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KEY WORDS Abstract Pharmacoresistance to anti-seizure medications (ASMs) remains a major unmet challenge in
temporal lobe epilepsy (TLE), and occurs diversely, as classified to primary or acquired manner. The

Anti-seizure medication; . . . . . . . . .
pathophysiological underpinnings of acquired pharmacoresistance remain elusive. Here, using a hippo-

ﬁff .rée;xcuablhty, campal kindling mouse model, we established that prolonged lamotrigine (LTG) treatment—either during
Pharmacoresistance; or after kindling—induces broad-spectrum resistance to multiple ASMs, effectively recapitulating clinical
Pyramidal neurons; patterns of acquired pharmacoresistance. Multimodal interrogation revealed hyperexcitability of subicu-
Sodium channel; lar pyramidal neurons as a critical factor in pharmacoresistance, characterized by elevated c-Fos expres-
Subiculum; sion specifically within the subiculum, as well as hyperexcitability of subicular glutamatergic pyramidal
Temporal lobe epilepsy neurons. This hyperexcitability phenotype stemmed from Na, 1.6 upregulation, driving both enhanced

persistent sodium current (In,p) and a pro-excitatory shift in voltage-dependent activation kinetics of
voltage-gated sodium channel (VGSC). Crucially, pharmacological activation of subicular Na,1.6
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sufficed to induce acquired pharmacoresistance in pharmaco-responsive mice. Conversely, subiculum-
specific Na, 1.6 knockdown in pyramidal neurons (but not GABAergic neurons) prevented or reversed
pharmacoresistance, while analogous genetic manipulation in the CA1 had no such impact. Chemoge-
netic inhibition of subicular pyramidal neurons (mimicking ASM effects) restored drug responsiveness,
directly implicating compensatory increases in Na, 1.6 offsetting ASM’s inhibitory function on subicular
excitability in acquired pharmacoresistance. These findings collectively identify Na,1.6 upregulation in
subicular pyramidal neurons as a critical driver of acquired pharmacoresistance in TLE, highlighting a
novel therapeutic target for refractory epilepsy.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pharmacoresistance persists as a paramount therapeutic obstacle
in epilepsy, ranked among the top five most burdensome neuro-
logical disorders'. Alarmingly, over 30% of epilepsy patients
develop pharmacoresistance®, enduring uncontrolled seizures that
amplify risks of life-threatening complications and profound
psychosocial burdens®. Clinically, pharmacoresistance in epilepsy
manifests through two distinct temporal phenotypes: innate
pharmacoresistance characterized by immediate therapeutic fail-
ure upon anti-seizure medication (ASM) initiation; and acquired
pharmacoresistance marked by progressive loss of drug efficacy
following an initial response period*®. This dichotomy holds
particular clinical significance in temporal lobe epilepsy (TLE),
where acquired pharmacoresistance (~60% of cases) associates
with more extensive mesial temporal sclerosis and complex
epileptogenic networks compared to innate presentations
(~40%)"8. Building on these clinical observations, emerging
translational evidence underscores a critical pathophysiological
link between epileptogenic network remodeling and pharma-
coresistance development®. Unlike innate pharmacoresistance
which is often correlated with obvious indicators (such as hip-
pocampal sclerosis), the insidious progression of acquired phar-
macoresistance creates critical diagnostic dilemmas, including
delayed recognition of therapeutic failure and missed opportu-
nities for early intervention®. Elucidating the neural circuit/mo-
lecular drivers of acquired pharmacoresistance is thus imperative
for developing mechanism-based strategies to counteract this
treatment-refractory state.

The hippocampal subiculum has been demonstrated to orches-
trate epileptic hyperexcitability through its glutamatergic pyrami-
dal neuron networks'®. Crucially, in vitro electrophysiological
recordings from resected hippocampal specimens of pharmacor-
esistant TLE patients revealed synchronized epileptiform dis-
charges localized specifically to the subiculum''. Our longitudinal
studies in TLE model further demonstrate that subicular pyramidal
neurons govern both hippocampal seizure propagation and innate
pharmacoresistance through network-level dysregulation®'*!'%"!13,
Whether subicular neuronal hyperactivity is also a principal
mechanism in acquired pharmacoresistance, an area that has
received minimal investigation despite its importance, and whose
molecular underpinnings worth to be further elucidated.

Voltage-gated sodium channel (VGSC) dysregulation consti-
tutes a fundamental mechanism underlying neuronal hyperexcit-
ability in epilepsy'®. Among VGSC isoforms, Na,1.6-enriched at
the axon initial segment (AIS)-plays a pivotal role in epilepto-
genesis. Human and animal studies demonstrate that SCNSA

(encoding Na,1.6) gain-of-function mutations as causative in
developmental and epileptic encephalopathies'’, while whole-brain
Na, 1.6 knockdown suppresses seizure susceptibility and kindling
progression in rodents'®. Intriguingly, mice with chronic TLE
spontaneous seizures exhibit Na,1.6-mediated hyperexcitability in
subicular pyramidal neurons'®. However, the potential contribution
of Na,1.6 to pharmacoresistance mechanisms, particularly within
epileptogenic hubs like the subiculum remains unexplored.

Here, through multimodal interrogation of an acquired phar-
macoresistant TLE model, we present the first evidence that
subiculum-specific Na,1.6 upregulation drives acquired pharma-
coresistance via enhanced hyperexcitability of pyramidal neuron,
establishing Na, 1.6 as a dual-purpose target for both preventing
and reversing acquired pharmacoresistance in TLE.

2. Materials and methods
2.1.  Animals

Given our previous studies have confirmed that sex would not
significantly influence the pharmacoresistant TLE phenotypes in
rodentsg, we used male C57BL/6J mice (10-week-old, SLAC
Laboratory) and transgenic strains (CaMKIla-Cre: JAX 005539;
Vgat-Cre: JAX 016962) in the current study. All mice were
maintained under 12-h light/dark cycles with ad libitum access to
food/water.

2.2.  Hippocampal kindling model of acquired
pharmacoresistant TLE

According to our previous studies®™?', anesthetized mice were
stereotaxically implanted with bipolar electrodes in the right CA3
(AP =29, ML —3.0, DV —3.0 mm). After 7-day recovery,
afterdischarge threshold (ADT) was determined using 20 Hz
biphasic pulses (1 ms/pulse, 2 s duration)®*. Kindling was ach-
ieved through daily stimulations (6 times per day, 400 pA, 1 s)
until three consecutive Racine’s stage 5 seizures™. Acquired
pharmacoresistance was induced and validated through two
sequential paradigms®*>*?%: (1) During the kindling process, mice
received subtherapeutic doses of ASMs administered intraperito-
neally three times daily, including lamotrigine (LTG, 5 mg/kg),
carbamazepine (CBZ, 7 mg/kg), or levetiracetam (LEV, 7 mg/kg).
The first administration was delivered 30 min prior to the initial
kindling stimulation, followed by subsequent administration
immediately after the 2nd and 4th stimulations. Vehicle control
groups received equivalent volumes of saline. (2) When full
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kindled, mice were challenged with therapeutic doses of ASMs
(LTG: 15 mg/kg; CBZ: 20 mg/kg; LEV: 20 mg/kg; valproate acid
[VPA]: 200 mg/kg; rufinamide [RUF]: 50 mg/kg; phenytoin [PHT]:
50 mg/kg), with seizure severity reassessed 30 min post-injection.
Pharmacoresistance was defined as persistent secondary general-
ized seizures (Racine’s stages 4 and 5) following ASM adminis-
tration. Once the seizure stage was reduced to <3 by any ASM
treatments, we deemed this trial was effective®®. The stage-lowered
ratio (obtained by calculating the ratio of the difference in seizure
stages before and after ASMs to the baseline stages) and effective
rate of each ASM was also compared among different groups.

