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Abstract

Tau is an intracellular protein known to undergo hyperphosphorylation and subsequent neuro-toxic
aggregation in Alzheimer’s disease (AD). Here, tau expression and phosphorylation at three
canonical loci known to be hyperphosphorylated in AD (S202/T205, T181, and T231) were
studied in the rat pilocarpine status epilepticus (SE) model of temporal lobe epilepsy (TLE). We
measured tau expression at two time points of chronic epilepsy: two months and four months
post-SE. Both time points parallel human TLE of at least several years. In the whole hippocampal
formation at two months post-SE, we observed modestly reduced total tau levels compared to
naive controls, but no significant reduction of S202/T205 phosphorylation levels. In the whole
hippocampal formation from four month post-SE rats, total tau expression had reverted to normal,
but there was a significant reduction in S202/T205 tau phosphorylation levels that was also

seen in CA1 and CA3. No change in phosphorylation was seen at the T181 and T231 tau loci.

In somatosensory cortex, outside of the seizure onset zone, no changes in tau expression or
phosphorylation were seen at the later time point. We conclude that total tau expression and
phosphorylation in an animal model of TLE studied do not show hyperphosphorylation at the
three AD canonical tau loci. Instead, the S202/T205 locus showed progressive dephosphorylation.
This suggests that changes in tau expression may play a different role in epilepsy than in AD.
Further study is needed to understand how these changes in tau may impact neuronal excitability
in chronic epilepsy.

Introduction

Tau is an intracellular protein that under normal conditions regulates neuronal microtubule
structure dynamics, but in the setting of Alzheimer’s disease (AD) plays a pathological role.
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During the development of AD, increased phosphorylation of tau is the primary molecular
mechanism that underlies its pathogenicity. Under normal physiological conditions, tau

is phosphorylated at low levels, two moles of phosphate per mole of tau. In AD, tau
phosphorylation rises four-fold to eight moles per mole of tau (Wang & Mandelkow,

2016). This “hyperphosphorylation” causes tau to dissociate from microtubules, impairing
microtubule function. The dissociated tau can then form oligomers and further coalesce into
paired helical filaments and extracellular neurofibrillary tangles. In AD, 17 separate amino
acid loci or “phosphosites” have been observed to be hyperphosphorylated compared to
normal conditions (Li & Go6tz, 2017). Several of these are used as representative loci in

the diagnosis of AD. Phosphospecific antibodies (Abs) that recognize tau phosphosites only
when phosphorylated have become standard reagents for detection of tauopathy. Examples
include the AT8 Ab which recognizes dual phosphorylation at the human S202/T205 tau
locus; AT270 Ab which recognizes phosphorylation at the T181 site; and 1H6L6 Ab which
is specific for T231. The AT8 Ab is the standard reagent used in Braak staging of AD
progression in post-mortem brain tissue (Wang et al., 2013).

Tau expression may be altered in human temporal lobe epilepsy (TLE) as well. An

early study using immunohistochemical (IHC) methods in autopsy tissue found an overall
increase in Braak staging throughout the brains of people with epilepsy of all types, but in
TLE there was a loss of AT8 staining in the hippocampus at the site of presumed seizure
onset (the side showing mesial temporal sclerosis) compared to the contralateral side (Thom
etal., 2011). A similar study using resected tissue at time of surgery for patients with
drug-resistant TLE found increased AT8 staining in a subpial distribution (but little in the
hippocampus itself) with the overall increase in AT8 expression correlated with cognitive
decline (Tai et al., 2016). A study that used western blotting to evaluate tau expression in
temporal lobe resection tissue found an increase in total tau expression compared to autopsy
controls; this study also found an increase in AT8 expression that was comparable to the
increase in total tau expression, implying no change in the fractional phosphorylation level
of tau at this phosphosite (Gourmaud et al., 2020). More recent studies of patients who
underwent temporal lobe resection found either only a low incidence of neurons staining for
phosphorylated tau using AT8 Ab (Silva et al., 2021), or some staining for phosphorylated
tau but no correlation with cognitive decline (Aroor et al, in press). Other studies have found
ATS8 staining in both young epilepsy patients with cortical resections and older patients
diagnosed with focal cortical dysplasia (FCD), which may reflect differing pathologies in
children with refractory epilepsy or adults with FCD (Sen et al., 2007; Smith et al., 2019).
Finally, measurements of tau expression from cerebrospinal fluid (CSF) in patients with
epilepsy have found either lowered total tau but increased fractional phosphorylation at the
T181 tau locus in TLE patients compared to controls (Mo et al., 2019), or no significant
change in total tau in a cohort of mixed epilepsy syndromes (Palmio et al., 2009). In
summary, it is unclear in human epilepsy whether tau expression and phosphorylation follow
the same pattern as in AD. Limitations in some of these studies include reliance on IHC,
which provides only a qualitative measure to assess tau expression; the use of autopsy tissue
which may not preserve the phosphorylation state of tau; and the omission of total tau
analysis that is necessary to place changes in phosphorylated tau into context.
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Studies in animal models of epilepsy however have uncovered an important biological role
for tau. Creation of double transgenic mouse models of epilepsy, such as the kcnaz™~ or
scnal™'~ crossed with tau deletion (/mapf /™), showed that the seizures in these models are
virtually abolished when tau is deleted (Holth et al., 2013; Gheyara et al., 2014; Shao

et al., 2022). (Another study using the SCN2A model of epilepsy found no improvement
in survival in mice with tau deletion, although seizures themselves were not measured
(Chen et al., 2018)). This remarkable effect of tau loss of function on seizures is not
limited to genetic models of epilepsy: downregulation of tau expression via antisense
techniques prevents chemically-induced seizures in wildtype rodents (DeVos et al., 2013)
or spontaneous seizures in SCN1A mutant mice (Shao et al., 2022). Hyperphosphorylation
of tau may reduce seizures by reducing pyramidal neuron excitability through an action on
axon morphology dependent on microtubule stability (Hatch et al., 2017). These studies
suggest that tau plays a permissive role in the mechanism of seizure generation.

The above studies explored whether modulation of tau expression could affect seizure
generation in animal models of epilepsy. Only a few studies have examined whether changes
in tau expression or phosphorylation occur in animal models of acquired epilepsy as are
observed in humans with epilepsy (Alves et al., 2019; Canet et al., 2022). In this study we
sought to understand how both total tau expression and phosphorylation at three canonical
loci known to be pathologically hyperphosphorylated in AD may change in a well-validated
animal model of TLE. We investigated tau expression at two different time points in chronic
epilepsy comparable to the course of TLE in humans who have experienced seizures for
years. We found that total tau expression was initially reduced in the earlier stage of chronic
epilepsy, two months post-SE, but had normalized at a later stage, four months post-SE,
even though spontaneous seizure frequency remained high. However, phosphorylation at
the S202/T205 locus was progressively decreased during the course of chronic epilepsy,
becoming dephosphorylated by ~50% compared to age-matched controls. No changes were
seen at the T181 and T231 tau loci at the later time point, nor in the somatosensory

cortex, a region outside the hippocampal epileptogenic zone. These findings suggest that tau
expression and phosphorylation in an animal model of TLE do not follow the pattern seen
in human AD, but may reflect physiological responses that are specific to the chronically
epileptic state.

