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Abstract

Intracellular accumulation of tau aggregates is a hallmark of several neurodegenerative diseases. 

However, global genetic reduction of tau is beneficial also in models of other brain disorders that 

lack such tau pathology, suggesting a pathogenic role of nonaggregated tau. Here, conditional 

ablation of tau in excitatory, but not inhibitory, neurons reduced epilepsy, sudden unexpected death 

in epilepsy (SUDEP), overactivation of the phosphoinositide 3-kinase–AKT-mammalian target of 

rapamycin pathway, brain overgrowth (megalencephaly), and autism-like behaviors in a mouse 

model of Dravet syndrome, a severe epileptic encephalopathy of early childhood. Furthermore, 

treatment with a tau-lowering antisense oligonucleotide, initiated on postnatal day 10, had similar 

therapeutic effects in this mouse model. Our findings suggest that excitatory neurons are the 

critical cell type in which tau has to be reduced to counteract brain dysfunctions associated with 

Dravet syndrome and that overall cerebral tau reduction could have similar benefits, even when 

initiated postnatally.
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Tau ablation in excitatory neurons and postnatal knockdown of brain tau reduce epilepsy, early 

death, and autism behaviors in a Dravet syndrome model.

INTRODUCTION

Autism spectrum disorders (ASDs) are a group of neurodevelopmental diseases, possibly 

affecting ~1% of people worldwide (1, 2). Although etiologically diverse, these conditions 

share several core symptoms, including repetitive and restricted (stereotypic) behaviors, 

impaired social interactions, and communication deficits (1, 3–6). ASDs are often 

accompanied by additional health problems, including epilepsy, delayed psychomotor 

development, intellectual disability, hyperactivity, attention deficits, anxiety, gastrointestinal 

disturbances, and sleep abnormalities (1, 7, 8). Conversely, brain disorders in which 

such other dysfunctions predominate can be accompanied by autism, for example, Dravet 

syndrome (DS), a severe epileptic encephalopathy that can result in autism.

Beginning in early childhood, DS causes a variety of seizures that can lead to sudden 

unexpected death in epilepsy (SUDEP) (9, 10). In more than 80% of cases, DS is caused by 

de novo variants of the SCN1A gene, 50–60% of which result in haploinsufficiency of the 

voltage-gated sodium channel α subunit NaV1.1 (11–16). NaV1.1 is particularly abundant 

in parvalbumin-expressing inhibitory interneurons and critically supports the function of 

these cells (17–19). Scn1aRX/+ knockin mice carry a truncation mutation (R1407X) in 

one Scn1a allele that results in a premature stop codon and Nav1.1 haploinsufficiency in 

heterozygous mice (17). The corresponding SCN1A variant causes DS in humans (20–22), 

although its prevalence among patients with DS seems to be unknown. Scn1aRX/+ mice 

begin to show generalized seizures and SUDEP in the third postnatal week (17), and those 

who survive beyond early postnatal maturation often go on to develop other features of DS 

(9), including cognitive decline and ASD-related behaviors such as excessive stereotypic 

behaviors, hyperactivity, and social interaction deficits (23–25). To simplify the description 

of genotypes, Scn1aRX/+ mice will be referred to as “DS mice.”

Seizures associated with DS in humans are often refractory to therapeutic interventions 

(26). In general, roughly 30% of people with diverse types of epilepsy do not benefit from 

currently available antiepileptic treatments (27). In a similar vein, the various drugs used for 

the management of autism have limited efficacy and many have substantial side effects (28, 

29). Better strategies are needed to treat epileptic encephalopathies, autism, and disabling 

comorbidities (27, 29–33).

Several ASDs that are associated with epilepsy also feature overactivation of the 

phosphoinositide 3-kinase (PI3K)–AKT–mammalian target of rapamycin (mTOR) pathway 

and brain overgrowth (megalencephaly) (33–40). We previously showed that genetically 

reducing overall expression of the microtubule-associated protein tau can prevent or 

diminish multiple disease manifestations in mouse models of such ASDs, including DS 

mice (24, 25).

Tau has been studied most extensively in relation to tauopathies, aging-related 

neurodegenerative disorders that are associated with microscopically visible accumulations 
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of abnormal tau aggregates in neurons or other cell types (41–44). However, studies carried 

out in models of ASD, depression, epilepsy, and stroke have revealed additional disease-

enabling roles of nonaggregated tau in brain disorders that are not associated with such tau 

pathology [see ref. (45) for review]. For example, global genetic ablation of tau prevented 

or markedly reduced epileptic activity, SUDEP, cognitive deficits and autism-like behaviors 

in DS mice, which show no evidence for abnormal tau accumulation (24, 25). Reducing 

tau expression by 50% through inactivation of one Mapt allele was also efficacious (24, 

25), indicating that tau-lowering interventions may not have to fully eliminate tau to 

achieve therapeutic benefits. Tau ablation did not normalize the reduced expression of 

NaV1.1 in mutant brain tissues (24), suggesting a downstream block of epileptogenesis and 

related symptoms. Because tau is expressed in inhibitory and excitatory neurons (46, 47), 

a critical first step toward unraveling the mechanisms by which tau reduction counteracts 

the development of neural network and behavioral dysfunctions is to determine from 

which cell type(s) tau has to be removed for tau reduction to yield therapeutic benefits. 

The comparative analysis of conditional knockout mice with selective ablation of tau in 

excitatory or inhibitory neurons presented in this study suggests that excitatory forebrain 

neurons are the key cell type.

Although the development of increasingly effective viral vectors and gene editing strategies 

(48, 49) could ultimately allow for tau reduction in specific neuronal populations of people 

at risk for developing epilepsy, ASD, or both, overall knockdown of tau with tau-targeting 

antisense oligonucleotide (ASOs) (50–52) seems more readily translatable at this point in 

time. ASOs are short single-stranded sequences of DNA that selectively bind to target RNA 

by Watson-Crick base pairing (53). Intrathecal or intracerebroventricular (ICV) injection of 

ASOs into the cerebrospinal fluid causes widespread distribution of the molecules across 

the central nervous system (CNS) and prolonged knockdown or modulation of targeted gene 

products (53). A tau-targeting ASO is being tested in a clinical trial for Alzheimer’s disease 

(AD) (NCT03186989) (53).

Treatment with tau-targeting ASOs may also be helpful in ASDs, epilepsies and other 

tau-dependent disorders of early onset. However, the efficacy and feasibility of this approach 

will depend, at least in part, on when tau reduction has to be initiated to prevent disease 

manifestations. Does it have to be initiated in utero, as it is in tau knockout mice, or can it 

be delayed until later postnatal stages of development? Here, we address this question by 

treating young DS mice with ICV injection of a tau-targeting ASO. Early postnatal cerebral 

knockdown of tau reduced SUDEP, epilepsy, and several autism-like behaviors.

RESULTS

Conditional ablation of tau in excitatory but not inhibitory neurons counteracts the 
development of epileptic activity

To compare the effects of tau ablation in excitatory versus inhibitory neurons, we used 

conditional knockout mice with floxed Mapt alleles (Maptflox/flox mice) that were generated 

by homologous recombination in the Roberson laboratory. Heterozygous Emx1IRES-cre/+ 

knockin mice expressing Cre recombinase in excitatory neurons of multiple forebrain 

regions, including the hippocampus and neocortex (54), on a homozygous Maptflox/flox 
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background (ΔTau-EX mice), and heterozygous VgatIRES-cre/+ mice expressing Cre in 

inhibitory neurons (55) on a homozygous Maptflox/flox background (ΔTau-IN mice) were 

generated through equivalent breeding schemes, as described in Materials and Methods. 

During embryonic development, the Emx1 and Vgat promoters initiate gene expression by 

E12.5 (embryonic day 12.5) (54, 56, 57). Unless indicated otherwise, experimental and 

control groups in this study included comparable proportions of male and female mice.