2.3. Viral injection

To achieve region-specific Na,1.6 modulation, CaMKIlx-Cre or
Vgat-Cre mice received stereotaxic injections of AAV-DIO-EGFP-
ShRNA (SCN8A) (120 x 10" particles/mL, TargetSeq:
ACTCTAACCTGAAGATCTATA) or non-targeting shRNA as
control virus AAV-DIO-EGFP-ShRNA (NC) (1.27 x 10" parti-
cles/mL). For chemogenetic inhibition, AAV-DIO-hM4Di-
mCherry (2.36 x 10'2 particles/mL) was selected, and AAV-DIO-
mCherry (3.32 x 10'? particles/mL) was selected as control virus
for chemogenetic experiments. All viruses were purchased from
Obio Technology Co., Ltd. (Shanghai, China). Viral suspensions
(0.8 puL) were infused into the right subiculum (AP —3.4 mm; ML
—2.0 mm; DV —1.8 mm) or CA1 (AP —2.0 mm; ML —1.3 mm;
DV —1.6 mm) using a microsyringe pump (0.1 pL/min flow rate;
5-min post-injection stabilization). Behavioral tests commenced
after 3-week viral expression.

2.4.  Pharmacological activation of Na,1.6 in the subiculum

For targeted pharmacological Na,1.6 activation, a guide cannula
was stereotactically implanted into the right subiculum. Na,1.6
agonist Veratridine (VET; 1 or 5 pmol/L in 150 nL)?’, was subse-
quently microinfused through an internal injection cannula con-
nected to an infusion pump (Harvard Apparatus, model 70-4507).
The infusion was performed at a controlled rate of 30 nL/min to
ensure precise local delivery while minimizing tissue damage.

2.5.  Invitro electrophysiology

Electrophysiological recordings were performed as previously
described®'. Acute hippocampal slices (300 pm) were prepared

in ice-cold oxygenated artificial cerebrospinal fluid (ACSF) (in
mmol/L: 125 NaCl, 3.5 KCl, 1.25 NaH,PO,, 0.5 MgCl,, 26
NaHCOs;, 25 glucose, and 1 CaCl,). Current-clamp recording was
obtained from subicular pyramidal neurons using glass pipettes
(3—5 MQ) filled with intracellular solution (in mmol/L: 140 K-
gluconate, 5 NaCl, 2 Mg-ATP, 0.2 EGTA, and 10 HEPES).
Neuronal excitability was assessed by injecting stepped currents
(=200 to 4300 pA, 20 pA increments, 500 ms duration) to elicit
action potentials (AP). Voltage-clamp recording of sodium cur-
rents was performed using an intracellular solution (in mmol/L:
140 CsF, 2 MgCl,, 1 EGTA, 10 HEPES, 4 Na,ATP, and 0.3
NaGTP). For transient Na® currents, cells were stepped from
—100 mV to 420 mV (10 mV increments). Na,l.6-mediated
persistent sodium currents (In,p) were isolated in tetrodotoxin-
free conditions using voltage ramps (—100 mV to —10 mV,
65 mV/s) with bath solution (in mmol/L: 30 NaCl, 120 TEA-CI,
10 NaHCO;, 1.6 CaCl,, 2 MgCl,, 0.2 CdCl,, 5 4-AP, and 15
Glucose). All recordings were performed using an EPCI0
amplifier (HEKA Instruments, Stuttgart, Germany) with
PatchMaster software (HEKA Instruments, Stuttgart, Germany).

2.6.  Immunohistochemistry

Mice underwent transcardial perfusion with ice-cold saline fol-
lowed by 4% paraformaldehyde (PFA) in 0.1 mol/L phosphate
buffer (PB, pH 7.4) under deep anesthesia. For c-Fos analysis,
animals were sacrificed 90 min post-behavioral testing to capture
peak protein expression. Coronal sections (25 pm) obtained with
the freezing microtome were incubated with primary antibodies:
c-Fos (1:1000 in working dilution, Abcam ab208942), GABA
(1:500, Sigma—Aldrich A2052) or Na,1.6 (1:200 in working
dilution, Abcam ab65166) overnight at 4 °C. Na, 1.6-stained sec-
tions were subsequently probed with CaMKIl« antibody (1:200 in
working dilution, Proteintech 66843-1-Ig) for neuronal subtype
verification.

2.7.  Immunoblot

Subicular tissues homogenized in RIPA buffer were subjected to
SDS-PAGE (40 pg/lane). Differential transfer conditions were
applied: 107 V for 1 h (B-actin) vs 2.5 h (Na,1.6), due to the
molecular weight of Na,1.6 (~250 kDa) being significantly
higher than that of -actin (~42 kDa). Membranes were probed
with anti-Na, 1.6 (Abcam ab65166; 1:200 in working dilution) and

Table 1  The PCR primers of subunits of voltage-gated sodium channels.
Gene/Protein PCR primers
SCNI1A (Na,l.1) f.p. 5-TGGTGTCGGAGCCTCTGGAG-3',
r.p. 5-GGCGGAGGTGGCACTGAAC-3'
SCN2A (Na,1.2) f.p. 5'~AAGAGCAGGCTGGAGAGGAAGAG-3/, r.p. 5'-TCAAGAGAGACTGGTGTGGAGAGG-3'
SCNSA (Na,1.6) f.p. 5-GGTGTTCTGCCTGAGTGTCTTCG-3',
r.p. 5~AGCCTCTGGTGCCGTTCTCC-3'
SCNI1B (Na,31) f.p. 5-CAACACCAGCGTCGTCAAG-3',
r.p. 5-TCTGAGGCGTTCTCTTGTGC-3'
SCN2B (Na,52) £.p. 5-GCAGCTAGAAGACGAAGGCA-3,
r.p. 5-GACCACIATCAGCACCAAGA-3
SCN3B (Na,(3) f.p. 5'-CACTGAAGAGGCGGGAGAAG-3,

r.p. 5" TGAAGGGATAGCAAGGTAGTCAG-3'

f.p., forward primer; r.p., reverse primer.



Na, 1.6 in pharmacoresistant epilepsy 4445

A .
Bipolar Kindling acquisition process Fully LTG tests

electrodes

et e vm e e e e -

veh £ Fven F F ven F £ . veh £ F ven £ £ ven £ £ el et

e F e f ek £ --..

e g e g £ e £
D  Pre-LTG Test » Post-LTG Test E ©Pre-LTG Test » Post-LTG Test

LTG group Pre LTG treatment Post

- ———— -

1
1
1
1
1
1
/

Test! Test2 Test3 Test! Test2 Test3 Test! Test2 Testd Test! Test2 Test3
g S g o o g0 T T e e ey
4
4
g 34 —
‘% 2 g 3 w 40
s 8
14 -+ Veh group n =20 n 2 < 29
-e- LTG group n =20 1
0 T T T T
0 10 20 30 10 20 3 o 0
Numbers of stimulation Numbers of stimulation Veh-Kindled LTG-Kindled Veh-Kindled LTG-Kindled
F * Pre-LTG Test « Post-LTG Test G H I
Test1 Test2 Test3 Test! Test2 Test3 3 150 =5 3 Non-effective Veh-pre ; Veh-post
gy P A 0 il ey e D T oSy Eftective Al e —
= 100- = s Kindling ' . Kindling
o < 80 § % :
° o g
2 50 S 60 i
3
3 £ 40
o 0 2L ol
<) £ 20 e
2 w 5.
@ sodlear—o 0 g
Veh-Kindled Veh LTG Veh LTG *
J Bipolar Kindling acquisition process LTG tests
s Day1 Day2 Day3 Day4 Day5 Dayé
ay ay. ay ay ay! ay [P — -
veh £ F ven £ F ven £ £ Veh £ veh B F Ve B T ot one [ oo [ oo % &

