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Cell-specific extracellular vesicle-encapsulated
exogenous GABA controls seizures in epilepsy
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Abstract

Background Epilepsy affects ~60 million people worldwide. Most antiseizure medications in the market act on
voltage-gated sodium or calcium channels, indirectly modulating neurotransmitter GABA or glutamate levels or
multiple targets. Earlier studies made significant efforts to directly deliver GABA into the brain with varied success.
Herein, we have hypothesized to directly deliver exogenous GABA to the brain with epilepsy through extracellular
vesicles (EVs) from human GABA-producing cells and their progenitors as EVs largely mimic their parent cell
composition.

Methods Human neural stem cells (NSCs), medial ganglionic eminence (MGE) cells, and GABAergic interneurons
(INs) were generated from induced pluripotent stem cells (iPSCs) and characterized. EVs were isolated from NSCs, MGE
cells, and INs and characterized for size and distribution, morphological features, and molecular markers. Exogenous
GABA was passively loaded to the isolated EVs as a zwitterion at physiological pH, and the encapsulated dose of
GABA was quantified. Epilepsy was developed through status epilepticus induction in Fisher rats by administration
of repeated low doses of kainic acid. The extent of the seizures was measured for 10 h/ day for 3-6 months by

video recording and its evaluation for stage Ill, IV and V seizures as per Racine scale. EVs from INs, MGE cells, and

NSCs encapsulated with exogenous GABA were sequentially tested in the 4™, 5™ and 6™ months by intranasal
administration in the rats with epilepsy for detailed seizure, behavioral and synapse analysis. In separate experiments,
several controls including exogenic GABA alone and EVs from INs and MGE cells were evaluated for seizure-
controlling ability.

Results Exogenic GABA could enter the brain through EVs. Treatment with EVs from INs and MGE cells encapsulated
with GABA significantly reduced total seizures, stage V seizures, and total time spent in seizure activity. EVs from NSCs
encapsulated with GABA demonstrated limited seizure control. Exogenic GABA alone and EVs from INs and MGE cells
individually failed to control seizures. Further, exogenic GABA with EVs from MGE cells improved depressive behavior
while partially improving memory functions. Co-localization studies confirmed exogenous GABA with presynaptic
vesicles in the hippocampus, indicating the interaction of exogenous GABA in the brain with epilepsy.

Conclusion For the first time, the study demonstrated that exogenous GABA could be delivered to the brain through

brain cell-derived EVs, which could regulate seizures in temporal lobe epilepsy. It is identified that the cellular origin of
EVs plays a vital role in seizure control with exogenous GABA.
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Introduction

Epilepsy affects ~60 million people worldwide. Nearly
30% of patients with epilepsy have temporal lobe epilepsy
(TLE), characterized by the progressive development of
complex partial seizures and hippocampal neurodegen-
eration associated with co-morbidities such as cognitive
and mood impairments [1, 2]. While antiseizure medi-
cations (ASMs) have been valuable for seizure control
in most patients, ~30-40% of patients typically develop
pharmaco-resistant or intractable epilepsy, defined as
failure of two ASMs given at apt doses [3, 4]. Although
15 new compounds have been introduced in the last 25
years, the overall proportion of patients with refractory
epilepsy remains unchanged [4, 5]. Most of the ASMs
in the market are voltage-gated sodium channel block-
ers that reduce the action potential generation and limit
neuronal firing [6]. Apart from sodium channel blockers,
other medications target voltage-gated calcium or potas-
sium channels or modulate GABA or glutamate levels or
presynaptic activity, while some medications act on mul-
tiple targets [7]. Also, most of these ASMs are associated
with various side effects [8—9).

Hyperactivity of excitatory glutamatergic neurons
or reduced activity of inhibitory GABAergic interneu-
rons that cause a persistent imbalance in the excitatory-
inhibitory neurotransmission could trigger seizures
[10-13]. Thus, a treatment that directly reduces the
activity of excitatory neurons or increases the inhibitory
neurotransmission can potentially control seizures [14,
15]. Multiple studies demonstrated the enhancement
of endogenous GABA signalling through transplanted
GABAergic interneuron progenitors, resulting in sei-
zure control [15-20]. Also, based on the preclinical effi-
cacy of GABA-secreting interneuron control of seizures,
the first human Phase I/II clinical trial (NCT05135091)
on inhibitory interneurons in drug-resistant unilateral
mesial temporal lobe epilepsy is in progress. In this study,
one group of subjects are being treated with single ste-
reotactic intracerebral administration of GABA-secret-
ing interneurons, compared to the other group, which
received sham treatment. The subjects are being assessed
for safety, tolerability, neural cell viability, local inflam-
mation, and seizure frequency reduction from baseline
over a two-year post-treatment period and followed up
for 13 more years. Promising results from two recruited
patients were updated at the American Academy of
Neurology (AAN) 2023 annual meeting, suggesting that
direct modulation of GABA or glutamate levels could be
an ideal strategy for treating epilepsy.