After validating the specificity of the Tau5 antibody by comparative analysis of brain 

sections from Mapt+/+, Mapt+/–, and Mapt–/– mice (fig. S1), we used this reagent in 

combination with antibodies to cell type–specific markers to confirm the selective ablation 

of tau in excitatory neurons of ΔTau-EX mice and in inhibitory neurons of ΔTau-IN 

mice, respectively (Fig. 1A). Because increased resistance to epileptogenesis is among 

the most robust effects of global genetic tau reduction (24, 25, 45, 58), we challenged 

ΔTau-EX mice, ΔTau-IN mice, Mapt–/– (ΔTau), and Maptflox/flox mice (Control) with an 

intraperitoneal (IP) injection of the proconvulsant drug pentylenetetrazole (PTZ). Similar 

to global genetic ablation of tau, selective ablation of tau in excitatory neurons reduced 

both electroencephalographic (Fig. 1, B and C) and behavioral (Fig. 1D) evidence of PTZ-

induced epileptic activity, whereas selective ablation of tau in inhibitory neurons did not 

(Fig. 1, B to D), suggesting that excitatory neurons are the key cell type in which tau 

enables and tau reduction prevents this type of network dysfunction. For additional statistical 

comparisons between groups, see table S1.

Tau ablation in excitatory neurons reduces SUDEP, epileptiform activity, and autism-like 
behaviors in DS mice

We next investigated whether selective ablation of tau in excitatory or inhibitory neurons 

modulates the phenotype of DS mice. Crosses between genetically modified lines of 

mice were set up as detailed in Materials and Methods to generate offspring comprising 

Maptflox/flox mice (Controls), ΔTau-EX mice, and ΔTau-IN mice, as well as DS mice 

on a Maptflox/flox (DS*), Emx1IRES-cre/+/Maptflox/flox (DS*ΔTau-EX), or VgatIRES-cre/+/

Maptflox/flox (DS*ΔTau-IN) background.

Ablation of tau in excitatory, but not inhibitory, neurons reduced SUDEP (Fig. 2A) and 

epileptiform activity (Fig. 2, B and C) in DS* mice. Analysis of the survival curves (Fig. 

2A) by log-rank (Mantel-Cox) test with Holm-Sidak correction revealed Control mice to 

differ from DS* (P < 0.001) and DS*ΔTau-IN (P < 0.001) mice, but not from the other 

groups (P > 0.35); DS*ΔTau-EX mice differed from both DS* (P < 0.01) and DS*ΔTau-IN 

(P < 0.05) mice. DS*ΔTau-EX mice also showed fewer stereotypic (digging-like) behaviors 

than DS* mice, whereas DS*ΔTau-IN mice did not (Fig. 2D). Compared to Controls, both 

DS* and DS*ΔTau-IN mice showed strong reductions in their responses to a social odor, 

suggesting impairments in social interaction or communication, whereas the responsivity 

of DS*ΔTau-EX mice was in between those of DS* mice and Controls (Fig. 2, E and F). 

Habituation to each odor was measured as the slopes of linear regression lines through the 

three trials, as determined by Generalized Estimating Equation (GEE) framework analysis 

(25). DS* mice did not significantly differ from Controls in their habituation to water (P = 

0.1741) and vanilla (P = 0.0855; Fig. 2E), indicating a comparable sense of smell.
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Dishabituation was measured as the difference of sniffing time between water 3 and vanilla 

1 and between vanilla 3 and social 1, reflecting responses to a new nonsocial and a social 

odor, respectively. All groups of mice displayed similar dishabituation from water to vanilla 

(Fig. 2E), as determined by one-way analysis of variance (ANOVA) and Holm-Sidak test 

(P > 0.2 for all comparisons). For dishabituation from vanilla to social odor, a permutation 

test with Holm-Sidak correction revealed that DS* mice differed from Control (P = 0.001), 

ΔTau-EX (P = 0.001), ΔTau-IN (P = 0.001), and DS*ΔTau-EX (P = 0.0018) mice, but 

not from DS*ΔTau-IN mice (P = 0.2053). In addition, DS*ΔTau-EX mice differed from 

DS*ΔTau-IN mice (P = 0.049) and Controls (P = 0.0495). Focusing on the stimulus 

interaction time during the first two minutes of the social odor presentation (Fig. 2F), 

DS*ΔTau-EX mice engaged more extensively with the social odor than DS* (P = 0.0018) 

and DS*ΔTau-IN mice (P = 0.0218), whereas the sniffing time of DS*ΔTau-IN mice did not 

significantly differ from that of DS* mice (P = 0.7897).

Tau ablation in excitatory neurons reduces overactivation of the PI3K-AKT-mTOR pathway 
and megalencephaly in DS mice

Excessive activity of the PI3K-AKT-mTOR pathway has been implicated in the 

pathogenesis of epilepsies and ASDs (30, 31, 33, 39, 59) and can be prevented by genetic 

tau reduction in DS mice (25). We therefore measured the phosphorylation (activation) states 

of AKT (protein kinase B) and ribosomal protein S6, which have been widely used to 

assess PI3K-AKT-mTOR activity (25, 31, 39, 60–63). In contrast to phosphorylation of S6 

at Ser235/236, phosphorylation of S6 at Ser 240/244 provides a reliable measure of mTOR 

activity (62, 64–66). Ablation of tau in excitatory neurons prevented PI3K-AKT-mTOR 

overactivation in DS* mice, as determined by Western blot analysis of phosphorylated AKT 

(p-AKT) and Ser240/244-phosphorylated S6 (p-S6; Fig. 3, A to C) in the hippocampus. DS* 

and DS*ΔTau-IN mice had more p-AKT than Controls, whereas DS*ΔTau-EX mice did not 

(Fig. 3, A and B). DS*ΔTau-EX mice had less p-AKT than DS* mice (Fig. 3, A and B). 

Among the groups analyzed, only DS* mice had more p-S6 than Controls (Fig. 3, A and C). 

For additional statistical comparisons between groups and the identification of trends, see 

table S1.

As expected based on previous findings (25), DS* mice developed megalencephaly as they 

matured (Fig. 3D). At two months of age, only the brain weights of DS* mice differed from 

those of Controls, and DS*ΔTau-EX mice had lower brain weights than DS* mice (Fig. 3D), 

whereas DS*ΔTau-IN mice did not (P = 0.1264).

Together, these findings suggest that reducing tau in excitatory neurons counteracts the 

development of autism-like behavioral abnormalities as well as biochemical and anatomical 

alterations that may contribute to such brain dysfunctions.

ASO-mediated reduction of brain tau in wild-type and DS mice

To determine whether tau reduction can diminish neural network and behavioral 

dysfunctions in DS mice also when initiated postnatally, we injected DS mice (Scn1aRX/+ 

mice on a Mapt+/+ background) and wild-type (WT) controls ICV with saline, a 

nontargeting control ASO (NT-ASO), or a Mapt mRNA-targeting ASO (Tau-ASO) on 
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postnatal day 10 (P10) and P56 (Fig. 4A). Roughly four months after the first injection, both 

ASOs were still widely distributed throughout the brain, as demonstrated by immunostaining 

in Fig. 4B and fig. S2A for WT mice. Staining of brain sections with the Tau5 antibody 

revealed that tau immunoreactivity was still reduced ~4 months after the first Tau-ASO 

injection (Fig. 4C). As documented by colabeling of brain sections with cell type-specific 

markers, the Tau-ASO reduced tau expression across different brain regions and cell types, 

including in excitatory and inhibitory neurons in the prefrontal cortex, hippocampal CA1 

and CA3 region, dentate gyrus, and cerebellum, as well as in oligodendrocytes in the 

prefrontal cortex, dentate gyrus, fimbria, and cerebellum (Fig. 4, D to F and fig. S2, B to E).

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis of 

hippocampal RNA from replicate groups of mice revealed that treatment with the Tau-ASO 

reduced the abundance of Mapt mRNA to 16–25% of control values at two weeks after the 

first and second ICV injections and that the amount of Mapt mRNA had returned to 47% 

of control values by ~4 months after the first injection (Fig. 4G). However, Western blot 

analysis at the latter time point showed that hippocampal tau protein was still reduced to 

35% of control values in both DS and WT mice (Fig. 4, H and I).

