In experiments measuring AMPA:NMDA ratios, EPSCs were evoked via a bipolar 

glass theta electrode placed ~200 mm lateral to the recorded neuron in layer 5b. For 

AMPA:NMDA ratio, R-CPP was omitted and neurons were held at -80 and +30 mV to 

assess AMPA and NMDA-mediated components. AMPA and NMDA components were 

defined as the peak inward current at -80 mV and the outward current 50 ms after stimulus 

onset at +30 mV, respectively. 

5.2.4 Two-Photon Imaging  

Two-photon laser scanning microscopy (2PLSM) was performed as previously 

described (Bender and Trussell, 2009). A 2-photon source (Coherent Ultra II) was tuned 

to 810 nm for morphology and calcium imaging. Epi- and transfluorescence signals were 

captured either through a 40 3 , 0.8 NA objective for calcium imaging or a 60 3 , 1.0 NA 

objective for spine morphology imaging, paired with a 1.4 NA oil immersion condenser 

(Olympus). Fluorescence was split into red and green channels using dichroic mirrors and 

band-pass filters (575 DCXR, ET525/70 m-2p, ET620/60 m-2p, Chroma). Green 

fluorescence (Fluo-5F) was captured with 10770-40 photomultiplier tubes selected for 

high quantum efficiency and low dark counts (PMTs, Hamamatsu). Red fluorescence 

(Alexa 594) was captured with R9110 PMTs. Data were collected in linescan mode (2–

2.4 ms/line, including mirror flyback). For calcium imaging, data were presented as 

averages of 10-20 events per site, and expressed as D(G/R)/(G/R)max *100, where (G/R) 

max was the maximal fluorescence in saturating Ca 2+ (2 mM) (Yasuda et al., 2004). 

Backpropagation experiments were performed in 25 mM picrotoxin, 10 mM NBQX and 
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10 mM R-CPP. Full dendritic reconstructions were stitched together using pairwise 

stitching in FIJI before generation of maximum intensity projection. 

5.2.5 CRISPR activator construct generation 

CRISPR activator constructs were generated following protocols defined in 

Matharu et al. 2019 (Matharu et al., 2019). Plasmids used for cell culture transfection 

were the pMSCV-LTR-dCas9-VP64-BFP vector, encoding a mammalian codon-

optimized Streptococcus pyogenes dCas9 fused to two C-terminal SV40NLSs and 

tagBFP along with a VP64 domain, and the U6-sgRNA-CMV-mCherry-T2A-Puro 

plasmids. Different sgRNAs were cloned into the plasmid using the In-Fusion HD-cloning 

kit (Clontech) following the manufacturer’s protocol. 

For AAV vectors, the S. aureus dCas9-VP64 vector was constructed from 

AAV_NLS-dSaCas9-NLS-VPR (Addgene Plasmid #68495) by removing the RelA(p65) 

activation domain and Rta Activation domain using XbaI and EcoRI enzymes and 

introducing a stop codon after the VP64 domain followed by bGHPolyA. pAAV-U6-

sasgRNA-CMV-mCherry-WPREpA was cloned by replacing the CMV-sadCas9-VP64-pA 

cassette in pAAV-CMV-sadCas9-VP64-pA backbone with that of  the U6-sasgRNA-CMV-

mCHerry-WPRE-pA cassette from pLTR-1120-MP177-U6-sasgRNA-mcherry . sgRNAs 

were cloned using the In-Fusion HD-cloning kit (Clontech) following the manufacturer’s 

protocol into the Bst XI and Xho I restriction enzyme sites. AAVs of the rAAV-DJ serotype 

were produced for all vectors using the Stanford GeneVector and Virus core.  

5.2.6 Cell culture  

Neuroblastoma 2a cells (Neuro-2a; ATCC® CCL-131) were grown following ATCC 

guidelines. Plasmids were transfected into Neuro-2a cells using X-tremeGENE HP DNA 
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transfection reagent (Roche) following the manufacturer’s protocol. AAVs were injected 

into Neuro-2acells at different multiplicity of infection (MOI) ratios. Neuro-2a cells were 

harvested 48 hours after transfection and 5 days after infection to isolate RNA for qRT-

PCR analysis. 

5.2.7 RNA isolation and quantitative reverse-transcription PCR 

RNA was isolated from cells or tissues using RNeasy Mini Kit (Qiagen) following 

the manufacturer’s protocol. For mice, animals were euthanized and tissues were 

harvested directly into the RNA lysis buffer of the RNeasy Mini Kit. 250 µm thick coronal 

sections of medial prefrontal cortex were produced and regions expressing mCherry were 

identified using epifluorescence microscopy and dissected by hand. Corresponding 

regions from the uninjected hemisphere were also isolated.   

For qRT-PCR, cDNA was prepared using SuperScript III First-Strand Synthesis 

System (Invitrogen) using the manufacturer’s protocol along with deoxy-ribonuclease I 

digestion. qPCR was performed with Sso Fast Eva Green Supermix (Bio-Rad) using the 

primers indicated in table S4. The results were expressed as fold-increase mRNA 

expression of the gene of interest normalized to either Actb or Rpl38 expression by the 

DDCT method. 
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5.3 Results 

5.3.1 Rescue of Scn2a expression restores dendritic excitability and synaptic 

deficits 

To determine whether rescuing wildtype Scn2a expression late in development is 

able to restore dendritic excitability and synaptic deficits caused by Scn2a 

haploinsufficiency, we designed a conditional knockin Scn2a allele (Scn2aKI) that has 

exons 3-5 expressed in a reverse orientation and an SA-2A-eGFP-polyA sequence 

inserted downstream of exon 2 (Fig. 5.1A). Prior to recombination, this allele is non-

functional and labels heterozygous neurons with eGPF. Scn2a+/KI mice therefore develop 

heterozygous for Scn2a and exhibit corresponding physiological deficits. Following cre-

recombinase expression, the flanking LoxP sites flip exons 3-5 into the correct orientation 

and excises the eGFP sequence, restoring the allele to its wildtype state and ceasing 

eGFP expression (Fig. 5.1A). This allows Scn2a-haploinsufficiency to be rescued late in 

development through the controlled expression of cre. 

Scn2a+/KI mice P38-35 were injected unilaterally in medial prefrontal cortex 

(mPFC) with an adeno-associated virus expressing cre and an mCherry fluorescent 

reporter (AAV-Cre-mCherry). After a minimum of four weeks of expression, whole-cell 

recordings were made from layer 5b neurons in acute brain slices containing the injection 

site. Prior to electrode break-in, fluorescent expression of mCherry and the absence of 

eGFP expression were verified using 2-photon microscopy. The electrophysiological 

properties of AAV-injected neurons were compared to interleaved control recordings in 

the opposing, uninjected hemisphere.  
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 Uninfected Scn2a+/KI neurons exhibited identical physiological deficits as reported 

in Scn2a+/- neurons (Spratt et al., 2019). The rising-phase of the action potential was slow 

(Fig. 5.1C and D), backpropagation of action potentials into the dendritic arbor impaired 

(Fig. 5.1I-K), and the AMPA:NMDA ratio was reduced relative to wildtype neurons (Fig. 

5.1G and H). This demonstrates that the Scn2aKI allele is functionally null during 

development, resulting physiological impairments in dendritic excitability and synaptic 

maturity.  

Strikingly, the restoration of Scn2a expression appeared sufficient to rescue these 

deficits. mCherry positive neurons displayed an absence of eGPF expression, indicating 

that flip-excision of the knockin allele had occurred. The physiological properties of 

mCherry expressing neurons appeared indistinguishable from neurons of WT mice. The 

action potential waveform was restored (Fig. 5.1D), action potentials back propagated 

into the distal dendritic arbor (Fig. 5.1I-J), and the AMPA:NMDA ratio was increased back 

to wildtype levels (Fig. 5.1G and H). This validates that rescuing Scn2a-haploinsufficiency 

is a viable approach for restoring normal cellular excitability and synaptic physiology.  

5.3.2 CRISPR activators increase Scn2a expression 

To develop approaches for exogenously restoring normal levels of Scn2a 

expression, we designed ten small guide RNAs (sgRNA) to target a nuclease deficient 

Cas9 protein (dCas) fused to a VP64 activator protein to the promoter region of the Scn2a 

allele (Fig. 5.2A). Nine of sgRNAs were successfully cloned into expression cassettes, 

and their efficacy of increasing Scn2a expression when transfected alongside 

staphylococcus aureus dCas9-VP64 was verified in mouse-derived neuroblastoma-2a 

(neuro-2a) cells. Scn2a expression was measured using RT-qPCR and compared to 
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dCas9-VP64 only transfected controls, revealing that several sgRNAs could increase 

Scn2a expression 2-fold (Fig. 5.1B). The top three sgRNAs were then cloned into rAAV 

cassettes with an mCherry-reporter (AAV-U6-sgRNA-CMV-mCherry), and the resulting 

AAVs were re-screened in neuro-2a cells to determine which virus was most efficacious 

at increasing Scn2a expression (Fig. 5.2B). 

The top performing AAV-sgRNA was selected for unilateral stereotactic injection 

alongside a second dCas9-expressing AAV (AAV-CMV-dCas9-VP64) into mPFC in P28-

35 WT and Scn2a+/- mice (Fig. 5.2D). Three to four weeks after injection, acute brain 

slices containing the injection site were produced, and the site of the AAV expression was 

verified using epifluorescent microscopy (Fig. 5.2E). Tissue was dissected from the 

mCherry expressing regions and the corresponding uninjected regions in contralateral 

hemisphere, allowing for quantification of differences in Scn2a expression using RT-

qPCR. Both wildtype and Scn2a+/- showed a 1.5-2 fold upregulation of Scn2a in the 

injected hemisphere (Fig. 5.2F), demonstrating that this approach could reliably increase 

Scn2a expression in vivo.  

5.3.3 CRISPR activator rescues AP waveform and synaptic deficits 

Whole-cell recordings from mCherry labelled neurons revealed that the AP speed 

of heterozygous neurons could be increased using CRISPRa (Fig. 5.3A). The population 

level increase in AP speed was not fully restored to wildtype levels (Fig. 5.3B), suggesting 

either a partial rescue of NaV1.2 expression, or heterogeneity in the level of rescue 

between different infected neurons. Remarkably, the AMPA:NMDA ratio in injected 

neurons appeared fully rescued, with ratios identical that of WT neurons (Fig. 5.3C and 

D). This demonstrates that the increased Scn2a expression from CRISPRa may be 
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sufficient to rescue synaptic deficits caused by reduced dendritic excitability, suggesting 

that the levels of upregulation achieved may be sufficient for therapeutic benefit.  

Surprisingly, the action potential speed was not increased in wildtype neurons 

expressing the sgRNA/dCas9-VP64 constructs (Fig. 5.3A), nor did they display overt 

hyperexcitability. This is despite similar increases of Scn2a expression as observed in 

Scn2a+/- mice (Fig. 5.2F). This suggests a ceiling of the relationship between Scn2a 

expression and cellular excitability, possibly permitting increased levels Scn2a 

expression above normal levels without adverse consequences.  
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5.4 Discussion 

Here, we report that restoring Scn2a expression late in development is sufficient 

to rescue dendritic excitability and synaptic deficits present in Scn2a-haploinsufficient 

neurons. Increasing expression of the remaining healthy allele in patients with ASD-

associated SCN2A variants may therefore be therapeutically beneficial. We found that 

CRISPR activation is a viable method for exogenously increasing Scn2a expression in 

vitro and in vivo, and that increasing the expression of the remaining functional allele in 

Scn2a+/- neurons restores physiological impairments. Finally, increasing Scn2a 

expression beyond wildtype levels does not appear to result in aberrant hyperexcitability, 

indicating a potentially broad therapeutic window. 

While these early results are promising, much work remains to determine the 

efficacy and safety of CRISPRa as a therapeutic approach for treating SCN2A-

haploinsufficiency and other ASD-associated haploinsufficient disorders. Rescue of the 

AP waveform appears only partial or even absent in some neurons, suggesting 

upregulation of Scn2a in labelled neurons may be heterogeneous. RT-qPCR measured 

a 1.5 - 2-fold increase in Scn2a expression between injected and uninjected hemispheres, 

however this approach relies on mRNA isolation from bulk tissue, so the degree of 

upregulation may vary between neurons due to dose dependent effects of viral infection. 

Additionally, our current strategy employs two viruses due to the size constraints of AAVs. 

One encodes the sgRNA and a mCherry reporter, and the other dCas-VP64. Upregulation 

requires expression of both viruses, although only one virus expresses a fluorescent 

reporter. Therefore, it is not possible to know with certainty if dCas9-VP64 is expressed 

in the recorded neurons. Patch-sequencing approaches (Cadwell et al., 2017) that 
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recover mRNA from whole-cell patch-clamp recordings may be able to overcome these 

limitations by confirming the expression of dCas9-Vp64, how Scn2a upregulation varies 

between labeled neurons, and the degree to which Scn2a-expression correlates with the 

speed of the action potential waveform. 

We have demonstrated that injections as late as P35 can restore cell-autonomous 

physiological deficits in mPFC pyramidal neurons, however we have yet to determine 

whether there is an age limit that restricts the efficacy of this approach. Additionally, 

Scn2a is broadly expressed throughout the cortex, hippocampus, and cerebellum, and 

physiological impairments in any or all of these areas may have behavioral 

consequences. Deficits in dendritic excitability appear present throughout the neocortex 

but not the hippocampus (Spratt et al., 2019), where other deficits have been reported 

(Shin et al., 2019). Cerebellar deficits arising from Scn2a-haploinsufficiency have yet to 

be identified and characterized. Whether CRISPRa is equally efficacious in these areas 

remains unknown. 

Identifying brain regions that contribute to SCN2A-related behavioral impairments 

could help identify which regions will require therapeutic intervention, however deficits in 

ASD-related behaviors have been inconsistently reported in Scn2a+/- mice (Léna and 

Mantegazza, 2019; Shin et al., 2019; Spratt et al., 2019; Tatsukawa et al., 2019). This 

suggests that mouse models may poorly recapitulate SCN2A-associated behavioral 

deficits in humans. Instead, non-behavioral biomarkers such as EEG abnormalities may 

provide a better readout for circuit level dysfunction. Absence-like seizures and interdictal 

spikes have been observed in Scn2a+/- mice (Ogiwara et al., 2018), so it is therefore of 
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interest whether increasing Scn2a expression via CRISPRa or other means can resolve 

these abnormalities. 