Experimental Procedures

Pilocarpine-induced status epilepticus (SE)

Experimental animals were generated using the pilocarpine protocol as previously described
(Jung et al., 2007). The University of Washington Institutional Animal Care and Use
Committee approved all animal procedures. In brief, 6-week-old male Sprague Dawley

rats underwent induction of SE with pilocarpine hydrochloride (385 mg/kg intraperitoneal
[i.p.]) after pretreatment with scopolamine methyl nitrate (1 mg/kg i.p.). After 60 min of
convulsive SE, seizures were terminated with repeated doses of phenobarbital (15 mg/kg
i.p.) every 30-45 min until cessation of convulsive motor activity. Rats were sacrificed at
two time points, two months post-SE and four months post-SE. At sacrifice, these rats were
exposed to isoflurane (5%) and injected with ketamine/xylazine anesthesia (87/13 mg/kg
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i.p.). Age-matched, singly housed naive rats were used as controls and were sacrificed at
the same time points and conditions described above. After brain slicing using previously
described procedures (Williams et al., 2015), rat brain slices were frozen and stored at —80
°C.

Western analyses

Quantification of protein expression from hippocampal tissue via western blotting was
performed as previously described (Williams et al., 2015; Tai et al., 2017; Parikh et

al., 2020; Concepcion et al., 2021). In this study, we examined the whole hippocampal
formation (CA1 hippocampus, CA3 hippocampus, dentate gyrus, subiculum, and entorhinal
cortex), as well as separate CA1 and CA3 hippocampus, and somatosensory cortex. Each
of these regions was microdissected from frozen rat brain slices at =20 °C, pooled,

and homogenized in the following buffer: 50 mM Tris, 5 mM ethylenediaminetetraacetic
acid (EDTA), 50 mM NaCl, 1 mM sodium orthovanadate, 10 mM ethylene glycol-
bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), 2 mM sodium pyrophosphate,
4 mM para-nitrophenyl phosphate, 4 pg/ml aprotinin, 20 ug/ml leupeptin, 1 mM
phenylmethylsulfonyl fluoride, and 1 % Triton X-100 (Roberson et al., 1999). After
centrifuging at 20,800 x g at 4 °C for 15 min, the supernatant was transferred to a clean
tube. Protein concentrations were determined by a bicinchoninic acid (BCA) assay (Pierce,
ThermoFisher Scientific, Waltham, MA). Samples then were mixed with an equal volume of
2X Laemmli buffer (5% B-mercaptoethanol).

To generate phosphatase-treated homogenates of the whole hippocampal formation,

similar steps as described above for microdissection and homogenization were used. The
microdissected whole hippocampal formation was homogenized in modified buffer with the
following recipe: 50 mM Tris, 1 mM EDTA, 50 mM NaCl, 1 mM EGTA, 4 ug/ml aprotinin,
20 pg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 1% Triton X-100. The

steps for centrifuging and extracting supernatant were the same as previously mentioned.
After the addition of NEBuffer (final concentration 1X), MnCl; (final concentration 1
mM), and lambda protein phosphatase (New England Biolabs, Ipswich, MA; # P0753S),
the homogenates were incubated at 30 °C for 30 minutes. Thereafter, samples were then
processed in the same manner as non-phosphatase treated samples.

Each prepared sample was boiled and loaded in multiple lanes with three different
amounts to ensure signal detection occurred within a linear range (Jung et al.,

2010; Tai et al., 2017; Parikh et al., 2020; Concepcion et al., 2021). Each 4-15%
polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA) contained one experimental
sample and one age-matched control sample to allow for comparisons within the same
blot. After transferring proteins to a nitrocellulose membrane, we performed western
blotting. All antibodies (Abs) were diluted in blocking buffer composed of 5% milk
with 1X tris-buffered saline with 0.1% Tween-20 (TBST). The following pairings

of Abs were used: AT8 Ab, (1:250; ThermoFisher Scientific; #ENMN1020) with a.-
mouse IgG1-IRDye® 800CW (1:5000; Li-Cor Biosciences, Lincoln, NE; #926-32210).
(Of note, both the human serine 202 and human threonine 205 residues (S202/T205)
must be phosphorylated to be recognized by the AT8 monoclonal Ab [Figure 1B]).
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AT270 Ab (1:1000; ThermoFisher Scientific; ENMN1050) with either a-mouse IgG
(H+L)-Dylight-680 (1:8000; ThermoFisher Scientific; # PI35519) or a-mouse IgG (H+L)-
Dylight-800 (1:8000; ThermoFisher Scientific; # SA5-10176). (Of note, threonine 181
[T181] must be phosphorylated to be recognized by the AT270 monoclonal Ab [Figure
1B]). 1H6L6 Ab (1:700; ThermoFisher Scientific; PI701056) with either a-rabbit 1IgG
(H+L)-Dylight 800 (1:5000; ThermoFisher Scientific; #P1SA5-10036) or a-rabbit IgG
(H+L)-IRDye® 680RD (1:5000; Li-Cor Biosciences; #926-68071). (Of note, threonine 231
[T231] must be phosphorylated to be recognized by the 1H6L6 monoclonal Ab [Figure
1B]). Tau 5 Ab (1:1000; Abcam, Waltham, MA,; #ab80579) with a-mouse 1gG (H+L)-
Dylight-680 (1:8000; ThermoFisher Scientific; # P135519); a.-4R tau Ab (1:1000; Abcam;
#ab218314) with either a-rabbit 1gG (H+L)-Dylight 800 (1:5000; ThermoFisher Scientific;
#PISA5-10036) or a-rabbit IgG (H+L)-IRDye® 680RD (1:5000; Li-Cor Biosciences;
#926-68071); a-3R tau Ab (1:500; Millipore-Sigma, St. Louis, MO; #05-503) with a-mouse
IgG-light chain (1:1000; Millipore-Sigma; #AP200) coupled with IRDye® 800CW (Li-Cor
Biosciences coupling kit; #928-38040).

Detection and analyses of signals from fluorescent secondary antibodies were achieved with
the Odyssey CLx Image Studio software (Li-Cor Biosciences). Protein level measurements
were accomplished as previously described (Jung et al., 2010). Briefly, we loaded multiple
lanes with three different protein amounts for each rat homogenate sample, and band
intensity for each lane was quantified. A linear function was fit for band intensity vs.
protein amount (including the origin), and the slope of the line (/77) estimated. A minimum
coefficient of determination (R2) value of 0.9 was used as criterion for accepting data from
the experiment. Comparisons between the test and control conditions were calculated as

the ratio of the slopes (mest!/ Metr)) for samples loaded within the same blot. Statistics are
reported as means + SEM. With a = 0.05, significance was determined by two-tailed t-tests
for data sets with Gaussian distribution or by non-parametric (Wilcoxon) testing for data sets
not having a Gaussian distribution. Verification of protein loading was achieved by staining
a subset of gels with REVERT ™ Total Protein Stain (Li-Cor Biosciences; cat# 103051-156)
and comparing the ratio of total protein between test and control conditions. The average
test:control ratio per gel was 98.3 = 1.7% (1= 22, p> 0.05), showing excellent consistency
in gel loading.