Reduced SUDEP, epileptiform activity, and autism-like behaviors in Tau-ASO–treated DS 
mice

To determine whether postnatal knockdown of tau reduces SUDEP in DS mice, we 

monitored the survival of mice treated with Tau-ASO or NT-ASO (Figs. 4A and 5A) from 

P25, when brain tau expression was at its lowest in Tau-ASO–treated mice (Fig. 4G), until 

P140, when tau protein in such mice was still reduced (Fig. 4, H and I) but the amount of 

Mapt mRNA was beginning to rise toward 50% of normal (Fig. 4G). Tau-ASO treatment 

reduced SUDEP (Fig. 5A) and epileptiform activity (Fig. 5B) in DS mice, as compared 

to NT-ASO–treated DS mice. Analysis of the survival curves (Fig. 5A) by log-rank (Mantel-

Cox) test with Holm-Sidak correction revealed a significant difference between NT-ASO 

treated WT and DS mice (P = 0.0015) and between DS mice treated with NT-ASO versus 

Tau-ASO (P = 0.0277), but not between Tau-ASO–treated DS mice and WT mice treated 

with NT-ASO (P = 0.3977) or Tau-ASO (P = 0.0666). These survival curves provide an 

indirect measure of early-onset seizures that are most likely to cause SUDEP, particularly 

generalized tonic-clonic seizures (67, 68). To assess the effect of tau reduction on such 

seizures more directly, we treated an independent cohort of DS mice with the Tau-ASO 

or the NT-ASO at P10, implanted intracranial EEG electrodes at P25, and continuously 

monitored mice by video-EEG from P27 to P30 (fig. S3A). Tau-ASO treatment reduced the 

proportion of DS mice that exhibited generalized tonic-clonic movements in association with 

EEG seizure activity during this recording period (fig. S3, B and C): ~18% of Tau-ASO–

treated mice compared to ~58% of NT-ASO–treated mice (P < 0.05). To broadly monitor for 

potential off-target effects and assess the tolerability of cerebral tau knockdown during early 

postnatal maturation, we measured the body weights of ASO-treated mice. No differences 

were found in weights and weight gains among the treatment groups (Fig. 5C).

Next, we compared the behavior of DS and WT mice after ICV injections of Tau-ASO or 

NT-ASO (Fig. 4A) in ASD-relevant tests. Tau-ASO treatment reduced excessive stereotypic 
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(digging-like) behaviors (Fig. 5, D and E) and hyperactivity (Fig. 5, F to H) in DS mice. 

In the three-chamber social preference test, Tau-ASO treatment yielded trends toward 

improvements in female DS mice (Fig. 5, I and J), but not male DS mice (fig. S4). In 

the female cohort, WT mice treated with NT-ASO or Tau-ASO, as well as DS mice treated 

with Tau-ASO, spent more time in the chamber that contained an inverted wire cup with a 

live mouse (social cup) than in the chamber that contained a cup with an inanimate object, 

whereas NT-ASO treated DS mice did not (Fig. 5I). In addition, the ratio of time periods 

mice spent interacting with the social or inanimate cup were reduced in NT-ASO treated, 

but not Tau-ASO treated, DS mice, as compared to WT controls treated with NT-ASO or 

Tau-ASO (Fig. 5J).

Similar to genetic ablation of tau (24), postnatal knockdown of tau did not prevent the 

depletion of NaV1.1 in brain tissues of DS mice (fig. S5). It is therefore likely that 

these interventions reduce SUDEP and behavioral abnormalities by modulating pathogenic 

mechanisms downstream of the NaV1.1 haploinsufficiency.

Tau-ASO treatment blocks overactivation of the PI3K-AKT-mTOR pathway and 
megalencephaly in DS mice

Compared with WT controls, hippocampal amounts of p-AKT (Fig. 6, A and B) and 

p-S6 (Fig. 6, A and C) were increased in NT-ASO–treated, but not Tau-ASO–treated, DS 

mice. Immunohistochemical analysis of brain sections from these mice revealed increased 

abundance of p-S6 in various brain regions of NT-ASO–treated, but not Tau-ASO–treated, 

DS mice, as compared to WT mice treated with either ASO (Fig. 6D).

Because both autism and overactivation of the PI3K-AKT-mTOR pathway can be associated 

with megalencephaly and this anatomical abnormality can be prevented by genetic reduction 

of tau (25), we compared the brain weights of ~4-month-old DS and WT mice after 

they were treated with Tau-ASO or NT-ASO (Fig. 4A). Tau-ASO treatment prevented 

megalencephaly in DS mice (Fig. 6E).

DISCUSSION

These findings suggest that tau expression in excitatory neurons contributes more to 

the development of epilepsy, SUDEP, overactivation of the PI3K-AKT-mTOR pathway, 

megalencephaly, and autism-like behaviors in NaV1.1-haploinsufficient DS mice than 

tau expression in inhibitory interneurons. They further demonstrate that reducing tau in 

excitatory neurons is sufficient to prevent or markedly reduce the development of these 

abnormalities, indicating that these cells are a critical, if not the most important, cell 

population to target with tau-lowering therapeutic interventions, at least in the context of 

NaV1.1 haploinsufficency. The results of our knockdown experiments further highlight that 

tau reduction does not need to be initiated in utero to have therapeutic benefits and that 

tau-targeting ASO treatment initiated after birth can prevent or ameliorate multiple disabling 

and even life-threatening consequences of NaV1.1 haploinsufficency in a mouse model 

of DS. Thus, our study provides important insights into the cellular mechanisms of tau-

dependent neural dysfunctions as well as potentially useful guidance for the development of 

tau-targeting therapeutics, particularly in regard to autism and epilepsy of early onset.
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In general, epileptic activity can emerge from alterations in excitatory or inhibitory neurons, 

and it can be prevented or suppressed by modulating activities of either cell type (69–

71). Although the likeliest cause of epilepsy after PTZ injection, and in DS mice, is 

deficient inhibitory regulation of excitatory neurons (17–19, 72), in both models tau 

ablation counteracted the development of epilepsy only when implemented in excitatory, 

but not inhibitory, neurons. These findings raise the possibility that tau ablation reduces the 

propensity of excitatory neurons to become engaged in hypersynchronous network activity. 

Consistent with this hypothesis, we recently showed that tau ablation reduces the activity 

and excitation/inhibition (E/I) ratio of excitatory neurons at baseline and after excessive 

depolarization, which would be expected to counteract conditions that cause excessive E/I 

ratios such as DS, other types of epilepsy, and some ASDs, independent of their diverse 

pathogenic triggers (73). The extent to which these effects depend on modulation of the 

PI3K-AKT-mTOR pathway merits further investigation.

Genetic alterations that cause early-onset epilepsies are often associated with ASDs, 

raising the possibility that aberrant increases in the E/I ratio and network hyperexcitability 

promote the development of autistic behaviors, at least under certain pathophysiological 

conditions (7, 37, 74–77). Similar questions have been raised about a potential cause-effect 

relationship between megalencephaly and autism (34, 36, 38, 78). Aberrant activity of 

the PI3K-AKT-mTOR pathway may link all three of these disease manifestations (33, 36, 

39). Overactivation of this pathway can both result from and cause epileptic activity, and 

can also cause megalencephaly and autism-like behaviors (25, 31, 33, 36, 38, 39, 78). 

In our study, tau ablation in excitatory, but not inhibitory, neurons prevented or reduced 

not only epileptic activity and SUDEP, but also overactivation of the PI3K-AKT-mTOR 

pathway, megalencephaly, and several autism-like behaviors, highlighting the importance 

of tau expression in excitatory neurons in the pathogenesis of these abnormalities. The 

phosphatase and tensin homolog deleted on chromosome 10 (PTEN) counteracts the activity 

of PI3K and is negatively regulated by tau (25, 79). We previously identified increased 

PTEN activity as a likely molecular mechanism through which tau reduction prevents the 

ASD-promoting overactivation of the PI3K-AKT-mTOR pathway (25).

Because the overall magnitude of p-AKT and p-S6 changes we identified may seem subtle, 

it should be noted that we reduced tau in select cell populations but analyzed bulk tissues 

in which the PI3K-AKT-mTOR pathway was active in diverse types of brain cells (60, 

63), including many cells in which we did not reduce tau or in which tau would not be 

expected to modulate this pathway because it is expressed in very low amounts at baseline 

(46). Consequently, signal changes in neurons affected by DS and tau reduction were likely 

diminished by the lack of changes in other cell types that were unaffected by these variables.