Developing an effective method of delivering sgRNAs and Cas9-VP64 brain-wide 

may be required if intervention in multiple brain regions is needed for therapeutic efficacy. 

Our current approach relies on stereotaxic viral injections, restricting expression to small, 

individually targeted brain regions. Additionally, the sgRNA and dCas9-VP64 are 

expressed in indpependent viruses, limiting infection efficiency. If a fluorescent reporter 

is excluded it is possible to contain the sgRNA and dCas9-VP64 in a single AAV, however 

expressing the virus brain-wide will require alternative approaches. Intrathecal 

administration via injection into the spinal cord has been used in other brain-based gene 

therapy clinical trials (Haché et al., 2016; Mendell et al., 2017), and similar methods have 

been efficacious in mouse models (Hylden and Wilcox, 1980; Watson et al., 2006). Novel 

AAV vectors able to cross the blood brain barrier may also permit viral administration via 

systemic injections in the bloodstream (Jackson et al., 2016), although currently these 

AAV serotypes are only effective in mice (Hordeaux et al., 2018).  

For CRISPRa to be a viable therapy it has to be demonstrated to be safe. We did 

not observe any deficits in overt hyperexcitability when Scn2a was overexpressed in 

wildtype neurons, however computer modeling predicts that increasing NaV1.2 

expression should increase action potential speed and result in hyperexcitable neurons. 

Scn2a mRNA expression may not reflect cell surface NaV1.2 expression, which can be 

assessed by comparing sodium current density in somatic nucleated patch recordings. 

EEG recordings and seizure susceptibility tests will also need to be performed to ensure 

that widespread Scn2a overexpression does not result in epilepsy. CRISPR-Cas9 
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systems have the potential for off-target effects in the genome (Soubeyrand et al., 2019), 

therefore chromatin immunoprecipitation sequencing (ChIP-seq) can reveal locations in 

the genome where the sgRNA-Cas9 complex binds to reveal potential sites for off-target 

effects. Single-cell sequencing can also be employed to identify genes with unexpected 

changes in expression. Finally, it needs to be demonstrated that lifelong expression of 

Cas9 is tolerated in neurons. This will require verifying that neurons remain healthy after 

expressing dCas9-VP64 and sgRNAs for months or years. 

Despite these considerations, this work is a significant first step towards 

demonstrating that deficits caused by SCN2A-haploinsufficiency can be reversed, and 

that CRISPRa may be a viable therapeutic approach not only for SCN2A, but other ASD-

associated genes. The limitations outlined above are significant, but they can be 

realistically overcome through improvements in viral gene delivery and approaches for 

controlling gene expression, giving hope that one day ASD may be a treatable, or even 

curable disorder. 
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5.5 Figures 

 

Figure 5.1 Restoration of Scn2a expression rescues physiological deficits associated with Scn2a 
haploinsufficiency 
A: Schematic overviewing the construction of the conditional knockin Scn2a allele. Exons 3-5 were inverted and an SA-
2A-eGFP sequence was inserted downstream of exon 2 to ensure the generation of a truncated protein product and to 
mark heterozygous neurons with eGFP expression. These sites were surrounded by LoxP sites to flip exons 3-5 into 
the correct orientation and to excise the eGFP sequence upon the expression of cre-recombinase. 
B: 2-photon laser scanning microscopy z-stack of eGFP expression from mPFC in an Scn2a+/KI  mouse. 
C: Comparison of representative action potential phase-plane plots plotting voltage vs dVdt over time from Scn2a+/+ 
(black) and Scn2a+/- (cyan) neurons. 
D: Same as C, but for Scn2a+/KI neurons expressing (grey) or not expressing (purple) cre 
E: Comparison of action potential threshold. Circles are individual cells. Box plots are median, quartiles, and 90% tails 
F: Comparison of peak action potential speed (dVdt, V/s) 
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G: AMPA receptor-mediated and mixed AMPA/NMDA receptor-mediated evoked EPSCs at -80 and +30 mV, 
respectively. Dashed line denotes time at which NMDA receptor-mediated component was calculated. 
H: Comparison of AMPA:NMDA ratios. 
I: Representative calcium transients recorded in different neuronal subcompartments evoked by bursts of AP doublets 
J: Calcium transient amplitude is plotted for the first of 5 bursts at different distances from the soma 
K: Area under the curve from stimulus onset to 100 ms after stimulus offset at different distances from the soma 
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Figure 5.2 CRISPR activation increases Scn2a expression in vitro & in vivo 
A: Schematic overviewing the strategy for rescuing Scn2a haploinsufficiency using CRISRPa. 
B: Fold increase in Scn2a expression in Neuro-2A cells achieved by transfection of different sgRNAs targeting the 
promoter region of Scn2a compared to VP64 transfection alone 
C: Fold increase in Scn2a expression in Neuro-2A cells infected by AAVs expressing dCas9-VP64 (AAV-CMV-dCas9-
VP64) and the top four sgRNAs from B (AAV-U6-sgRNA-CMV-mCherry), relative to injection by the dCas9-VP64 
expressing AAV alone. 
D: Schematic of unilateral mPFC injection site for AAVs expressing the top sgRNA from C and dCas9-VP64. 
E: mCherry expression in mPFC at the injection site. 
F: Fold increase in Scn2a expression for the injected hemisphere and uninjected contralateral hemisphere 
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Figure 5.3 CRISPR activation rescues physiological deficits associated with Scn2a 
haploinsufficiency  
A: Comparison of representative action potential phase-plane plots plotting voltage vs dVdt over time from (left) Scn2a+/- 
neurons (cyan) or Scn2a+/- neurons expressing mCherry/CRISPRa (green), or (right) Scn2a+/+ neurons (black) or 
Scn2a+/+ neurons expressing mCherry/CRISPRa (grey) 
B: Comparison of peak action potential speed (dVdt, V/s). Shaded region represents 95% confidence interval for 
Scn2a+/+ neurons 
C: AMPA receptor-mediated and mixed AMPA/NMDA receptor-mediated evoked EPSCs at -80 and +30 mV, 
respectively. Dashed line denotes time at which NMDA receptor-mediated component was calculated. 
D: Comparison of AMPA:NMDA ratios. 
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Chapter 6:  

Soma-targeted imaging of neural circuits by ribosome tethering 
 
6.1 Abstract 

Neuroscience relies on techniques for imaging the structure and dynamics of 

neural circuits, but the cell bodies of individual neurons are often obscured by overlapping 

fluorescence from axons and dendrites in surrounding neuropil. Here we describe two 

strategies for using the ribosome to restrict the expression of fluorescent proteins to the 

neuronal soma. We show first that a ribosome-tethered nanobody can be used to trap 

GFP in the cell body, thereby enabling direct visualization of previously undetectable GFP 

fluorescence. We then design a ribosome-tethered GCaMP for imaging calcium 

dynamics. We show that this reporter faithfully tracks somatic calcium dynamics in the 

mouse brain while eliminating cross-talk between neurons caused by contaminating 

neuropil. In worms, this reporter enables whole-brain imaging with faster kinetics and 

brighter fluorescence than commonly-used nuclear GCaMPs. These two approaches 

provide a general way to enhance the specificity of imaging in neurobiology. 
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6.2 Introduction 

Neural computations can only be understood by studying populations of neurons. 

The most common way to visualize populations of neurons is by imaging fluorescent 

proteins, such as GFP or GCaMPs (Chen et al., 2013; Nakai et al., 2001; Tsien, 1998). 

Rapid improvements in these fluorescent reporters has driven their widespread use in 

many contexts (Tian et al., 2012), but most applications in systems neuroscience require 

isolating the fluorescence signal from individual, intermingled neurons. This task is often 

complicated by the unique structure of neural tissue, in which the cell bodies of neurons 

are enmeshed within the axons and dendrites of surrounding cells. 

Neuropil fluorescence causes two fundamental problems for imaging. One is that 

overlapping neuropil fluorescence can contaminate the somatic fluorescence signal being 

measured. This issue is particularly critical in calcium imaging experiments, because 

neuropil fluorescence often fluctuates in a way that is correlated with experimental events. 

This contaminating neuropil fluorescence can result in the appearance of spurious 

correlations between the activity of neurons and external stimuli or each other (Harris et 

al., 2016). A second challenge is that neuropil fluorescence blurs the boundaries between 

neurons, making it difficult to define the underlying cells being imaged. This problem is 

particularly acute when fluorescent proteins are expressed at high cell densities or 

resolution is limited by extensive light scattering. 

These problems have been addressed in several ways. One approach is to 

increase the resolution of imaging so that overlapping fluorescence is limited. However, 

this improvement comes at the expense of speed, sensitivity, and throughput, and even 

two photon imaging cannot completely separate intermingled somatic and neuropil 
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fluorescence signals (Keemink et al., 2018). An alternative strategy is to use 

computational approaches to deconvolute post hoc the signals that originate from 

different neural elements. For calcium imaging data, this is commonly performed by using 

algorithms, such as constrained non-negative matrix factorization (CNMF), that model the 

fluorescence signal from a region of space as the cumulative fluorescence of overlapping 

cells with different kinetics (Keemink et al., 2018; Pnevmatikakis et al., 2016; Zhou et al., 

2018). While these tools are powerful, they also have important limitations, including the 

fact that they can create the appearance of spurious activity by overcompensating for 

neuropil fluorescence. This distortion is challenging to detect and correct because the 

algorithms rely on assumptions that cannot be easily tested experimentally (Harris et al., 

2016). 

An alternative solution is to restrict fluorescent proteins to the cell body, thereby 

eliminating neuropil fluorescence directly. One way this has been achieved is through 

nuclear-localized GCaMPs, which are widely used in worms and zebrafish. However, this 

nuclear localization comes at the expense of speed, due to the slower kinetics of nuclear 

calcium. Here we describe an alternative approach that uses the ribosome as a docking 

site for targeting fluorescent proteins to the neuronal soma. We describe first a method 

for inducible ribosome tethering that enables the ultrasensitive detection of GFP 

expression in brain slices. We then develop an analogous strategy for targeting GCaMPs 

to the neuronal soma in worms and mice, show that this enables the crisp segmentation 

of intermingled cells and the elimination of neuropil contamination from somatic calcium 

signals. These two approaches provide a general way to enhance the subcellular 

specificity of neurobiological imaging. 
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6.3 Methods 

6.3.1 Experimental Models and Subject Details 

We obtained SIM1-Cre transgenic mice (Tg(Sim1-cre)1Lowl/J, #006395)and wild 

type mice (C57BL/6J, #000664) from Jackson Laboratory. We obtained Agtr1a-GFP 

transgenic mice (Tg(Agtr1a-EGFP)NZ44Gsat, MGI:4846843) from the GENSAT project. 

GCG-GFP, GAD67-GFP, TrkB-tauGFP, TRPV1-GFP-DTR, TRPM8-GFP-DTR, and 

Nano-L10 mice have been described previously (Ekstrand et al., 2014; Hayashi et al., 

2009; Li et al., 2011; Pogorzala et al., 2013; Tamamaki et al., 2003). We obtained Ntrk1-

Cre knockin mice (B6;129S4-Ntrk1tm1(cre)Lfr/Mmucd, RRID: MMRRC_015500-UCD) 

from MMRRC. Adult mice (>6 weeks old) of both sexes were used for experiments. All 

animals were maintained on a 12-h light/dark cycle and given ad libitum access to chow 

(PicoLab Rodent Diet 5053) and water. All procedures were conducted during the light 

cycle unless otherwise noted. All experimental protocols were approved by the University 

of California, San Francisco IACUC following the National Institutes of Health guidelines 

for the Care and Use of Laboratory Animals. 

6.3.2 Protein engineering 

To tether GCaMP6 and the Nanobody to ribosomes, GCaMP6m (Chen et al., 

2013) or Nanobody (Ekstrand et al., 2014; Rothbauer et al., 2006) were linked to 

ribosomal subunit protein RPL10 through a short linker (Heiman et al., 2008). The 

resultant construct is GCaMP6-RPL10 and referred to as ribo-GCaMP for simplicity in the 

rest of the paper. All constructs were designed using a combination of restriction cloning, 

Gibson Assembly and gBlock gene fragments (Integrated DNA Technologies). All regions 

that underwent PCR amplification were checked through sanger sequencing (GeneWitz; 
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Elim Biopharm) following RCA-based amplification (GE Templiphi). Constructs were 

made into custom AAV through Stanford Vector Core: 

AAV8-hSyn-GCaMP6m/f/s (Restriction Cloning: AscI & NheI) 

AAV5/8-hSyn-riboGCaMP6m/f/s (Gibson Assembly + gBlock) 

AAV5/8-hSyn-DIO-riboGCaMP6m/f/s (Restriction Cloning: AscI & NheI) 

6.3.3 General surgical procedures 

All surgical procedures were performed in accordance with institutional guidelines 

for anesthesia and analgesia. In brief, mice were anesthetized with isoflurane and placed 

in a stereotaxic device with eyes covered with ophthalmic ointment. Buprenorphine SR 

(1.5 mg/kg), meloxicam (5 mg/kg), and dexamethasone (0.6 mg/kg) were administered 

systemically to prevent pain and brain edema. Bupavicaine was applied at the surgical 

site. Specific surgical procedures are described in the sections that follow. 

6.3.4 Immunohistochemistry 

General procedure: Mice were transcardially perfused with PBS followed by 10% 

formalin, brains were dissected, post-fixed in 10% formalin overnight at 4oC, and then 

washed 3x20 minutes with PBS at RT. Tissue was then cryoprotected with 30% sucrose 

in PBS overnight at 4oC, embedded in OCT and frozen at -20oC. For brain tissue, 

sections (40 um) were prepared with a cryostat. Sections were then washed and mounted 

on slides with DAPI fluoromount-G (Southern Biotech) or stained. For staining, free-

floating sections were blocked (5% NGS in 0.1% PBST (0.1% Triton X-100 in PBS)) for 

30 min at RT and incubated with primary antibodies overnight at 4oC. The next day, 

sections were washed 3x10 min with 0.1% PBST, incubated with secondary antibodies 
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for 2 hours at RT, washed again 3×10 minutes with 0.1% PBST, and then mounted as 

above.  