Immunohistochemistry

Four month post-SE rats and their age-matched naive controls were perfused with 200 mL
of 1X phosphate buffered saline (PBS) and then 200 mL of 4% paraformaldehyde in 1X
PBS. The brain was extracted and then incubated in 4% paraformaldehyde in 1X PBS for
three hours at room temperature, then in 15% sucrose overnight followed by 30% sucrose
for 3-5 days. After infiltration, the brains were flash frozen in Tissue-Tek O.C.T. Compound
(Sakura Finetek, Torrance, CA) using liquid nitrogen. Oblique axial sections were taken at
10 pm using a cryostat (CM1850, Leica Biosystems, Wetzlar, Germany). Sections were then
mounted on slides and stored at =80 °C. After thawing, antigen retrieval was performed by
submerging the slices in sodium citrate (pH=6) at 90 °C for 20 minutes. Slices were washed
with 1X PBS with 0.05% Tween-20 detergent (PBS-T) and were incubated in blocking
buffer (2% normal goat serum, 2% bovine serum albumin, 1X PBS with 0.25% Tween-20) at
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room temperature for one hour. The slices then were incubated with primary AT8 Ab (1:50
in blocking buffer) overnight at 4 °C. Slices were then washed with blocking buffer and
then stained with a secondary a-mouse IgG1-biotin-xx, cross-adsorbed (1:267 in blocking
buffer; ThermoFisher Scientific; # A10519) followed by an incubation with a streptavidin
conjugated to Alexa 488 (1:267 in blocking buffer; Fisher Scientific; # S323354). Slices
were fixed with 4% paraformaldehyde for 5 minutes and then incubated with DAPI (4’,
6-diamidino-2-phenylindole; VWR, Radnor, PA, cat# 76482-854) for 5 minutes. Slices
were mounted using Vectashield (Vector Laboratories, Newark, CA). Images were captured
with a confocal microscope (Olympus FV 1000, Olympus Scientific Solutions Americas
Corp., Tokyo, Japan). Post-capture images were created using ImageJ (Image Processing and
Analysis in Java; NIH), and quantification of IHC was performed in ImageJ by drawing
three boxes of equal area in an area of interest and then taking the average of the pixel
density of all three boxes. Statistical parameters were similar to those described above.

Accumulation and hyperphosphorylation of tau are widely known in Alzheimer’s disease
(AD) (Medeiros et al., 2011). Inspired by the extensive research of tau in AD and by the
growing evidence for common biochemical pathways between AD and epilepsy (Gourmaud
et al., 2020; Romoli et al., 2021), we aimed to understand whether changes in tau expression
and phosphorylation also occur in chronic epilepsy. To achieve this end, we used the
pilocarpine-induced status epilepticus (SE) rat model for human temporal lobe epilepsy
(Curia et al., 2008), a well validated model with which we have extensive experience (Jung
et al., 2007; Jung et al., 2010; Tai et al., 2017; Parikh et al., 2020; Concepcion et al., 2021).
As in humans, tau in the rat central nervous system consists of six isoforms (Hanes et al.,
2009) that are determined by alternative splicing of two N-terminal exons and the second
repeat region within its microtubule binding domain (MBD, Figure 1A). The absence of the
second repeat within the MBD generates the 3R tau isoforms (ON3R, 1N3R, 2N3R), and its
presence generates the 4R tau isoforms (ON4R, 1N4R, 2N4R). Figure 1B shows the overlap
of the human and rat tau protein sequences, demonstrating significant overlap between the
two sequences, with the human tau sequences having a greater length than the rat sequences.

We investigated tau expression at two time points in chronic epilepsy, two months post-SE
and four months post-SE (Figure 1C). These time points represent conditions when the
animals are having frequent spontaneous seizures. We examined the whole hippocampal
formation where seizures are known to originate in this model (Toyoda et al., 2013;
Buckmaster et al., 2022), including the hippocampus proper (areas CA1, CA3 and dentate
gyrus [DG]) plus the subiculum (Sub) and entorhinal cortex (EC), and separately studied just
the CA1 and CA3 hippocampal regions. We also studied a non-epileptogenic region of the
brain where seizures do not arise in this model, the somatosensory cortex (SSC), that served
as a control (Figure 1D).

Characterization of tau isoforms by western blotting

We first analyzed total tau expression and dual phosphorylated S193/T196 tau, which is
the rat homolog of human S202/T205 tau, in brain homogenates of naive rats at two
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different ages, six weeks-old and 12 weeks-old, to determine which of the six isoforms
were expressed in hippocampal tissue. We utilized two antibodies (Abs) to identify the

tau isoforms consisting of either three or four repeated domains using anti-3R tau and
anti-4R tau Abs. In six week-old rats (Figure 2A), 4R tau staining in raw homogenates
(upper panel) showed tau migration between 50-72 kDa that consolidated into three distinct
bands upon treatment with phosphatase [(+)pptase lane]. From lowest to highest molecular
weight, by comparison to the human tau ladder, these bands in the treated lane are the
ON4R, 1N4R, and 2N4R isoforms. With 3R tau staining (middle panel), a doublet around
50 kDa in raw homogenate lanes coalesced into the lower band after phosphatase treatment.
Therefore, this doublet is ON3R tau, with phosphorylation responsible for generating the
slightly higher molecular weight band. The other 3R tau isoforms, 1IN3R and 2N3R, were
not appreciably detected. Taken together, rat tau expression in raw homogenates consists

of four measurable tau isoforms (2N4R, 1N4R, ON4R, and ON3R); the IN3R and 2N3R
isoforms are not readily detectable and contribute insignificantly to total tau protein staining.
When compared to the human tau ladder that consists of six tau isoforms, all detected
dephosphorylated rat tau isoforms migrated at slightly lower molecular weights than their
corresponding human orthologs, since rat tau isoforms have fewer amino acid residues than
their human counterparts. Moreover, as shown by the yellow arrows in a raw homogenate
lane illustrating the presence of both ON3R and ON4R within the same band, different

tau isoforms may co-migrate, making it difficult to discern individual tau isoforms. The
consolidation of bands after phosphatase treatment indicates that phosphorylation is a major
post-translational modification for both 3R and 4R tau isoforms.

In brain homogenates of 12-15 week-old naive rats (Figure 2B), the staining for both 4R and
3R tau isoforms largely is similar to that of the six week-old naive rats. The main difference
is the qualitative decrease in ON3R expression in brain homogenates from 12-15 week-old
rats compared to the younger rats. When comparing ON3R tau from 12-15 weeks old naive
rats to bands in the Auman tau ladder lane (where each band is 10 ng), the ON3R band is
much lighter in intensity. This observation contrasts with 3R staining from six week-old rats
(Figure 2A), where the intensity of ON3R is similar in brightness to bands in the Auman tau
ladder. This progressive reduction in ON3R band intensity suggests a developmental down
regulation of this specific tau isoform, consistent with a previous report (Hanes et al, 2009).