Pharmacological inhibition of the PI3K-AKT-mTOR pathway reduces epilepsy (30, 31) 

and autism-like behaviors (33, 39) in mouse models, but has shown variable efficacy 

and can have multiple side effects, including hyperglycemia, hyperlipidemia, pneumonitis, 

hepatotoxicity and bone marrow suppression. In our study, tau reduction suppressed 

overactivation of the PI3K-AKT-mTOR pathway in brain tissues and was well tolerated, 

independent of whether it was achieved through ASO treatment or conditional ablation 

in specific types of neurons. The lack of obvious adverse effects of tau reduction in our 
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study is consistent with previous findings obtained after global genetic tau reduction or 

ASO-mediated cerebral tau knockdown at other ages in mice and nonhuman primates (45, 

51, 58). Reports of results from a clinical trial of a tau-targeting ASO in patients with AD 

(NCT03186989) are pending at this time.

A major question in developing and deploying therapeutics for epilepsy, autism, and many 

other brain disorders is when interventions would have to be initiated to prevent or reduce 

disabling symptoms. Our study demonstrates that early postnatal knockdown of tau reduces 

epilepsy, SUDEP, overactivation of the PI3K-AKT-mTOR pathway, megalencephaly, and 

several autism-like behaviors in DS mice. Thus, tau reduction could help prevent the 

development of such abnormalities even when initiated after birth. Additional therapeutic 

targets for ASO-mediated modulation in DS include Scn1a itself. Increasing the expression 

of functional NaV1.1 by modulating the splicing of WT Scn1a with ASOs in heterozygous 

Scn1a knockout mice ameliorated multiple DS-like disease manifestations (80). Studies in 

AD-relevant models (81, 82) suggest that—similar to tau reduction [ref. (45) and this study]

—enhancing the function of NaV1.1 may be of benefit not only in DS, but also in other 

conditions associated with interneuron impairments and neural network dysfunctions.

In general, ASOs are considered viable therapeutics and have become the focus of an 

increasing number of preclinical and clinical trials for CNS diseases (50–53, 83), including 

for Angelman syndrome, AD, amyotrophic lateral sclerosis, and—most successfully 

so far—spinal muscular atrophy, a neurodegenerative disorder that, similar to ASDs, 

predominantly affects children (53, 84, 85). An ASO targeting survival of motor neuron 

2 pre-mRNA has already been approved for treatment of spinal muscular atrophy by the U.S. 

Food and Drug Administration and the European Medicines Agency (53, 85).

In our experimental model, postnatal knockdown of tau reduced some behavioral 

abnormalities more effectively than others. For example, Tau-ASO treatment reduced 

excessive stereotypic behaviors more markedly than hyperactivity, although it diminished 

both behavioral alterations. We observed little to no amelioration of social deficits after the 

Tau-ASO treatment, whereas such deficits were more robustly reduced by the conditional 

ablation of tau in excitatory neurons (this study) and by global genetic reduction of tau (25). 

Distinct autism-like behaviors may differ in regard to the time period during which they 

can be modulated by tau reduction and with respect to the extent of tau reduction required 

to achieve this outcome, depending on the neuronal populations involved, the underlying 

pathogenic mechanisms, and the developmental stages during which they emerge. In a 

mouse model of Rett syndrome, a low dose of an MeCP2-targeting ASO was sufficient 

to reduce excessive stereotypic behaviors, whereas the reduction of learning deficits and 

excessive anxiety required higher doses or more prolonged treatment (83). At least some 

stereotypic behaviors seem to be regulated by a circuit involving the prefrontal cortex, 

basolateral amygdala, and hippocampus (86, 87). Perhaps, this circuit is, in general, more 

responsive to therapeutic interventions than circuits and networks subserving more complex 

brain functions such as learning and social interactions. In addition, it is possible that the 

pathogenesis of some autism-related behavioral abnormalities is more dependent on tau than 

that of others. This and other differences in underlying pathomechanisms may shift the 
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developmental and disease stages during which different types of brain dysfunctions are 

amenable to therapeutic modulation.

Because ASOs need to be delivered directly into the cerebrospinal fluid by intrathecal 

or ICV injection, the development of orally bioavailable small-molecule drugs that can 

effectively and safely lower all forms of tau in excitatory neurons is an important objective. 

In addition, studies are needed to further assess the usefulness of tau reduction in models 

of other potentially tau-dependent brain disorders, including different ASDs, and to define 

the best treatment regimens, including optimal periods for treatment initiation as well as the 

extent and duration of tau reduction that is required to effectively and persistently reduce 

disease manifestations.

Our study has several limitations. Because it focused on a specific line of knockin mice, 

additional studies are needed to determine whether the selective ablation of tau in excitatory 

neurons and the postnatal knockdown of brain tau expression also have beneficial effects in 

models of other epilepsies, ASDs, and related conditions causing aberrantly increased E/I 

ratios.

Although our study was not designed to identify the molecular mechanisms by which tau 

reduction counteracts the development of epilepsy, SUDEP, and autism-like behaviors in 

DS mice, it clearly identified excitatory neurons as a key cell type on which this quest 

should focus in the future. In light of our previous work (25) and the current study, it would 

be particularly interesting to further dissect tau’s ability to regulate the PI3K-AKT-mTOR 

pathway in this cell type. It could also be worthwhile to assess whether other autism-relevant 

pathways such as Wnt signaling (88, 89) are altered in DS mice and normalized by tau 

reduction. It may be informative to more directly correlate tau-dependent modulations of 

signaling pathways with network and behavioral dysfunctions in the same cohort of mice. 

However, if the signaling changes were transient and had persistent effects, they might 

precede the development of structural and functional alterations but not correlate with the 

extent of these alterations after they have become manifest. Because Emx1 targets Cre 

expression not only to neurons, but also to some glial populations (54), it could also be 

of interest to further assess tau’s roles in glial cells with robust amounts of tau expression 

such as oligodendrocytes (46). In this study, we evaluated the effects of postnatal tau 

reduction only at P10. From a therapeutic perspective, it would be useful to assess additional 

intervention times to determine the latest stages of brain development and maturation at 

which tau reduction still shows benefits. Most experimental models simulate some, but not 

all, aspects of the conditions they were designed to investigate, and species differences 

can complicate extrapolations from animal models to humans. Therefore, caution is always 

in order when advancing discoveries from preclinical trials into therapeutic strategies for 

assessments in clinical trials. Although the ASO-mediated knockdown of tau in the CNS is 

well tolerated in mice and nonhuman primates [refs. (50, 51) and this study], the results of 

a clinical trial of an intrathecally delivered tau-targeting ASO in humans (NCT03186989) 

have not yet been published. The need to repeatedly administer ASOs by intrathecal or 

ICV injection is a limitation that the development of orally bioavailable small-molecule 

tau-reducing drugs should be able to overcome.
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MATERIALS AND METHODS

Study design

The research objectives, subjects of investigation, and overall experimental design are all 

described in Results. Briefly, we used behavioral, electrophysiological, anatomical and 

biochemical methods to test the hypotheses that (i) selective genetic ablation of tau in 

excitatory or inhibitory neurons and (ii) postnatal knockdown of brain tau have similar 

effects on the phenotype of Scn1aRX/+ mice as global genetic reduction of tau. Outcome 

measures and sample sizes were determined a priori based on previous studies of Scn1aRX/+ 

mice on Mapt+/+, Mapt+/–, and Mapt–/– backgrounds. For all behavioral testing, EEG 

recordings, histological analyses, and biochemical assays, experimenters were blinded to 

the genotype and treatment of mice. For behavioral testing and EEG recordings, the testing 

order of mice was randomized. With the following exception, no data were excluded. 

Mice with obvious health problems such as skin lesions, eye injuries, tumors, or slowed 

movements were excluded from behavioral testing and analysis. Behavioral experiments 

were replicated in at least two independent cohorts of mice. In all experiments, data obtained 

in individual mice were considered one biological replicate. Data collection was not stopped 

until the experiments were completed. Most experiments were replicated in at least two 

independent sex-balanced cohorts of mice.

