RESEARCH ARTICLE

Tau Reduction Prevents Disease in a
Mouse Model of Dravet Syndrome

Ania L. Gheyara, MD, PhD,"? Ravikumar Ponnusamy, PhD," Biljana Djukic, PhD,’
Ryan J. Craft, BS,' Kaitlyn Ho, BS," Weikun Guo, MS," Mariel M. Finucane, PhD,’
Pascal E. Sanchez, PhD," and Lennart Mucke, MD'3

Objective: Reducing levels of the microtubule-associated protein tau has shown promise as a potential treatment
strategy for diseases with secondary epileptic features such as Alzheimer disease. We wanted to determine whether
tau reduction may also be of benefit in intractable genetic epilepsies.
Methods: We studied a mouse model of Dravet syndrome, a severe childhood epilepsy caused by mutations in the
human SCNTA gene encoding the voltage-gated sodium channel subunit Na,1.1. We genetically deleted 1 or 2 Tau
alleles in mice carrying an Na,1.1 truncation mutation (R1407X) that causes Dravet syndrome in humans, and exam-
ined their survival, epileptic activity, related hippocampal alterations, and behavioral abnormalities using observation,
electroencephalographic recordings, acute slice electrophysiology, immunohistochemistry, and behavioral assays.
Results: Tau ablation prevented the high mortality of Dravet mice and reduced the frequency of spontaneous and
febrile seizures. It reduced interictal epileptic spikes in vivo and drug-induced epileptic activity in brain slices ex vivo.
Tau ablation also prevented biochemical changes in the hippocampus indicative of epileptic activity and ameliorated
abnormalities in learning and memory, nest building, and open field behaviors in Dravet mice. Deletion of only 1 Tau
allele was sufficient to suppress epileptic activity and improve survival and nesting performance.
Interpretation: Tau reduction may be of therapeutic benefit in Dravet syndrome and other intractable genetic epilepsies.
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espite the development of various antiepileptic

drugs over the past 20 years, the efficacy of drug
treatments for epilepsy has not substantially improved,
and 25 to 40% of patients suffer from drug-resistant seiz-
ures.' New antiepileptic strategies are urgently needed to
improve the quality of lives and prevent premature
deaths of patients with epilepsy.

Several lines of evidence led us to hypothesize that
reduction of the microtubule-associated protein tau”
might be of therapeutic benefit for intractable epilepsy.
We previously showed that genetic ablation of tau
reduces epileptic activity in human amyloid precursor
protein (hAPP) transgenic mice,”* which simulate key
aspects of Alzheimer disease.”® We further found that
genetic reduction of tau makes mice with or without

hAPP expression more resistant to chemically induced
seizures.” Others have confirmed the antiepileptic effects
of tau reduction in other animal models of hyperexcit-
ability.”™"" However, the effectiveness of tau reduction
has not yet been investigated in a model of severe human
epilepsy. In addition, it is unknown whether various
comorbidities of epilepsy such as cognitive and behav-
ioral impairments and sudden death'*™* could also be
ameliorated by tau reduction.

We decided to investigate Dravet syndrome, one of
the most intractable and severe childhood epilepsies; it is
associated with multiple comorbidities and sudden
death."® Dravet syndrome is caused by mutations in the
SCNIA gene, which encodes the voltage-gated sodium
channel subunit Na,1.1.'° SCNIA mutations are the
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most common genetic cause of epilepsy, and Dravet syn-
drome is the most severe form among this spectrum of
syndromes.'”'® Tt typically manifests in the first year of
life with febrile seizures that progress to severe partial or
generalized tonic—clonic seizures, myoclonic seizures, and
episodes of status epilepticus."” Dravet patients also have
poor development of language and motor skills, cognitive
stagnation, hyperactivity, and autistic traits. In addition,
14 to0 20% of Dravet patients succumb to “sudden unex-
pected death in epilepsy (SUDEP).”'> The cause of
SUDEDP is unknown; it may be related to cardiac or respi-
ratory abnormalities.”>*" Dravet syndrome is among the
most drug-resistant forms of epilepsy.”>* Drugs currently
used as first-line therapy for Dravet syndrome, valproate
and benzodiazepines, have limited efficacy, and other anti-
epileptic drugs, including lamotrigine, vigabatrin, and car-
bamazepine, even exacerbate symptoms in Dravet
patients.”>** Alternative new therapies are urgently needed
for this highly refractory epilepsy syndrome.

To determine the potential therapeutic benefit of
tau reduction in Dravet syndrome, we genetically deleted
tau in a mouse model of Dravet syndrome (“Dravet
mice”). Dravet mice have a knockin truncation mutation
in the Senla gene (R1407X) that is identical to a muta-
tion in human Dravet patients, resulting in a null

RURX mice die shortly after

allele.”> Homozygous Senla
birth; heterozygous Sen1a™* mice develop seizures in
the early postnatal period and many of them die by 3
months of age.”> Sen1d™" mice also have behavioral
abnormalities reminiscent of the human condition,
including impaired learning and memory, hyperactivity,
and social dysfunction.”®?” Here we show that complete
or partial tau reduction prevents or significantly amelio-

rates most disease-related phenotypes in this model.

Materials and Methods

Animals

Sen1d™™ mice® on a mixed C3HeB/Fe] X C57BL/6] back-
ground (N2 onto C3HeB/Fe]) originally generated by Dr K.
Yamakawa (Laboratory for Neurogenetics, RIKEN Brain Sci-
ence Institute) were obtained from Dr M. H. Meisler (Depart-
ment of Human Genetics, University of Michigan). This line
was crossed onto a Zau~'~ C57BL/G] backgrouncl.28 Mice used
in this study were approximately 88 to 98% C57BL/6] (N3-
N6 onto C57BL/6]). Mice had free access to food (Picolab
Rodent Diet 20; LabDiet, St Louis, MO) and water and were
maintained on a regular light/dark (12 hours on/12 hours off)
cycle. All experiments were performed on sex-balanced groups.
Most cohorts of mice underwent multiple tests, and within
each cohort the sequence of tests was the same for all geno-
types, as specified in Supplementary Table S1. The Institutional
Animal Care and Use Committee of the University of Califor-
nia, San Francisco approved all mouse experiments.
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Electroencephalographic Recordings