I
Veh group :
i
I

LTG test9

K #Pre-LTG Test « Post-L TG Test L *Pre-LTG Test « Post-LTG Tost
Test! Test2 Test3 Testd Test5 Test6 Test7 Test8 Tes Test1 Test2 Test3 Test4 Tests Testé Test?7 Test8 Testd

\ Pre LTG treatment Post

-

Veh-test1-pre 2my
=

(@)

Veh-Kindled Veh-Kindled

M * Pre-LTG Test « Post-LTG Test N
Test1 Test2 Test3 Testd TestsS Test6 Test7 Test8 Testd 'V T

ke xx ax 0 ns ns s ns ns

150 Test1 Test2 Test3 Testd Test5 Test6 Test? Test8 Testd

by

=3

=3
1

wWoow oW 7...‘."’ w Veh-test9-pre

il
I

Stage lowered ratio (%
o
o

-50 T T T T T T
Veh-Kindled Veh-Kindled

Figure 1 Long-term lamotrigine administration induces acquired pharmacoresistance. (A) Establishment of the acquired pharmacoresistant
TLE model. LTG was co-administrated during the hippocampal kindling process, when the mice were fully kindled, the anti-seizure efficacy was
evaluated in mice receiving LTG (the LTG-Kindled group) or vehicle treatment (the Veh-Kindled group). (B, C) Comparative progression of
seizure stages and ADDs during the kindling process of the two groups (n= 20 for each group). (D—F) Effect of LTG on the seizure stages (D),
ADDs (E) and GSDs (F) in fully kindled mice from the two groups (n= 20 for each group; post-LTG test vs pre-LTG test for each test was
performed; for seizure stages, *P< 0.05, ***P< 0.001, non-parametric Mann—Whitney test; for ADDs and GSDs, *P< 0.05, ***P< 0.001,
paired r-test). (G) The comparison of stage lowered ratio caused by LTG between the two groups (***P< 0.001, paired z-test). (H) The com-
parison of the effective rate of LTG between the two groups (***P< 0.001, x* test). (I) The representative seizure EEG and spectrums during the
LTG test on fully kindled mice from the two groups. (J) The experimental design of examining the long-term impact of LTG administration on its
anti-seizure efficacy. A total of nine LTG tests were performed on the fully kindled mice from the Veh-Kindled group with 5-day intervals. (K—M)
The efficacy of LTG on the seizure stages (K), ADDs (L) and GSDs (M) of the fully kindled mice from the Veh-Kindled groups (n= 7, post-LTG
test vs pre-LTG test for each test was performed; for seizure stages, *P< 0.05, **P< 0.01, ***P< 0.001, non-parametric Mann—Whitney test; for
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B-actin (Proteintech 66009-1; 1:5000 in working dilution), fol-
lowed by species-matched HRP-conjugated secondaries (Multi
Sciences; 1:3000 in working dilution). Densitometric analysis
used Quantity-One software (Bio-Rad).

2.8.  Real time polymerase chain reaction (RT-PCR)

Total RNA extracted from microdissected subiculum with Trizol
was reverse-transcribed into cDNA. VGSC isoform expression
was quantified using SYBR Green on a real-time cycler with
specific primers (Table 1).

2.9. Statistics

Data expressed as mean =+ standard error of mean (SEM) were
analyzed using GraphPad Prism 9.1.1. The number of experi-
mental replicates (n) was indicated in the Figure legend, and
referred to the number of experimental subjects in each experi-
mental condition. The appropriate statistical methods were indi-
cated in the Figure legend, respectfully.

3. Results

3.1.  Chronic LTG administration induced acquired
pharmacoresistance

Expanding on prior observations of LTG-induced pharmacore-
sistance??*?>?% we systematically investigated this phenomenon
in hippocampal-kindled mice via co-administration of LTG during
kindling process (Fig. 1A). While LTG pretreatment did not alter
kindling acquisition, indicated by the comparable seizure stage
progression (Fig. 1B) and after-discharge durations (ADDs,
Fig. 1C) with vehicle controls, it induced robust pharmacoresist-
ance upon subsequent therapeutic challenge (15 mg/kg): LTG
effectively suppressed seizure stages, shortened ADDs and
reduced generalized seizure durations (GSD) in Veh-kindled
controls, but showed minimal efficacy in LTG-pretreated mice
(LTG-kindled, Fig. 1D—F). Quantitative examination revealed
significantly reduced stage-lowered ratios and effective rates in
LTG-kindled mice caused by LTG (Fig. 1G and H), corroborated
by EEG spectral analyses (Fig. 1I). To validate whether the ac-
quired pharmacoresistance persists under sustained LTG treat-
ments, 4 weeks of sustained daily LTG treatment (15 mg/kg) were
employed on mice from the LTG-kindled group, followed by a re-
evaluation of LTG’s anti-seizure efficacy. As denoted in Sup-
porting Information Fig. STA—S1D, we confirmed a stale lack of
anti-seizure efficacy of LTG even after sustained LTG treatment.
This demonstrates that the acquired pharmacoresistance pheno-
type is non-transient and persists under prolonged ASM exposure,
validating the robustness and chronic nature of our model.

To assess whether sustained therapeutic LTG exposure drives
acquired pharmacoresistance in initially drug-responsive mice, we
administered nine consecutive LTG challenges (15 mg/kg) to fully
kindled mice from the Veh-kindled group (Fig. 1J). Progressive
therapeutic failure emerged across successive administrations,
evidenced by declining efficacy in seizure stage reduction, ADD

suppression, and GSD attenuation (Fig. 1K—M). Stage-lowered
ratios progressively diminished from initial to final tests
(Fig. IN), with representative EEGs and spectra confirming the
gradual loss of LTG efficacy (Fig. 10). These findings establish
that chronic LTG treatment induces acquired pharmacoresistance
in fully kindled mice.