To directly supply GABA to enhance its concentra-
tion in the brain, it should cross the blood-brain barrier

(BBB). However, no human data is available to demon-
strate BBB permeability to GABA [21]. Studies in the
1960s used direct GABA to control seizures with lim-
ited success, possibly due to the impermeable BBB [22].
Animal models have demonstrated the impermeability
of GABA to the brain [23-24]. Thus, an efficient delivery
system is required to deliver GABA directly to the brain
for its functional effects. Earlier studies made significant
efforts to deliver GABA to the brain with varied suc-
cess (25, 26). Extracellular vesicles (EVs) with nano size
and their recently established potential for drug delivery
make them the ideal choice as they could reach deeper
parts of the brain upon intranasal delivery [27-28]. As
EVs mostly mimic their parent cell composition, it is ideal
to utilize brain cell derived EVs, particularly for brain
delivery. As GABA is produced from GABAergic inter-
neurons, interneurons or their progenitor cell derived
EVs are the best bet to carry GABA to the brain with epi-
lepsy. Also, exogenous GABA could be passively loaded
into the EVs as a small hydrophilic molecule and zwit-
terion at physiological pH. In this aspect, we have tested
the hypothesis of direct exogenous GABA delivery to the
brain through cell-specific EVs to evaluate their seizure-
controlling capability in a kainate-induced rat model of
temporal lobe epilepsy.

Materials and methods
The schematic experimental design is provided in Fig. 1.

Generation of neural stem cells, medial ganglionic
eminence cells, and interneurons

Human induced pluripotent stem cells ND 1.4 (RRID:
CVCL_1E77, (NHCDR Cat# ND50021, P31) were pro-
cured from the National Centre for Cell Science in Pune,
India. These lines were produced from episomal repro-
gramming of healthy male neonatal fibroblasts. Cells
were thawed and cultured on a matrigel with TeSR E8
medium. Once cells attained 70% confluency, cells were
detached with dispase solution and allowed to develop
embryoid bodies (EBs). On day 4, neural lineage was
induced with a neural induction medium (NIM) con-
taining DMEM/F12, nonessential amino acid solution
(NEAA), N2 supplement, and heparin. These treatments
continued until day 7. On day 7, EBs were attached to
culture plates coated with laminin and continued until
day 10 to form neural rosettes containing neural stem
cells (NSCs). On day 10, NIM was added with sonic
hedgehog to pattern forebrain progenitors. On day 16,
neural rosettes were detached, and NIM containing B27
without retinoic acid was added to form neurospheres.
Neurospheres were grown until day 25 to form medial
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Fig. 1 Experimental plan. (1) Human iPSCs were induced to generate neural stem cells (NSCs) and patterned to develop medial ganglionic eminence
cells (MGE) and GABAergic interneurons (IN). These cells were molecularly characterized for stages of development. (2) EVs from NSCs, MGE cells and
interneurons were isolated, characterized and loaded with GABA using different methods. The amount of EV encapsulated GABA from each source
and method was quantified using ELISA. 3 and 4. Rats with epilepsy (REs) were generated using the Kainic acid model in F344 rats (n=32), and seizures
were scored continuously from 3-6 months with video recording. At 4 months, REs were intranasally treated with interneuron-derived EV-encapsulated
GABA (IN-EV-GABA) daily for 7 days. At 5 months, the same rats were treated with MGE-derived EV encapsulated GABA (MGE-EV-GABA) daily for 7 days,
and at 6 months, the same rats were treated with NSC-derived EV-encapsulated GABA (NSC-EV-GABA) daily for 7 days. In another set of experiments,
MGE-EVs, IN-EVs and GABA were intranasally administered daily for a week to REs separately at 4 months, and seizures were recorded. 5. Another batch
of REs was treated with MGE-EV-GABA for 7 days and tested for detailed behavioral analysis before and during the treatment. GABA was conjugated with
o-phthaldialdehyde (OPA), and EV-encapsulated GABA-OPA was intranasally administered and traced in the brain. Following brain isolation and fixation,
immunostaining for presynaptic marker synaptophysin was performed, and 0.7 um confocal Z-sections were evaluated at 630 magnifications

ganglionic eminence (MGE) cells. Single cells and 4-6
cell clumps were prepared from MGE cells and cultured
on poly-L ornithine and laminin-coated multiple 6-well
plates until 45 days with neural differentiation medium
containing neurobasal medium, NEAA, N2 and B27
supplements along with IGF-1, cAMP, BDNF and GDNE.
The identity of NSCs was confirmed with SOX 2 and
NESTIN co-immunostaining, while MGE cells were con-
firmed with NKX2.1 immunostaining and interneurons
with B-III tubulin and GABA co-immunostaining.