For peripheral sensory ganglia, ventral aspect of skulls and vertebral columns were 

dissected, post-fixed in 10% formalin overnight at 4oC, and washed 3x20 minutes with 

PBS at RT. Nodose ganglion and dorsal root ganglion were then dissected out and 

cryoprotected as described above. Ganglion sections (20 µm) were prepared with a 

cryostat, collected on slides, and dried overnight at RT before staining. Slides were 

washed 3×10min with 0.1% PBST and then stained as described above.  

The following antibodies were used: chicken anti-GFP (Abcam, ab13970), 1:1000 

in blocking solution; rabbit anti-Iba1 (Wako, 019-19741), 1:1000 in blocking solution; goat 

anti-chicken Alexa 488 (Invitrogen, cat#), 1:500 in blocking solution; goat anti-rabbit Alexa 

568 secondary antibody (Invitrogen, cat#), 1:1000 in blocking solution. 

For histologic characterization of Cre-dependent ribo-GCaMP in PVH, AAV5 

encoding DIO-riboGCaMP6m or DIO-GCaMP6m (200 nL) was bilaterally injected into the 

PVH (-0.75 mm AP, ±0.30 mm ML, -4.85 mm DV) of SIM1-Cre mice. For histologic 

characterization of ribo-GCaMP in medial prefrontal cortex (mPFC), hippocampus (HPC) 

and superior colliculus (SC), AAV encoding ribo-GCaMP6m or GCaMP6m (200-300 nL) 

was unilaterally injected into the mPFC (+1.5 mm AP, -0.35 mm ML, -2.6 mm DV), HPC(-

1.8 mm AP, -1.0 mm ML, -2.2 mm DV), SC (0 mm AP (lambda), -~0.6mm ML, -1.5 mm 

DV) and PVH (-0.75 mm AP, - 0.25 mm ML, -4.8 mm DV). Mice were transcardially 

perfused 4 weeks after surgery. 

For histologic characterization of the subcellular distribution of ribo-GCaMP in 

striatal Ntrk1 neurons, AAV9 encoding hSyn-DIO-riboGCaMP6m or hSyn-DIO-
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GCaMP6m (100 nL) was co-injected with AAV5 encoding EF1a-DIO-ChR2(H134R)-

mCherry (100 nL) into the striatum (0.6 mm AP, ± 2.5 mm ML, 2.9 mm DV) of Ntrk1-Cre 

mice. Mice were transcardially perfused 2-4 weeks after viral injection. To reconstruct 

single Ntrk1-Cre neurons, a tiled Z-stack image was taken for both the red 

(ChR2(H134R)-mCherry) and green (GCaMP6m or ribo-GCaMP6m) channels. The red 

channel was used to create a 3D mask based on pixel threshold and connectivity using 

FIJI (Schindelin et al., 2012). Then both the green and red fluorescence inside but not 

outside the mask were retained to show the relationship between the green channel and 

the shape of single cells. To trace the intensity of GCaMP6m or ribo-GCaMP6m along 

individual axons, we manually traced the axon of selected neurons in the red channel 

starting from the beginning of the axon. We then extracted the pixel intensity along the 

traced line to generate plot of green intensity versus distance from soma.  

For histologic characterization of ribo-GCaMP after long-term expression in mPFC, 

AAV8 encoding ribo-GCaMP6m and GCaMP6m (200 nL each) were each injected into 

different hemispheres of mPFC (+1.5 mm AP, ±0.35 mm ML, -2.6 mm DV). Mice were 

transcardially perfused 4, 6, 8 or 12 weeks after surgery.  

6.3.5 Ex vivo field stimulation 

AAV encoding ribo-GCaMP6m or GCaMP6m (200 nL) was bilaterally injected into 

the HPC (-1.8 mm AP, ±1.0 mm ML, -2.2 mm DV). Brain was sliced and recovered in 

NMDG solution (Ting et al., 2014). Recordings were made with standard ACSF (2 mM 

calcium) containing a cocktail of inhibitors to repress neurotransmission and thus network 

activity: 10 µM CNQX (Tocris, 0190), 10 µM (R)-CPP (Tocris, 0247), 10 µM Gabazine 

(Tocris, 1262) and 1000 µM (S)-MCPG (Tocris, 0337) (Wardill et al., 2013). Fluorescence 
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signals was recorded using a digital CCD camera (Hamamatsu, ORCA-ER) mounted on 

an Olympus upright microscope (BX51WI). Micro-manager software (version 1.4) was 

used as microscope control interface (Edelstein et al., 2014). Slices were imaged (5 ms 

exposure time; 20 Hz) with 470 nm excitation through a filter set (U-N41 017, E.X. 470 

nm, B.S. 495 nm, E.M. 5, Olympus). Field stimulation (30-40V) were delivered through 

parallel platinum wires (Warner Instruments, RC-49MFS) from a stimulation isolator 

(A.M.P.I, ISO-Flex). Stimulation pattern (80 Hz, 5 ms pulse width) was generated by 

Digidata 1550 (Molecular Devices) and pClamp 10.5 software (Molecular Devices). The 

same stimulation and recording parameters were used to evaluate the response of ribo-

GCaMP6m and GCaMP6m. 

6.3.6 Ex vivo whole-cell recording 

AAV encoding GCaMP6m-L10 or GCaMP6m (200 nL) were injected into the 

medial prefrontal cortex (1.7mm AP, -0.35 mm ML, -2.6 mm DV) of vGlut2-cre mice. 250 

µm-thick coronal slices containing prefrontal cortex were prepared from in a cutting 

solution of (in mM): 87 NaCl, 25 NaHCO3, 25 glucose, 75 sucrose, 2.5 KCl, 1.25 

NaH2PO4, 0.5 CaCl2 and 7 MgCl2; bubbled with 5%CO2/95%O2; 4C. Following cutting, 

slices were incubated in the cutting solution for 30 min at 33C, then at room temperature 

until recording. Whole-cell current clamp recordings were made in a solution (in mM): 125 

NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, 25 glucose; bubbled with 

5%CO2/95%O2; 32-34C, ~310 mOsm. Whole-cell recording electrodes (Schott 8250 

glass, 3-4 M tip resistance) were filled with a solution containing (in mM): 113 K-

Gluconate, 9 HEPES, 4.5 MgCl2, 14 Tris2-phosphocreatine, 4 Na2-ATP, 0.3 tris-GTP; 

~290 mOsm, pH: 7.2-7.25, and 20 µM Alexa 594 (EGTA omitted). Electrophysiological 



 

161 

data were acquired using Multiclamp 700B amplifiers (Molecular Devices) via custom 

routines in IgorPro (Wavemetrics). Recordings were restricted to cells with high HCN 

expression levels, characteristic of thick-tufted pyramidal tract projecting neurons, defined 

as neurons that exhibited a voltage rebound more depolarized that Vrest following a 

strong hyperpolarizing current (-400 pA, 120 ms) that peaked within 90 ms of current 

offset (Clarkson et al. 2017 10.1523/JNEUROSCI.0310-17.2017). 

Two-photon laser scanning microscopy (2PLSM) was performed as previously 

described (Bender and Trussel 2009 DOI 10.1016/j.neuron.2008.12.004). A 2-photon 

source (Coherent Ultra II) was tuned to 810 nm for identifying the morphology of the 

dendritic arbor and non-calcium bound GCaMP fluorescence, and 920nm for GCaMP 

calcium imaging. Epi- and transfluorescence signals were captured through a 40×, 0.8 

NA objective for calcium imaging, paired with a 1.4 NA oil immersion condenser 

(Olympus). Fluorescence was split into red and green channels using dichroic mirrors and 

band-pass filters (575 DCXR, ET525/70m-2p, ET620/60m-2p, Chroma). Green 

fluorescence (GCaMP) was captured with 10770-40 photomultiplier tubes selected for 

high quantum efficiency and low dark counts (PMTs, Hamamatsu). Red fluorescence 

(Alexa 594) was captured with R9110 PMTs. Data were collected in linescan mode (2–

2.4 ms/line, including mirror flyback), and presented as averages of 10 events per site. 

Cells were held at -80 mV (junction corrected) and stimulated with variable number of 

spikes at 100 Hz while simultaneously imaging with 2-Photon linescans using 920nm 

stimulation. Imaging was first conducted at the periphery of the soma, then the apical 

dendrite at distances of 20, 50, 100, 150, 200 µm. Experiments were performed in 25 μM 

picrotoxin, 10 μM NBQX and 10 µM R-CPP. Z-stacks of the entire cell were then taken to 
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recover the full dendritic morphology. Full dendritic reconstructions were stitched together 

using pairwise stitching in FIJI before generation of maximum intensity projection. 

6.3.7 Cranial window surgery and headfixed two-photon imaging 

Experiments were conducted on adult C57BL6/J mice (males, Age >8 weeks). 

During surgery a custom titanium head plate (eMachineshop) was attached to the skull 

using dental cement (Metabond, Parkell), and a 3 mm diameter craniotomy was made 

over visual cortex (0.8 mm anterior from lambda and 2.5 mm lateral from bregma). In the 

middle of the craniotomy, virus (AAV9-riboGCaMP6m or AAV9-GCaMP6m) was injected 

at two site (-0.6 mm ventral from skull surface, 0.8 and 1.0 mm anterior from lambda, 

volume: 150 nL at each site, rate: 15 nL/min). A window plug made from two 3 mm 

diameter coverglasses glued to a 5 mm diameter coverglass was placed over the 

craniotomy and fixed in place using dental cement. Imaging experiments began ~3 weeks 

after window implantation. 

Mice were head fixed under a Nikon 16X objective and imaged using a resonant 

scanning two-photon microscope (Neurolabware). Images were acquired at a rate of 

15.49 Hz with a field of view of 1.2 mm by 0.9 mm mm. Pixel size was calibrated to be 

~1.9 μm x 1.9 μm. Imaging in layer 2/3 was performed 200 µm below the pial surface. 

Moving bar stimuli were generated using Psychtoolbox3 (MATLAB) and presented on an 

LCD screen positioned 20 cm away from the mouse (Kleiner et al., 2007). Bars were 5-

7° wide and drifted at 18-22° s-1. Bars were white against a gray background. In a 

separate series of experiments, full-screen moving grating stimuli were presented with a 

cycle length of 10-15° and a temporal frequency of 2 Hz. All stimuli were presented in a 

pseudorandom sequence (sampling without replacement) with interspersed breaks.  
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For data analysis, lateral brain motion was corrected using NoRMCorre (MATLAB) 

(Pnevmatikakis and Giovannucci, 2017). Neuron identification, segmentation and 

fluorescent signal extraction were performed using Suite2P (Python) (Pachitariu et al., 

2017). Identified ROIs were further manually screened. Suite2P computed the neuropil 

signal for each ROI, which is defined as the weighted average signal of all pixels 

surrounding each ROI; the minimal width of the donut-shaped surrounding neuropil area 

is defined as 100 pixels (~190 μm).  

To subtract the neuropil signals from the soma signal, we used the equation 

suggested by Suite2P, that is Fsubtracted = Fsoma – 0.6 x Fneuropil. Data shown in the 

following figures underwent neuropil subtraction for both ribo-GCaMP6m and GCaMP6m 

data: Figure 6.7C, 5D, 5E, S6B. Some data shown in those figures also underwent 

neuropil subtraction, and the exact parts are indicated by figure legends: Figure 6.7B, 5F-

I, S6C-D. This neuropil subtraction changes little about ribo-GCaMP6m results and is 

applied so that ribo-GCaMP6m can be compared to GCaMP6m after a standard 2P data 

analysis procedure.  

To normalize the fluorescent signal of each ROI, the signal of each frame was z-

scored as Fz=(Feachframe-mean(Flocal))/std(Flocal). Flocal is the fluorescence signal of 

a 1-minute time window centering each frame. When calculating z-score for the first or 

last N frames (N<60), a moving window with size 60-N was used.  

To compute the response of a neuron to each visual stimulus, a time window of 

two seconds before the onset of each stimulus was defined as the pre-stim period, and a 

5 second (for drifting grating stimuli) or 7 second (for drifting bar stimuli) time window after 

each stimulus was defined as the post-stim period. The response of the neuron to the 
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stimuli was calculated as the signal maximum minus the median signal during the pre-

stim period. To identify orientation-tuned neurons, we used 1-way ANOVA to test whether 

a neuron responds differentially to visual stimuli with different orientations. Neurons with 

P-value < 0.01 were defined as orientation-selective (Dana et al., 2019). The stimuli that 

triggered the maximal neural response are defined as having the preferred angle.  

To perform segmentation based on static images, we first averaged z-projection 

of each video of drifting bar experiment and enhanced the local contrast by applying 

adapthisteq function (MATLAB). We then used NeuroSeg (MATLAB), a segmentation 

algorithm that solely based on static image, to generate ROIs (Min sigma = 1; Max sigmal 

= 3; Min area = 12) (Guan et al., 2018). All automatically generated ROIs are used in the 

comparison without manual selection. 

6.3.8 Microendoscope imaging and ingestive behavior 

For microendoscope experiments, mice were prepared based on published 

protocols (Flusberg et al., 2008; Ghosh et al., 2011; Resendez et al., 2016). In brief, AAV 

encoding ribo-GCaMP6m (200 nL) was unilaterally injected into the mPFC (-1.5 mm AP, 

-0.35 mm ML, -2.6 mm DV). A Ø500 μm gradient index (GRIN) lens (6.1 mm length; 

Inscopix) was then placed 0.10 mm above the injection site in the same surgery. 

Baseplates (Inscopix) were then mounted 4-8 weeks after initial surgery. Mice were 

allowed to recover for 2 weeks after baseplating and were habituated to handling and 

behavioral apparatus for another week. During experiment, mPFC neurons of each 

mouse were recorded through a miniature microscope (Inscopix) and nVista software 

(www.inscopix.com/nvista) with the same settings (20 Hz, 20% LED power, 3.0 gain). The 

mouse were allowed to consume liquid food Ensure after 10-minute baseline 
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measurement. The mouse was either fed or food deprived for 24 hours before the start 

of each experiment.  