We next looked at expression of phosphorylated S193/T196 (pS193/pT196) tau by using the
AT8 Ab in brain homogenates of 12-15 week-old naive rats (Figure 2C). In human AD,
S202/T205 hyperphosphorylation is widely used as a biomarker of AD (Braak & Braak,
1991). We validated this Ab’s phosphospecific recognition of tau by observing the 75 kDa
staining of the phosphorylated 2N4R human tau species as a positive control (4. p2N4R tai)
and the absence of staining in the nonphosphorylated Auman tau ladder lane, as a negative
control. We observed three distinct bands of pS193/pT196 tau, ranging from approximately
58-72 kDa (boxes in Figure 2C). Compared to the migration of dephosphorylated rat tau
isoforms shown in Figures 2A & 2B, these bands likely consist of 2N4R and 1N4R tau with
varying degrees of phosphorylation. Both ON3R and ON4R tau isoforms migrate around 50
kDa, but these tau isoforms were not observed when probing for pS193/pT196 tau species.
Taken together, AT8 staining is mainly composed of 1N4R and 2N4R tau isoforms.
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In addition to pS193/pT196 tau staining, we detected total tau expression levels in brain
lysates from 12-15 week-old naive rats by western blotting using the Tau-5 Ab (Figure

2D). This Ab recognizes all six tau isoforms in the human tau ladder (4. tau /adder), which
served as a positive control. When examining brain homogenates from 12-15 week-old
naive rats, total tau staining ranged from 50-72 kDa and appeared as four distinct bands,

as shown in Figure 2D. Upon phosphatase treatment, we observed three distinct bands.
Comparing the total tau staining between the two conditions, it appears that: the bottom
band in the (+)pptase laneis composed of ON tau and corresponds to the bottom box within
raw homogenates; the middle band in the (+)pptase lane is composed of 1N4R tau and
correlates to the second and third boxes from the bottom within raw lysates, demonstrating
differing levels of phosphorylation of the 1NR isoform; and the upper band in the (+)optase
lane is composed of 2N4R tau and migrates within the third and fourth boxes from the
bottom in raw lysates, indicating differing 2N4R phosphorylation levels. Consistent with the
observed reduction in ON3R tau expression in 12-15 week-old rats together with the minimal
expression levels of both IN3R and 2N3R, total tau staining reflects only 4R tau expression.
This observation is supported by complete overlapping of total tau expression staining with
4R tau staining (Figure 2E).

Tau expression in chronic epilepsy

After establishing the expression pattern of tau isoforms by western blotting, we investigated
changes in expression in the hippocampus of chronically epileptic rats of total tau, pS193/
pT196 tau, and two other phosphorylated tau species that are hyperphosphorylated in AD,
pT172 tau (rat ortholog of human pT181 tau) and pT222 tau (rat ortholog of human pT231
tau). The use of western blotting with age-matched naive and epileptic conditions assessed
within the same blot allowed for quantification of changes in these various tau species

in epilepsy. Quantification of the change in tau expression between epileptic and naive
conditions within the same blot normalizes for differences in antibody binding, imaging
efficiency, etc. that occur between experiments; thus what is quantified is the percent change
in tau expression between epileptic and naive conditions. As described in Methods, three
doubling amounts of proteins were loaded from each sample to ensure signal detection
occurred within a linear range (Jung et al., 2010; Tai et al., 2017; Parikh et al., 2020;
Concepcion et al., 2021). Also included were appropriate (+) and (=) controls in each gel to
validate Ab specificity. Lastly, we measured aggregate expression of all tau isoforms ranging
between 50-72 kDa, rather than individual bands.

We studied two time points during chronic epilepsy, two months and four months post-SE.
We have shown in prior work (Tai et al., 2017) that at two months post-SE, rats have
frequent seizures (4.0 £ 1.1 seizures/day, 7= 11), ranging from focal motor manifestations
(Racine class I11) to convulsions with loss of posture (class V). To verify that our chronically
epileptic rats were experiencing seizures at the four month post-SE time point, we video-
monitored four chronically epileptic rats for two continuous weeks. These rats averaged

10.9 £ 3.65 Racine class I11-V seizures/day (p = 0.03 vs. two months post-SE). This
monitoring not only established that four month post-SE rats experience class 111-V seizures
but also demonstrated a progressive increase in seizure frequency compared to two month
post-SE rats. Because seizures in the pilocarpine model of temporal lobe epilepsy (TLE)
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predominantly originate within the hippocampus (Toyoda et al., 2013; Buckmaster et

al., 2022), we looked at the whole hippocampal formation (including the subiculum and
entorhinal cortex) as well as two subregions separately, CA1 and CA3 hippocampus. A brain
region outside the putative seizure onset site, the somatosensory cortex (SSC), served as a
control region (Figure 1C).

In two months post-SE chronically epileptic rats (Figure 4), individual hippocampal
subfields showed decreased levels of pS193/pT196 tau (CAL: 30.3 + 9.51% reduction
compared to controls, 7= 10, p=0.011; CA3: 35.5 £ 12.6% reduction, n=11, p=0.018),
but no significant change in pS193/pT196 tau was seen in the hippocampal formation as
awhole (18.1 + 11.0% reduction, n= 10, p> 0.05) or in the nonepileptogenic SSC (9.5

+ 14.8% increase compared to controls, 7=9, p> 0.05). With total tau expression levels,
we observed a decline compared to controls in every region, including the SSC (whole
hippocampus: 20.6 + 3.06% reduction, 7= 10, p< 0.0001; CALl: 24.7 + 4.88% reduction,
n=10, p=0.0007; CA3: 25.1 + 7.00% reduction, 7= 11, p=0.005; SSC: 15.7 + 4.56%
reduction, 7=29, p=0.0088). These results demonstrated that in the early stages of chronic
epilepsy, a modest uniform loss of total tau expression took place throughout the whole
hippocampus (and SSC), while losses of pS193/pT196 tau levels occurred in the CAl

and CAS3 hippocampal subfields, but not in the hippocampus as a whole or in the SSC.
Because the decrease in phosphorylated tau species in the CA1 and CA3 subregions largely
was comparable to the decrease in total tau expression, the fractional phosphorylation of
pS193/pT196 tau was unchanged in the CA1 subfield (8.35 + 10.3% reduction compared
to controls, n=10, p> 0.05) and the CA3 subfield (14.5 + 11.6% reduction compared

to controls, n=11, p> 0.05). Thus, the observed reductions in pS193/pT196 tau can be
explained by decreases in total tau expression occurring throughout the hippocampus.

At four months post-SE (Figure 5), when the chronically epileptic rats were experiencing a
significantly higher rate of spontaneous seizures as compared to two month post-SE animals,
there was a significant decrease in pS193/pT196 tau in the whole hippocampal formation
(45.0 + 7.53% reduction compared to age-matched controls, 7= 11, p< 0.0001), in contrast
with the earlier time point. Significant losses in pS193/pT196 tau also were observed in both
hippocampal subregions: CAl: 24.8 + 6.39% reduction, 7= 10, p=0.0037; CA3:49.8 +
5.88% reduction, 7=10, £ < 0.0001. No change in pS193/pT196 tau was observed in the
SSC, like the earlier time point. When examining total tau expression there was a modest
decrease in the CA3 hippocampus (22.8 + 5.82% reduction, 7= 10, p= 0.0035), but the
losses in total tau protein seen earlier in the whole hippocampal formation, CA1, and SSC
were not observed in the four month post-SE rats.