Freely behaving mice were examined by electroencephalography
(EEG) using continuous 24-hour recordings as previously
reported®® with minor modifications. For quantification of epi-
leptic spikes, one hour of daytime recording (between noon
and 2 PM) during rest or sleep was selected to avoid movement
artifacts. Gotman spike detectors from Harmonie were used to
automatically identify any epileptic discharges that were 5-fold
greater than the average baseline amplitude measured during
the 5 seconds preceding the deflection. EEG traces were then
inspected manually (with the low and high frequency filters set
at 5Hz and 70Hz, respectively) to identify single epileptic
spikes, defined as brief (<80 milliseconds), high-voltage deflec-
tions on the EEG. To determine the proportion of mice with
spontaneous epileptic seizures, the entire 24-hour recording was
inspected visually for each mouse. Additional mice underwent
long-term video-EEG recording on a PowerLab data acquisition
system 16/35 (AD Instruments, Colorado Springs, CO) linked
to 6 differental amplifiers (DP-304; Harvard Apparatus, Hol-
liston, MA). Each mouse was recorded for at least 100 hours at
a 1kHz sampling rate on this system. EEG traces were analyzed
offline on LabChart 7 Pro (AD Instruments) to identify and
score spontancous epileptic seizures. Spontaneous seizures were
identified and characterized based on EEG traces and scored
behaviorally based on inspection of video recordings as follows:
0 =normal exploratory behavior; 1= immobility; 2 = brief
generalized spasm, tremble, or twitch; 3 = forelimb clonus;
4 = tail extension; 5 = generalized clonus; 6 = aberrant bounc-
ing or running; 7 =full tonic extension; 8 = death (modified
from Palop et al??).

Heat-Induced Seizures
Seizures were induced in P30-45 mice using a heat lamp as
described, " except that a 2-minute acclimation period was used.

Hippocampal Slice Preparation and
Electrophysiology

Coronal brain slices were prepared from P45-60 mice as
described.* For recording, slices were transferred to a submerged
chamber and continuously perfused with warmed (32°C) oxy-
genated artificial cerebrospinal fluid (ACSF; 126mM NaCl,
3mM KCl, 1.25mM NaH,PO4 26mM NaHCOj;, 2mM
CaCl,, 2mM MgCl,, 20mM glucose). Field potential record-
ings were obtained from the CAl pyramidal layer using glass
electrodes filled with ACSE. To induce seizure activity, slices
were perfused with ACSF containing 200uM 4-aminopyridine
and 50uM picrotoxin. Burst and spike frequencies were quanti-
fied during a 200-second period after 30 minutes of drug per-
fusion. Data were acquired with WinL'TP software (University
of Bristol) and analyzed offline with pClamp software (Molecu-
lar Devices, Sunnyvale, CA).

Immunohistochemistry

Brain tissues were processed and immunostained as
described.’®*? Neuropeptide Y (NPY) and calbindin immuno-
reactivities were quantitated as described®® except that layer VI
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of the cortex was used as an internal control because there was
significant calbindin depletion in the CAl region of the hippo-

/+

. RX, .
campus in Senla mice.

Protein Extraction

Mice were anesthetized with Avertin (tribromoethanol, 250mg/
kg, intraperitoneally) and perfused transcardially with 0.9%
saline. Brains were removed, microdissected in ice-cold phos-
phate-buffered saline (PBS), and homogenized in ice-cold buffer
containing 1X PBS (pH 7.4), ImM dithiothreitol, 0.5mM ethyl-
enediaminetetraacetic acid, 0.5% Triton X-100, 0.1M phenyl-
methyl sulfonyl fluoride (PMSF), a protease inhibitor cockrail
(Roche, Basel, Switzerland), and phosphatase inhibitor cocktails
2 and 3 (Sigma, St Louis, MO). Homogenates were sonicated
twice for 5 minutes at an amplitude of 40 using an EpiSonic son-
icator (Epigentek, Farmingdale, NY) and centrifuged at
10,000rpm for 10 minutes at 4°C. The supernatants were col-
lected for measurement of protein concentrations by Bradford
assay (Bio-Rad, Hercules, CA) and Western blotting.

Western Blotting

Proteins (15pg/well) were separated electrophoretically on a 4
to 12% NuPAGE Bis-Tris gel (Life Technologies, Grand Island,
NY) and transferred onto nitrocellulose membranes using a
Criterion Blotter (Bio-Rad) at 0.4A for 2.5 hours at 4°C. After
blocking for 1 hour in 5% bovine serum albumin diluted in
Tris-buffered saline (BSA-TBS), membranes were incubated
overnight at 4°C in anti-Na,1.1 (1:1,000; Alomone Labs, Jeru-
salem, Israel), anti-pan-sodium channel (Pan Nav, 1:1,000;
Sigma), anti—glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 1:10,000; Millipore, Billerica, MA), anti-tau clone
Tau-5 (1:3,000; Life Technologies), anti-tau clone EP2456Y
(1:1,000; Millipore), anti-phospho-tau Ser 396/404 clone
PHF-1 (1:3,000, a gift from Dr P Davies), anti-phospho-tau
Thr231 clone CP9 (1:25, a gift from Dr P. Davies), or anti—
phospho-PHF-tau pSer202+Thr205 clone AT8 (1:80; Thermo
Scientific, Waltham, MA). Antibodies were diluted in BSA-TBS
containing 0.1% Tween 20. Except for CP9 and ATS, mem-
branes were then incubated for 1 hour at room temperature in
secondary infrared dye (IRD)-tagged antibodies (IRDye
800CW or 680LT donkey antirabbit or antimouse immuno-
globulin [Ig] G, 1:10,000; LI-COR, Lincoln, NE) diluted in
Odyssey Blocking Buffer (LI-COR) containing 0.2% Tween 20.
Signals were detected by Odyssey CLx (LI-COR) and quanti-
fied using Image Studio v2.1.10 (LI-COR). AT8 and CP9 were
detected with donkey antimouse IgG horseradish peroxidase
(HRP; 1:10,000; Calbiochem, San Diego, CA) and goat anti-
mouse IgM HRP (1:1,000; Santa Cruz Biotechnology, Santa
Cruz, CA), respectively. Chemiluminescent bands were visual-
ized with an enhanced chemiluminescence system (Pierce,
Rockford, IL) and quantified densitometrically using Image].