To analyze microendoscope data, videos were first pre-processed (spatial 

downsample by a factor of 2; temporally downsample by a factor of 5) and motion-

corrected using Mosaic software MATLAB API suite (support.inscopix.com/mosaic-

workflow). Activity traces for individual neurons were then extracted from these videos 

using the constrained nonnegative matrix factorization - endoscope (CNMF_E) pipeline 

(MATLAB) (Zhou et al., 2018). Consummatory events were recorded by a capacitance-

based (https://www.arduinolibraries.info/libraries/capacitive-sensor) contact lickometer 

custom build with microcontrollers (Arduino Uno) connected to the data acquisition box 

of mini-endoscope. 

6.3.9 Calcium Imaging in Caenorhabditis elegans 

All strains were cultivated using standard protocols in a 20 ºC incubator on 

nematode growth media seeded with OP50 E. coli bacteria as a food source. Transgenic 

lines were constructed by injecting plasmids using standard techniques. Strains used in 

this study:  

Strain name Genetic background Transgenes 

N2  N2 wild-type - 

JAZ279 N2 wild-type jlgEx289[Psra6::GCaMP6m::rpl-1a;Punc-

122::dsRed2] 

JAZ312 N2 wild-type jlgEx301[Psra6::GCaMP6m;Punc-122::GFP] 

JAZ275 N2 wild-type jlgEx285[Pntc-1::GCaMP6m::rpl-1a;Punc-

122::dsRed2] 
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JAZ276 lite-1(ce314) X lgEx286[Ptag-168::GCaMP6m::rpl1a 

;Punc-122::dsRed2];otIs355[Prab3::2xNLS::tagRFP] 

JAZ313 lite-1(ce314) X jlgEx302[Prab-3::GCaMP6m::rpl1a; 

Pelt-2::2xNLS::GFP];otIs355[Prab3::2xNLS::tagRFP] 

For ASH and AFD imaging, well-fed young adult worms were immobilized in 

custom-built microfluidic devices (Chronis et al., 2007) in S buffer (100 mM NaCl, 50 mM 

KH2PO4, pH 6.0) with addition of 0.02 % (m/v) tetramisole hydrochloride (Sigma-Aldrich, 

St. Louis, MO). Ribo-GCaMP6m (GCaMP6m C-terminal fusion with RPL-1) or soluble 

GCaMP6m was expressed in the C. elegans ASH sensory neuron under control of 

the sra-6 promoter. Worms were stimulated with 0.5 M sodium chloride delivered to the 

nose of the animal for 10 seconds (one pulse). ASH imaging was preceded by a 30 s 

exposure to blue light to reduce intrinsic light response (Hilliard et al., 2005; Ward et al., 

2008). Each worm was subjected to two stimulatory pulses of 0.5 M sodium chloride with 

a 1 min interval between the pulses. For AFD imaging, GCaMP6m-RPL-1 fusion was 

expressed in the AFD sensory neuron under control of the ntc-1 promoter. Heat 

stimulation was performed by delivering pre-warmed buffer (~30 ºC) to the nose of the 

animal for 10 seconds (one pulse). An in-line solution heater (Warner Instruments, SF-

28) was incorporated into the setup to provide pre-warmed buffer flow and buffer 

temperature at the device was measured using a handheld thermocouple thermometer. 

Each worm was subjected to three stimulatory warm buffer pulses with a 1 min interval 

between the pulses. GCaMP fluorescence was visualized by illumination with a LED lamp 

(X Cite© 120LED, Excelitas Technologies, 480/30 nm excitation filter, 535/40 nm 

emission filter, Chroma). Images were collected on Axio Observer A1 microscope (Zeiss) 
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at 10 frames per second using a 63x, 1.4 NA objective and a CMOS camera (ORCA-

Flash4.0, Hamamatsu). Fluorescent signal modulation over the period of acquisition was 

analyzed using Fiji software by defining the soma or dendrite and subtracting the 

background fluorescence (Reilly et al., 2017). Fluorescence intensity was normalized to 

the baseline signal (F0) during the last 1 second in control buffer prior to stimulus delivery 

and further analyzed using a custom written Python script. Data are plotted as mean +/- 

SEM (shaded region). 

For whole-brain imaging of head ganglia neurons, ribo-GCaMP6m or nls-

GCaMP6m were expressed using the pan-neuronal tag-168 and rab-3 promoters, 

respectively, in the lite-1 genetic background with pan-neuronally expressed nuclear RFP 

markers. 

Calcium imaging recordings were made using a Nikon Ti Microscope with Andor 

Zyla 5.5 sCMOS camera. The worm was immobilized in a microfluidic chip with addition 

of 1% tetramisole as described (Kato et al 2015). Recordings were started within 5 min 

after removal from food. The head of the worm was imaged for 5-18 minutes using a 40x 

objective and collecting 10-24 z-stacks of 2um step size to cover the thickness of the 

worm, with 33.3 or 50 frames per second. The center of the individual regions of interest 

(ROIs) were manually selected from each soma (ribo-GCaMP6m) or nucleus (nls-

GCaMP6m) using Fiji software, and subsequent analysis was performed by a custom-

written Python script. The fluorescence intensity from a square of 3x3 pixel areas 

surrounding the center of ROI was measured and delta F/F0 was calculated by defining 

baseline signal (F0) as the mean intensity over the whole trace. 
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6.3.10 Rise time measurement and comparison 

Rising transients in extracted neural time series were computationally detected 

using a peak finding algorithm followed by detection of onset and termination frames of 

rise periods using first and second derivative threshold criteria on smoothed time series, 

as implemented in the Python notebook included in Supplemental Information. To 

estimate the temporal differences between the ribo-GCaMP6m and nls-GCaMP6m 

indicators, epochs from ribo-GCaMP6m recordings containing rise transients were 

extracted and convolved with a first-order linear filter with a time constant of tau. Rise 

times were then measured in the resulting simulated trace excerpts. An optimal tau was 

determined by minimizing the error between a histogram of the simulated trace excerpts 

and a histogram of the nls-GCaMP6m rise times. This optimal tau gives an estimate of 

the temporal blurring effects of the nls-GCaMP6m versus the ribo-GCaMP6m indicator. 

6.3.11 Statistics 

 Statistical analyses and linear regressions were performed using Prism 7 

(www.graphpad.com/scientific-software/prism). Values are reported as mean ± s.e.m. 

(error bars or shaded area), represented as black brackets in bar graphs and shaded 

areas in PSTH plots. In figures with linear regressions, the dotted lines represent the 95% 

confidence interval for the line-of-best-fit. P-values for pair-wise comparisons were 

performed using a two-tailed Student’s t-test. P-values for comparisons across multiple 

groups were performed using ANOVA and corrected for multiple comparisons using the 

Holm-Šídák method. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. No statistical 

method was used to predetermine sample size. Randomization and blinding were not 

used. Here is a full list of published open-source packages/softwares used in this study: 
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FIJI (Figure 6.1, 6.3, 6.5, 6.9, 6.2, 6.8 and 6.10): https://imagej.net/Fiji/Downloads 

(Schindelin et al., 2012) 

Psychtoolbox3 (Figure 6.7 and 6.8): https://github.com/Psychtoolbox-3/Psychtoolbox-3 

(Kleiner et al., 2007) 

NormCorre (Figure 6.7 and S3): https://github.com/flatironinstitute/NoRMCorre 

(Pnevmatikakis and Giovannucci, 2017) 

Suite2P (Figure 6.7 and S3): https://github.com/cortex-lab/Suite2P (Pachitariu et al., 

2017) 

Capacitive Sensing Library (Figure 6.9): 

https://playground.arduino.cc/Main/CapacitiveSensor/ 

CNMF_E (Figure 6.9): https://github.com/zhoupc/CNMF_E (Zhou et al., 2018) 

PCA/ICA (Figure 6.9): https://github.com/mukamel-lab/CellSort (Mukamel et al., 2009) 

NeuroSeg (Figure 6.8): https://github.com/baidatong/NeuroSeg (Guan et al., 2018) 
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6.4 Results 

6.4.1 Ribosome tethering dramatically enhances fluorescence from GFP reporter 

mice 

We previously generated transgenic mice that express the GFP nanobody fused 

to ribosomal protein L10 (Nano-L10 mice; Figure 6.1A) (Ekstrand et al., 2014). The GFP 

nanobody is a small, high-affinity GFP binding protein (Rothbauer et al., 2006). In the 

Nano-L10 mouse, the GFP nanobody is displayed on the surface of the ribosome in all 

neurons, such that intracellular GFP becomes tethered to the ribosome via the high-

affinity nanobody-GFP interaction (Figure 6.1A). This property has been exploited to 

develop a ribosome profiling strategy known as retroTRAP (Ekstrand et al., 2014). 

During the course of unrelated studies, we noticed that co-expression of the Nano-

L10 transgene with GFP reporters caused a striking enhancement in GFP fluorescence. 

For example, transgenic mice expressing GFP from the Agtr1a gene promoter (Agtr1a-

GFP mice) have been generated to enable visualization of Agtr1a expressing cells 

(Gonzalez et al., 2012), but we could detect only dim and diffuse GFP fluorescence in 

brain slices from these mice, even within brain regions where Agtr1a is highly expressed, 

such as the subfornical organ (SFO) and paraventricular hypothalamus (PVH) (Figure 

6.1C, bottom). In contrast, after crossing Agtr1a-GFP mice into the Nano-L10 

background, we observed bright GFP fluorescence in each of these structures (Figure 

6.1C, top). This fluorescence was highly localized to discrete neuronal cell bodies, such 

that individual neurons could be easily identified by native fluorescence for applications 

such as patch clamping. 
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We observed a similar effect when we crossed the Nano-L10 mouse to other lines 

of GFP expressing mice. For example, in brain slices from GAD67-GFP knock-in mice 

(Tamamaki et al., 2003), we observed diffuse GFP fluorescence in most brain regions 

expressing GAD67 (Figure 6.1D, bottom). In the presence of the Nano-L10 transgene, 

this diffuse fluorescence was sharpened and amplified, such that individual neuronal cell 

bodies became readily apparent (Figure 6.1D, top). Likewise after crossing the Nano-L10 

line to GCG-GFP knock-in mice, GCG neurons in the solitary tract became brightly visible 

by direct fluorescence (Figure 6.1E; Figure 6.2A), whereas these same cells were largely 

undetectable in the parent GCG-GFP mouse line (Hayashi et al., 2009). 

To explore whether this approach would work in peripheral neurons, we tested two 

lines of transgenic mice that express GFP from the TRPV1 and TRPM8 promoters 

(Pogorzala et al., 2013). TRPV1 and TRPM8 are expressed in subsets of sensory 

neurons in nodose and dorsal root ganglia, but we were unable to detect GFP in these 

structures by direct fluorescence (Figure 6.1F,G) or GFP immunostaining (Figure 6.2B) 

of tissue samples from either TRPV1-GFP or TRPM8-GFP animals. After crossing these 

two lines to the Nano-L10 mouse, we observed bright, native fluorescence in both nodose 

and dorsal root ganglia (Figure 6.1F,G). Indeed, in every case we have examined, the 

native GFP fluorescence in the presence of Nano-L10 is brighter and clearer than the 

indirect fluorescence we can observe after immunostaining tissue samples from the 

parent GFP mouse lines. This suggests that the Nano-L10 transgene should be broadly 

useful as a general enhancer for the visualization of neurons expressing GFP. 

Nano-L10 expression results in tight restriction of GFP fluorescence to the soma 

(Figure 6.1C-G). This is consistent with the somatic localization of the ribosome and 
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suggests that the Nano-L10 improves the visualization of neurons in part by trapping and 

concentrating GFP within the cell body (Figure 6.1B). To test this, we used a TrkB-tauGFP 

knock-in mouse (Li et al., 2011) in which GFP is targeted to axons via fusion to the 

microtubule binding protein Tau. In this mouse line, the extensive axonal localization of 

GFP renders the fluorescence from cell bodies indistinguishable from surrounding 

neuropil (Figure 6.1H, bottom). After crossing this TrkB-tauGFP reporter into the Nano-

L10 background, we observed extensive redistribution of fluorescence from axons to the 

soma, such that individual cell bodies became clearly distinct (Figure 6.1H, top). This 

confirms that the Nano-L10 transgene acts by enforcing the somatic localization of GFP, 

even in the presence of competing targeting domains, and suggests that ribosome 

tethering of fluorophores may be a general way to improve the visualization of neuronal 

cell bodies in the brain. 

6.4.2 Ribosome tethering enables somatic targeting of GCaMP6 

We reasoned that tethering GCaMPs to the ribosome might enable similar 

improvement in calcium imaging. Because the GFP nanobody is not predicted to bind to 

GCaMPs (Kubala et al., 2010), we instead tethered GCaMP6 directly to the ribosome via 

fusion to the N-terminus of ribosomal protein L10, analogous to the tagging approach that 

has been used for ribosome profiling (Heiman et al., 2008) (Figure 6.3A,B). We refer to 

this construct as a ribo-tagged GCaMP (ribo-GCaMP). 

We generated Cre-dependent AAVs expressing GCaMP6f or ribo-GCaMP6f and 

then injected these viruses into the anterior hypothalamus of SIM1-Cre driver mice. Both 

viruses generated bright GCaMP expression that was enriched in PVH, consistent with 

the expression pattern of endogenous SIM1 (Balthasar et al., 2005) (Figure 6.3C). 
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However the distribution of the fluorescence was very different, with GCaMP6f exhibiting 

a diffuse pattern distributed throughout cell bodies and neuropil (Figure 6.3C, top), 

whereas ribo-GCaMP6f was tightly restricted to the neuronal soma (Figure 6.3C, bottom). 

This suggests that ribosome tethering can target GCaMP expression to neuronal cell 

bodies in vivo. 