Fractional phosphorylation of pS193/pT196 tau revealed significant reductions in the whole
hippocampal formation (39.4 + 10.5% reduction compared to controls, 7= 11, p= 0.0038)
and in the CA3 hippocampus (32.4 £ 7.90% reduction, 7= 10, p= 0.0027), but not in

the CAL hippocampus (6.72 = 8.99% reduction, 7= 10, p> 0.05) and SSC control region
(6.68 £ 8.51% reduction, 7= 10, p> 0.05). These reductions in fractional phosphorylation
levels in both whole hippocampus and CA3 hippocampus imply changes in upstream
phosphorylation signaling and are not due to loss of total tau expression alone.
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We also studied two other canonical phosphosites on tau that are used as molecular
biomarkers in AD: T181 (T172 in rat) and T231 (T222 in rat). Both of these phosphosites
are known to be hyperphosphorylated in AD (Suéarez-Calvet et al., 2020). In the whole
hippocampal formation at four months post-SE, we looked at both pT172 tau expression
with the AT270 Ab and pT222 tau expression with the 1H6L6 Ab (Figure 5C). For both
phosphorylated tau species, we found no changes in either phosphorylation levels (pT172:
15.4 + 15.9% reduction, n=11, p> 0.05; pT222: 8.84 + 13.9% reduction, 7= 11,

p>0.05) or fractional phosphorylation (pT172: 15.1 + 11.4% reduction, n=11, p>

0.05; pT222: 1.26 + 16.9% reduction, 7= 11, p> 0.05). Therefore, addressing the three
canonical tau phosphosite loci that are hyperphosphorylated in AD, there was no evidence of
hyperphosphorylation at the two stages of chronic epilepsy in our rat model of TLE. Rather,
the S193/T196 tau locus showed dephosphorylation that progressed during chronic epilepsy
and was due to a fractional loss of tau phosphorylation.

Localization of dual pS193/pT196 tau

Because the greatest changes in pS193/pT196 tau were observed at the four month
post-SE stage, we asked where pS193/pT196 tau is expressed within the hippocampus
and whether there are changes in the subcellular distribution of this phosphorylated tau
species in these chronically epileptic rats. We investigated pS193/pT196 tau localization
within the CA1 hippocampus (Figure 6) and CA3 hippocampus (Figure 7) by performing
immunohistochemistry (IHC) with the AT8 Ab in four month post-SE rats and age-matched
naive rats. Within the CA1 hippocampus of naive rats we observed the brightest staining
within the stratum (s.) pyramidale layer that corresponds to the somata of hippocampal
pyramidal neurons; modest staining within the dendrites that begins at the s. radiatum
layer; and minimal staining in the axonal s. oriens layer (Figure 6A-D). Additionally, we
observed a consistent qualitative increased dendritic brightness when transitioning to the
CAZ3 hippocampus from the CA1 hippocampus (* in Figure 6A).

A similar pS193/pT196 tau staining pattern was seen within the CA1 hippocampus of
chronically epileptic rats (Figure 6E-H), in which staining was greatest in the somata,

lower in the dendritic subcellular layer, and little to no detection in the s. oriens layer. To
investigate changes in the subcellular distribution of pS193/pT196 tau, we compared the
ratio of signal intensity per unit area between the somatic and dendritic layers from CA1
subcellular regions between four month-post-SE rats and their age-matched controls. No
difference in the ratio of somatic/dendritic staining was detected: [1.24 + 0.05 in chronics (n
=4), 1.33 £ 0.02 in controls (7= 3); p> 0.05]. However, overall staining for pS193/pT196
tau qualitatively was lower in the chronically epileptic rats than in the control rats.

Addressing pS193/pT196 tau localization within the CA3 hippocampus, we noticed in the
age-matched control rats (Figure 7A-D): the strongest staining of pS193/pT196 tau occurs
in the s. lucidum layer that corresponds to the mossy fiber projections from the dentate
gyrus and in the somata of hippocampal pyramidal neurons (s. pyramidale); somewhat less
staining in the dendritic (s. radiatum) layer; and the least expression in the axons of the s.
oriens layer (Figure 7A-D). Similar to the previous observation at the transition between the
CAL hippocampus and the CA3 hippocampus, there appears to be a reduction in the dually
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phosphorylated tau staining in the dendritic layer of the CAL subregion compared to that of
the CA3 subregion. Therefore, both observations in Figure 6A and Figure 7A suggest that
under normal conditions pS193/pT196 tau staining appears to become higher in the CA3
hippocampus dendritic layer than that of the CA1 hippocampus at this transition zone.

In four month post-SE rats (Figure 7E-H), although there appears to be a general reduction
in overall pS193/pT196 tau staining compared to the age-matched naives, the overall dually
phosphorylated tau pattern was similar to the controls in terms of relative comparisons

of staining intensities among different subcellular compartments (mossy fiber and somata

> dendrites > s. oriens). Like the CA1 hippocampus analysis, we investigated changes in
staining ratios between various subcellular compartments: (A) somatic vs. dendritic; (B)
somatic vs. s. lucidum; and (C) s. lucidum vs. dendritic. For all three comparisons, no
differences were observed: [somatic/dendritic: 1.23 + 0.04 in chronics, (7= 4), 1.06 £ 0.05
in naives, (7= 3), p> 0.05; somatic/s. lucidum: 0.99 + 0.07 in chronics, (n=4), 0.88 +
0.01 in naives, (n=3), p>0.05; and s. lucidum/dendritic: 1.27 £ 0.10 in chronics, (7= 4),
1.21 £ 0.07 in naives, (7= 3), p> 0.05]. Despite the absence of changes in staining ratios,
there is an apparent overall reduction in pS193/pT196 tau within the CA3 hippocampus of
chronically epileptic rats compared to age-matched naives. Interestingly, these qualitative
decreases in pS193/pT196 tau in this stage of chronic epilepsy reflect the quantitative
reductions in this dually phosphorylated tau species seen in the western blotting experiments
(Figure 4).

Discussion

There is increasing interest in understanding whether the neurodegeneration often occurring
in the temporal lobe of patients with TLE is mediated by similar mechanisms as in AD, such
as tau hyperphosphorylation, increases in beta-amyloid deposition, or neuroinflammation
(Casillas-Espinosa et al., 2020; Hwang et al., 2022). Observations in human brain tissue
from patients with refractory epilepsy have been conflicting as to whether tau expression
and phosphorylation are increased as they are in patients with AD; while studies in animal
models show that tau expression is necessary for the occurrence of seizures in genetic
models of epilepsy, and that deletion or knockdown of tau exerts an anti-seizure effect.
Our goal here was to examine tau expression and phosphorylation at three canonical
phosphosites that are hyperphosphorylated in AD (and consequently used in the clinical
diagnosis of AD) by using a well-validated animal model of temporal lobe epilepsy. We
evaluated these tau properties in the brain regions where seizures arise, and also a region
outside of the epileptogenic zone, at two time points of chronic epilepsy equivalent to
years of exposure to seizures in humans. A strength of our approach is studying these
epileptic animals at two points, especially a late time point at four months post-induction
of epilepsy with a high cumulative seizure burden comparable to that in humans with
many years of refractory epilepsy (Wiebe et al., 2001). Our most important finding is that
tau is progressively dephosphorylated at the rat S193/T196 loci (equivalent to the S202/
T205 tau loci in humans assayed by the AT8 antibody) as the epileptic state progresses,
with no change in overall tau expression at the latter timepoint of chronic epilepsy. Two
other tau phosphosites implicated in AD, orthologs of human T181 and T231, showed

no change in phosphorylation. These results demonstrate that three canonical phosphosites
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showing hyperphosphorylation in AD do not show hyperphosphorylation in late stages of
chronic epilepsy in an animal model of TLE, and that the dephosphorylation at S193/T196
progressively increased as epilepsy worsened over time.