Behavioral Experiments

GENERAL. Seven cohorts of mice were tested behaviorally
(see Supplementary Tables S1 and S2 for details on mice used
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and experiments performed in each cohort). Before all behav-
ioral tests, except fear conditioning, mice were transferred to
the testing room and acclimated for 1 hour. All the behavioral
equipment was cleaned with 70% ethanol (by volume) before
and after testing of each mouse.

NEST BUILDING BEHAVIOR. Mice were tested once for nest
building ability between 1 and 7 months of age. Group-housed
mice were transferred individually into new cages with nest-
building material consisting of a 5 X 5cm square of white
compressed cotton pads (Nestlets; Ancare, Bellmore, NY)
placed in the center of the cage. Nest quality was scored on a
scale of 0 to 5, modified from Deacon® by adding a score of
zero if the cotton pad remained intact. Scores were assigned at
2, 6, and 24 hours, and then daily for up to 8 days.

OPEN FIELD. Mice were tested for total movements and rear-
ing as described.?’ To measure circling, mice were placed into
plastic chambers (40 X 40 X 24cm) with 1 clear and 3 white
sides, and allowed to explore freely for 30 minutes. Mouse
movements were video recorded and analyzed offline using the
Topscan tracking system (Clever Sys, Reston, VA).

BARNES MAZE. A brighdy lit circular platform (91.4cm
diameter) with 20 holes around the periphery (5.1cm diameter)

was used as described?627+3

to assess the ability of mice to use
extramaze cues to locate an escape tunnel. An escape box was
attached to the bottom of 1 of the holes and shallow boxes
were attached to the bottom of the other holes. The lights were
kept bright (650 lux) to motivate mice to find and enter the
dark tunnel. Visual extramaze cues were present on 3 walls
adjacent to the maze at a distance of 1.5 to 1.8m from the
maze. For all trials, mice were placed individually in a cylindri-
cal black start chamber in the center of the maze for 10 sec-
onds, which was then lifted to start the test. During an
adaptation period, mice were guided to the escape tunnel and
allowed to stay there for 2 minutes. During a spatial acquisition
period, a total of 10 spatial acquisition trials (2 trials per day
with an intertrial interval of 15 minutes) were performed; mice
were allowed to explore the maze freely for 3 minutes. Each
trial ended when the mouse entered the escape tunnel or after
3 minutes had elapsed. Mice that did not find the tunnel were
guided to it. All mice were allowed to remain in the tunnel for
1 minute. During a probe trial, conducted 5 days after the last
training trial, the escape tunnel was replaced by a shallow box
and mice were allowed to explore the maze for 90 seconds.
Mice were video recorded and the time (“latency”), path length
(“distance”), and path traces to the target location during the
5-day probe trial were analyzed offline using the Topscan track-
ing system. For mice that did not reach the target location,
total testing time (90 seconds) and total distance moved were
used for analysis in lieu of latency and distance to target.

CONTEXT FEAR CONDITIONING. Associative learning and
contextual fear memory were assessed as described.?*?” Training
and testing were performed in a set of 4 identical fear condi-
tioning chambers (30 X 25 X 25cm; Med Associates, St
Albans, VT) equipped with a Med Associates VideoFreeze
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system. The floor of each chamber was made up of 16 stainless
steel rods that were wired to a shock generator and scrambler
(Med-Associates) to deliver foot shocks. Each chamber was
placed in a sound-attenuating cubicle. A metal pan containing
a thin film of 1% acetic acid was placed underneath the grid
floors to provide an olfactory component to the context. On 4
consecutive days, mice were placed individually into the same
context chamber for 3 minutes. In the chamber, they received a
single 2-second foot shock (0.45mA) on days 1, 2 and 3, but
not on day 4, and remained in the chamber for an additional 1
minute following each shock. Their freezing behavior in the
chamber was monitored before and after the shock on all days.
Freezing behavior, which was defined as the absence of any visi-
ble movement (including of the vibrissae, but excluding respira-
tion), was monitored with automated near-infrared video
tracking software (VideoFreeze). Video was recorded at 30
frames per second; the software calculated the noise (standard
deviation) for each pixel in a frame by comparing its gray scale
value to previous and subsequent frames. This produced an
“activity unit” score for each frame. Based on previous valida-
tion by an experimenter, freezing was defined as subthreshold
activity (set at 19 activity units) for >1 second. Percentage
freezing was then calculated from the number of seconds the
animal was scored as freezing divided by the total time it was
monitored. The percentage time mice spent freezing immedi-
ately following each shock was taken as a measure of associative
learning, and the percentage time mice spent freezing upon re-
exposure to the context 24 hours later (before they received
another shock) was used as the primary measure of contextual

8,
fear memory.*®%’

Study Design and Statistical Analyses
Experimenters who obtained the primary data were blinded to
the genotype of mice, except for the electrophysiological analy-
sis of acute hippocampal slices and febrile seizure inductions.
Sample sizes were determined based on previous stud-
ies.#25727:29:30:32 For the Barnes maze analysis and fear condi-
tioning, data collection was stopped when learning curves
leveled off. Some mice were excluded from the Barnes maze
analysis because of an eye injury (I mouse of cohort 7) or poor
exploration (3 mice of cohort 3 and 1 mouse of cohort 7 con-
tacted only 1 of 20 holes). Behavioral findings were replicated
in 1 or more independent cohorts using similar conditions (see
Supplementary Tables S1 and S2).