To confirm that this localization strategy works in different brain regions and cell 

types, we generated AAVs that constitutively express either GCaMP6m or ribo-

GCaMP6m and then injected these into several sites in the mouse brain, including the 

dentate gyrus, medial prefrontal cortex (mPFC) and superior colliculus (Figure 6.3D). We 

found that GCaMP6m exhibited a typical GFP expression pattern, with fluorescence filling 

the cell body, axons, and dendrites of the infected neurons (Figure 6.3E, top). In contrast 

ribo-GCaMP6m fluorescence was tightly restricted to the neuronal somas at each 

injection site (Figure 6.3E, bottom). This was particularly evident in laminated structures 

such as mPFC and dentate gyrus, where ribo-GCaMP6m was confined to the layers 

containing cell bodies (layer 2/3 in PFC and granular layer in dentate gyrus). 

Quantification of fluorescence within dentate gyrus (Figure 6.3F) confirmed that ribo-

GCaMP6m expression was strongly biased toward granular layers (Figure 6.3G) and 

virtually absent from the dendrites of the molecular layer (Figure 6.3H). Similarly, we 

observed no fluorescence in CA3 following expression of ribo-GCaMP6m in dentate gyrus 

(Figure 6.3I), indicating that ribo-tagging eliminates GCaMP expression from axons. 

Consistent with the data above, three-dimensional reconstructions of individual neurons 

showed that ribo-GCaMP6m is highly restricted to the soma, whereas GCaMP6m fills the 

entire cell (Figure 6.3J-L). 
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6.4.3 A soma-targeted GCaMP faithfully reports on neural activity ex vivo 

We next investigated the ability of ribosome tethered GCaMPs to report on neural 

activity. Acute slices were prepared from mice expressing GCaMP6m or ribo-GCaMP6m 

in dentate gyrus, and these slices were then stimulated with field pulses (FP) delivered 

through two parallel platinum electrodes in the presence of inhibitors of network activity 

(Figure 6.4A). During stimulation, slices were imaged at 20 Hz and fluorescence signals 

from 30-80 polygon ROIs were extracted to enable analysis of individual neurons. We 

found that GCaMP6m and ribo-GCaMP6m exhibited similar fluorescence responses to a 

single field pulse (ΔF/F = 6.6% vs. 5.4%, P=0.29), and the response of both reporters 

monotonically increased with the number of pulses (Figure 6.4B). Both reporters exhibited 

a similar rise time constant (Figure 6.4E), decay time constant [1] (Figure 6.4D), and peak 

ΔF/F (Figure 6.4C) for GCaMP6m and ribo-GCaMP6m across a range of pulse numbers 

(1-30 FP). This indicates that the ability of GCaMP6m to faithfully report on neural activity 

is largely unaffected by tethering to the ribosome (Linear regression of ΔF/F versus FP: 

R^2: 0.5234 and 0.3825, P-value: <0.0001 and <0.0001 for GCaMP6m and ribo-

GCaMP6m). 

 To corroborate this field stimulation data, we also measured the ability of both 

GCaMPs to report action potentials with whole- cell patch clamp and concurrent two-

photon microscopy. We prepared acute coronal slices containing mPFC and made whole-

cell current-clamp recordings from layer 5b thick tufted pyramidal cells. Ionotropic 

transmission was blocked with a cocktail of AMPA, NMDA, and GABAA receptor 

antagonists (see Methods). We evoked trains of 100 Hz action potentials via somatic 

current injection and found that ribosome-tagging of GCaMP6m did not significantly affect 
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its peak fluorescence signal (Figure 6.6G, p>0.05 comparing GCaMP6m to ribo-

GCaMP6m for 1, 3, 5 and 10 APs), fluorescence rise kinetics (Figure 6.6J, p>0.05 for 3, 

5 and 10 APs) and decay time constant (Figure 6.6K, p>0.05 for 3, 5 and 10 APs) at the 

soma. Consistently, the baseline noise level (Figure 6.6H, p = 0.67 comparing GCaMP6m 

to ribo-GCaMP6m) and peak signal-to-noise ratio (Figure 6.6I, p = 0.59) were also 

unaffected by ribo-tagging. Thus ribo-GCaMP6m exhibits fluorescence changes in 

response to neural activity that are broadly similar to GCaMP6m. 

We next characterized the subcellular dynamics of the action potential-evoked 

fluorescence of ribo-GCaMP6m. To measure this at high spatial resolution, we loaded 

mPFC pyramidal neurons with 20 µM AlexaFluor-594 so that we could visualize dendritic 

arbors. We then evoked trains of five action potentials (100 Hz) via somatic current 

injection and imaged concomitant ribo-GCaMP6m or GCaMP6m fluorescent transients in 

the soma and along the apical dendrite. As expected, AP-evoked GCaMP6m transients 

were observed in both the soma and dendrites, with clear signals generated >200 µm 

along the apical dendrite trunk. By contrast, ribo-GCaMP6m-associated signals were 

largely restricted to the soma, with fluorescence declining as little as 10 µm from the cell 

body and becoming virtually undetectable at 50 µm  (Figure 6.6C-F, p <0.0001 for all 

comparisons between Ribo-GCaMP6m and GCaMP6m peak fluorescence at 10-200 µm 

from cell body). This indicates that ribo-tagging is an effective strategy for somatic 

localization of GCaMP expression.  
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6.4.4 Ribo-GCaMP6 eliminates artifactual correlation between neurons in two-

photon imaging 

We next evaluated the ability of ribo-GCaMPs to report on neural dynamics in vivo. 

To do this, we first measured the response of neurons in visual cortex to the orientation 

of drifting bars (Hubel and Wiesel, 1959). We injected AAV expressing ribo-GCaMP6m 

or GCaMP6m into  visual cortex and installed a cranial window for imaging of L2/3 

neurons of awake mice. After waiting four weeks for recovery, mice were headfixed on a 

circular treadmill and calcium dynamics were imaged using a two-photon microscope. As 

observed in vitro, we found that expression of ribo-GCaMP6m was tightly restricted to 

neuronal cell bodies, creating crisp boundaries between cells, whereas expression of 

regular GCaMP6s resulted in saturation of the surrounding neuropil (Figure 6.7A). In 

contrast to slice experiments, we found that ribo-GCaMP6m was dimmer than GCaMP6m 

in vivo and therefore required higher laser power (67 vs. 28 mW) for comparable imaging. 

We did not observe increased photobleaching of ribo-GCaMP6m compared to GCaMP6m 

in this setting (Figure 6.12D, E). 

We exposed mice to images of drifting bars in one of eight orientations and 

recorded calcium responses. Visual stimuli induced clear responses in many neurons for 

both ribo-GCaMP6m  and GCaMP6m (Figure 6.7B, D, E) and cells with different 

orientation tuning were anatomically intermingled (Figure 6.7C). In recordings from mice 

expressing GCaMP6m, but not ribo-GCaMP6m, we observed strong neuropil 

fluorescence that was highly synchronized (Figure 6.7B) and showed orientation tuning 

(Figure 6.7B, E), suggesting this neuropil fluorescence may induce artefactual correlation 

between neurons. To examine this, we analyzed the pairwise correlation between the 
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activities of neurons separated by various distances, reasoning that neuropil fluorescence 

would be more likely to increase the correlation between neurons closer in space. Indeed 

we found a strong pairwise correlation between neurons expressing GCaMP6m that 

declined with distance, whereas this correlation was dramatically reduced for ribo-

GCaMP6m (Pearson correlation coefficient 0.20 ± 0.003 vs 0.03 ± 0.002 for GCaMP6m 

vs Ribo-GCaMP6m; Figure 6.7F, G). Subtraction of this neuropil signal from GCaMP6m 

recordings reduced the correlation between neurons, but this correlation remained both 

distance-dependent (Figure 6.7F) and elevated compared to ribo-GCaMP6m recordings 

without correction (0.06 ± 0.002 vs 0.03 ± 0.002 for GCaMP6m vs Ribo-GCaMP6m; 

Pearson correlation coefficient of neuron pairs less than 100 pixels apart; Figure 6.7G). 

Similar results were obtained when we analyzed data from mice exposed to white noise 

(Figure 6.7H, I) and drifting gratings (Figure 6.12). Thus ribo-GCaMP6m effectively 

reduces the neuropil-induced correlation between cells in two-photon imaging 

experiments.  

6.4.5 Ribo-GCaMP6 faithfully reports on neural activity in microendoscope imaging 

To investigate the utility of ribo-GCaMPs for one-photon microscopy, we imaged 

mPFC neurons using a miniature head-mounted microscope (Ghosh et al., 2011). AAV 

expressing ribo-GCaMP6m or GCaMP6m was injected into mPFC, and a gradient 

refractive index (GRIN) lens was implanted above mPFC to enable chronic imaging of 

neural dynamics (Figure 6.9A). In this configuration, the fluorescence of dozens of mPFC 

neurons could be readily resolved in each field of view (Figure 6.9B). We trained mice to 

consume a liquid diet (Ensure) from a lickometer and then correlated the response of 

individual neurons to behavioral events (Figure 6.9C). We found that the presentation of 
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food to fasted mice triggered a rapid and sustained shift in the baseline fluorescence of a 

subset of mPFC neurons (Figure 6.9D). Overlaid on this tonic modulation, we observed 

phasic responses of individual mPFC neurons that were time-locked to the initiation and 

termination of individual licking bouts (Figure 6.9E). These responses were 

heterogeneous, with some neurons activated by licking and others inhibited, and 

responses were similar between the two indicators (Figure 6.9E). This indicates that ribo-

GCaMP6m can report on neural dynamics in mPFC during behavior in manner 

comparable to traditional GCaMPs. 

 We next compared the distance-dependent correlation between the activity of 

neurons expressing either indicator. To do this we first analyzed the data using PCA/ICA 

segmentation, which extracts the fluorescence trace for each cell based on its spatial 

footprint. We found that cells expressing GCaMP6m had high pairwise correlation and 

that this correlation declined with increasing spatial distance between pairs (Figure 6.9F, 

G). The use of ribo-GCaMP6m reduced this correlation (Figure 6.9G) but the magnitude 

of this reduction was modest compared to the dramatic reduction observed in two-photon 

imaging (Figure 6.9.7F-I). This suggests that the “blurriness” of miniscope images is not 

primarily due to neuropil but instead arises from other sources (e.g. light scattering and 

out-of-focus fluorescence). Consistent with this, reanalysis of the data using CNMF_E 

(Zhou et al., 2018) completely eliminated the neural correlation for both indicators (Figure 

6.9F).  

6.4.6 Ribo-GCaMP6 enables long-term imaging experiments in vivo 

Chronic or high-level expression of GCaMPs has been associated with cellular 

toxicity (Tian et al., 2009). To characterize whether ribosome tagging of GCaMP6m 
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interferes with neural function or viability, we performed three experiments. First, we 

measured in acute brain slices the electrophysiologic properties of layer 5 pyramidal cells 

expressing either GCaMP6m or ribo-GCaMP6m (Figure 6.9.8A). This revealed no 

significant difference in the resting membrane potential (-71 ± 3.8 for GCaMP6m vs. -77 

± 1.4 mV for ribo-GCaMP6m, p=0.26), input resistance (85 ± 7.8 vs. 65 ± 6.5 MΩ, p=0.07), 

or spiking threshold (-54 ± 0.6 vs. -55 ± 0.6 mV, p=0.30) (Figure 6.8B-D). This indicates 

that ribo-GCaMP6m has no gross effect on cellular physiology relative to commonly used 

calcium reporters. 

 We next looked for evidence of local inflammation caused by chronic 

overexpression of ribo-GCaMP6m. To do this we injected a cohort of mice bilaterally with 

viruses expressing ribo-GCaMP6m and GCaMP6m, one in each hemisphere, and then 

harvested tissue from these animals after 4 ,6, 8 and 12 weeks (Figure 6.8E). Staining of 

this tissue for GFP as well as the microglia marker IbaI revealed no signs of increased 

microglial infiltration on the side expressing ribo-GCaMP6m (Figure 6.8F,G). Thus ribo-

GCaMP6m expression does not trigger the inflammatory response that would be 

predicted if this protein was associated with significant toxicity. 

Third, we performed longitudinal imaging of mPFC neurons expressing ribo-

GCaMP6m to functionally evaluate the stability of the fluorescence signal over time. To 

do this, we targeted ribo-GCaMP6m to mPFC by AAV infection, implanted a GRIN lens 

for imaging, and then recorded the activity of neurons in the same mouse at two, four, 

and six months after infection (Figure 6.8H). We saw no evidence for deterioration of the 

fidelity or strength of calcium responses even after six months of imaging (Figure 6.8I). 

For example, the number of cells that responded to Ensure consumption was unchanged 
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over time (34 ± 8 per field-of-view at two months vs. 53 ± 14 at six months, p=0.11) and 

the mean ΔF/F of the responses of these cells to licking increased between two and six 

months (1.22 ± 0.15 at two months vs. 1.82 ± 0.16 at two months, p=0.01). This robust 

stability may reflect natural quality control mechanisms that tightly regulate ribosomal 

protein expression (Sung et al., 2016), thereby preventing the accumulation of toxic 

concentrations of ribo-GCaMPs.  

6.4.7 A soma-targeted GCaMP enables imaging of neural dynamics in C. elegans 

To investigate the ability of ribosome-tethered GCaMP to report on neural activity 

in a different organism, we examined the nematode Caenorhabditis elegans. C. elegans 

has a transparent body which affords non-invasive optical access to its nervous system 

for imaging experiments, and many studies have measured neuronal activity in the worm 

using genetically encoded calcium sensors. The worm homolog of mammalian ribosomal 

protein L10 is RPL-1 (Shaye and Greenwald, 2011), which shares 75% amino acid 

sequence identity with L10 (Figure 6.12A) and has previously been tagged with GFP for 

translational profiling (Gracida and Calarco, 2017). We therefore generated a worm-

specific ribo-GCaMP by linking GCaMP6m to the N-terminus of RPL-1 and then used this 

reagent to measure calcium transients in C. elegans neurons in response to sensory 

stimuli and spontaneous neural activity. 