Mice

Scn1aRx/+ mice generated by Dr. K. Yamakawa (Laboratory for Neurogenetics, RIKEN 

Brain Science Institute) were obtained from Dr. M. H. Meisler (University of Michigan) 

and crossed onto the C57BL/6-J background for >10 generations. Tau knockout (Mapt–/–) 

mice on the C57BL/6-J background (no. 007251) were obtained from the Jackson 

Laboratory. Emx1IRES-cre (no. 005628) and VgatIRES-cre (no. 028862) knockin mice on 

the C57BL/6J background were also obtained from the Jackson Laboratory. Maptflox/flox 

mice on the C57BL/6-J background were generated by homologous recombination in 

C57BL/6-J embryonic stem cells in the Roberson Laboratory. All mice were maintained 

on a C57BL/6-J background by breeding genetically modified mice with WT C57BL/6-

J mice from the Jackson Laboratory (000664). Scn1aRx/+ male mice were bred with 

WT female mice to generate Scn1aRx/+ and WT mice for ASO treatments. Hemizygous 

Scn1aRx/+ mice, Emx1IRES-cre/+ mice, and VgatIRES-cre/+ knockin mice were separately 

crossed onto the Maptflox/flox background. Scn1aRx/+/Maptflox/flox males were then 

bred with either Emx1IRES-cre/+/Maptflox/flox or VgatIRES-cre/+/Maptflox/flox females to 

generate Scn1a+/+, Scn1aRX/+, Emx1IRES-cre/+, VgatIRES-cre/+, Scn1aRX/+/Emx1IRES-cre/+, 

and Scn1aRX/+/VgatIRES-cre/+ mice on the Maptflox/flox background. Unless indicated 

otherwise, experimental and control groups were sex-balanced, age-matched, and generated 

by the same breeding schemes. Mice were housed in groups of 2–5 per cage on a 12 hour 

light/dark cycle with ad libitum access to food (PicoLab Rodent Diet 20, 5053; LabDiet) and 

water. For euthanasia, anesthetized mice were perfused transcardially with ice-cold 0.9% 

NaCl solution. Brain tissues were immediately dissected on ice and processed and analyzed 

with the reagents summarized in table S2 as described further below. All experiments 

involving mice were approved by the Institutional Animal Care and Use Committee of the 

University of California, San Francisco.
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PTZ-induced seizures

Mice were intraperitoneally injected with saline or PTZ (50 mg/kg body weight). 

Immediately after the injection, mice were observed for the development of movements 

or behaviors indicative of seizure activity. Seizure severity was quantified blinded to the 

genotype and treatment of mice using the following scores: 0, no abnormal movements or 

behaviors; 1, immobility; 2, tail twitch; 3, whole body twitch; 4, a single body contraction; 

5, serial body contractions; 6, series of abnormal movements (tail twitch, body shaking or 

contraction; sometimes associated with loss of balance) lasting 5–10 seconds; 7, tonic-clonic 

convulsions; and 8, death.

ASO treatments

The NT-ASO and Tau-ASO [Fig. 4A and ref. (90)] were obtained from Ionis 

Pharmaceuticals. Both ASOs have five nucleotides on the 5′- and 3′-termini containing 2′-
O-methoxyethyl modifications and ten unmodified central oligodeoxynucleotides to support 

ribonuclease H activity, as well as phosphorothioate backbone linkages at select locations 

to improve nuclease resistance and promote cellular uptake. Each ASO was solubilized 

in sterile 1x phosphate-buffered saline (PBS) without Ca2+/Mg2+ (Gibco, 14190). ASO 

concentrations were determined with a NanoDrop system (Thermo Fisher Scientific) and 

adjusted to 100 mg/ml. For manual ICV injections of ASOs at P10, mouse pups were 

anesthetized with isoflurane. The head was stabilized by hand, and a 27-gauge needle 

connected to a 25 μl Hamilton syringe was used to puncture the skin and skull and to inject 

200 μg of ASO in 2 μl of vehicle into the right lateral ventricle (~5 mm behind the front 

of the eyes and ~1.5 mm from the midline) over a 5-s period. To reduce leakage along the 

needle track, the needle was held in place for 15 s. After the injection, mice were kept in 

a warm container for 5–10 min until spontaneous movements and proper responsiveness 

to stimuli were evident. For ICV injections at later ages, mice were anesthetized with 

isoflurane and placed in a stereotaxic instrument (Stoelting). After applying local anesthetic 

and sterilizing the surgical site, a midline incision was made over the skull and a small 

hole was drilled through the skull. A 10 μl Hamilton syringe connected to a motorized 

nanoinjector was then used to inject 300 μg of ASO in 3 μl of vehicle into the right lateral 

ventricle (coordinates relative to the bregma: anteroposterior, −0.22 mm; mediolateral, +1.0 

mm; dorsoventral, −2.5 mm) over a 6-min period. After the injection, the needle was 

left in place for another 5 min. The skin incision was closed with a suture, followed by 

subcutaneous injection of buprenorphine (0.05 mg/kg) and carprofen (5 mg/kg) to alleviate 

any postsurgical pain or discomfort. Mice were monitored for at least 3 days after the 

surgery.

Behavioral testing

Data acquisition and analysis were carried out by investigators blinded to the genotype 

and treatment of mice. All behavioral tests were performed during the light period. Before 

testing, mice were transferred to the testing room and allowed to acclimate for at least 1 

hour. All work surfaces were cleaned with Vimoba (100 parts per million of chlorine dioxide 

solution made from MB-10 Tablets, Quip Laboratories) at the beginning and end of the 

day and with 70% alcohol between test sessions. The number and sequence of behavioral 
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paradigms in which mice were tested was the same for experimental and control mice within 

any given cohort, but differed across cohorts because of practical variables such as the 

testing schedule of the Behavioral Core, which often supports multiple projects in parallel.

Open-field—Spontaneous activity in the open field was measured with an automated Flex 

Field Open Field Photobeam Activity System (San Diego Instruments). Mice were tested for 

15 min in a clear plastic chamber (41 cm by 41 cm by 30 cm) equipped with two 16 by 16 

photobeam arrays for the detection of horizontal and vertical movements. Total movements, 

number of rearings, entries into the center of the arena, and the ratio of movements made 

in the center versus periphery of the arena were recorded automatically for subsequent 

analysis.

Elevated plus maze—The maze consisted of two open arms (without side walls) and two 

enclosed arms (with side walls) elevated 63 cm above the ground (Kinder Scientific). Mice 

were placed at the junction among the arms facing one of the open arms and allowed to 

explore the maze for 10 min. Total distance traveled and time spent in the open versus closed 

arms were monitored with infrared photobeams.

Stereotypic behaviors—Mice were placed individually into clean cages (25 cm by 18 

cm by 16 cm) without bedding for 20 min and videotaped. To avoid habituation-related 

confounds, only the last 10 min of each video was scored for the total amount of time mice 

were engaged in stereotypic behaviors and the number of bouts during which such behaviors 

dominated their spontaneous activity. Because the most prevalent stereotypic behavior of 

Scn1aRx/+ mice in this study consisted of repetitive forearm movements in a downward 

direction, these digging-like behaviors were used for quantifications.

Three-chamber social preference—The three-chamber apparatus consisted of a 

polycarbonate box (60 cm by 40 cm by 22 cm) with removable partitions that separate 

the box into three chambers with a 15 cm by 40 cm middle chamber and two 22.5 cm by 40 

cm side chambers. A wire cup (7.6 cm in diameter and 10 cm in height) was placed upside 

down in each of the side chambers. Experimental mice were initially placed individually into 

the middle of the apparatus and allowed to explore all chambers for 10 min in the absence 

of a stimulus mouse. For the social preference trial, an age- and sex-matched stimulus mouse 

that had been habituated to one of the wire cups for two 15-min sessions the day before 

was placed under the wire cup in the “social” side chamber, whereas an inanimate object 

was placed under the wire cup in the “nonsocial” side chamber. Which of the side chambers 

contained the stimulus mouse was varied between trials to control for any chamber-specific 

confounds. During the social preference trial, experimental mice were allowed to freely 

explore all chambers for 10 min. The test was done under dim light. Movements were 

videotaped, and interactions with the wire cups were analyzed offline with the TopScan 

tracking system (CleverSys). The amount of time mice spent in each chamber and within 

1.5 cm of the cups (interaction zone), as well as the number of times their noses entered the 

interaction zone, were quantified.