3.2. Subicular pyramidal neuron hyperexcitability mediated by
Na, 1.6 upregulation in pharmacoresistant TLE mice

To identify key brain regions underlying acquired pharmacore-
sistance, c-Fos mapping was performed after experiencing sei-
zures in both groups, and it revealed subiculum-specific
hyperactivity in LTG-treated mice (Fig. 2A). Notably, the sub-
iculum showed significantly stronger c-Fos fluorescence intensity
in the LTG group compared with the Veh group, while other
hippocampal subfields showed only nonsignificant or weaker
activation trends (Supporting Information Fig. S2A—S2D). Spe-
cifically, the number of subicular Fos-positive cells was signifi-
cantly higher in the LTG group (Fig. 2B and C). Given that
subicular pyramidal neurons are the main neuronal type respon-
sible for the initiation and maintenance of epileptic activities'®, we
further examined the excitability of subicular pyramidal neurons
in the two groups. As indicated by the representative traces
(Fig. 2D), subicular pyramidal neurons in the LTG group
exhibited a greater number of action potentials (APs) firings eli-
cited by each depolarizing current (Fig. 2E), leading to a signifi-
cantly lower rheobase current in the LTG group (Fig. 2F). Then
we analyzed the basic AP properties of subicular pyramidal
neurons. The input resistance and resting membrane potentials of
subicular pyramidal neurons were comparable between the two
groups (Fig. 2G and H). The threshold of AP exhibited a more
hyperpolarizing shift in the LTG group (Fig. 2I). Subicular pyra-
midal neurons in the LTG group had a shorter decay time and
higher amplitude in the first AP elicited by the rheobase current,
while the rise time and fau value remained comparable
(Fig. 2J—M). The maximal negative voltage attained after the
completion of repolarization was significantly depolarized in the
LTG group compared with the Veh group (Fig. 2N). To further test
the repolarization ability, we applied stepped hyperpolarizing
currents and found that nearly half of the subicular pyramidal
neurons elicited rebound firing of AP caused by the repolarization
in the LTG group, while the rate was significantly lower in the Veh
group (Fig. 20). In neurons without rebound firing, the depolar-
ized sag voltage value was higher in the LTG group (Fig. 2P).
Taken together, current-clamp recordings indicated that subicular
pyramidal neurons were more excitable, and exhibited a stronger
recovery from hyperpolarization in pharmacoresistant mice.
Given that VGSC is crucial for the excitability of pyramidal
neurons, we further asked whether pro-excitatory alterations in
VGSC physiology exist in subicular pyramidal neurons from the
LTG group. Representative sodium currents from the two groups
were shown in Fig. 2Q. Analysis of current-voltage (I/V) curves
revealed a significant hyperpolarizing shift in the V,,, of activa-
tion in the LTG group compared with the Veh group (Fig. 2R and
S), indicating increased VGSC function in subicular pyramidal

ADDs and GSDs, **P< 0.01, ***P< 0.001, paired t-test). (N) The comparison of stage lowered ratio caused by LTG among each test
(**P< 0.01, #**P< 0.001, compared with the Test1; *P< 0.05, **P< 0.001, compared with the Test2; *P< 0.05, *P< 0.01, compared with the
Test3; one-way ANOVA followed by Tukey’s post hoc test). (O) The representative seizure EEGs and spectrums of the first, fifth, and ninth LTG

tests. The data are presented by mean = SEM.
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Figure 2

LTG

Na, 1.6 is increased in hyperexcitable subicular pyramidal neurons in acquired pharmacoresistant mice. (A) The schematic of the

experimental procedure, when mice from the two groups were fully kindled, one cohort underwent c-Fos immunofluorescence staining at 1.5 h
post generalized seizure onset, while the other cohort was used for in vitro electrophysiology recordings. (B) The representative c-Fos staining
image of the subiculum from mice experienced generalized seizures from the two groups. (C) The comparison of the c-Fos positive cell counts
between the two groups (n= 4 slices from 4 mice for each group, **P< 0.01, unpaired #-test). (D) The representative traces of AP firings of the
subicular pyramidal neurons elicited by different depolarized currents from the two groups. (E) The comparison of AP numbers elicited by each
stepped current injected into the subicular pyramidal neurons (n= 16 from 5 mice for the Veh group, n= 17 from 5 mice for the LTG group,
##%P<0.001, two-way ANOVA test). (F) The comparison of the rheobase of the two groups (***P< 0.001, unpaired #-test). (G, H) The input
resistances and resting membrane potentials were comparable among the two groups. (I—=M) The comparison of the basic AP properties between
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neurons from the pharmacoresistant TLE mice. This finding led us
to further examine the subicular mRNA levels of VGSC subunits
between the two groups. Intriguingly, the SCNSA mRNA level
encodeing Na,1.6 was significantly higher in the LTG group,
while other subunits showed no significant changes (Fig. 2T). This
observation was verified by WB results showing increased sub-
icular SCN8A protein levels in the LTG group (Fig. 2U). IHC
experiments also revealed greater co-expressed of Na,l.6 in
subicular pyramidal neurons from the LTG group compared to
controls (Fig. 2W). Finally, by recording the persistent sodium
currents (In,p) that were specifically mediated by Na, 1.6 in sub-
icular pyramidal neurons (Fig. 2V), we confirmed that the Na, 1.6
currents was increased in subicular pyramidal neurons of the LTG
group. In line with previous studies, here we have proposed that
increased Nav1.6 effectively drive hyper-excitability in subicular
pyramidal neurons via its unique kinetics'®?°. However, the
increased Na,1.6 in subiculum seemed to be specific in pharma-
coresistant TLE mice, as the protein levels of SCNSA in sub-
iculum were comparable between non-epileptic control and the
pharmaco-responsive mice (the Veh group, Supporting Informa-
tion Fig. S3).

For comparison, we examined Na,1.6 expression in other
hippocampal regions. Interestingly, Na, 1.6 fluorescence intensity
showed specific increases in the subiculum but not in CA1, DG, or
CA3 regions (Supporting Information Fig. S4A and S4B). To
verify whether Na, 1.6 was also increased in the temporal lobe in
pharmacoresistant TLE patients. We further compared the Na, 1.6
expression from surgically resected regions of patients with
pharmacoresistant TLE (Supporting Information Table S1). As
indicated in Supporting Information Fig. S5, compared with the
control samples (resected regions of patients with brain glioma),
the Na,1.6 (SCNSA) protein levels in the resected hippocampal
regions of pharmacoresistant TLE patients were significantly
higher, suggesting a common pathological changes in both rodents
and humans.

3.3.  Pharmacological Na,l.6 activation in the subiculum
recapitulated acquired pharmacoresistance

Given that subicular pyramidal neuronal Na, 1.6 was increased in
the LTG group, we asked whether activating Na,1.6 would
directly induce pharmacoresistance. In kindled mice from the Veh
group, Na,1.6 agonist VET (1 or 5 umol/L, 0.15 pL) was intra-

subicular injected, and the efficacy of LTG was tested (Fig. 3A).
Fig. 3B confirms proper cannula placement in the subiculum.
Electrophysiology recordings revealed that 1 pmol/L VET
significantly increased In,p amplitude (Fig. 3C) and directly
induced AP firings (Fig. 3D). Behavioral assessments demon-
strated VET-induced pharmacoresistance in the Veh group: LTG’s
anticonvulsant effects on seizure stages, ADDs, and GSDs were
attenuated following intra-subiculum VET administration
(Fig. 3E—G). And VET dose-dependently decreased the stage
lowered ratio and effective rate of LTG (Fig. 3H and I), which
were further verified in the representative seizure EEGs and
spectrums (Fig. 3J). However, we have noticed that VET alone
only showed a tendency to prolong the ADDs in fully kindled
mice of the Veh group (Fig. 3K).

Then we administrated VET during the kindling process, to
test the hypothesis that pharmacological activating subicular
Na, 1.6 could mimic acquired pharmacoresistance (Fig. 3L). The
cannula position was shown in Fig. 3M. As shown in Fig. 3N and
O, VET did not accelerate the progression of seizure stages and
ADDs during the kindling process. However, fully kindled mice
from the VET group showed pharmacoresistance to subsequent
LTG tests. As LTG lost its efficacy in reducing the seizure stages,
shortening the ADDs and decreasing GSDs (Fig. 3P—R). And the
stage lowered ratio of LTG was significantly lower in the VET
group than mice receiving saline treatments (the saline group), as
well as the effective rate (Fig. 3S and T). The representative
seizure EEGs and spectrums were shown in Fig. 3U. Thus, we
concluded that pharmacologically activating subicular Na,1.6
either during the kindling process or after fully kindled mimicked
acquired pharmacoresistance.