We first generated matched transgenic lines expressing either GCaMP6m, ribo-

GCaMP6m, or nls-GCaMP6m (nuclear-targeted GCaMP is commonly used in worm 

imaging) under the control of the sra-6 promoter, which directs expression to ASH 

nociceptive sensory neurons (Troemel et al., 1995) (Figure 6.11A). Polymodal ASH 

sensory neurons sense a variety of aversive stimuli (Bargmann et al., 1990; Hilliard et al., 
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2005; Kaplan and Horvitz, 1993; Troemel et al., 1997) and their activity can be reliably 

evoked by exposure to high concentrations of salt (Chatzigeorgiou et al., 2013). We 

imaged animals in a microfluidic device that allows repeatable salt stimulation via 

switching buffer streams across the nose combined with simultaneous optical recording 

of calcium transients in individual neurons (Chronis et al., 2007) (Figure 6.11B). 

In animals expressing GCaMP6m, we observed calcium transients in ASH in 

response to a 10 s pulse of 0.5 M NaCl, as has been previously reported for other 

GCaMPs (Chatzigeorgiou et al., 2013; Davis et al., 2018) and the magnitude of these 

responses was similar between the soma and dendrite (Figure 6.11C, D). In a matched 

strain expressing ribo-GCaMP6m in the same cells, we observed large calcium transients 

in the soma, but not the processes, that were reproducible across animals and trials 

(Figure 6.11C). Of note, these somatic signals were larger for ribo-GCaMP6m than 

GCaMP6m (ΔF/F0 = 242 ± 35% vs. 117 ± 11% Figure 6.11D, E, gray lines). As expected, 

nls-GCaMP6m showed nuclear-localized fluorescence, but the magnitude of this 

fluorescence change was considerably less than traditional GCaMP6m (ΔF/F0 = 117 ± 

11% vs. 33 ± 5%; Figure 6.11C, F). This indicates that ribo-GCaMPm can robustly report 

on neural activity in response to a stimulus in C. elegans, and that its expression is tightly 

restricted to the soma in the worm as observed in the mouse. 

To confirm that soma-targeted GCaMP is compatible with different cell types and 

stimuli, we expressed ribo-GCaMP6m in AFD sensory neurons using the ntc-1 promoter 

(Beets et al., 2012; Garrison et al., 2012) (Figure 6.11G). AFD responds to changes in 

temperature that enable worms to detect and navigate environmental temperature 

gradients (Biron et al., 2006; Hawk et al., 2018; Kimura et al., 2004; Luo et al., 2014). We 
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found that ribo-GCaMP6m was soma-localized in AFD sensory neurons and faithfully 

reported on oscillatory calcium transients in AFD following a 10 second pulse of warm 

buffer across the animal’s nose (Figure 6.11G). Interestingly, while previous imaging 

studies in AFD have relied on warming the entire worm body, our data suggests that 

temperature changes only at the tip of the nose, where sensory cilia are located (Perkins 

et al., 1986; Ward et al., 1975), are sufficient to induce AFD activation.  

6.4.8 Ribo-GCaMP6m enables whole-brain imaging in the worm with high temporal 

precision 

The compact nervous system of C. elegans makes it possible to image the calcium 

dynamics of most or all neurons simultaneously in a single animal. Previous whole-brain 

imaging studies in the worm have required the use of nuclear-localized GCaMPs to 

enable segmentation of cells in densely packed ganglia (Schrödel et al., 2014; Prevedel 

et al., 2014; Kato e al., 2015; Nguyen et al., 2016). We therefore investigated whether 

ribo-GCaMPs could also be used for whole-brain imaging and, if so, whether this would 

have any advantages over nuclear-localized sensors. 

 We generated transgenic animals expressing ribo-GCaMP6m or nls-GCaMP6m 

in all neurons (Figure 6.13A, B), then imaged the head ganglia of anesthetized C. elegans 

adults at single-cell resolution. We recorded spontaneous calcium dynamics under 

environmentally constant conditions in unstimulated and immobilized worms (8 nls-

GCaMP6m, 5 ribo-GCaMP6m) for 5 – 18 min (Figure 6.13C, D) and observed Ca2+ 

dynamics in most active neurons that matched one of the first three temporal principal 

components (PC1-3) described in previous studies (Kato et al., 2015). The location, 

morphology and the neuronal activity patterns of some of these neurons allowed us to 
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reliably identify them across recordings using either sensor (Figure 6.13F). This indicates 

that the soma-restriction of ribo-GCaMP6m makes it possible to distinguish individual 

cells during whole-brain imaging in the worm. 

Nuclear calcium dynamics can lag calcium changes in the soma (Kim et al., 2014). 

We therefore directly compared the temporal resolution of ribo-GCaMPm and nls-

GCaMP6m during whole-brain imaging. To do this we manually selected individual 

regions of interest (ROIs) from each soma or nucleus then quantified large-magnitude 

rise transients in all whole-brain recordings. This revealed that the distribution of rise 

times for nls-GCaMP6m was shifted to slower responses compared to ribo-GCaMP6m 

(Figure 6.13E). To quantify this slowing, we modeled an effective transformation between 

nls-GCaMP6m and ribo-GCaMP6m traces as a single-exponential linear filter, then 

estimated the time constant of the best-fit filter across all the two distributions of rise 

transients. This suggested a delay of approximately 3 seconds for nls-GCaMP6m 

compared to ribo-GCaMP6m (see methods and Figure 6.12B). To validate this population 

analysis at the level of identified neurons, we measured rise times across recordings in 

three specific neuron pairs: AVA, RIM, VB1. This confirmed that ribo-GCaMP6m 

displayed faster rise time kinetics in AVA (3.8 ± 0.5 s vs. 9.9 ± 1.4 s) and VB1 (5.7 ± 0.6 

s vs. 10.8 ± 0.9 s) neurons (Figure 6.13F). Taken together, these findings reveal that 

ribosome tethered GCaMPs support whole-brain imaging in the worm with enhanced 

signal and temporal fidelity. 
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6.5 Discussion 

We have described here two strategies that use the ribosome to target fluorescent 

proteins to the cell body of neurons. We have shown that these reagents eliminate 

fluorescence from neuropil while enhancing the signal from the soma, thereby enabling 

crisp visualization of individual neurons and their calcium dynamics in mice and worms. 

These soma-targeted reagents fill an important gap in the toolbox of imaging reagents 

available to neuroscience.   

6.5.1 A nanobody enhancer of GFP fluorescence 

These studies were initially motivated by the observation that expression of Nano-

L10 in neurons dramatically enhanced the somatic fluorescence of co-expressed GFP. 

Indeed, Nano-L10 produced a soma-localized GFP signal that could easily be visualized 

by native fluorescence in every GFP transgenic line we tested. In contrast, the same GFP 

reporter mice without Nano-L10 often displayed fluorescence that was undetectable, even 

after immunostaining, or alternatively so diffuse that it was difficult to localize to individual 

cells (Figure 6.1). This suggests that the Nano-L10 mouse could be broadly useful for 

enhancing the performance of GFP reporter mice, particularly for applications that require 

visualization of the labelled cells by native fluorescence (e.g. slice electrophysiology). 

The increase in somatic fluorescence caused by Nano-L10 likely involves multiple 

mechanisms. Some of the enhancement is presumably mediated by trapping and 

concentrating GFP in the cell body, which would increase the fluorescence from the soma 

while reducing the background from neuropil. The concentration-factor achieved in this 

way could be dramatic, given that the axonal volume is >100x larger than the somatic 

volume in some neurons (Pannese, 2014). In addition to this localization effect, nanobody 
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binding has been shown to increase the intrinsic fluorescence of GFP by approximately 

50% in vitro (Kirchhofer et al., 2010; Kubala et al., 2010). Finally, nanobody binding may 

protect GFP from degradation and thereby increase its half-life in vivo. This is possible 

because the nanobody and GFP form a high-affinity, stable complex (Kd=0.59 nM, 

(Kirchhofer et al., 2010)), and the ribosome is recycled slowly in the brain (e.g. half-life of 

nine days in the rat brain, (Retz and Steele, 1980)). 

6.5.2 A ribo-GCaMP for soma-targeted calcium imaging 

Inspired by the effect of ribosome tethering on GFP fluorescence, we investigated 

whether a similar strategy could be used for soma-targeting of calcium reporters. For this 

purpose we linked GCaMP6m directly to ribosomal protein L10, analogous to the tagging 

strategy that has been used for ribosome profiling (Heiman et al., 2008). We then 

compared the performance of this ribo-GCaMP6m with traditional GCaMP6m in mouse 

brain slices, by one- and two-photon imaging in behaving mice, and by microfluidic 

imaging in worms. 

Expression of ribo-GCaMP6m was tightly restricted to the cell body in every 

context we tested. For example, we found that ribo-GCaMP6m fluorescence in striatal 

interneurons (Figure 6.3K) and cortical pyramidal cells (Figure 6.6F) began to decline as 

little as 10 µm from the cell body and became undetectable within 50 µm, effectively 

eliminating neuropil fluorescence. Importantly, this soma-restriction did not alter the 

electrophysiologic properties of the target cells (Figure 6.4 and 4) or induce detectable 

toxicity in imaging experiments lasting up to six months in vivo (Figure 6.8). In functional 

experiments, we found that ribo-GCaMP6m faithfully reported on the neural responses to 

drifting bars in visual cortex (Figure 6.7), food ingestion in PFC (Figure 6.9), and osmotic 
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stimulation in C. elegans sensory neurons (Figure 6.11). It also enabled large-scale 

imaging of spontaneous network activity in the worm head (Figure 6.13). Thus ribo-

GCaMP appears to be a broadly useful reagent for soma-targeted calcium imaging.  

6.5.3 Soma-targeting enables facile segmentation at high expression densities 

Eliminating neuropil fluorescence should clarify the boundaries between neurons, 

and we found that ribo-GCaMP6m enabled straightforward segmentation of densely 

intermingled neurons in the mouse brain (Figure 6.7) and the worm head (Figure 6.13). 

This was particularly useful in the worm because it enabled the use of ribo-GCaMP6m, 

rather than nuclear GCaMPs, for whole-brain imaging. We generated transgenic animals 

expressing ribo-GCaMP6m in every neuron and showed that we could monitor the 

spontaneous activity of individual, identified neurons in these animals and further that 

ribo-GCaMP6m had faster kinetics and stronger peak fluorescence than nls-GCaMP6m. 

Thus ribo-GCaMP6m enables for the first time whole-brain monitoring of somatic calcium 

dynamics in the worm. 

In the mouse brain, the use of ribo-GCaMP6m made it possible to perform 

accurate segmentation of ~2000 neurons from a static image of a 1 mm2 two-photon field-

of-view (Figure 6.8G,H). This was not possible with GCaMP6m due to the fact that many 

cells were indistinguishable from neuropil in the absence of activity (Figure SG,H). While 

this problem can be addressed using algorithms that incorporate information about 

dynamics (such as CNMF, Suite2P, or PCA/ICA), it is important to note that these 

algorithms are inherently biased toward the identification of cells that are active during 

the experiment (Pachitariu et al., 2017). The ability of ribo-GCaMP6m expression to 
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clearly delineate every cell at baseline may be useful in contexts where it is critical to 

obtain an unbiased census of activity within a brain region. 

6.5.4 Soma-targeting eliminates correlated activity induced by neuropil 

contamination 

Fluctuations in neuropil fluorescence can create the appearance of spurious 

correlated activity between neurons (Harris et al., 2016). We found during two-photon 

imaging of visual cortex that cells expressing GCaMP6m showed a clear distance-

dependent correlation in their activity. The use of ribo-GCaMP6m eliminated neuropil 

fluorescence and abolished this correlation (Figure 6.7F-I). As a comparison, we also 

performed post-hoc subtraction of the neuropil signal from traditional GCaMP6m 

recordings (see Methods for details). This reduced the correlated activity between 

neurons, but residual correlation persisted to be both distance-dependent and elevated 

compared to ribo-GCaMP6m recordings analyzed without any correction. Thus soma-

targeting is highly effective at removing neuropil-induced correlations between neurons 

in two-photon imaging experiments. 

Signal contamination is also problematic during recordings with microendoscopes 

and other forms of widefield imaging. To investigate this we directly compared GCaMP6m 

and ribo-GCaMP6m during GRIN lens imaging of mPFC with head-mounted miniscopes. 

We found that soma-targeting did reduce the distance-dependent correlation in activity 

between pairs of neurons (Figure 6G), but the magnitude of this reduction was modest 

compared to what we observed in two-photon imaging (12% for 1P versus 83% for 2P). 

This suggests that most of the signal contamination in microendoscope recordings results 
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from sources other than neuropil fluorescence, such as out-of-focus light and light 

scattering. 

6.5.5 Limitations and future directions 

We have shown that ribo-GCaMP6m has several advantages relative to traditional 

GCaMPs, but there are trade-offs that should be considered. In general, we found that 

ribo-GCaMP6m was not as bright as GCaMP6m in side-by-side recordings performed in 

the mouse brain by one and two-photon imaging. We could compensate for this difference 

by increasing the illumination power (discussed further in Methods), but in some contexts 

this will be a disadvantage. Of note, this difference in brightness was not observed in vitro 

(Figure 6.4 and 4), and in the worm we found that ribo-GCaMP6m displayed stronger 

peak fluorescence than traditional GCaMP6m (Figure 6.11). The source of this variability 

is unknown but may reflect variation in expression levels between samples that cannot 

be fully controlled (despite using matched constructs and viral titers). In this regard, a 

recent study published on bioRxiv described GCaMP6f fused to an alternative soma-

targeting motif (Shemesh et al., 2019). This indicator showed comparable performance 

to GCaMP6f in brain slices but was approximately five-fold dimmer in vivo. 

Previous studies have described efforts to localize opsins to the cell body using 

targeting motifs derived from the potassium channel Kv2.1 (Baker et al., 2016; Mahn et 

al., 2018; Messier et al., 2018), the kainate receptor subunit 2 (Shemesh et al., 2017), 

and ankyrin binding proteins (Greenberg et al., 2011; Grubb and Burrone, 2010; Zhang 

et al., 2015).  While these soma-targeting motifs have been useful, the ribosome has 

several properties that make it particularly well suited to serve as a tag for fluorescent 

proteins. These include the fact that the ribosome is expressed at high levels throughout 
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the volume of the cell body of every neuron yet is tightly restricted from axons and 

dendrites. This enables high level transgene expression with exquisite soma-localization. 