Olfactory habituation/dishabituation—Testing was carried out inside a biosafety 

cabinet or laminar flow hood. Mice were placed individually into clean cages (25 cm by 
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18 cm by 16 cm) without bedding for a 20–25-min habituation. They were then presented 

with cotton swab applicators dipped into water or vanilla extract (Spice Islands, 403911) or 

swiped in soiled mouse bedding (social odor). Vanilla extract was diluted 1:100 in water and 

stored in a plastic vial. Social odors were prepared by swiping cotton tip applicators across 

the bottom of a cage of an unfamiliar mouse of the same strain and sex in a zigzag fashion 

several times; bedding was removed from the cotton tip. Each odor was presented for 6 min, 

and the response of mice to the odor was scored throughout this period in 2-min bins. Odor 

presentations were separated by a 1-min interval. Applicators were inserted individually 

through the middle of the flat wire cage top and secured with a binder clip so that the cotton 

tip was roughly 5.8 cm above the cage floor. The number of interactions and the time mice 

spent interacting with the applicator were recorded. Interaction was defined as the mouse 

facing the cotton tip and its nose being within 2 cm of it. Climbing on the applicator was not 

counted as interaction time. The whole procedure was videotaped for confirmatory analysis.

Electroencephalography (EEG)

Lightweight EEG plugs were made in-house by soldering four Teflon-coated silver wire 

electrodes (0.125 mm in diameter) to a multichannel electrical connector. After mice were 

anesthetized with isoflurane, EEG electrodes were surgically implanted under the skull and 

over the left frontal cortex (reference electrode) and the left and right parietal cortices 

as described (91). Mice were allowed to recover from surgery for 2 weeks before EEG 

recordings began. Digital EEG activity and videos of their locomotor activity were recorded 

with a PowerLab data acquisition system and analyzed with Labchart 7 Pro software (AD 

Instruments). EEG traces and videos were evaluated by an investigator blinded to the 

genotype of mice. Epileptiform spikes were detected automatically with a macro written 

in Labchart 7. Deflections were identified as epileptiform spikes if their amplitude was 

≥4-fold the average baseline of the trace and the absolute value of the second derivative of 

the slope (the rate of change of voltage over a period of 5 ms) was ≥104. An investigator 

then manually verified each spike. Potentially spurious spikes associated with movements of 

the recording wire were excluded from the analysis. Spike frequency at rest was measured 

during the 12 hour light cycle and expressed as number of spikes per hour.

Reverse transcription quantitative polymerase chain reaction

Hippocampi were quickly isolated from saline-perfused hemibrains, frozen on dry ice, and 

stored at −80°C. Total RNA was extracted from individual mouse hippocampi with the 

RNeasy Kit (QIAGEN, 74106), and 300 ng of RNA per sample was used to synthesize 

cDNA with TaqMan Reverse Transcription Reagents (Thermo Fisher Scientific, N8080234). 

Quantitative real-time PCR was performed on an ABI Prism 7900HT Sequence Detection 

System (Thermo Fisher Scientific) using TaqMan Gene Expression Master Mix (Thermo 

Fisher Scientific, 4368706), a Mapt TaqMan probe (Life Technologies, #4351370), and a 

Gapdh TaqMan probe (Thermo Fisher Scientific, #4448484). Normalized relative amounts 

of Mapt mRNA were calculated by the 2–ΔΔC
T method (92) using Gapdh mRNA as the 

internal reference. Technical triplicates were averaged for each sample and Mapt/Gapdh 
mRNA ratios in experimental groups graphed relative to the mean of ratios in the main 

control group.
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Western blot analysis

Hippocampi were quickly isolated from saline-perfused hemibrains and frozen on dry ice. 

Within 1–2 hours, individual hippocampi were homogenized with a cordless pestle motor 

(VWR, 47747–370) at 4°C in 300 μl of ice-cold radioimmunoprecipitation assay buffer 

(Thermo Fisher Scientific, 89901) containing protease inhibitors (Complete Ultra Mini, 

Roche, 05892791001; 2 tablets per 10 ml) and phosphatase inhibitors: PhosSTOP (Roche, 

04906837001; 2 tablets per 10 ml) and phosphatase inhibitor cocktails 2 and 3 (1:100; 

Sigma-Aldrich, P5726 and P0044). The protein lysate was then sonicated on ice for 2 min at 

amplitude 40 using an EpiSonic multifunctional bioprocessor (EpiGentek) and centrifuged 

at 10,000 rpm for 10 min at 4°C. Supernatant was collected and protein concentration 

measured by Bradford protein assay (Bio-Rad, 5000006). Lysate containing 20 μg of 

protein was mixed with NuPAGE LDS Sample Buffer (Thermo Fisher Scientific, NP0007) 

and NuPAGE Sample Reducing Agent (Thermo Fisher Scientific, NP009), incubated at 

70°C for 10 min, cooled down, electrophoresed on NuPAGE Novex 4–12% bis-tris Midi 

protein gels (Thermo Fisher Scientific, WG1402BOX) in cold fresh NuPAGE Mops SDS 

running buffer (Thermo Fisher Scientific, NP0001–02) at 180 V for 1 hour and 20 min at 

4°C, and transferred at 25 V for 10 min onto nitrocellulose membranes (Thermo Fisher 

Scientific, IB23001) with an iBlot 2 gel transfer device (Thermo Fisher Scientific, IB21001). 

Membranes were blocked with 50% Odyssey blocking buffer (LI-COR, 927–50000) diluted 

in tris-buffered saline (TBS; Thermo Fisher Scientific, BP24711) for 1 hour at room 

temperature and incubated for 2 days at 4°C in 50% Odyssey blocking buffer diluted in TBS 

containing 0.1% Tween 20 (TBST) and the following primary antibodies: mouse anti–pan-

AKT (1:1000; Cell Signaling Technology, 2920), rabbit anti–p-AKT (1:1000; Cell Signaling 

Technology, 9271), mouse anti–p-S6 ribosomal protein (1:500; Cell Signaling Technology, 

2317), rabbit anti–phospho-S6 ribosomal protein (1:1000; Cell Signaling Technology, 4858), 

mouse anti-tau (1:1000; Millipore, MAB361), or rabbit anti–β-actin (1:3000; LI-COR, 926–

42210). Membranes were then washed four times in TBST alternating with TBS for 10 

min each at room temperature, incubated with IRDye 800CW goat anti-rabbit (1:10,000; 

LI-COR, 925–32211) and IRDye 680LT goat anti-mouse immunoglobulin G (IgG; 1:10,000; 

LI-COR, 925–68020) for 1 hour at room temperature in the dark, and washed four times 

in TBST alternating with TBS for 10 min each at room temperature. Protein bands were 

visualized with an Odyssey CLx Infrared Imaging System (LI-COR) and signal intensities 

were quantified with Image Studio Lite software (LI-COR, version 5.2). The abundance of 

NaV1.1 protein was determined as described (93).

Immunohistochemistry

To prepare brain sections, saline-perfused hemibrains were drop-fixed in 4% 

paraformaldehyde for 48 hours, washed with PBS, and stored at 4°C in PBS with 0.01% 

sodium azide. Before sectioning, hemibrains were equilibrated in 30% sucrose for ≥48 

hours at 4°C. Sagittal or coronal brain sections (30 μm) were cut with a sliding microtome 

(Leica, SM2010R) and stored at −20°C in cryoprotectant medium (30% glycerol and 30% 

ethylene-glycol in PBS).