3.4.  Subicular pyramidal neuronal Na,1.6 knockdown reversed
established pharmacoresistance

Then, we administered LTG treatments to CaMKIla-Cre mice
during their kindling process. When they were fully kindled, AAV-
DIO-ShRNA (SCNSA) or AAV-DIO-ShRNA (NC) were injected
into the subiculum via the previously implanted cannula, desig-
nated as the LTG::ShRNA and the LTG::NC groups, respectively
(Fig. 4A). The viruses were strictly expressed within the sub-
iculum (Fig. 4B). Western blot analysis confirmed that AAV-DIO-
ShRNA (SCNSA) effectively reduced SCN8A expression in the
subiculum, compared with the control virus (Fig. 4C). The

the two group, including the threshold (I), the rise time (J), the decay time (K), the time constant value (Tau, L) and the amplitude (M) of the first
AP elicited by the rheobase (*P< 0.05, **#P< 0.001, unpaired #-test). (N) Plot of maximal hyperpolarizing voltages reached between APs evoked
by a 200 pA depolarizing current injection step (***P< 0.001, unpaired #-test). (O) Left panel: the representative traces of the membrane voltage
changes in subicular pyramidal neurons under the stepped hyperpolarization currents injection from the two groups. Subicular pyramidal neurons
were easily to exhibit rebound AP firings after the injection of hyperpolarization currents. Right panel: the comparison of the occurrence rate of
rebound firing between the two groups (*P< 0.05, x* test). (P) Left panel: the representative traces of the repolarization induced sag in membrane
voltage after a 100 pA hyperpolarization current injection. Right panel: the comparison of the repolarization sag values between two groups after
different hyperpolarization currents (n= 15 for the Veh group, n= 10 for the LTG group; *P< 0.05, **P< 0.01, ***P< 0.001, unpaired r-test).
(Q) The representative activating Na™ current traces recorded for subicular pyramidal neurons from the two groups. (R) Voltage dependence of
sodium channel activation for subicular pyramidal neurons from the Veh (n= 11) and the LTG (n= 12) groups. (S) Scatter plot of voltage at half-
maximal activation (V) for subicular pyramidal neurons from the two groups (**P< 0.01, unpaired r-test). (T) The comparison of the mRNA
levels of each sodium channel subunit between the two groups (n= 3 for each group, *P< 0.05, unpaired z-test). (U) The WB examination of the
Na,1.6 levels in the subiculum from the two groups (n= 3 for each group, *P< 0.05, unpaired t-test). (V) Left panel: the representative IHC
image of the Na,1.6 and CaMKIl« co-staining in the subiculum of the two groups. Right panel: the comparison of the Na, 1.6 and CaMKIlw co-
staining cells between the two groups (n= 3 for each group, *P< 0.05, unpaired r-test). (W) Left panel: the representative Na, 1.6-dependent
slow-activated In,p current recorded for subicular pyramidal neurons from the two groups. Right panel: the comparison of the amplitudes of
Inap between the two groups (n= 20 cells from 5 mice for each group, ***P< 0.001, unpaired r-test). The data are presented by mean + SEM.
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Pharmacological activating Na,1.6 in the subiculum induces acquired pharmacoresistance. (A) The schematic of the experiments.

Fully kindled mice in the Veh group received VET prior to the LTG treatment. (B) The verification of the implantation site of cannulas in the
subiculum. (C) In vitro electrophysiological recordings of the Na,l.6-mediated In,p in subicular pyramidal neurons before and after VET
perfusion (n= 3 cells from 2 mice, *P< 0.05, paired #-test). (D) The number of spontaneous APs recorded before and after VET perfusion
(n= 3 cells from 2 mice, *P< 0.05, paired t-test). (E—G) The efficacy of VET and LTG co-treatment on the seizure stages (E), ADDs (F) and
GSDs (G) of the fully kindled mice from the two groups (n= 10 for each group; post-LTG test vs pre-LTG test for each test was performed; for
seizure stages, *P< 0.05, **P< 0.01, ***P< 0.001, non-parametric Mann—Whitney test; for ADDs and GSDs, *P< 0.05, **P< 0.01,
##%P<0.001, paired ¢-test). (H) The comparison of stage lowered ratio caused by LTG among the three groups (**P< 0.01, one-way ANOVA
followed by Turkey’s post hoc test). (I) The comparison of effective rate among the three groups (*P< 0.05, ***P< 0.01, x* test). (J) The
representative seizure EEG and spectrums of the LTG tests of each group. (K) The effect of VET (5 umol/L) alone on seizure stages and ADDs
(n=10). (L) The schematic of the experiments. During the kindling process, Veh::VET group received vehicle and VET co-treatment. When mice
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electrophysiological recordings further confirmed that subicular
pyramidal neurons expressed with AAV-DIO-ShRNA (SCNSA)
showed a robustly decreased Iy,p, and required a higher rheobase
to elicit AP compared with neurons expressed the control virus
(Fig. 4D and E). Behavioral results demonstrated that pharma-
coresistance was fully reversed by selectively knocking down
Na,1.6 in subicular pyramidal neurons. Specifically, after AAV-
DIO-ShRNA (SCNSA) were expressed, LTG was able to reduce the
seizure stages, and shortened both ADDs and GSDs (Fig. 4F—H).
Also, compared with the pre-condition, AAV-DIO-ShRNA
(SCN8SA) successfully raised the stage lowered ratio and the
effective rate of LTG (Fig. 41 and J), as denoted by the repre-
sentative seizure EEGs and spectrums (Fig. 4K). As a comparison,
the expression of control virus (AAV-DIO-ShRNA (NC)) in sub-
icular pyramidal neurons have no impact on acquired pharma-
coresistance (Fig. 4L—Q). Then we wondered whether selectively
knocking down Na,1.6 in pyramidal neurons of the CA1l could
also influence pharmacoresistance (Supporting Information
Fig. S6A). Furthermore, we found that LTG resistance did not
change even after AAV-DIO-ShRNA (SCNSA) was expressed in the
CA1l (Supporting Information Fig. S6B—S6H). Taken together,
these results indicated that knocking down Na,1.6 in subicular
pyramidal neurons successfully reversed the established acquired
pharmacoresistance.

3.5.  Prophylactic Na,l.6 genetical inhibition in subicular
pyramidal neurons prevented acquired pharmacoresistance

Given that the establishment of acquired pharmacoresistance
usually requires consecutive ASM administrations, whether
Na, 1.6 knockdown can prevent the occurrence of acquired phar-
macoresistance warrant further investigation. To address this
question, we conducted hippocampal kindling experiments on
CaMKlIlo-Cre mice. Specifically, mice were intra-subicular
injected with either AAV-DIO-ShRNA (SCNSA) or AAV-DIO-
ShRNA (NC), followed by combined hippocampal kindling pro-
cedure and LTG treatment (designated as LTG:NC and
LTG::shRNA groups, respectively; Fig. 5A). IHC results
confirmed the expression of AAV-DIO-ShRNA (SCNSA) in the
subiculum (Fig. 5B). As shown in Fig. 5C and D, the progression
of seizure stages and ADDs were comparable between the two
groups. Notably, while LTG failed to reduce seizure stages,
shorten ADDs or decrease GSDs in fully kindled mice of the
LTG::NC group, AAV-DIO-ShRNA (SCNSA) restored LTG efficacy
in the LTG::ShRNA group (Fig. SE—G). Furthermore, both the
stage lower ratio and effective rate of LTG were significantly
higher in the LTG::ShRNA group (Fig. SH and I). These findings,
supported by representative seizure EEGs and spectrums (Fig. 5J),
indicated that acquired pharmacoresistance caused by LTG
administration during the kindling process was fully prevented in
the LTG::ShRNA group.