In this study, we have described two methods for tethering fluorescent proteins to the 

ribosome and shown that they have distinct advantages for biological imaging. However 

there remains a significant opportunity to optimize these constructs to improve their 

properties for certain applications. Moreover it should be possible to combine this tagging 

strategy with ongoing improvements in hardware and optical reporters to enable new 

levels of sensitivity and resolution. 
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6.6 Figures 

 

Figure 6.1 Ribosome tethering enables ultrasensitive visualization of GFP reporters. 
(A) Rationale for soma-targeting by ribosome-tethering. Ribosomes are highly enriched within the soma of neurons. 
Synthetic proteins tagged with ribosomal unit L10a become tethered to ribosomes and consequently enriched in the 
soma. 
(B) Schematic of the nanobody approach. The Nano-L10 transgenic mouse expresses a GFP-binding nanobody fused 
to ribosomal protein L10 in all neurons. When crossed to a second transgenic line expressing GFP from a cell-type-
specific promoter, the GFP is captured by the nanobody, anchoring it in the soma. 
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(C-H). Fluorescence images from the brains and peripheral ganglia of various GFP reporter mice, either alone (bottom) 
or after crossing to the Nano-L10 mouse (top). All images show direct fluorescence of GFP, except for panel (D) which 
is immunostained for GFP.  
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Figure 6.2 Nano-L10 amplifies the fluorescence of GFP reporter mice. 
(A) Direct fluorescence from a coronal slice of the brain stem of GCG-GFP mice (left) and GCG-GFP+Nano-L10 mice 
(right). GCG neurons are in the caudal solitary tract are shown in the inset. This is the same region shown in Figure 
6.1E, reproduced here with the entire coronal slice for context. Scale bar indicates 200 um. 
(B) Fluorescence from nodose and dorsal root ganglia of TRPV1-GFP-DTR and TRPM8-GFP-DTR mice with and 
without co-expression of Nano-L10. These images are after GFP immunostaining. The same sections are shown in 
Figure 6.1F, G as native fluorescence. Scale bar indicates 100 um. 
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Figure 6.3 Ribo-tagging restricts GCaMP6 to the neuronal soma  
(A and B) Linking GCaMP to ribosomal protein L10a (A) enables soma-targeting of GCaMP fluorescence (B). 
(C) Ribo-tagging restricts GCaMP6f to the soma of PVH-SIM1 neurons. 
(D,E) Ribo-GCaMP6m when expressed in medial prefrontal cortex (mPFC), dentate gyrus (DG) and superior colliculus 
(SC) (D) is soma-restricted compared to regular GCaMP6m (red box indicates magnified region; red scale bar = 50 
um) (E). 
(F) Comparison of ribo-GCaMP6m and regular GCaMP6m when expressed in DG. 
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(G) Fluorescence intensity from the start of granular layer to molecular layer (250 μm length) of DG, in samples 
expressing ribo-GAMP6m (n=11) or regular GCaMP6m (n=9). Sample size indicates number of brain slices used in 
analysis from 3 animals for each GCaMP6m. Each sample trace is normalized to its maximal intensity. 
(H) Cumulative distribution function (CDF) of normalized fluorescence of ribo-GCaMP6m and regular GCaMP6m in the 
molecular layer where DG dendrites are located. 
(I) Comparison of regular GCaMP6m and ribo-GCaMP6m in CA3, where the axons from DG are located. 
(J) Z-projection of an individual striatal Ntrk1 neuron expressing mCherry and GCaMP6m (right) or ribo-GCaMP6m 
(left). 
(K) Intensitiy of green fluorescence along the axon of Ntrk1 neurons expressing either GCaMP6m (black, n=8) or ribo-
GCaMP6m (green, n=8). Tracking the axon was guided by mCherry fluorescence. ***: p < 0.001, **: p < 0.01, ns: p > 
0.05, 2 way ANOVA, Holm-Sidak post-hoc test. 
All image are immunostained against GCaMP. Scale bar sizes are indicated in each panel. 
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Figure 6.4 Ribo-tagging does not change the kinetics of GCaMP in response to evoked neural 
activity 
(A) Schematic describing measurement of fluorescence in response to electrically evoked neural activity in dentate 
gyrus (DG). Grayscale heatmap shows the brightness of DG neurons expressing ribo-GCaMP6m before and during 
pulsing of field stimulation. 
(B) Response of ribo-GCaMP6m and regular GCaMP6m to different numbers of electrical field pulses. When calculating 
ΔF/F, average fluorescence during the 300-ms time window before start of first field pulse was used as F0 (the 
denominator). 
(C-E) Peak signal (C; P-values: 0.71, 0.66, 0.65, 0.60, 0.67, <0.01, 0.67, 0.16), decay time constant (D; P-values: 0.95,, 
0.27, 0.96, 0.95, 0.65, 0.87, <0.01, <0.0001) and rise time constant (E; P-values: 0.84, 0.84, 0.25, 0.84, 0.78, 0.43, 
<0.0001, 0.06) for ribo-GCaMP6m (green, n=304 from 4 brain slices from 2 mice) and regular GCaMP6m (black, n=137 
from 4 brain slices from 2 mice) in response to increasing numbers of field pulses. 
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Figure 6.5 Ribo-tagging confine the fluorescence of GCaMP to soma of neurons. Related to Figure 
6.4. 
(A) 2-photon z-stack of non-calcium bound GCaMP6m fluorescence in medial prefrontal cortex. Imaged at 810 nm with 
a color gradient indicating depth in the z-plane. 
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Figure 6.6 Subcellular distribution and kinetics of ribo-GCaMP6m 
 (A and B) 2-photon z-stacks of layer 5 pyramidal neurons expressin4g GCaMP6m (A) or Ribo-GCaMP6m (B). Left, 
overlay of alexa 594 cell fill and and non-calcium bound GCaMP fluorescence (810nm imaging wavelength). Right, 
overlap of Alexa 594 and GCaMP fluorescence. 
(C and D) Example 2-photon linescans of (E) GCaMP6m and (F) Ribo-GCaMP6m fluorescence in response to trains 
of 5 action potentials (imaging wavelength 920nm). Example transients are averages of 10 trials. 
(E) Response to 5 action potentials measured at the soma and 50 um along the apical dendrite for GCaMP6m (n=15) 
and Ribo-GCaMP6m (n=14). Bars indicate mean ± SEM. , **** p< 0.0001, 1-way ANOVA, Holm-Sidak correction. 
(F) Normalized peak fluorescence imaged at varying distances along the apical dendrite in response to 5 action 
potentials (10, 20, 30, 50, 100, 150 and 200 um; normalized to signal at 0 um) for GCaMP6m (n = 7-15) and Ribo-
GCaMP6m (n = 6-14). Lines and bars indicate means ± SEM. **** p< 0.0001 for all comparisons between GCaMP6m 
and Ribo-GCaMP6m, 2-way ANOVA, Holm-Sidak correction. 
(G) Response at the soma to 1, 3, 5, and 10 action potentials of GCaMPm (n=8-18) and Ribo-GCaMP6m (n=7-14). P 
= 0.73, 0.06, 0.73, and 0.10 for 1, 3, 5, and 10 APs), 2-way ANOVA, Holm-Sidak correction. 
(H) Standard deviation of the baseline fluorescence signal for GCaMP6m (n=16) and Ribo-GCaMP6m (n=14). P = 0.67, 
two-tailed unpaired T-test. 
(I) Fold increase of somatic fluorescence signal over the standard deviation of the baseline in response to 5 action 
potentials for GCaMP6m (n=16) and ribo-GCaMP6m (n=14). P=0.59, two-tailed unpaired T-test. 
(J) Time to peak after stimulus offset for GCaMP6m (n=8-18) and ribo-GCaMP (n=6-14). P = 0.56, 0.82 and 0.56 for 3, 
5, and 10 APs, 2-way ANOVA, Holm-Sidak correction. 
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(K) Half-max decay time for GCaMP6m (n=4-13) and ribo-GCaMP6m (n=4-12). P= 0.14, 0.01, and 0.13 for 3, 5 and 10 
APs, 2-way ANOVA, Holm-Sidak correction. 
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Figure 6.7 Ribo-GCaMP reduces neuropil contamination during two-photon imaging 
A) Example fields of view of V1 neurons expressing regular GCaMP6m (top) or ribo-GCaMP6m (bottom). 
B) Calcium dynamics of neurons recorded from a single video. Calcium dynamics are either uncorrected (left) or with 
surrounding neuropil signal subtracted (right). Cells are sorted based on orientation tuning. 
C) Color coded ROIs based on orientation selectivity in V1. 
D) Peak response of angle-selective V1 neurons to different angles. 
E) Distribution of orientation-selectivity. ROIs are either neurons or neuropils, which is defined as the area surrounding 
each identified neuron. 
F-I) Correlation coefficient analysis of neural signal for either GCaMP6m or ribo-GCaMP6m. The neuropil signal was 
either substracted or not as indicated. During recording, mice were exposed to either drifting bars (F and G) or white 
noise (H and I). 
F) Correlation coefficient of calcium dynamics between pairs of neurons plotted against the centroid distance. R^2 = 
0.92, 0.19, 0.84 and 0.10, p: <0.0001, 0.0208, <0.0001 and 0.0970 for regular uncorrected, ribo uncorrected, regular, 
and ribo respectively, linear regression of averaged values. 
G) Correlation coefficient of calcium dynamics between pairs of neurons that are within 100 pixels. Regular corrected: 
0.105 ± 0.010; soma corrected: 0.081 ± 0.010; regular uncorrected: 0.227 ± 0.010; soma uncorrected: 0.085 ± 0.008; 
values are Mean ± SEM. 
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H) Correlation coefficient of calcium dynamics between pairs of neurons plotted against centroid distance. R^2 = 0.80, 
0.003, 0.62 and 0.003, p: <0.0001, 0.79, <0.0001 and 0.79 for regular uncorrected, ribo uncorrected, regular, and ribo 
respectively, linear regression of averaged values. 
I) Correlation coefficient of calcium dynamics between pairs of neurons that are within 100 pixels. Regular corrected: 
0.034 ± 0.002; soma corrected: 0.021 ± 0.002; regular uncorrected: 0.109 ± 0.002; soma uncorrected: 0.024 ± 0.002; 
values are Mean ± SEM. 
In C-E, arrows indicate the drifting bar orientation that the corresponding color (C and E) or column (D) represents. In 
(C) and (E), ‘N’ denotes nonselective, which means that those neurons didn’t pass the criteria to be defined as 
orientation-tuned (see Methods for the definition of orientation-tuning). In (D), ‘B’ denotes blank and thus negative 
control , in which no stimuli was given. 
In G and I, ****: p < 0.0001, **: p < 0.01, ns: p > 0.05, 1way ANOVA, Holm-Sidak post-hoc test. Total numbers of cells 
were used to estimate degrees of freedom when calculating S.E.M. 1 pixel ~= 1.9 μm. 
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Figure 6.8 Ribo-GCaMP reduces contamination from neuropil during 2-photon imaging. Related to 
Figure 6.7. 
(A) Immunohistology of GCaMP6m (top) and ribo-GCaMP6m (bottom) expression in V1. 
(B) Peak response of angle-selective V1 neurons to drifting gratings with different angles. 
(C-D) Correlation coefficient analysis of neural signal reported by either GCaMP6m or ribo-GCaMP6m. Neuropil signal 
was either subtracted or not. During recording, mice were exposed to drifting gratings. 
(C) Correlation coefficient of temporal calcium dynamics between pairs of neurons plotted against centroid distance. 
R^2 = 0.92, 0.33, 0.85 and 0.22, p: <0.0001, 0.0014, <0.0001 and 0.0121 for regular uncorrected, ribo uncorrected, 
regular, and ribo respectively, linear regression of averaged values. 
(D) Correlation coefficient of temporal calcium dynamics between pairs of neurons that are within 100 pixels. GCaMP6m 
corrected: 0.06 ± 0.02; ribo-GCaMP6m corrected: 0.02 ± 0.000; GCaMP6m uncorrected: 0.20 ± 0.003; ribo-GCaMP6m 
uncorrected: 0.02 ± 0.000; values are Mean ± SEM. ****: p < 0.0001, 1way ANOVA, Holm-Sidak post-hoc test. Total 
numbers of cells were used to estimate degrees of freedom when calculating S.E.M. 
(E-F) Time course of fluorescence throughout a 10-minute recording (E) and quantification of the total fluorescence 
decrease after recording (drifting-bar and drifting-grating experiments are pooled) (F) ns: p > 0.05, unpaired T-test. In 
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E-F, the fluorescence intensity of each ROI is normalized to the median of intensity during the first minute of recording. 
Traces of all ROIs in each experiment recorded for each ribo-GCaMP6m or GCaMP6m are averaged to generate each 
plot in E. Percentage decrease (i.e. extent of bleaching) of all ROIs from all experiments are pooled for ribo-GCaMP6m 
(n=4732) or GCaMP6m (n=3032) and compared in F. 
(G) Image showing the average z-projection of two-photon recording of V1 neurons expressing GCaMP6m (top) and 
ribo-GCaMP6m (bottom). The same image underwent NeuroSeg for automated segmentation that does not rely on 
time-series data. 
(H) Number of ROIs identified with NeuroSeg in data recorded with GCaMP6m (n=2 videos) and ribo-GCaMP6m (n=3 
videos). 
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Figure 6.9 Microendoscope recording of mPFC dynamics using ribo-GCaMP6m 
(A) Ribo-GCaMP6m expression was targeted to mPFC and a GRIN lens was implanted for microendoscope recordings 
(B) Representative field of view of ribo-GCaMP6m imaged through a microendoscope with ROIs (pink contours) 
indicated. 
(C) Representative extracted calcium dynamics (black traces) time-synchronized with licking events (pink shading) of 
liquid food in the fasted state. 
(D) Response of mPFC neurons in fasted mice to consumption of Ensure. Red bar indicates when food was made 
available. 
(E) Peristimulus time histogram (PSTH) aligned to either the initiation or termination of licking bouts. Calcium dynamics 
were measured using either ribo-GCaMP6m (left) or GCaMP6m (right) (F and G) Pearson correlation coefficient 
between the signal from different pairs of ROIs. The mPFC neural dynamics were recorded in fed mice expressing 
either regular GCaMP6m (n=154 from 5 mice) or ribo-GCaMP6m (n=69 from 4 mice) during cage exploration. In 
(F), calcium dynamics were extracted using either PCA/ICA or CNMFE methods, and the correlation coefficient is 
plotted against the distance between corresponding ROIs. In (G), calcium dynamics were extracted by PCA/ICA and 
the correlation coefficient between pairs within 100 pixels is compared for GCaMP6m and ribo-GCaMP6m. *: p<0.05, 
unpaired T-test, cell number was used as degree of freedom when calculating S.E.M.  
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Figure 6.10 Ribo-GCaMP6m does not cause detectable toxicity. Related to Figure 6.9. 
(A) PFC cells expressing ribo-GCaMP6m or GCaMP6m were characterized by patch clamp electrophysiology. (B-D) 
Resting membrane potential (B), input resistance (C) and spiking thresholds (D) of cells expressing ribo-GCaMP6m 
(green) and GCaMP6m (black). ns: p > 0.05, unpaired T-test. 
(E) Accessing neural toxicity of ribo-GCaMP6m and GCaMP6m through immunohistochemistry. 
(F and G) Expression pattern and microglia distribution after letting ribo-GCaMP6m or GCaMP6m express for 4,6,8 
and 12 months, shown with different magnification. 
(H) Accessing neural toxicity of ribo-GCaMP6m through chronic microendoscope imaging 
(I) Response of mPFC neurons to food consumption after letting ribo-GCaMP6m express for 2,4 and 6 months. Each 
line represents averaged PSTH of neural activity aligned to start or end of feeding bouts of neuron.  
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Figure 6.11 Stimulated in vivo calcium imaging of C. elegans ASH and AFD neuronal activity with 
ribo-GCaMP. 