Statistical analyses were performed using R.** Differences
among multiple means were assessed by 2-way analysis of var-
iance with post hoc testing of all pairwise comparisons and cor-
rected with the Tukey—Kramer method. Multiple comparisons
were corrected using the method of Holm*' except where
explicitly indicated otherwise. Data for EEG spikes and brain
slice spikes and bursts were log transformed before analysis.
Oudliers were excluded by the Grubb test based on a priori
defined criteria using the GraphPad (San Diego, CA) Quick-
Cales Web site: http://www.graphpad.com/quickcalcs/Confln-
tervall.cfm. In the linear regression analysis of nest building
scores versus epileptic spike frequencies, 1 data point was
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removed from the Scnla™"/Tau™" data set (Cook’s dis-
tance = 1.5). Null hypotheses were rejected at the 0.05 level.
No significant differences were found on any comparisons
between Senla™’ 1 Taut'™ mice or tissues and Senla ™'t T,
SmlaRX/+/721u7/7, or Senld Y Tan™'™ mice or tissues, except
as described in results.

Survival and febrile seizure data were analyzed by Cox pro-
portional hazards regression using the R survival package®” and
corrected for multiple comparisons with the method of Holm.*!

For analysis of drug-induced epileptic activity in brain slices,
a lincar mixed effects model® was fitted using the R package
Ime4.* Random intercepts were included for each mouse and each
genotype such that multiple comparison corrections were not
needed due to “partial pooling.”® Five thousand draws were
obtained of parameter estimates, and 95% confidence intervals
(Cls) were estimated as the 2.5th and 97.5th quantiles of these
draws. Probability values were calculated by inverting the simulated
ClIs around the differences.*® Analyses of log(spike frequency + 0.1)
and log(burst frequency + 0.1) were conducted separately.

For learning curves in the Barnes maze, a linear mixed
effects model for censored responses’’ was fitted using the R
package Imec.*® The model included the following fixed
effects: Trial, Senla, Tau, Scnla* Taw, Trial*Senla, Trial* Tau,
and Trial*Senla*Tau. Because 2 trials were conducted per day,
a fixed effect for observations from trials 2, 4, 6, 8, and 10
was also included to allow for improvements from the first to
the second trial per day. Random mouse-level intercepts and
slopes accounted for the correlation among repeated
observations.

For nest building analysis, a linear mixed effects model
was fitted using the R package Ime4.** Nest building scores were
adjusted to increase monotonically over time. To ensure that pre-
dictions would fall between 0 and 5, a logit transformation of
the score variable was used (logit[(score + 0.1)/5.2] — logit[0.1/
5.2]). To allow for a flexible, nonlinear time trend, a 34f natural
cubic spline was used. Random intercepts and time splines were
included for each mouse to account for the correlation among
repeated observations. To insure that trend estimates would pass
through the origin (ie, produce an estimated score of 0 at time
0), both fixed and random intercept terms were omitted. Esti-
mates of the area under the curve and probability values were
obtained using the fitted model (as described above for drug-
induced epileptic activity in brain slices), and corrected for multi-
ple comparisons using the method of Holm.*!

Results

Tau Reduction Improves Survival of Scn1a®*

Mice

As a first step toward assessing the potential therapeutic
benefit of tau reduction in Dravet syndrome, we compared
the survival of Senla™'" and Sen1d8N™ mice with 2, 1, or
no functional 7zu alleles (Fig 1). On the Zau wild-type
background, Scz1a™" mice showed a high incidence of
sudden death, most commonly observed between postnatal

days 21 and 73, and a 31-fold higher risk of death than
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FIGURE 1: Tau reduction improves survival of Scn1a mice
in a gene dose-dependent manner. Survival plots of 292
Scn1a¥/* mice and littermate controls with 2, 1, or no Tau
alleles (n = 20-98 mice per genotype) indicate the percentage
of live mice between 22 and 150 days postnatally. Scn1a®/*/
Tau*’* mice differed from Scn1a*/*/Tau™’* (p=0.0048, haz-
ard ratio [HR]=31.0), Scn1a®™*/Tau*’~ (p=0.00011,
HR=6.1), and Scn1a®/*/Tau™'~ mice (p=0.026, HR 17.1).
Sen1a*/*/Tau*’* mice did not differ from Scn1a®/*/Tau™/~
mice (p=0.37, HR=5.1) or Sen1a™/*/Tau™"~ mice (p=1.0,
HR = 1.8). Gene-dose effect: p = 0.00005, HR = 0.018 for each
Tau deletion (Cox proportional hazards regression).

Percent Survival

RX/+

wild-type littermates. By 73 days, only 18% of Senlad™*
mice remained alive. Tau reduction ameliorated the abnor-
mal mortality of Sezla™* mice in a gene dose-dependent
manner. When 1 7au allele was deleted, survival of
Sen1a™™* mice markedly improved and was no longer sig-
nificantly different from that of wild-type littermates. When
both Zau alleles were deleted, survival of Scrnla™" mice

was indistinguishable from that of wild-type littermates.

Tau Reduction Lowers Epileptic Activity and

Network Hyperexcitability in Scn1a™/* Mice

We used video-EEG recordings to examine seizures and
interictal epileptic activity in Sezla™* mice and the
effect of tau ablation on these measures. At 2 to 3 months
of age, we detected spontaneous seizures by EEG in 43%
of Sen1d™* mice (Table 1, Fig 2A). Seizures with motor
manifestations typically started with forelimb clonus and
progressed to tail extension, generalized clonic activity, and
bouncing and running. They lasted on average 34 seconds
and reached an average severity of 4.5 on a modified
Loscher/Racine scale®®®>*° (see Table 1, Fig 2A). Tau
ablation reduced the percentage of Senla™" mice with
seizures 2.7-fold to 16% without affecting seizure severity
or duration in those mice that did develop seizures. No
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seizures were observed in Senla™'" littermates with or
without tau ablation.

We also found that Scnla™" mice have an
increased susceptibility to heat-induced seizures, as demon-
strated previously for Senla knockout mice.”’ This pheno-
type is likely related to the febrile seizures characteristically
seen at the onset of disease in Dravet patients.19 On the
Tau wild-type background, heat-induced seizures were
observed in 86% (6 of 7) of Sen1a™" mice at an average
internal body temperature of 41.1 = 0.1°C (mean = stan-
dard error of the mean). Deletion of 1 7au allele markedly
reduced seizure susceptibility in Sezld™" mice, with
only 33% (3 of 9) of Senld™ 1 Tau™™ mice showing
seizures at 41.3 £ 0.3°C (p = 0.03; hazard ratio = 0.21 vs
Senld™* | Tau™'™ mice by Cox regression). Ablation of
both 7au alleles prevented heat-induced seizures in all
(n=3) Senld™" I Tau™'~ mice.