Consistent with the results exhibited in Fig. 1J—0O, we
demonstrated that genetic inhibition of Na,1.6 in subicular

pyramidal neurons significantly attenuated LTG-induced phar-
macoresistance in fully kindled mice. CaMKIla-Cre mice which
expressed AAV-DIO-ShRNA (SCNSA) in the subiculum underwent
hippocampal kindling protocol with concurrent vehicle adminis-
tration (Veh::ShRNA, Fig. 5K and L). Nine consecutive LTG trials
were conducted post-kindling, during which LTG persistently
reduced seizure stages, decreased ADDs, and shortened GSDs
across all trials (Fig. SM—O0). The stage lowered ratio of LTG
remained stable throughout the testing period (Fig. 5P), as evi-
denced by representative seizure EEGs and spectrums (Fig. 5Q).
And given that refractory TLE patients exhibit resistance to
multiple ASMs, we also investigated the role of genetical inhi-
bition of subicular pyramidal neuronal Na,1.6 on the genesis of
multi-ASM  resistance (Supporting Information Fig. S7A).
Notably, CaMKIIa-Cre mice receiving LTG during kindling
showed attenuated therapeutic responses to PHT, VPA, CBZ, RUF
and LEV (Fig. S7TB—S7F). However, targeted suppression of
SCNSA via subicular administration of AAV-DIO-shRNA (SCNSA)
significantly restored pharmacological sensitivity to these ASMs
(Fig. STB—S7F). Crucially, this effect exhibited cell-type speci-
ficity, as subicular GABAergic neuronal counts remain similar
between pharmacoresistant and pharmaco-responsive mice (Sup-
porting Information Fig. S8A and S8B). More importantly, early
Na, 1.6 knockdown in subicular interneurons (injecting AAV-DIO-
ShRNA (SCNSA) into Vgat-Cre mice) did not alter the develop-
ment of acquired pharmacoresistance (Supporting Information
Fig. SOA—S9J).

To further validate the hypothesis that Na,1.6 knockdown in
subicular pyramidal neurons prevents acquired pharmacoresist-
ance induced by other ASMs, we performed stereotaxic injection
of AAV-DIO-ShRNA (SCNSA) into the subiculum of CaMKIIa-Cre
mice, and then kindling process along with CBZ or LEV admin-
istration were applied (Fig. 6A and K). The expression of AAV-
DIO-ShRNA (SCNSA) are shown in Fig. 6B and L. Similarly, AAV-
DIO-ShRNA (SCNSA) did not influence the progression of seizure
stages and ADDs during kindling development (Fig. 6C, D, M and
N). Interestingly, compared with the Veh::NC group (CaMKIlo-
Cre mice injected with AAV-DIO-ShRNA (SCN8A), and treated
with vehicle during kindling process), both CBZ and LEV
demonstrated diminished therapeutic efficacy in kindled mice
from the CBZ:NC or LEV:NC groups (CaMKIlla-Cre mice
injected with AAV-DIO-ShRNA (SCNSA), and treated with CBZ or
LEV during kindling process). Similar to the LTG administration,
the subicular Na,1.6 protein levels were significantly higher in
CBZ::NC or the LEV::NC group, compared with their respective
Veh::NC controls (Supporting Information Fig. S10), demon-
strating the universal Na,1.6 alteration occurring in acquired
pharmacoresistance triggered by diverse ASMs. Notably, AAV-
DIO-ShRNA (SCNSA) intervention successfully restored the anti-
seizure effects of CBZ and LEV in CBZ::ShRNA or LEV::ShRNA
groups (Fig. 6E—G, O—Q). Importantly, genetic inhibition of
Na, 1.6 significantly enhanced the stage lower ratio and effective
rate in the CBZ::ShRNA or LEV::ShRNA groups compared with

were fully kindled, LTG tests were performed. (M) The verification of cannula implantation in the subiculum. (N, O) The progression of seizure
stages and ADDs during the kindling process of the two groups (n= 10 for each group). (P—R) The seizure stages (E), ADDs (F) and GSDs
(G) before and after the LTG treatments of the fully kindled mice from the two groups (n= 10 for each group, post-LTG test vs pre-LTG test for
each test was performed; for seizure stages, *P< 0.05, **P< 0.01, ***P< 0.001, non-parametric Mann—Whitney test; for ADDs and GSDs,
*P< 0.05, ¥**¥*P< 0.001, paired 7-test). (S) The seizure stage lowered ratio caused by LTG of the two groups (n= 30 LTG tests, ***P< 0.001,
unpaired r-test). (T) The effective rate of the two groups (¥**P< 0.001, X2 test). (U) The representative seizure EEGs and spectrums of the two

groups. All data are presented by mean = SEM.
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acquire pharmacoresistance. (A) The schematic of the experimental

design. Mice were initially under kindling acquisition along treated with LTG, when fully kindled, LTG tests were performed. Then virus was
injected into the subiculum allow for expression, followed by LTG tests. (B) The histological verification of AAV-shRNA (SCNSA) expression in
coronal brain slices in the subiculum. (C) The WB verification of the AAV-shRNA (SCN8A) on the subicular protein levels of Na,1.6 (n= 3 for
each group, ***P< 0.001, unpaired #-test). (D) Patch clamp recordings of In.p in AAV-shRNA (SCNSA) and control virus transfected subicular
pyramidal neurons. (E) The effect of genetical knock down Na,1.6 on the excitability of subicular pyramidal neurons (Left panel: the repre-

sentative trace of ap, right panel: the comparison of the rheobases between tl
unpaired #-test). (F—H) The seizure stages (F), ADDs (G) and GSDs (H)
esistant mice before and after ShRNA expression (n= 10, post-LTG te

he two groups, n= 7 for LTG::NC, n= 8 for LTG::shRNA, *P< 0.05,
before and after the LTG treatments of the fully kindled pharmacor-
st vs pre-LTG test for each test was performed; for seizure stages,

##%P<0.001, non-parametric Mann-Whitney test; for ADDs and GSDs, *P< 0.05, ***P< 0.001, paired -test). (I) The comparison of the stage
lowered ratio caused by LTG before and after the ShARNA expression (n= 30 tests, ***P< 0.001, paired t-test). (J) The effective rate of LTG
(***P< 0.001, paired #-test, chi-squre test). (K) The representative seizure EEGs and spectrums. (L—N) The seizure stages (L), ADDs (M) and
GSDs (N) before and after the LTG treatments of the fully kindled pharmacoresistant mice before and after control virus expression (n= 10,
*P< 0.05, paired r-test). (O) The stage lowered ratio caused by LTG before and after the control virus expression (n= 30 tests, *P< 0.05, paired #-

test). (P) The effective rate of LTG. (Q) The representative seizure EEGs

their respective NC controls (Fig. 6H, I, R, S). Representative
seizure EEGs and spectrums further confirmed that knockdown of
Na, 1.6 in subicular pyramidal neurons effectively prevented the
development of acquired pharmacoresistance to both CBZ and
LEV (Fig. 6] and T).

and spectrums. The data are presented by mean = SEM.