Isolation of EVs from neural stem cells, medial ganglionic
eminence cells, and interneurons

Extracellular vesicles were isolated from NSCs, MGE
cells, and interneurons by collecting media superna-
tants on days 10, 25, and 45, respectively. Cellular debris
in the media was removed by centrifugation at 2000 g
for 30 min, and EVs were isolated using the established
methods [29-33]. Briefly, an equal amount of 2x of 12%
polyethylene glycol (w/v, 6000, Sigma-Aldrich 81,260)
in 1 M NaCl was added to the media, mixed thoroughly,
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and kept for 14 h at 4 °C. The solution was centrifuged in
a tabletop centrifuge at a speed of 3300xg at 4 °C for one
hour. Following high percentage polyethylene glycol iso-
lation, the supernatant was discarded, and the pellet was
suspended with 3 ml of PBS and an equal amount of 2x
of 5% polyethylene glycol, incubated for an hour at 4 °C
and centrifuged again at a speed of 3300xg at 4 °C for one
hr. Following final centrifugation in this dual precipita-
tion method, the supernatant was discarded, and the pel-
let was suspended in 200 pl of PBS and used for various
experiments.

Characterization of isolated EVs

Isolated EVs from NSCs, MGE cells and INs were charac-
terized for size distribution, ultrastructure, and molecu-
lar markers [34]. The average size and concentration of
isolated EVs were determined by nanoparticle tracking
analysis using Nanosight LM10 (Malvern Instruments,
UK). Samples were vortexed to avoid clumps and diluted
up to 1:10000 with sterile PBS to achieve consistent parti-
cle concentration within the optimal detection range. The
ultrastructure of the isolated EVs was evaluated using
transmission electron microscopy. Western blotting was
performed for TSG 101 (rabbit polyclonal antibody from
Invitrogen, Cat # PA5-31260) CD 63 (rabbit polyclonal
antibody from Sigma Aldrich, Cat # SAB4301607), GRP
94 (rabbit polyclonal antibody from Sigma Aldrich, Cat
# SAB2101094) and B-actin (mouse monoclonal antibody
from Invitrogen, Cat # MA1-140). All the culturing, iso-
lation, and detailed characterization for EVs from indi-
vidual cell types were performed in triplicates. Results
of the size and concentration of EVs were expressed as
Mean +standard error of the mean (SEM).

Encapsulation of GABA to extracellular vesicles and its
estimation

Since we planned to use EVs from different sources,
simple passive loading was used to encapsulate GABA
at room temperature (RT) for one hour [35]. Many trials
with varying concentrations of GABA (500 pg/ml, 1 mg/
ml, 5 mg/ml, 10 mg/ml, etc.) were used to load GABA
to EVs in PBS (pH-7.2) to identify the highest amount of
GABA encapsulation in EVs. Following GABA loading
into EVs, to remove the non-loaded GABA, the solution
was incubated with an equal amount of 2 X of 5% poly-
ethylene glycol, set for an hour at 4 °C and centrifuged at
a speed of 3300 x g at 4 °C for one hour. The supernatant
was discarded following centrifugation, and the pellet
was suspended in 200 pl of PBS. The total GABA con-
centration in EVs was estimated using an ELISA (Cat#
BA-E-2500, ImmuSmol, France) as per the manufactur-
er’s instructions.
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Derivatization of GABA with OPA

To identify GABA inside the rat brain, GABA was con-
jugated with o-phthaldialdehyde (OPA) and its passive
loading into the EVs for intranasal delivery. GABA was
conjugated with OPA using 0.1 M borate buffer, mercap-
topropionic acid, and OPA reagent. The Econo chroma-
tography column (cat.no 7,371,522, 1.5x20 cm, Bio-Rad)
was cast with Sephadex G-10 gel filtration resin. It was
prepared by adding 5 g of Sephadex G-10 to 12 ml of 10
mM PBS with gentle and thorough mixing. The upper
aqueous layer was aspirated from the mixture with fresh
10 mM PBS and left to stand to facilitate sedimentation
overnight. Then, the concentrated solution was loaded
into the column. The GABA with OPA was injected into
the column, eluting at a flow rate of 0.20 ml/min with 10
mM PBS. About 15-20 ml of eluent was collected in each
tube using an auto-collector. After 40 min of running,
fractions containing GABA (Figure S1) were collected in
tubes covered with foil to protect them from light. Dur-
ing this peak, the eluent is collected and concentrated at
200 pg. Eluents were pooled and concentrated with pro-
tein filters to get the desired concentration of conjugated
GABA.