For tau immunostaining and colabeling for cell type-specific markers, free-floating sections 

were placed into 24-well plates, rinsed in PBS three times for 10 min each, and 
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permeabilized with 0.25% Triton X-100 in PBS (PBS-Tx) for 30 min. Sections were 

pretreated with 3% H2O2 and 10% methanol in PBS for 15 min to block endogenous 

peroxidase activity and washed four times with PBS-Tx for 10 min each. For antigen 

retrieval, sections were incubated with 500 μl of boiling antigen retrieval buffer (10 mM 

citric acid and 40 mM sodium citrate at pH 6.0) at 105°C for 10 min, allowed to cool for 

10 min at room temperature, and washed four times with PBS-Tx alternating with PBS for 

10 min each. Endogenous mouse IgG was blocked with Mouse on Mouse (M.O.M) blocking 

reagent following the M.O.M. basic kit instruction (Vector Laboratories, BMK-2202) for 

1 hour at room temperature. Primary antibodies comprising mouse anti-tau (Tau5, 1:1000; 

BioLegend, 806401), rabbit anti-calcium/calmodulin-dependent protein kinase II (CaMKII) 

(1:500; Abcam, Ab52476), rabbit anti–γ-aminobutyric acid (GABA) (1:250; Millipore 

Sigma, A2052), rabbit anti-Olig2 (1:500; Novus Biologicals, NBP1–28667SS), and guinea 

pig anti-NeuN (1:1000; Synaptic Systems, 266 004) were diluted as indicated in M.O.M 

diluent, which was prepared by mixing one part of protein concentrate stock solution 

(Vector Laboratories, PK-2200) with 13 parts of PBS. Sections were incubated in primary 

antibody solutions overnight at room temperature, washed four times in PBS alternating 

with PBS-Tx for 10 min each, and incubated with anti-rabbit Alexa Fluor 488 (1:500; 

Thermo Fisher Scientific, A-11034) or anti-guinea pig Alexa Fluor 488 (1;500; Thermo 

Fisher Scientific, A-11073) conjugated secondary antibodies in PBS containing 3% normal 

goat serum (Jackson ImmunoResearch, 005-000-121) for 90 min at room temperature. 

Sections were then washed four times in PBS alternating with PBS-Tx for 10 min each and 

incubated with horseradish peroxidase conjugated anti-mouse antibody (1:500; Calbiochem, 

401253–2ML) for 1 hour at room temperature. Tau immunoreactivity was amplified with 

the Tyramide Signal Amplification (TSA) Kit (TSA Plus Cyanine 5, Akoya Biosciences, 

NEL745001KT). Briefly, the TSA Plus Amplification Reagent was solubilized in 150 μl 

of dimethyl sulfoxide (DMSO; Sigma-Aldrich, D2650-5X5ML) and diluted 1:50 in 1X 

Amplification Diluent. Sections were incubated with the resulting solution for 2 min at room 

temperature, washed three times with PBS-Tx, stained with Hoechst 33342 (1:10,000; Life 

Technologies, H3570) in PBS for 15 min at room temperature to visualize cell nuclei, and 

mounted with ProLong Diamond Antifade Mountant (Thermo Fisher Scientific, P36970).

For ASO and p-S6 immunostaining, free-floating sections were rinsed in PBS three times 

for 10 min each and permeabilized with PBS-Tx for 30 min, followed by 1 hour of 

blocking with PBS-Tx containing 10% normal goat serum. Sections were then incubated 

in PBS-Tx containing 3% normal goat serum and rabbit anti-ASO antibody (1:1000; gift 

from Ionis Pharmaceuticals) or rabbit anti-p-S6 ribosomal protein antibody (1:1000; Cell 

Signaling Technology, 4858) overnight at room temperature. Sections were washed four 

times in PBS alternating with PBS-Tx for 10 min each and incubated with anti-rabbit Alexa 

Fluor 488 conjugated secondary antibody (1:500; Thermo Fisher Scientific, A-11034) and 

Hoechst 33342 (1:10,000; Life Technologies, H3570) in PBS containing 3% normal goat 

serum (Jackson ImmunoResearch, 005-000-121) for 1 hour at room temperature. Sections 

were then washed three times with PBS-Tx and mounted with ProLong Diamond Antifade 

Mountant (Thermo Fisher Scientific, P36970).

Images of whole hemibrain sections in Figs. 1A, 4 (B and C), and 6D, and fig. S1 were 

obtained with a 10x objective on a BZ-9000 inverted epifluorescence automated microscope 
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system (Keyence) equipped with a 12-bit monochrome camera with red, green, and blue 

capability. Higher magnification images in Fig. 1A were obtained with a 20x objective on a 

Zeiss LSM880 confocal microscope, and higher magnification images in Figs. 4, D to F, and 

6D, and fig. S2 were obtained with a 20x objective at 2x zoom on an Olympus FV3000RS 

confocal microscope.

Statistical analysis

Statistical tests used, biological n, what n represents, and definitions of significance are 

described in the figure legends and in table S1. All statistical analyses were performed with 

GraphPad Prism software version 8.00 (GraphPad Software, La Jolla, CA) or R studio.

No repeated measures in the same mice/samples—If group sizes were small (n 
< 10), parametric tests were used because distribution assumptions could not be reliably 

assessed (94, 95). For datasets with larger group sizes, we first used the D’Agostino-Pearson 

test to ascertain whether all groups were distributed normally. For normally distributed data, 

we used the F-test (for datasets with two groups) or Brown-Forsythe test (for datasets with 

more than two groups) to determine whether the variances among groups were comparable. 

If so, unpaired, two-tailed Student’s t test (for datasets with two groups and one independent 

variable), one-way ANOVA followed by Holm-Sidak post hoc test for pairwise comparisons 

(for datasets with more than two groups and one independent variable), or two-way ANOVA 

followed by Holm-Sidak post hoc test for pairwise comparisons (for datasets with more 

than two groups and two independent variables) was used. For data that were not normally 

distributed, we determined whether the variances among groups were comparable after log 

transformation of data. If so, we used the Kruskal-Wallis test, followed by Dunn’s test for 

datasets with more than two groups. If not, the Mann-Whitney U test was used to compare 

two groups, and a permutation test with Holm-Sidak correction was used for multiple 

comparisons. Chi-square test was used to analyze the proportion of mice with or without 

seizures of early onset.

Repeated measures in the same mice—Olfactory habituation was analyzed by 

calculating the slopes of linear regression lines through the three trials for each stimulus. 

D’Agostino-Pearson test revealed that these data were not normally distributed. Therefore, 

habituation data were modeled in the GEE framework (96) as a function of genotype, 

odorant stimulus, and their interaction. DS* mice were chosen as the reference genotype, 

and water as the reference stimulus. Olfactory dishabituation was analyzed by calculating 

the difference between the sniffing time of the first trial of “vanilla” (vanilla 1) versus the 

last trial of “water” (water 3), and the difference between the sniffing time of the first trial 

of “social” (social1) versus the last trial of “vanilla” (vanilla 3). Because the vanilla1-water 3 

dataset was not normally distributed but had similar variances among groups, Kruskal-Wallis 

test and Dunn’s test were used to assess differences across genotypes and treatment groups. 

Because the social1-vanilla 3 dataset was not normally distributed and had unequal variances 

among groups, it was analyzed by permutation test followed by Holm-Sidak test.
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Fig. 1. Selective tau ablation in excitatory neurons reduces PTZ-induced epileptic activity in 
conditional knockout mice.
(A) Coronal brain sections from Maptflox/flox (Control), Emx1IRES-cre/+/Maptflox/flox (ΔTau-

EX), and VgatIRES-cre/+/Maptflox/flox (ΔTau-IN) mice coimmunostained for tau (red) and 

markers (green) of excitatory (CaMKII) or inhibitory (GABA) neurons. The leftmost 

column shows hemibrains (scale bar, 900 μm) and the images on the right show details 

of the hippocampal CA3 and CA2 subfields (scale bars, 60 μm). CA3 illustrates tau ablation 

in excitatory neurons (middle row). Because CA2 contains fewer pyramidal cells, it is 

more suitable for illustrating tau ablation in inhibitory neurons (bottom row). Genotypes are 

indicated on the very left. (B to D) Video-EEG recordings were used to assess epileptiform 

spike activity (B and C) and behavioral seizure activity (D) in 3.5-month-old male Control, 