(A) Schematic representation of ASH and AFD neurons in the worm head. Boxes indicate ASH cell body, AFD cell body, 
and ASH dendrite, respectively. 

(B) Animals were imaged in a microfluidic device that allows switchable fluid flow past the nose. 
(C) Response amplitude ∆F/F 0 for imaging traces shown in (D-F); GCaMP6m localization for soma in grey, dendrite in 
blue, and nucleus in orange. 

(D-G top) Diagram of constructs used to make transgenic worm strains. sra-6 promoter drives expression in ASH; gcy-
8 promoter drives expression in AFD. Representative images showing fluorescent responses in ASH and AFD, dotted 
white lines denote worm head, scale bars are 10 µM. 

(D-F middle) Mean fluorescence transients in ASH neurons expressing GCaMP6m (D), ribo-GCaMP6m (E), or nuclear-
localized (nls) GCaMP6m (F), in response to a 10 s 0.5 M NaCl pulse (green area denotes stimulus; mean +/- SEM). 
Black/grey traces denote responses in cell soma, blue traces denote responses in dendrites. 

(G) Mean fluorescence transients in AFD neurons expression ribo-GCaMP6m in response to a 10 second pulse of warm 
(~ 30 *C) buffer (red area denotes stimulus). 

(D-G bottom) Heat plots of individual soma responses, one neuron per row. Change in fluorescence from baseline over 
time (∆F/F 0 ) is represented in the color bars on the left. n = 11 worms responding to two consecutive salt pulses for 
ASH ribo-GCaMP6m; 10 for ASH GCaMP6m; 5 for ASH nuclear localized nls-GCaMP6m; 11 worms responding for 
three consecutive heat pulses for AFD ribo-GCaMP6m. ** p < 0.01, *** p < 0.001, ns, not significant using unpaired t-
test with Welch’s correction. 
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Figure 6.12  C. elegans ribo-GCAMP6m Constructs  Related to Figure 6.11. 
(A) Sequence alignment of ribosomal proteins used for ribo-GCaMP6m expression in worms. GCaMP6m was tethered 
to C. elegans ribosomal protein 1a (RPL-1), which shares 75% amino acid identity and 88% similarity with mouse 
protein L10. C. elegans RPL-1 (Q95Y46_CAEEL) amino acids 1-155 and M. Musculus RPL10 (C5XJF6_MOUSE) 
amino acids 63-217 were aligned using Jalview2 (Waterhouse, et al., 2009) and shaded according to the Clustal X 
color scheme. 
(B) Modeling the delayed rise time kinetics observed for nls-GCaMP6m in C. elegans. An effective transformation 
between nls-GCaMP6m (red line) and ribo-GCaMP6m (blue line) traces was modeled as a single-exponential linear 
filter, followed by estimation of the time constant of the best-fit filter across all the two distributions of rise transients, 
giving a filter time constant of 3.2 s.  



 

207 

 

Figure 6.13 Whole-brain calcium imaging of C. elegans basal neuronal activity with ribo-GCaMP. 
(A and B) Maximum intensity projection of representative worms recorded under constant conditions expressing pan-
neuronal nls-GCaMP6m (A) or ribo-GCaMP6m (B). Dotted white lines denote worm head and scale bars are 10 µM. 
(C and D) Representative heat plots of fluorescence (∆F/F 0) 5 min time series for pan-neuronal nls-GCaMP6m (C) or 
ribo-GCaMP6m (D), one neuron per row. Labeled neurons indicate putative cell IDs, PC1+ neurons in pink and PC1- 
neurons in cyan. 
(E) Histogram of frequency distributions for all rise times of peaks in calcium transients measured for 47 ribo-GCaMP6m 
traces (from 5 time series recordings) and 60 nls-GCaMP6m traces (from 8 time series recordings). 
(F) Rise times of peaks in calcium transients measured from the same neuron across recordings expressing either nls-
GCaMP6m or ribo-GCaMP6m. *** p < 0.001, ns, not significant using Kolmogorov-Smirnov test. 
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Chapter 7:  

Concluding Remarks 
 
7.1 Overview 

This dissertation presents the latest progress in understanding of how 

SCN2A/NaV1.2 contributes neuronal excitability, and why impairing its function bears 

such considerable risk for the development autism spectrum disorder (ASD). We show 

that Scn2a/NaV1.2 has two distinct roles in neuronal excitability during development: early 

in life it regulates action potential generation in the axon, while in mature neurons 

Scn2a/NaV1.2 primarily supports dendritic excitability. Loss of Scn2a expression affects 

both of these functions, suppressing action potential initiation early in development and 

reducing action potential propagation into the dendrites of mature neurons. We also 

identified impairments in excitatory synaptic plasticity and synaptic function, deficits that 

can be accounted for by a loss of dendritic excitability late in development. These deficits 

are most extensively characterized in mice, however there is now evidence that dendritic 

excitability is impaired in a prairie vole model of Scn2a-haploinsufficiency, suggesting that 

Scn2a/NaV1.2 has a conserved role in the dendrites of all mammalian nervous systems, 

including humans. 

7.1 Contrasting roles for NaV1.2 and NaV1.6 in neocortical pyramidal neurons 

This work adds to a body of evidence that NaV1.2 and NaV1.6 have distinct, yet 

complementary roles regulating neuronal excitability in cortical pyramidal neurons. 

NaV1.6, the lower threshold isoform (Rush et al., 2005) sets the threshold for AP 

generation, and its comparatively large persistent current (Chen et al., 2008; Smith et al., 

1998) helps repetitively generate action potentials. By contrast, NaV1.2 promotes the 
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propagation of action potentials to the soma and synapses in the distal dendritic arbor 

(Hu et al., 2009; Spratt et al., 2019), supporting important roles in synaptic plasticity and 

maintenance. It remains to be determined whether the loss of NaV1.2 channels impact 

other known functions for dendritic sodium channels, such as boosting subthreshold 

excitatory synaptic input (González-Burgos and Barrionuevo, 2001) and generating 

spike-like events in distal dendrites in the absence of somatic spiking (Golding et al., 

2002). 

Homozygous loss of either NaV1.2 or NaV1.6 in pyramidal neurons results in partial 

compensation by the other isoform, causing opposing deficits that either decrease 

(Scn8a/NaV1.6 loss)(Katz et al., 2018) or increase  (Scn2a/NaV1.2 loss) neuronal 

excitability. This form of compensation does not appear to occur with heterozygous Scn2a 

loss, highlighting a key difference between neurons that are hetero- and homozygous for 

Scn2a. Resolving this discrepancy may shed light on novel mechanisms for 

homeostatically maintaining neuronal excitability. 

The results presented here have focused primarily on pyramidal neurons in medial 

prefrontal cortex, however Scn2a is broadly expressed in pyramidal neurons elsewhere 

in the neocortex and the hippocampus, and in granule cells in the cerebellum (Goldin, 

1999). Additionally, there is evidence that Scn2a is expressed in particular cortical 

inhibitory interneuron subclasses (Li et al., 2014; Yamagata et al., 2017). We present 

preliminary evidence that somatodendritic excitability deficits are found in pyramidal 

neurons in other neocortical areas, however these deficits do not extend to hippocampus. 

There are reports of hypo-excitability and synaptic dysfunction in heterozygous 

hippocampal pyramidal neurons (Shin et al., 2019), however it remains to be determined 
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whether this occurs through similar or unique mechanisms. Further research in these 

other brain regions and cell types will be required for a complete understanding of the 

pathophysiological consequences of Scn2a dysfunction 

7.3 Relationship with other ASD-associated genes 

The consequences of Scn2a-loss reported here reveals commonalities with other 

high-risk ASD genes that have been identified through gene discovery efforts. Many 

identified genes are known to contribute to synaptic development and function (De Rubeis 

et al., 2014; Sanders et al., 2015; Satterstrom et al., 2020), implicating the synapse as an 

important locus of dysfunction in ASD. This adds credence to theories of synaptic 

dysfunction in ASD including excitatory-inhibitory imbalance (Rubenstein and Merzenich, 

2003; Sohal and Rubenstein, 2019), developmental disconnection deficits between 

higher cortical areas (Geschwind and Levitt, 2007), and impaired synaptic plasticity and 

homeostasis (Bourgeron, 2015; Toro et al., 2010; Wondolowski and Dickman, 2013). 

Disruption of dendritic excitability in Scn2a further suggests that active dendritic 

properties that have been proposed to mediate dendritic integration and neuronal 

computation may be impaired in ASD  (Larkum, 2013; London and Häusser, 2005). While 

intriguing, these hypotheses must be reconciled with other identified high-risk genes that 

regulate gene expression instead of affecting synaptic function directly (De Rubeis et al., 

2014; Sanders et al., 2015; Satterstrom et al., 2020). It is tempting to speculate that these 

genes may preferentially alter the expression of synapse related genes, indeed there is 

evidence that CHD8 and FMRP regulate the expression of Scn2a (Darnell et al., 2011; 

Golden et al., 2019). However, currently it appears that gene expression regulators do 

not preferentially regulate “synaptic genes” more than would be expected by chance 
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(Satterstrom et al., 2020). A unified theory of neurobiological dysfunction in ASD remains 

elusive, however continued research into the biological roles of high-risk ASD genes will 

continue to advance our understanding of the etiology of ASD.  

7.4 Towards a therapy for SCN2A-haploinsufficiency 

Remarkably, restoring Scn2a expression appears sufficient to rescue physiological 

deficits associated with Scn2a-haploinsufficiency in cortical pyramidal neurons. This was 

first demonstrated using an idealized rescue where a null allele was reverted to a 

functional state using cre-recombination. This approach was sufficient to restore dendritic 

excitability and synaptic function, even when induced five weeks after birth. While the 

Scn2a gene is too large for use in traditional gene therapy using adeno-associated 

viruses (AAVs), CRISPR activation (CRISPRa) is a promising tool for overcoming these 

limitations by directly increasing the expression of the remaining functional Scn2a allele 

(Gilbert et al., 2013, 2014; Perez-Pinera et al., 2013; Qi et al., 2013). We were able to 

identify small guide RNAs that could target a nuclease deficient Cas9 fused to an activator 

protein to the promoter of Scn2a, increasing its expression. Using a dual-AAV approach, 

it was found that we could increase Scn2a in targeted brain regions in Scn2a+/- mice, 

restoring corresponding physiological deficits. This establishes CRISPRa as a potentially 

viable approach for treating haploinsufficiency in Scn2a and other ASD-associated genes. 

Developing CRISPRa into a useful therapy will require additional evidence that it 

is both safe and effective. CRISPRa overexpression in wildtype neurons does not appear 

to result in overt hyperexcitability, however changes in seizure susceptibility has not yet 

been tested. Additionally, it remains to be determined how neurons will respond to 

prolonged expression of dCas9-VP64, or whether the guide RNAs currently employed 
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result in any off-target effects. Restoring Scn2a expression appears to rescue cellular 

deficits associated with Scn2a-haploinsufficiency, however it is unclear if this also rescues 

circuit or behavioral impairments. Behavioral deficits in Scn2a+/- mice are inconsistently 

reported (Léna and Mantegazza, 2019; Shin et al., 2019; Spratt et al., 2019; Tatsukawa 

et al., 2019), however it may be possible to use other biomarkers such as EEG 

abnormalities (Ogiwara et al., 2018) to demonstrate the therapeutic efficacy of CRISPRa 

for circuit level deficits.  

7.5 Conclusion 

This dissertation is part of a broader body of work that has significantly advanced 

our understanding of the role of SCN2A in the nervous system and how its dysfunction 

contributes to neurodevelopmental disorders. It has been only eight years since SCN2A 

was first discovered to be associated with ASD (Sanders et al., 2012), and in that short 

time the biophysical consequences of ASD-variants on NaV1.2 function have been 

characterized (Ben-Shalom et al., 2017), cellular and synaptic deficits in a mouse model 

identified (Spratt et al., 2019), and strategies for therapeutic intervention developed. This 

rapid progress has resulted from the collaborative effort of a large and diverse team of 

talented scientists combining expertise in genomics, electrophysiology, computational 

modeling, and molecular biology, and gives hope that through scientific advancements 

and hard work, therapies for currently intractable neurodevelopmental disorders can be 

discovered. 
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