At two months post-SE, our prior work established that rats are experiencing about four
Racine class I11-V (focal motor or convulsive) seizures per day (Tai et al., 2017). Given
that humans with refractory temporal lobe epilepsy experience about three seizures per
month (Wiebe et al., 2001), if this were the steady-state rate of seizures in rats, it would

be equivalent to several years’ duration of epilepsy in humans. At this time point, we
found proportional losses of both total tau expression and pS193/pT196 tau levels in the
hippocampus. The proportional loss of phosphorylated tau implied that it reflects the loss
of total tau expression, with no changes in fractional phosphorylation in all investigated
hippocampal fields. Interestingly, we observed decreased total tau expression in every
hippocampal region studied, as well as the SSC region outside of the putative onset seizure
site, suggesting an ongoing compensatory mechanism not only in the affected hippocampal
formation but also surrounding brain regions, given that loss of total tau expression has an
antiepileptic effect (Holth et al., 2013; Gheyara et al., 2014). Since the changes in total tau
expression seen in our model largely reverted to normal at the four month post-SE time
point, including outside of the epileptogenic zone in the SSC, they are unlikely to be due to
neurodegeneration but rather to a homeostatic process throughout the brain in response to
ongoing seizures.

At the later time point four months post-SE, we observed a much higher convulsive seizure
rate of 10 per day, equivalent at steady state to many years of seizure exposure in humans,
such as occurs in patients who present for epilepsy surgical interventions after numerous
years of uncontrolled seizures (Wiebe et al., 2001). At this time point as mentioned

above, total tau expression in the hippocampus as a whole had normalized compared to its
modest decline at two months post-SE. This shows that there is no progressive upregulation
of total tau expression with long exposure to epilepsy in our model. In contrast, there

was a progressive loss of phosphorylation at the S193/T196 tau loci — an ~50% loss

of phosphorylation was seen in the hippocampal formation as a whole and in the CA3
region specifically, with a lesser degree seen in the CA1 region. Because this loss of S193/
T196 tau phosphorylation occurred in the setting of unchanged total tau expression in the
hippocampus as a whole, it represented a loss of fractional phosphorylation of tau from
upstream phosphorylation signaling and would not be explained by loss of neurons in the
hippocampus. A control region outside of the hippocampus, the SSC, showed no change

in tau phosphorylation, demonstrating that this change was specific to the epileptogenic
zone. Immunohistochemistry studies at the four mo. post-SE time point showed that tau
phosphorylated at S193/T196 was mostly expressed in hippocampal pyramidal neuron
somas and dendrites and mossy fibers, and showed a qualitative decrease in expression

vs. age-matched controls, mirroring the quantitative changes found with the western blotting
analyses. It has shown that anesthesia may influence the phosphorylation of tau at various
phosphosites, including T181 and T205 (Run et al., 2009). However, changes in tau
phosphorylation described here were not due to anesthesia, given that both cohorts received
the same anesthesia treatment (although it is possible that anesthesia could influence the
subcellular distribution seen under both conditions).
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The decreased tau phosphorylation at S193/T196 tau in our rat model differed from a

prior study using a kainic acid (KA) model of epilepsy evaluated at 14 days post-SE

(Alves et al., 2019). This study found increased tau phosphorylation at this locus and
decreased total tau expression. However, this time point represents a much earlier phase

of epilepsy, so it is possible that this result is not comparable to later, more chronic

phases of epilepsy investigated here. Their study did detect total tau reductions in the

CA1 and CA3 hippocampal subfields as we did in our earlier time point at two months
post-induction of epilepsy. Another study used two different modes of KA delivery to induce
epileptogenesis, intrahippocampal vs. intraperitoneal injections (Canet et al., 2022). With
intrahippocampal KA delivery, several tau phosphosites (orthologous to human tau T212/
S214, S396/S404, and S202 loci) were hyperphosphorylated at eight weeks post-injection.
With intraperitoneal KA delivery, only the T212/ S214 loci showed hyperphosphorylation

at eight weeks post-SE time point. In this study, total tau expression was not quantified (so
it is unclear whether these changes in phosphorylation represented fractionally increased
phosphorylation or increased total tau expression), but the findings do demonstrate some
model-dependence of the changes seen. Their study also noted varying time dependent
trajectories of expression of neuroinflammatory and neurogenerative mediators aside from
changes in tau phosphorylation. Our study examined the phosphorylation levels of three

tau phosphorylation loci, accounting for just four of 85 possible phosphosites in the 2N4R
human tau isoform expressed in the brain (Wang & Mandelkow, 2016). The phosphorylation
changes were non-uniform among these three loci, and thus it is certainly possible that other
tau phosphosites not assayed here may undergo increased phosphorylation as was seen in the
prior study.

In terms of comparison to human post-mortem or resection studies assaying tau expression
and phosphorylation in patients with refractory epilepsy, corroboration of our finding
occurred in a study involving IHC measurements of tau in autopsy specimens from

patients with refractory epilepsy: the sclerotic hippocampus at the putative site of

seizure onset showed a loss of pS202/pT205 tau staining compared to the non-sclerotic
contralateral hippocampus (Thom et al., 2011). Other human studies have reached
conflicting conclusions, finding either increased total and phosphorylated tau expression

in resection (Tai et al., 2016) or post-mortem tissue (Gourmaud et al., 2020) or no change
in S202/T205 tau phosphorylation in resection tissue (Silva et al., 2021). A significant
challenge in human tissue studies is comparison to a suitable control sample: usually

this is an autopsy specimen from a human brain bank, but conditions for handling this
tissue may differ from those for the epilepsy specimens, and it is known that tau protein
phosphorylation decays within hours of brain death in both humans and rats (Matsuo et al.,
1994; Gértner et al., 1998). Thus, brain banked control tissue may have artifactually low
levels of tau phosphorylation. A methodology which partially circumvents this technical
issue is measurement of tau expression in CSF. One study using this technique in a small
group of patients of heterogeneous seizure etiologies found no significant change in total tau
expression or phosphorylation at the S181 phosphosite when studied 48 hours after a recent
seizure (Palmio et al., 2009).

Like humans, rats express six tau isoforms in the brain. However, we found that isoform
expression in rats is non-uniform. We readily detected only four tau isoforms (ON3R, ON4R,
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1N4R, and 2N4R); additionally, we showed that most of the tau protein in rat hippocampus
was 4R tau species, consistent with the 7:1 ratio of 4R:3R tau expression reported in three
month-old rat hippocampus (Hanes et al., 2009). We also showed that not all tau isoforms
are phosphorylated equally. As seen by western blotting patterns in Figure 2C, pS193/pT196
tau appeared to originate from 1N4R and 2N4R tau isoforms, but not ON4R tau. These
results suggested that expression changes of total and phosphorylated tau in epilepsy may be
confined to a subset of the six possible tau isoforms.