3.6.  Impaired inhibition on subicular pyramidal neurons is
associated with the acquired pharmacoresistance

Lastly, to preliminarily investigate the possible mechanisms un-
derlying how increased Na,1.6 in subicular pyramidal neurons
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Figure 5  Early genetical interference of Na, 1.6 in subicular pyramidal neurons prevents the establishment of acquire pharmacoresistance. (A)
The schematic of experimental design. CaMKIlx-Cre mice received AAV-ShRNA (SCNSA) or AAV-ShRNA (NC) injection into the subiculum.
Then kindling process along with LTG administrations were applied. When fully kindled, the efficacy of LTG was tested on each mice. (B) The
histological verification of AAV-shRNA (SCN8A) expression in coronal brain slices in the subiculum. (C, D) The progression of seizure stages and
ADDs during the kindling process of the two groups (n= 10 for both groups). (E—G) The seizure stages (E), ADDs (F) and GSDs (G) before and
after the LTG treatments of the fully kindled mice from the LTG::NC and LTG::ShRNA groups (n= 10 for each group, post-LTG test vs pre-LTG
test for each test was performed; for seizure stages, *P< 0.05, **P< 0.01, ***P< 0.001, non-parametric Mann—Whitney test; for ADDs and
GSDs, *P< 0.05, **P< 0.01, ***P< 0.001, paired -test). (H) The seizure stage lowered ratio caused by LTG of the two groups (n= 30 LTG
tests, *P< 0.05, unpaired #-test). (I) The effective rate of the two groups (¥***P< 0.001, xz test). (J) The representative seizure EEGs and
spectrums during the LTG tests of the two groups. (K) CaMKIla-Cre mice were injected with AAV-ShRNA (SCNSA) into the subiculum. Then
kindling process along with vehicle treatments were applied. When mice were fully kindled, a total of nine LTG tests were performed. (L) The
histological verification of AAV-shRNA (SCNSA) expression in coronal brain slices in the subiculum. (M—O) The efficacy of LTG on seizure
stages (M), ADDs (N) and GSDs (O) on mice from the Veh::ShRNA group (n= 8, post-LTG test vs pre-LTG test for each test was performed; for
seizure stages, *P< 0.05, **P< 0.01, ***P< 0.001, non-parametric Mann—Whitney test; for ADDs and GSDs, *P< 0.05, **P< 0.01,
*##%P< 0.001, paired 7-test). (P) The seizure stage lowered ratio caused by LTG of the nine LTG tests. (Q) The representative seizure EEGs and
spectrums of the first, fifth, and ninth LTG tests. The data are presented by mean + SEM.
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Figure 6 Early genetical interference of Na,1.6 in subicular pyramidal neurons prevents the establishment of acquire pharmacoresistance

caused by multiple ASMs. (A) The schematic of the experimental design. AAV-ShRNA (SCNSA) or AAV-ShRNA (NC) were injected into the
subiculum of CaMKIla-Cre mice. Then mice were treated with CBZ or vehicle during the kindling process. When fully kindled, the efficacy of
CBZ was tested. (B) The histological verification of AAV-shRNA (SCNS8A) expression in coronal brain slices in the subiculum. (C, D) The
progression of seizure stages and ADDs during the kindling process of the three groups (n= 8 for Veh::NC group, n= 10 for CBZ::NC and
CBZ::ShRNA groups). (E—G) The efficacy of CBZ on the seizure stages (E), ADDs (F) and GSDs (G) on the fully kindled mice from each group
(n= 8 for Veh:NC group, n= 10 for CBZ::NC and CBZ::ShRNA groups; for seizure stages, *P< 0.05, **P< 0.01, non-parametric
Mann—Whitney test; for ADDs and GSDs, *P< 0.05, **P< 0.01, ***P< 0.001, paired #-test). (H) The seizure stage lowered ratio caused by
CBZ of the three groups (n= 24 LTG tests for Veh::NC group, n= 30 for CBZ::NC and CBZ::ShRNA groups; ***P< 0.001, one-way ANOVA
followed by Turker post hoc test). (I) The comparison of the effective rate of CBZ among three groups (***P< 0.001, compared with the Veh::NC
group; #p< 0.01, compared with the CBZ::NC group; xz test). (J) The representative seizure EEGs and spectrums. (K) The schematic of the
experimental design in testing the efficacy of AAV-ShRNA (SCN8A) on LEV induced acquired pharmacoresistance. (L) The histological verifi-
cation of AAV-shRNA (SCNSA) expression in coronal brain slices in the subiculum. (M, N) The progression of seizure stages and ADDs during the
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induce pharmacoresistance, we conducted in vitro electrophysio-
logical recordings in kindled mice from the Veh, the LTG and the
LTG::shRNA groups (Fig. 7A). As expected, LTG effectively
reduced the number of APs elicited by each depolarized current in
the Veh group (Fig. 7B). However, this characteristic inhibition on
neuronal excitability was completely abolished in neurons from
the LTG group, demonstrating an acquired resistance mechanism
(Fig. 7C). Consequently, the rate of APs numbers during the LTG
administration was significantly elevated in the LTG group,
regardless of the intensity of depolarized currents (Fig. 7D).
Furthermore, while LTG administration effectively increased the
rheobase (the minimum current required to elicit APs) in the Veh
group, this electrophysiological parameter remained unchanged in
the LTG group (Fig. 7E), resulting in a markedly lower rheobase
increased ratio in the LTG group (Fig. 7F). Considering that so-
dium channel inhibitor like LTG primarily suppress neuronal
synchronization through membrane stabilization, we observed that
LTG induced a hyperpolarizing shift in the resting membrane
potential (RMP) of subicular pyramidal neurons in the Veh group.
Notably, this electrophysiological modification was absent in
neurons from the LTG group (Fig. 7G). Consequently, the
magnitude of RMP difference before and after LTG administration
was significantly attenuated in the LTG group (Fig. 7H).

Subsequent experiments evaluated whether chemogenetic
potentiation of inhibitory effects on subicular pyramidal neurons
could reverse acquired pharmacoresistance (Fig. 71). Following
precise AAV-Dio-hm4di-mCherry expression in the subiculum
(Fig. 7)), comparative analysis revealed that chemogenetic inhi-
bition of subicular pyramidal neurons significantly reversed
pharmacoresistance in LTG::hm4di mice compared to
LTG::mCherry controls (Fig. 7K—M). It can be observed that
mice from the LTG::mCherry group exhibited pharmacoresistance
to Clozapine N-oxide (CNO) and LTG co-treatment, in identical to
the modeling results shown in previous results. While CNO and
LTG co-treatment effectively reduced the seizure stages, short-
ened ADDs and GSDs in mice from the LTG::hm4di group. Also,
the stage lowered ratio and effective rate were significantly higher
in the LTG::hm4di group (Fig. 7N and O), which was denoted in
the representative seizure EEGs (Fig. 7P). These results suggested
that specifically inhibition of subicular pyramidal neurons by
chemogenetics effectively reversed pharmacoresistance. However,
CNO monotherapy only marginally affected the seizure stages and
raised the stage lowered ratio in mice from the LTG::hm4di group,
but have no impact on the LTG::mCherry group (Fig. 7Q—T).
Collectively, these findings demonstrated that impaired LTG-
mediated inhibition of subicular pyramidal neurons underlies ac-
quired pharmacoresistance mechanisms.