Mapt–/– (ΔTau), ΔTau-EX, and ΔTau-IN mice after intraperitoneal injection of PTZ (50 mg/

kg). (B) Representative EEG traces recorded ~5 min after PTZ injection. Sections of traces 

marked with an asterisk are shown on the right at higher time resolution. (C) Epileptiform 
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spikes per minute averaged from a 20-min EEG recording after the PTZ injection, or from 

shorter periods for mice that died during the recording. n = 11–21 mice per group. (D) 

Highest seizure score reached within 20 min after the PTZ injection. n = 13–22 mice per 

group. **P < 0.01 and ****P < 0.0001 by one-way ANOVA and Holm-Sidak test. Gray 

circles represent data from individual mice. Values in (C) and (D) are means ± SEM.
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Fig. 2. Selective tau ablation in excitatory neurons reduces premature mortality, epileptiform 
activity, and autism-like behaviors in DS mice.
(A) Survival curves of Control, ΔTau-EX, ΔTau-IN, Scn1aRX/+/Maptflox/flox (DS*), 

Scn1aRX/+/Emx1IRES-cre/+/Maptflox/flox (DS*ΔTau-EX) and Scn1aRX/+/VgatIRES-cre/+/

Maptflox/flox (DS*ΔTau-IN) mice. n = 61–168 mice per group at P20, when monitoring 

began. (B) Representative EEG traces recorded from 2.5-month-old mice of the indicated 

genotypes. Sections of traces marked with an asterisk are shown on the right at higher time 

resolution. (C) Frequency of epileptiform spikes quantified at 2.5 months of age. n = 5–21 

mice per group. (D) Time mice were engaged in stereotypic (digging-like) behaviors at 6 

months of age. n = 15–43 mice per group. (E and F) Olfactory habituation/dishabituation in 

8-month-old mice. n = 15–31 mice. (E) Three different olfactory stimuli were presented for 

6 min each in the indicated order and the amount of time mice interacted with each stimulus 

was recorded in three 2-min bins. Mouse bedding was used as the social odor. (F) Stimulus 

interaction time during the first 2 min of social odor presentation. *P < 0.05, **P < 0.01, 

Shao et al. Page 27

Sci Transl Med. Author manuscript; available in PMC 2022 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and ***P < 0.001 by one-way ANOVA and Holm-Sidak test (C) or permutation test with 

Holm-Sidak correction (D and F). Gray circles represent data from individual mice. Values 

in (C) to (F) are means ± SEM.
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Fig. 3. Selective tau ablation in excitatory neurons prevents overactivation of the PI3K-AKT-
mTOR pathway and megalencephaly in DS mice.
(A) Representative Western blot showing amounts of p-AKT, total AKT, p-S6 (Ser 240/244), 

and total S6 in the hippocampus of 2-month-old mice. MW markers are indicated in the 

middle. (B and C) p-AKT/total AKT (B) and p-S6/total S6 (C) ratios in the hippocampus of 

2-month-old mice determined by Western blot analysis. Mean ratios in Control mice were 

defined as 1.0. (D) Brain weights of mice at 2 months of age. n = 14–36 mice per group. *P 
< 0.05 and **P < 0.01 by one-way ANOVA and Holm-Sidak test. Gray circles represent data 

from individual mice. Bars are means ± SEM.
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Fig. 4. Widespread distribution of ASOs and tau knockdown in mouse brains.
(A) Nucleotide sequences of the Tau-ASO and NT-ASO (top) and experimental design 

(bottom). Nucleotides containing 2′-O-methoxyethyl modifications are shown in orange. o, 

phosphodiester bond; s, phosphorothioate bond. WT and Scn1aRX/+ (DS) mice were injected 

ICV with the Tau-ASO or NT-ASO at P10 (200 μg) and P56 (300 μg). Replicate groups 

of mice were analyzed at P24, P70, or P140 for hippocampal tau expression and for other 

outcome measures as indicated. (B and C) Sagittal brain sections from 140-day-old WT 

mice showing representative distributions of ASO (B) and tau (C) immunostaining after 

the indicated ICV injections. Scale bars, 600 μm. (D to F) Sagittal brain sections from 

NT-ASO or Tau-ASO–treated 140-day-old WT mice coimmunolabeled for tau (red) and 

markers (green) of excitatory neurons (CaMKII) (D), inhibitory neurons (GABA) (E), or 

oligodendrocytes (Olig2) (F). PFC, prefrontal cortex; CA3, hippocampal subregion. Scale 

bars, 30 μm. (G) Hippocampal amounts of Mapt mRNA in replicate groups of WT mice 

Shao et al. Page 30

Sci Transl Med. Author manuscript; available in PMC 2022 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treated as indicated and analyzed by RT-qPCR at P24 (n = 3–4 mice per group), P70 (n = 

3–4 mice per group), or P140 (n = 12–13 mice per group). Mapt/Gapdh mRNA ratios in 

age-matched NT-ASO–treated mice were defined as 1.0. (H) Representative Western blot 

showing hippocampal amounts of tau and β-actin (loading control) in the indicated groups 

of mice at P140. Each lane contains a sample from a different mouse. (I) Hippocampal 

amounts of tau protein in the indicated mice (n = 24–26 per group) were quantified 

by Western blotting at P140. Mean tau/β-actin ratios in NT-ASO–treated WT mice were 

defined as 1.0. Gray circles represent data from individual mice. ****P < 0.0001 by two-

way ANOVA and Holm-Sidak test. Values in (G) and (I) are means ± SEM.
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Fig. 5. Postnatal Tau-ASO treatment reduces SUDEP, epileptiform spike frequency, and autism-
like behaviors in DS mice.
(A) Survival curves of WT and DS mice treated with NT-ASO or Tau-ASO as in Fig. 4. n = 

68–82 mice per group at P25, when monitoring began. (B) Frequency of epileptiform spikes 

in WT and DS mice recorded between P90 and P110 (Fig. 4A). (C) Maturation related 

increases in body weights across groups. (D to J) Behavioral effects of ASO treatments were 

assessed in WT and DS mice between P86 and P140 (Fig. 4A). The following autism-related 

behaviors were assessed: time engaged in stereotypic (digging-like) behaviors (D) and 

number of bouts of such behaviors (E), total movements (F) and number of rearings (G) in 

the open field, distance traveled in the elevated plus maze (H), and social preference in the 

three-chamber test as evidenced by time spent in the social or inanimate chamber (I) and 

ratio of times mice spent interacting with social or inanimate cups within these chambers 

(J). n = 8–12 male and female mice (B), 24–26 male and female mice (C to H), 12–13 

female mice (I), or 10–13 female mice (J) per group. *P < 0.05, **P < 0.01, ***P < 0.001, 

and ****P < 0.0001 by Mann-Whitney U test with Holm-Sidak correction (B), permutation 

test with Holm-Sidak correction (D and E), two-way ANOVA and Holm-Sidak test (F to H 

and J), or Student’s t test with Holm-Sidak correction (I). Gray circles represent data from 

individual mice. Values in (B) to (J) are means ± SEM.
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Fig. 6. Tau-ASO treatment reduces the overactivation of the PI3K-AKT-mTOR pathway and 
megalencephaly in DS mice.
(A to E) After treatment with ASOs as in Fig. 4, WT and DS mice were assessed at 

P140 for hippocampal activation of the PI3K-AKT-mTOR pathway and brain weight. (A) 

Representative Western blot showing hippocampal amounts of p-AKT, total AKT, p-S6 (Ser 

240/244), and total S6. MW markers are indicated on the right. (B and C) p-AKT/total AKT 

(B) and p-S6/total S6 (C) ratios in the hippocampus determined by Western blot analysis. 

Mean ratios in NT-ASO–treated WT mice were defined as 1.0. n = 12–13 animals. (D) 

Representative images of coronal brain sections immunostained for p-S6 (Ser 240/244). 

Hemibrains (scale bar, 600 μm) are shown in the top row and details (scale bar, 30 μm) of 

the hippocampal subfield CA3, the dentate gyrus (DG), and the entorhinal cortex (EC) are 

shown below. (E) Brain weights. n = 24–26 mice per group. **P < 0.01, ***P < 0.001, and 
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****P < 0.0001 by two-way ANOVA and Holm-Sidak test. Gray circles represent data from 

individual mice. Bars are means ± SEM.
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