It is unclear how loss of tau phosphorylation at the S193/T196 phosphosites impacts its
biological role in brain tissue. It has been tacitly assumed that hyperphosphorylation of tau
in epilepsy causes loss of biological function and neurotoxicity as is seen in AD. However,
this may not necessarily be so. Changes in phosphorylation at individual phosphosites

may have differing impacts on tau function as relates to neuronal excitability and seizure
generation. A recent study showed that while genetic deletion of tau reduced the intrinsic
excitability of hippocampal neurons, expression of phosphorylated human tau in the absence
of endogenous murine tau also produced hypoexcitability (Cloyd et al., 2021). This suggests
that the effects of tau phosphorylation on neuronal excitability may be complex and not
follow the AD model. In AD, hyperphosphorylation of tau appears to occur in a sequential
fashion, implying complex interactions among upstream signaling pathways (Luna-Mufioz
et al., 2007; Bertrand et al., 2010). As we learn more about the many tau phosphosites

that could be dysregulated in refractory epilepsy, this could be an interesting area of
investigation.

What is the cause of tau dephosphorylation at S193/T196 in late chronic epilepsy?

It is possible that it is the result of the epileptogenic processes underlying seizure
generation in the hippocampus. Alternatively, tau dephosphorylation could be a consequence
of neurodegeneration in the hippocampus that accompanies refractory epilepsy (Casillas-
Espinosa et al., 2020), even if dissimilar to the hyperphosphorylation of tau accompanying
neurodegeneration in AD. Experiments to determine the seizure dependence of tau
phosphorylation in animals with chronic epilepsy (using treatment with anti-seizure
medications in vivo) could be informative. Of note, the loss of fractional phosphorylation

at S193/T196 at four months post-SE does not reflect loss of neurons per se, since total tau
expression was unchanged. Another interesting question is whether tau expression is altered
in the early stages of epileptogenesis post-SE but before spontaneous seizures arise (about
one week post-SE in our model), a question that was outside the scope of this investigation.

We feel these results warrant further comprehensive examination of phosphorylation at
other tau phosphosites in chronic epilepsy. Use of acquired epilepsy models such as

the pilocarpine-induced rat model used here at late time points of chronic epilepsy may
accurately model the human condition in chronic medically refractory epilepsy, but it would
be worthwhile to study tau expression in other animal models. Such experiments will

help determine whether tau undergoes net hyperphosphorylation or dephosphorylation in
epilepsy, or whether changes in phosphorylation at individual phosphosites have unique
contributions to neuronal excitability and neurodegeneration.
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Highlights
S193/T196 (S202/T205 human) tau showed progressive dephosphorylation in
epilepsy.

No change in phosphorylation at T172 (T181 human) or T222 (T231 human)
was seen.

At 2 months post-SE, total tau expression was transiently decreased.

Tau expression and phosphorylation at 3 loci differ between chronic epilepsy
and AD
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Figure 1.

Tau isoform composition. (A) Schematics of the six tau isoforms formed by alternative
splicing of N-terminal exons (N1, N2, green-shaded) and of repeat domains (R1-R4, blue-
shadead) within the microtubule binding region (MBD). The presence of none, one, or two
N-terminal exons determines ON, 1N, 2N tau isoform specificity, correspondingly; while the
absence or presence of the R2 domain within the MBD generates 3R or 4R tau isoforms,
respectively. Labeling at bottom is the exon number of the human microtubule associated
protein tau gene, MAPT, that encodes for the corresponding domain above. Exons 6 and

8 are not expressed in the central nervous system. (B) Comparison of 2N4R tau amino
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acid sequences between rat (ypper) and human (fower) showing 89% homology between
the two species. Tau naming for each species found in Uniprot.org. The two N-terminal
exons and four repeat domains are boxed within the sequences. Shown are epitopes for
anti-tau antibodies (Abs) Tau-5 Ab (red bar) and AT8 Ab (green bar). To be recognized

by the AT8 Ab, both S193 and T196 rat tau residues (5202 and T205 in humans) must be
phosphorylated, denoted by green p’s. Additionally, two other phosphorylated tau residues,
T172 rat/T181 human recognized by the AT270 Ab and T222 rat/T231 human recognized
by the 1H6L6 Ab, are labelled as b/ue p’s. (C) Timeline of experiments involving the
pilocarpine-induced rat model of chronic epilepsy. (D) Schematic of brain regions studied.
Whole hippocampal formation encompassing CAZ and CA3 hippocampus, dentate gyrus
(DG), subiculum (Sub), and entorhinal cortex (EC) is enclosed within the dashed red border.
A region within the somatosensory cortex (SSC, dashed green boundary) served as control
tissue outside the putative seizure onset zone within the hippocampus.
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Figure 2.
Expression of tau isoforms in hippocampal tissue. A ladder containing six human tau

isoforms (4. tau ladder) allows for size comparison and serves as a negative control for
phosphorylation. (A) 4R and 3R tau expression in raw tissue homogenate either without
(21X homog.) or with phosphatase treatment [(+) pptase] from six week-old naive rats.

In the raw homogenate lanes of the fop panel displaying 4R tau isoforms, tau proteins
migrate between 50 to 72 kDa. Consolidation of these isoforms into three protein bands

in phosphatase-treated homogenates indicate 4R tau isoforms are highly phosphorylated.
In the raw homogenate lanes displaying 3R tau (middle panel), a doublet around 50 kDa
converged into the lower band after phosphatase treatment. The bottom panelis a merged
image showing four main tau isoforms. The yellow arrows in the three panels demonstrate
that the upper doublet band in the merged panel consists of ON3R tau and ON4R tau. (B)
4R and 3R tau expression in 12-15 week-old naive rats. Tau expression is similar as above,
except for notably decreased expression of both ON3R and ON4R isoforms in the older rats.
(C) AT8 Ab staining of dually phosphorylated S193/T196 tau in brain homogenates from
12-15 week old rats. Three tau bands are observed. Phosphorylated 2N4R human tau (4.
P2N4R) served as a positive control for detection of dually phosphorylated S193/T196 tau.
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(D) Total tau staining of rat brain homogenates with the Tau-5 Ab. Four bands of staining are
observed in raw homogenates. Phosphatase treatment consolidates staining to three bands.
(E) Complete overlapping (mergead) of bands composed of 4R tau (4R tau, green) and total
tau (fotal tau, red) demonstrates that total tau staining reflects 4R tau expression in brain
homogenates of 12-15 week-old rats.
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Figure 3.
Dual pS193/pT196 tau and total tau expression in brain tissue of two month post-SE rats.

(A) Representative western blot of phosphorylated tau expression in CA3 hippocampal
region using the AT8 Ab showing a decrease in phosphorylated tau expression in chronic
epilepsy. Shown are three different loading amounts for naive and epileptic conditions.
Phosphorylated p2N4R human tau and human tau ladder served as positive and negative
controls, respectively, for the detection of phosphorylated tau. (B) Representative western
blot of total tau expression in rat CA3 hippocampus using the Tau-5 Ab demonstrating a
modest reduction in total tau expression in chronic epilepsy. The human tau ladder provided
a size reference. (C) Group data showing changes in tau expression in chronically epileptic
rats at two months post-SE in the whole hippocampal formation, CA1 hippocampus, CA3
hippocampus, and somatosensory cortex (SSC) compared to age-matched naive rats. Values
shown are individual data points; boxes denoting median, 75" and 25™ percentiles; whiskers
showing 95™ and 5t percentiles; and mean value (diamonds). Only the CA1 and CA3
hippocampal regions of chronically epileptic rats showed significantly reduced dual pS193/
pT196 tau (green box plots). Reductions in total tau expression were found in every

region, including the SSC (red box plots). No changes were observed in fractional dually
phosphorylated tau (pS193/pT196 tau/total tau) in any region (blue box plots).
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Figure 4.
Dual pS193/pT196 tau and total tau expression in brain tissue of four month post-SE rats.