. . . +
In the interictal period, Sen1a™

mice had more
epileptic spikes on EEG recordings than wild-type con-
trols, with an average frequency of ~17 spikes/h (see Fig
2B, C). Tau ablation reduced spiking activity in Serld™
" mice in a gene dose-dependent manner; deletion of 1
Tau allele reduced spiking by 60%, and ablation of both
Tau alleles reduced spiking by nearly 80%.

To further explore the effects of tau ablation on excit-
ability, we examined the response of acute hippocampal sli-
ces from the 4 genotypes of mice to superfusion with
picrotoxin and 4-aminopyridine ex vivo. These drugs can
be used to elicit epileptic activity in brain slices.” ™ Com-
pared with slices of all other genotypes, Senlad™" | Tau™"*
slices showed a greater frequency of spikes (see Fig 2D, E).
Tau ablation reduced both spike and burst frequencies in
Senld™™ lices to control levels (see Fig 2D-F).

Tau Ablation Ameliorates Abnormalities in
Seizure-Modulated Proteins in the Hippocampus
of Scn1a™’" Mice

Seizure activity can lead to prominent remodeling of neuro-
nal circuits and to changes in the expression of diverse pro-
teins.***>>* Many of these changes are compensatory and
may prevent spreading of epileptic activity. The hippocam-
pus appears to be particularly important for seizure genera-
tion in Semla knockout mice.””> To look for molecular
signatures of seizure activity in Sen1a™* mice and assess
the effect of tau ablation on these measures, we examined
the hippocampal expression of NPY and calbindin.
Sen1a™*
mossy fibers and in the molecular layer of the dentate gyrus
(see Fig 3A—C). They also showed depletion of calbindin in
the CAIl region of the hippocampus (stratum radiatum)

mice showed a marked increase of NPY in

and the molecular layer of the dentate gyrus (see Fig 3D-F).
To our knowledge, these changes have not been previously
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FIGURE 2: Tau ablation reduces epileptic activity in Scn1a®/* mice. (A-C) Subdural electroencephalographic (EEG) recordings
were obtained in freely behaving mice of the indicated genotypes at 2 to 3 months of age. For the traces in (A) and (B), the
low and high frequency filters were set at 5Hz and 40Hz, respectively. (A) Representative EEG trace depicting a seizure in an
Sen1a®Y* mouse. This seizure (highlighted in gray) lasted 30 seconds and had a severity score of 4 (see Materials and Meth-
ods). Scale bars = 3 sec (horizontal), 0.25V (vertical). (B) Representative traces of interictal EEG activity. Note the spikes (arrow-
heads) in Sen1a®/*/Tau*’* mice. Scale bars = 0.3 sec (horizontal), 0.5V (vertical). (C) Quantitation of epileptic spikes during 1
hour of a 24-hour recording session (n = 6-24 mice per genotype). Linear regression: p=0.0030, F; 55 =11.08 for an interac-
tion between Scnia and Tau genotypes. Gene-dose effect of Tau deletion in Scn1a®’* mice: p=0.0000054 (Wald test).
Exploratory post hoc 1-tailed t tests without multiple comparison correction indicated that Scn1a®/*/Tau™'~ mice differed
from both Scn1a®/*/Tau™’* (p=0.0085) and Scn1a™*/Tau™* mice (p =0.0087). ***p<0.00001 versus Scn1a™*/Tau™’* mice
or as indicated by bracket (Tukey—-Kramer test). (D-F) Epileptiform activity in acute hippocampal slices from mice of the indi-
cated genotypes was elicited by superfusion with picrotoxin (50uM) and 4-aminopyridine (200uM) for 30 minutes. (D) Repre-
sentative field recordings of epileptic activity. Higher resolution traces are shown on the right, depicting individual spikes and
a burst of multiple spikes recorded in the Sen1a®Y* slice. Scale bars in main traces: 20 seconds (horizontal), 0.5mV (vertical);
insets: 250 milliseconds (horizontal), 1.0mV (vertical). (E) Quantification of spike frequency. (F) Quantification of burst fre-
quency (n = 3-6 mice per genotype and 17-27 slices per mouse). *p<0.05, **p<0.01, ***p<0.001 versus Scn1a*/*/Tau*’" sli-
ces or as indicated by bracket (linear mixed effects model). Values represent mean = standard error of the mean. [Color figure
can be viewed in the online issue, which is available at www.annalsofneurology.org.]
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Littermates with 2 or No Tau Alleles

*Determined by EEG and observation of mouse behavior.

p < 0.05 versus Senld | Tau ™™ (Fisher exact test).

EEG = electroencephalogram; N/A = not applicable.

TABLE 1. Incidence, Severity, and Duration of Spontaneous Seizures in 2- to 3-Month-Old Scn1a®Y* Mice and

Genotype
Scnla Tau Mice, No. Hours of EEG
Recording
+/+ +/+ 9 216
+/+ —/= 7 168
RX/+ +/+ 21 1,169
RX/+ —/— 25 1,233

PSeizure severity was scored as described in Materials and Methods.

Mice with Seizure Seizure
Seizures, %" Severityb Duration, s
N/A N/A
N/A N/A
43 45*09 34.1 +10.0
16° 43*1.0 33.6+9.2

reported for either Scz1a™™™ mice or Senla knockout mice,
although they are characteristic of animal models and patients
with epilepsy.”® Tau ablation markedly reduced or fully
reversed abnormalities in NPY and calbindin expression in all
hippocampal subfields examined.

We did not find any changes in the levels or phos-

RX/+ - .
mice compared to wild-

phorylation of tau in Scnla
type controls (Fig 4). Na,l.1 levels were reduced by
approximately half in Sen1a™" mice and were not

improved by tau ablation (Fig 5).