4. Discussion

While innate pharmacoresistance can be rapidly identified upon
initial ASM administration, acquired pharmacoresistance typically
emerges following prolonged effective treatments’. The distinct
phenotypic manifestations of these pharmacoresistant states

suggest divergent pathophysiological mechanisms. Notably, the
classical “transporter hypothesis” may provide an incomplete
explanation for acquired pharmacoresistance, as transporter ab-
normalities from genetic polymorphisms primarily contribute to
intrinsic pharmacoresistance during initial ASM exposure>, while
the mechanistic theories for acquired pharmacoresistance remain
scarce. Our investigation revealed that acquired pharmacoresist-
ance in TLE stems from subicular pyramidal neuron hyperexcit-
ability mediated by Na,1.6 upregulation. This mechanism
fundamentally differs from SCNSA gain-of-function mutation-
induced developmental epileptic encephalopathies'’. Unlike pre-
vious studies demonstrating Na,1.6’s seizure-modulating effects
in global brain networks>>*'"**, our findings establish that region-
specific Na,1.6 dysregulation in subicular pyramidal neurons
primarily mediates pharmacoresistance rather than influencing
ictogenesis. Previous investigations have implicated VGSC -
subunits (unaltered in our model) in ASM resistance®*>®. How-
ever, such resistance appears limited to sodium channel blockers
in those contexts, likely due to @-subunit modulation of drug-
binding sites within VGSCs’ intracellular S6 segments®’~®.
Crucially, our study reveals that Na,1.6-driven subicular hyper-
excitability induces broad-spectrum resistance encompassing
ASMs with diverse mechanisms (e.g., LEV). This finding aligns
with clinical observations correlating seizure network hyperex-
citability with multi-ASM resistance®, while emphasizing the key
insights: (1) the topographic specialization of Na,1.6 in pharma-
coresistant TLE circuitry, and (2) its unique role in mediating
acquired pharmacoresistance across multiple ASM classes. Given
that the subicular Na, 1.6 is vulnerable and seizure-susceptible in
TLE'9, as well as the subiculum’s limbic-specific role as the
dominant hippocampal output'®, this mechanism may exhibit
TLE-selective relevance. Its wunique biophysical proper-
ties—including low activation threshold and functional modula-
tion of sodium-activated potassium channels to accelerate
repolarization—not only enhance neuronal excitability but also
promote stronger recovery from hyperpolarization, thereby sus-
taining high-frequency firing'®***°. Future studies need further
test the generalizability to other epilepsy types (e.g., neocortical
epilepsy) of Na,1.6 mediated mechanisms in pharmacoresistance
where hippocampal-subicular circuits are less implicated.
Notably, repetitive ASM administration during epileptogenesis
selectively induced pronounced Na,1.6 upregulation localized to
the subiculum. We propose that this regional specificity stems
from the subiculum’s unique pathophysiological role in
TLE'"%*!#2 Our previous work demonstrated that subicular py-
ramidal neurons serve as critical mediators of seizure general-
ization by propagating hippocampal hyperexcitability to
thalamocortical circuits'>. Within this mechanistic framework,
ASM efficacy in TLE mice primarily depends on suppressing
seizure generalization—a process governed by subicular projec-
tion neuron hyperexcitability*’. In this study, we further pre-
liminary examined the role of subicular GABAergic neurons
which control seizure generalization via activity-dependent chlo-
ride dysregulation®®, they exhibit limited influence on

kindling process of the three groups (n= 7 for each group). (E—G) The efficacy of LEV on the seizure stages (O), ADDs (P) and GSDs (Q) on the
fully kindled mice from each group (n= 7 for each group; for seizure stages, *P< 0.05, **P< 0.01, ***P< 0.001, non-parametric
Mann—Whitney test; for ADDs and GSDs, *P< 0.05, **P< 0.01, ***P< 0.001, paired t-test). (R) The seizure stage lowered ratio caused by
LEV of the three groups (n= 21 LTG tests for each group; *P< 0.05, ***P< 0.001, one-way ANOVA followed by Turker post hoc test). (S) The
comparison of the effective rate of LEV among three groups. (T) The representative seizure EEGs and spectrums. The data are presented by

mean + SEM.
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Figure 7 Compensatory increases in Na, 1.6 offsetting LTG’s blockade on action potentials of subicular pyramidal neurons is responsible for
the acquired pharmacoresistance. (A) The process schematic of the electrophysiological experiment, fully kindled mice from the Veh, the LTG
and the LTG::shRNA groups were under electrophysiological recordings on subicular pyramidal neurons. (B) The efficacy of LTG on the evoked
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depolarized currents (n= 7 cells from 3 mice, **P< 0.01, two-way ANOVA tests). (C) The efficacy of LTG on the evoked AP firings on subicular
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pharmacoresistance for three possible reasons: (1) Their inter-
neuron identity restricts function to local excitatory-inhibitory (E/
I) balance, unlike pyramidal neurons that propagate seizures via
long-range projections; (2) GABAergic dysfunction (depolarizing
shift) primarily enables secondary generalization—a process
occurred preceding pharmacoresistance in current kindling model;
and (3) First-line ASMs mainly aimed to inhibit pyramidal neu-
rons, whose maladaptive Na, 1.6 upregulation directly undermines
therapeutic efficacy. Thus, acquired pharmacoresistance repre-
sents a distinct pathophysiological state driven by this vulnera-
bility of pyramidal neurons. Given the Na,l1.6’s preferential
enrichment in the AIS of subicular pyramidal neurons'**’, we
propose the following pathogenic cascade: while ASMs initially
suppress seizure generalization, residual paroxysmal activity
from epileptic foci continues to drive subicular neuronal firing.
This persistent activation drives activity-dependent axonal Na, 1.6
upregulation (consistent with this VGSC isoform’s known
activity-dependent plasticity)*>*®, establishing a maladaptive
feedback loop that progressively diminishes ASM efficacy. This
upregulation likely attenuates the effect ASMs such as lamo-
trigine—that primarily targets fast activated VGSCs—through
compensatory increases in Na,1.6’s slow and sustained activa-
tion, thereby sustaining neuronal excitability despite sodium
channel blockade. We have not yet elucidated the specific
signaling pathways, transcriptional regulators, or post-
transcriptional modifications responsible for the increased
Na, 1.6 expression following repeated ASM exposure. Unraveling
these mechanisms is a critical direction for future research.
Specifically, Na, 1.6 upregulation compromises inhibitory control
over subicular pyramidal neuron excitability, thereby establishing
a pharmacoresistant state. Critically, these findings extend our
prior discovery of caspase-1-mediated innate pharmacoresistance
in the subiculum'®, collectively positioning this structure as a
pivotal “gate” for divergent TLE pharmacoresistance mecha-
nisms: innate resistance via neuroinflammatory pathways versus
acquired resistance through activity-dependent ion channel
remodeling.

Current therapeutic options for pharmacoresistant TLE remain
limited by insufficient molecular targets>*’. In response to this
clinical challenge, recent pharmacological advances have focused
on developing novel ASMs with improved efficacy against re-
fractory epilepsy*®°. Emerging clinical evidence demonstrates
enhanced therapeutic effects of newly approved ASMs with
innovative mechanisms in specific epilepsy syndromes, including
mTOR inhibitors like everolimus for tuberous sclerosis complex-
related epilepsy and cannabidiol for Lennox-Gastaut/Dravet syn-
dromes’'2. For acquired pharmacoresistant TLE, our findings
demonstrate that genetic Na, 1.6 ablation in subicular pyramidal

neurons restores conventional ASM efficacy. Crucially, prolonged
ASM administration failed to induce acquired pharmacoresistance
in mice with prophylactic Na, 1.6 suppression, providing the first
preclinical evidence that Na,1.6 inhibition constitutes a dual-
purpose strategy for both treating and preventing acquired phar-
macoresistance. Currently available sodium channel-blocking
ASMs primarily target fast-activated sodium channel subunits
(Na,1.1 and Na,1.2)>*>* Although no selective Na, 1.6 inhibitor
is currently approved, promising candidates like zandatrigine are
undergoing Phase 1I trials®. Investigating these compounds in
patients developing pharmacoresistance following long-term ASM
treatment could open new therapeutic avenues.

5. Conclusions

This study demonstrates that subicular pyramidal neuron Na,1.6
upregulation drives acquired pharmacoresistance in TLE. These
findings advance our mechanistic understanding of epilepsy
pharmacoresistance while establishing Na,1.6 as a compelling
dual-purpose target for managing and preventing pharmacor-
esistant TLE.
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