(A) Representative western blot showing greatly decreased dual pS193/pT196 tau expression
in CA3 hippocampus in chronic epilepsy using the AT8 Ab. (B) Representative western

blot demonstrating a modest reduction in total tau expression in CA3 hippocampal regions
using the Tau-5 Ab in chronic epilepsy. (C) Group data showing changes in tau expression
in chronically epileptic rats at four months post-SE in the whole hippocampal formation,
CAL hippocampus, CA3 hippocampus, and somatosensory cortex (SSC) compared to age-
matched naiive rats. Values shown are individual data points; boxes denoting median, 75t
and 25t percentiles; whiskers showing 95t and 5t percentiles; and mean value (diamonds).
Significant decreases in dual pS193/pT196 tau were observed in all hippocampal regions

in epilepsy (green box plots). The only change in total tau expression was the decrease
observed in the CA3 hippocampus (red box plots). Reductions in fractional pS193/pT196
tau expression (pS193/pT196 tau/total tau) were detected in the whole hippocampal
formation and in the CA3 hippocampus (b/ue box plots). No change in tau expression was
seen in the SSC.

Neuroscience. Author manuscript; available in PMC 2024 July 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Concepcion et al. Page 25

A

3 5 c 4 mo. post-SE
T
g B W pT172 or pT222 tau
% =] H total tau
higilve 4 t-SE ; *E B p-tau/total tau
mo. post- 5 _— 150
Z E i
4ug 8ug 16pg 4pg 8ug 16pg o 2
°>) 100+ g’ 100 4
s ? s
c c
pT172 tau (whole) 4 2
2 2
3 5 G 504 G 50+
c 3 B R
§ 3 = e,
E —. C c
5 3 o o
T . £ 2 ? 2
[ naive 4mo.post-SE x ¢ © O 04 o o4
5 2 E B g g
] I} ) o
% 4ug 8ug 16ug 4ug 8ug 16ug X 2 B - t
75 = 75 K &
-50 -] -50
pT222 tau (whole) bT172tau’ total p-tauftotal 'bT222tall total 'p-tau/total

Figure 5.
pT172tau, pT222 tau, total tau expression, and fractional phosphorylated tau in whole

hippocampal formation from four month post-SE rats. (A) Representative western blot
showing unchanged pT172 tau expression in the whole hippocampal formation in chronic
epilepsy using the AT270 Ab. (B) Representative western blot showing unchanged pT222
expression in the whole hippocampal formation in chronic epilepsy using the 1H6L6 Ab.
(C) Group data showing no changes in either pT172 tau expression (/ef?) or pT222 tau
expression (right) in chronically epileptic rats. Data for total tau expression is the same as
total tau expression in whole hippocampal formation used in Figure 4.
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Figure 6.

Localization of pS193/pT196 tau protein in the hippocampal CAL region within age-
matched naive (A-D) and chronic 4 mo. post-SE (E-H) rats by AT8 Ab staining.
pS193/pT196 tau staining is shown in green, and nuclear staining by 4”,6-diamidino-2-
phenylindole (DAPI) is shown in b/ue. Scale bars = 20 um. (A-D) The lower magnification
image (A) represents a larger scale view of pS193/pT196 tau staining within the CA1
hippocampus of naive rats. The boundary between CA1 and CA3 hippocampal subregions
is demarcated. Note the qualitative increased dendritic staining within the CA3 hippocampus
(*) compared to that within the CA1 hippocampus at the transition. pS193/pT196 tau
staining examples from three different naive rats of a magnified view within the CAl
subregion are displayed in (B-D). The most abundant expression of pS193/pT196 tau was
observed in the CA1 somata within the stratum pyramidale (p) layer; some staining was
present in the dendrites in the stratum radiatum layer (7), while little to no staining was
observed in the axons within the stratum oriens (o). (E-F) The lower magnification image
(E) represents a larger scale view of pS193/pT196 tau staining within the CA1 hippocampus
of 4 mo. post-SE of chronically epileptic rats with the boundary between the CAl and CA3
hippocampal subregions labelled. pS193/pT196 tau staining examples from three different
chronically epileptic rats of a magnified view within the CA1 subregion are displayed in
(F-H). The distribution of pS193/pT196 tau within the CA1 hippocampus in chronically
epileptic rats was similar to that in age-matched naive rats: the greatest expression was
observed within the stratum pyramidale (o) layer; lesser extent in the stratum radiatum
layer (1), while little to no staining within the stratum oriens (o). Overall, pS193/pT196 tau
staining in the CA1 hippocampal subregion of chronically epileptic rats qualitatively was
less than that of naive rats.
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post-SE

Figure 7.
Localization of pS193/pT196 tau protein in the hippocampal CA3 region within age-

matched naive (A-D) and chronic 4 mo. post-SE (E-H) rats by AT8 Ab staining. pS193/
pT196 tau staining is shown in green, and DAPI is shown in b/ue. Scale bars = 20 pm.
(A-D) The lower magnification image (A) represents a larger scale view of pS193/pT196
tau staining within the CA3 hippocampus of naive rats. The boundary between CA1 and
CA3 hippocampal subregions is included. Note the qualitative decreased dendritic staining
within the CA1 hippocampus (*) compared to that within the CA3 hippocampus at the
transition. pS193/pT196 tau staining examples from three different naive rats of a magnified
view within the CA3 subregion are displayed in (B-D). The most abundant region of dually
phosphorylated S193/T196 tau expression was observed in the axons of mossy fibers within
the stratum lucidum layer (/uc) and in the cell bodies within the stratum pyramidale ()
layer. Less staining was observed in the dendrites originating from the stratum radiatum
layer (7). Like the CA1 hippocampus, pS193/pT196 tau staining was lowest in the axons
within the stratum oriens (o) layer. (E-F) The lower magnification image (E) represents a
larger scale view of pS193/pT196 tau staining within the CA3 hippocampus of chronically
epileptic rats. The boundary between the CA1 and CA3 hippocampal subregions is noted.
pS193/pT196 tau staining examples from three different chronic rats of a magnified view
within the CA3 subregion are displayed in (F-H). The distribution of pS193/pT196 tau
within the CA3 hippocampus in chronically epileptic rats was similar to that in age-matched
naive rats: the greatest expression was observed in the stratum lucidum layer (/uc) and
within the stratum pyramidale (p) layer; lesser extent in the stratum radiatum layer (7),
while little to no staining within the stratum oriens (o). Overall, pS193/pT196 tau staining
qualitatively was reduced throughout the CA3 hippocampal subregion in chronically
epileptic rats compared to that in naive rats.
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