Tau Reduction Improves Nest Building and
Open Field Behaviors in Scn1a®™/* Mice

To determine whether tau ablation also modulates behav-
ioral abnormalities in Sez72™" mice, we evaluated their
nest building performance and open field activity. Nest
building is a natural behavior of mice that may relate to
activities of daily living in human patients,” and deficits
in this behavior are found in several mouse models of

859 Sen1d™™ mice had a profound deficit in

autism.
nest building (see Fig 6A). Wild-type mice were able to
form full nests within 24 hours (and some within 2
hours), whereas Senld™ " mice showed major delays in
accomplishing this task. Most Senla™* mice failed to
form a complete nest, and several did not attempt nest
building at all. Tau reduction effectively reduced these
deficits in a gene dose-dependent manner, improving
nest building performance in Senla™* mice lacking 1
Tau allele and bringing nest building performance of

RX/* tice to control lev-

completely tau-deficient Scznla
els. Interestingly, there was a negative correlation between
nest building performance and epileptic activity in both
Sen1d™ 1T (p=0.02, =033, n=15) and

Senld™ I Tan™'™ mice (p = 0.04, R*=0.29, n=15),
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indicating that epileptic activity may contribute to nest-
ing deficits.

Sen1d™* mice also showed more circling and rear-
ing in the open field than wild-type controls (see Fig 6B,
C). Tau ablation prevented these behavioral abnormalities.
Consistent with previous studies,” Sezl2™* mice were
hyperactive in the open field (see Fig 6D). Tau ablation
tended to ameliorate the hyperactivity of Senla™" mice,
but this trend did not reach statistical significance.

Tau Ablation Improves Learning and Memory
Deficits in Scn1a™/* Mice
To determine whether tau ablation also improves cogni-

RX/+ . . .
mice, we assessed mice in 2

tive deficits in Scnla
paradigms: the Barnes maze, which tests spatial learning
and memory, and context-dependent fear conditioning,
which tests associative learning and memory. Both Senla
mutant and Sezla knockout mice have deficits in the
Barnes maze,”%?” whereas deficits in fear conditioning
appear to have been reported only for Senla knockout
mice.*®

In the Barnes maze, mice are placed on a flat plac-
form with 20 holes near the perimeter and are motivated
by the presence of bright lights to learn the location of a
single target hole with a dark escape tunnel. Mice of all 4
genotypes tested were able to learn this task (Fig 7A).
However, in a probe trial carried out 5 days after training,
Sen1a™™ mice required increased time and path lengths
to find the target location (see Fig 7B, C), suggesting a
long-term memory deficit. During this probe trial, the

majority of Senlad™*

mice showed longer and less
directed paths than the other groups, indicating random
rather than serial or target-oriented search strategies (see
Fig 7D, E). Tau ablation prevented these deficits, bringing

RX/+

latency, distance, and strategy measures in Sczla mice

449



ANNALS of Neurology

A Scnia*l* Scn1aRfX/+
I
3
~ f
+
S
e
D Scentatl* ScntafX/+

Taut*

Tau™'~
N

A
\

FIGURE 3: Tau ablation improves hippocampal abnormalities in neuropeptide Y (NPY) and calbindin expression in Scn1a
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mice. Coronal brain sections of 6- to 10-month-old mice (n=11-14 per genotype) were immunostained for NPY (A-C) or cal-
bindin (D-F). (A) Photomicrographs illustrating NPY alterations in the hippocampus of Scn1a®/* mice and improvement of this
measure in mice with tau ablation. (B, C) Densitometric quantitation of NPY in the mossy fiber pathway (B) and the molecular
layer of the dentate gyrus (C). (D) Photomicrographs illustrating calbindin alterations in the hippocampus of Scn1a®/* mice
and improvement of this measure in mice with tau ablation. (E, F) Densitometric quantitation of calbindin in the stratum radia-
tum of hippocampal region CA1 (E) and the molecular layer of the dentate gyrus (F). Interaction between the Scn1a and Tau
genotypes by 2-way analysis of variance: (B) p=4.66E—07, F;4,=34.1; (C) p=0.00034, F;4,=14.9; (E) p=0.00039,
F146=16.3; and (F) p=0.0014, F; 46 = 11.6. *p<0.05, **p<0.01, ***p<0.001 versus Scn1a*’*/Tau™* mice or as indicated by
bracket (Tukey—Kramer test). DG, dentate gyrus. Values are mean * standard error of the mean. [Color figure can be viewed in
the online issue, which is available at www.annalsofneurology.org.]

to control levels. We confirmed the beneficial effects of
tau ablation on Barnes maze performance of Senld™*
mice in 2 additional cohorts (cohorts 3 and 7; n = 17-23
mice per genotype; 5 months of age; see Supplementary
Tables S1 and S2, and data not shown).

In the contextual fear conditioning test, mice learn
to associate a specific, initially neutral and nonaversive
context with receiving a foot shock. We used a gradual
learning paradigm by administering 1 relatively mild foot
shock on each of 3 consecutive days in the same context
chamber (see Fig 7). Learning and memory were assessed
by measuring freezing behavior after reintroducing mice
into the same context 24 hours after each shock. Mice of
all genotypes showed a similar immediate reaction
(jumping and running) to the first shock, demonstrating

that all groups were able to perceive the shock. However,

450

Sen1ad™™ mice showed a significant impairment when
their associative memory was tested on day 2, 24 hours
after receiving the first foot shock. This impairment was
ameliorated by tau ablation. Compared to the other
groups, Senld™* mice also had an impaired condi-
tioned fear response, showing less freezing immediately
after they received the first foot shock on day 1. This
deficit, which may represent a deficit in associative learn-
ing, was not seen in Senld™" mice lacking tau. We
confirmed the beneficial effects of tau ablation on fear
conditioning performance of Sezl2™" mice in an inde-
pendent cohort (cohort 4; n = 6-7 mice per genotype; 5
months of age; see Supplementary Table S1 and S2, and
data not shown). Thus, tau ablation prevents or amelio-
rates deficits in spatial memory and associative learning

. RX/+ .
and memory in Scenla mice.
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FIGURE 4: Cortical levels of total and phosphorylated tau are not altered in Scnia mice. Levels of phospho-tau (PHF-1,
Ser396/Serd04; AT8, Ser202/Thr205; CP9, Thr231) and total tau (Tau-5, EP2456Y) in the parietal cortex of 8-month-old mice of
the indicated genotypes were determined by Western blot analysis. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as a loading control. (A) Representative Western blot. (B) Quantification of Western blot signals (n = 5-7 mice per geno-
type) revealed no statistically significant differences between Scn1a®/*/Tau™’* and Scn1a*/*/Tau*’* mice (Student t test).
Average phospho-tau to EP2456Y ratios (PHF-1, AT8, CP9) or average total tau levels (Tau-5, EP2456Y) in Scn1a™*/Tau*’*
mice were arbitrarily defined as 1.0. Values represent mean * standard error of the mean.

Discussion be caused directly or indirectly by seizure activity.?>*"*°
In this study, we demonstrated several beneficial effects In an elegant study of SUDEP by Kalume et al, sudden
of tau reduction in a mouse model of Dravet syndrome, death in Scnla knockout mice was shown to occur
including markedly reduced occurrence of sudden death immediately following generalized tonic—clonic seizures
and epileptic manifestations and significant improve- in all monitored mice that died.*’ In the same study,
ments in cognitive and behavioral performance. To our death could be predicted by a high frequency of seizures
knowledge, this is the first demonstration that endoge- 24 hours before death, but not by seizure duration or
nous wild-type tau may fulfill an enabling role in the severity. Extrapolating from these findings, our Senld™*
pathogenesis of a severe human epilepsy. mice most likely also died primarily of seizures, and tau

One of the most robust findings was that reducing ablation prevented sudden death by decreasing their sei-
tau conferred a dose-dependent survival advantage to zure frequency. Similarly to Kalume et al,*' we found no
Senl1a™" mice. This result most likely reflects the antie- differences in seizure duration or severity in mice that
pileptogenic effect of tau reduction. Sudden death in died (most Sen1d™ mice) or lived (Sm]zzRX/Jr mice
Dravet patients and related mouse models is thought to with tau ablation), suggesting that tau participates in an
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FIGURE 5: Na,1.1 levels are reduced in Scn1a®/* mice, and this reduction is not prevented by tau ablation. Levels of Na,1.1
and total sodium channels (pan Na,) in the parietal cortex of 8-month-old mice were determined by Western blot analysis.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels were used as a loading control. (A) Representative Western blot.
(B) Quantification of Western blot signals (n = 5-7 mice per genotype). The average Na,1.1 to pan Na, ratio in Scn1a™*/Tau™’*
mice was arbitrarily defined as 1.0. ***p<0.001 versus Scn1a®*/Tau*’* mice (Tukey-Kramer test). Values represent mean-
+ standard error of the mean.
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FIGURE 6: Tau ablation improves alterations in nest building, open field behaviors and social function in Scn1a mice. Mice of
the indicated genotypes were tested for nest building at 1 to 7 months (n =11-22 mice per genotype) or open field activity and
social approach at 2 to 3 months (n = 8-13 mice per genotype). See Supplementary Table S2 for age balance among groups. (A)
Nest building behavior was monitored for up to 8 days and scored as described in Materials and Methods. A linear mixed effects
model was used to fit the data and to obtain estimates of the area under the curve as a measure of nest building performance.
Sen1a®™/*/Tau*’* mice differed from Scn1a™*/Tau™* (p=0.0000004) and Scn1a®/*/Tau™'~ (p=0.00063) mice, whereas
Sen1a®*/Tau™'~ mice did not differ from Sent1a*/*/Tau*’™ mice (p=0.21). A gene-dose effect of Tau deletion was present
(p=0.00063). Exploratory post hoc analyses without multiple comparison correction indicated that Scn1a®/*/Tau™~ mice
differed more from Scn1a®/*/Tau™* (p=0.014) than Scn1a™*/Tau™* (p = 0.069) mice. (B-D) Open field behavior. (B) Circling
was recorded for 30 minutes and (C) rearing and (D) total movements during the first 5 minutes. Interaction between Scn1a and
Tau genotypes by 2-way analysis of variance: (B) p=0.015, F1 37 =6.5; (C) p=0.0022, F; 35 =10.8; (D) p=0.34, F;35=0.93.
*p<0.05, *p<0.01, ***p<0.001 versus Scnl1a®™*/Tau*’* mice or as indicated by bracket (Tukey-Kramer test). Data are

mean * standard error of the mean.

carly epileptogenic process but does not substantially
modulate seizure activity once it has been triggered.
Notably, tau reduction can block diverse epilepto-
genic processes, including those initiated by pathological
elevation of hAPP/AB,>*!" pharmacological blockade of
y-aminobutyric acid (GABA)4 channels,>!° genetic abla-
tion of the voltage-gated potassium channel subunit
K,1.1,° depletion of ethanolamine kinase or of the K'—
Cl™ cotransporter,” and depletion of the voltage-gated
sodium channel subunit Na,1.1 (this study). The precise
mechanisms by which endogenous wild-type tau enables
or promotes epileptogenesis triggered by such diverse
factors is under intense investigation. Published evidence
suggests that these mechanisms could involve alterations
in GABAergic neurotransmission and the excitation/inhi-

bition balance,® in synaptic activity-related signaling

"' and in the axonal transport of proteins that

pathways,”
affect neuronal excitability.61 Regardless, the mechanisms
underlying the antiepileptic effects of tau ablation may
well be distinct from those of currently available thera-

2,62,6 . .
3 and thus might offer new avenues for treating

pies,
drug-resistant epilepsy.

Interestingly, tau ablation prevented or ameliorated
not only epileptic activity and premature mortality in
Senla™™ mice, but also their deficits in learning/mem-
ory, nest building, and other behaviors. The most parsi-
monious explanation of these findings is that the
behavioral alterations are directly or indirectly caused by

tau-dependent epileptic activity. Dravet syndrome is clas-
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sified as an epileptic encephalopathy, based on the
hypothesis that epileptic activity is the main cause of cog-
nitive and behavioral alterations in Dravet patients.**°¢
Both subclinical and clinical epileptic activity can cause
cognitive and behavioral impairments in a variety of set-
tings.””~"! Conversely, interventions that reduce epileptic
activity can have beneficial effects on cognition and
behavior in both humans and animal models.”’*"?
However, cognitive and behavioral abnormalities in
patients with Dravet syndrome often do not improve
upon treatment with antiepileptic medications,'*™'*%4
which could simply be due to currently available antiepi-
leptic drugs not being very effective at suppressing epi-
leptic activity in this syndrome.”>** In addition, the
frequency of convulsive seizures does not appear to corre-
late with cognitive outcomes in patients with Dravet syn-

476
drome,”*”

which makes it interesting to consider
additional mechanisms that could underlie the beneficial
effects of tau reduction in Senld¥YT mice. Such
mechanisms may include alterations in excitation/

4, 6,78-80
77 76,7 and

inhibition balance and brain rhythms
deserve to be explored in future studies.

The robust protective effects of tau reduction in
Sen1d™* mice revealed by our study have potentially
important therapeutic implications for the treatment of
Dravet syndrome and possibly other epilepsy syndromes
that are refractory to currently available treatments.
Uncontrolled seizures adversely impact the quality of life

of patients, increase the burden on caregivers, and greatly
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FIGURE 7: Tau ablation ameliorates deficits of Scn1a®¥“" mice in the Barnes maze and in a fear conditioning task. (A-E) Mice
(n = 6-7 mice per genotype) were tested in the Barnes maze at 4 months of age. (A) Learning curves in the Barnes maze did
not differ significantly among genotypes (linear mixed effects model analysis). (B, C) Latency (B) and distance traveled (C) to
reach the target location during a probe trial 5 days after training in the Barnes maze. Interaction between Scn1a and Tau
genotypes by 2-way analysis of variance: (B) p=0.020, F;,,=6.3 and (C) p=0.0073, F;,,=8.7. *p<0.05, **p<0.01,
***p =0.001 versus Sen1a*/*/Tau™™ mice or as indicated by bracket (Tukey-Kramer test). (D, E) Search strategies (D) and com-
posite of paths (E) during a probe trial 5 days after training in the Barnes maze. Dots in (E) indicate the target location. (F-H)
Mice were tested in context-dependent fear conditioning at 6 months of age (n =8-16 mice per genotype). On each of 3 con-
secutive days, mice received a single foot shock 3 minutes after being placed individually into the same context chamber. Their
freezing behavior before and after the shock was monitored on each of the 3 days, and also on a fourth, no-shock day. (F)
Maximum motion index calculated based on movements immediately following the first shock mice received. (G, H) Percentage
of time mice spent freezing 24 hours after receiving a shock when placed back into the same context, but prior to receiving
the next shock (G) or during the first 1 minute after receiving a shock (H). Interaction between Scn1a and Tau genotypes by 2-
way analysis of variance: p=0.0046, F 35 =9.1 for day 2 in G. *p<0.05, ***p =0.001 versus Scn1a*/*/Tau*’* mice or as indi-
cated by bracket (Tukey—Kramer test). Data are mean = standard error of the mean.

increase the chance for multiple comorbidities, including activity, and nesting performance compared to Senld™™"
cognitive impairment, injury, and death.*" In regard to mice on the 7au wild-type background.

tau-lowering approaches, it is encouraging that even par- It is also important to note in this context that genetic
tial reduction of tau made mice more resistant to epilep- ablation of tau is well tolerated,>*'""¥#* a5 is antisense
tic activity when the reduction was either constitutive®* oligonucleotide-mediated knockdown and methylene blue—
or initiated during adulthood.'® Similarly, in the current induced reduction of tau in adult mice.'®® Similarly, in
study, Scnld™" mice with deletion of only 1 7z allele our study, the behavioral performance of Scnla™* mice
showed a substantial improvement in survival, epileptic with or without tau ablation was indistinguishable.
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Nonetheless, some studies have cautioned against
using tau reduction as a therapeutic approach. For example,
acute tau knockdown during embryonic development
delayed neuronal migration and cell-autonomously reduced
neuronal complexity and connectivity,®®  problems  that
appear to be restricted to early developmental stages. In
contrast to the beneficial effects of tau reduction we docu-
mented in 3 lines of hAPP transgenic mice®™® and Ittner
and colleagues independently demonstrated in a fourth
hAPP transgenic line on a different tau knockout back-
ground,"" tau reduction has been reported to worsen behav-
ioral deficits in the Tg2576 line of hAPP transgenic mice.®’
Another report suggested that genetic tau ablation causes
iron accumulation resulting in loss of dopaminergic neurons
and severe motor deficits in aged mice.*® However, we were
unable to replicate these findings.** Thus, although the
safety of tau-lowering treatments should clearly be further
tested, most of the available experimental evidence suggests
a rather attractive risk/benefit ratio and makes the identifi-
cation of tau-lowering drugs an important objective.

Methylene blue and antisense oligonucleotides
against tau represent 2 potential tau-lowering approaches
currently under study. Methylene blue can reduce tau
aggregation and lower soluble tau levels in mice and in
cell culture assays.*>® Treatment with this compound
ameliorated learning and memory deficits in tau trans-
genic mice.*® However, methylene blue has diverse activ-
ities,”* complicating the interpretation of these findings.
Antisense oligonucleotides to knock down tau expression
represent an alternative approach to lowering tau levels
in the brain. Intracerebroventricular infusion of such
compounds in adult wild-type mice was well tolerated,
lowered tau, and made mice more resistant to drug-
induced seizures; tau levels correlated positively with epi-
leptic severity.'” The further development of such com-
pounds and related small-molecule drugs should make it
possible to evaluate the beneficial effects of tau reduction
in the clinical setting before long. In light of the encour-
aging findings obtained here and in the studies discussed
above, the therapeutic potential of tau reduction deserves
to be further explored in regard to intractable epilepsy as
well as other conditions involving neuronal hyperexcit-
ability and network dysrhythmias.
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