Tracking of GABA loaded EVs in naive rat brain

For tracking GABA-loaded EVs and to ensure they
reached the different regions in the rat brain, we have
derivatized GABA with OPA, and EVs were labelled with
red cell linker dye PKH26 (27). The brief procedure is as
follows. The naive rats (non-epileptic, n=4) were anes-
thetized by intraperitoneal injection of ketamine-+xyla-
zine cocktail and intranasally administered with EVs
encapsulated with OPA-conjugated GABA. Rats were
held ventral-side up, and slowly using a 10 pl micropi-
pette administration was done into either nare at 5-10 pl
increments at 5-minute intervals for 30 pl /each rat, con-
taining EVs equivalent to 100 ug EV protein. After 6 h,
the rats were sacrificed and perfused with normal saline
and 4% PFA. The brain was shelled out and collected in
a tube containing 4% PFA and kept overnight, then the
solution was changed to PB and kept for 24 h. After
24 h, the solution was changed to a graded sucrose solu-
tion of 15% and 30% sucrose until the brain sinks. Later,
the 10 pm sectioning was taken on gelatin-coated slides
using a cryostat. Finally, sections were washed with PBS,
counterstained with DAPI and fluorescence images were
taken. A representative image is provided in Supplemen-
tary Figure S3.

Development of the epilepsy model

Following Kasturba Medical College Institutional Ani-
mal Ethics Committee approval (IAEC/KMC/39/2018)
for animal experiments, Fisher 344 rats were procured
from the National Institute of Nutrition, Hyderabad,
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and acclimatized for two weeks before any procedure.
They were provided with ad-libitum food and water,
and a 12 h day/night cycle was maintained. Six to eight
weeks-old rats were taken for the experiment. The rats
were weighed, and kainic acid (Cayman Pharma, United
States) doses were calculated according to weight.

Status epilepticus (SE) was induced in 7-9 rats in each
batch. Intraperitoneal (i.p) kainic acid at 5 mg/kg con-
centration was given hourly for 3-5 h to induce status
epilepticus. The Racine scale was considered to identify
different seizure stages during the procedure. When the
rat showed first stage III (unilateral forelimb clonus) or
stage IV characterized by bilateral forelimb clonus and
rearing or first stage V seizure displaying bilateral fore-
limb clonus with rearing and falling, the time was noted
down and observed for continuous stage III-V seizure for
2 h. After 2 h of status epilepticus, the rats were given an
i.p injection of 10 mg/kg of diazepam [36].

Scoring of spontaneous recurrent motor seizures

The appearance of Spontaneous recurrent motor seizures
(seizures) after the latent period is the beginning of the
chronic phase. The rats were kept in a transparent cage
with proper bedding and provided ad libitum access
to food and water. The extent of the seizures was mea-
sured for 10 h/day. From the beginning of 3rd month to
the end of 6 months, seizures were continuously moni-
tored through video recordings. The frequency of stages
IIL, IV, and V seizures was noted, and each seizure’s dura-
tion was noted. The average number and duration of each
seizure for the individual animal throughout the period
were measured.

Treatment of epilepsy with GABA-loaded EVs

For identifying the in vivo efficacy, 32 rats were used
for the study. Rats with epilepsy (REs, n=24) were gen-
erated using the kainic acid model in F344 rats. In the
3rd month, we started recording seizures (and contin-
ued up to 6 months). For up to 4 months, no treatments
were given to nullify the impact of evolving seizures over
the period. At 4 months, rats with epilepsy (n=8) were
intranasally treated with interneuron-derived EV encap-
sulated with GABA (IN-EV-GABA) daily for 7 days. For
the remaining period until 5 months, these rats were kept
without treatment as a washout period for the IN-EV-
GABA. At 5 months, the same rats (7=8) were treated
with MGE-derived EV encapsulated with GABA (MGE-
EV-GABA) daily for 7 days. The remaining period until
6 months, these rats were kept without treatment as a
washout period for the MGE-EV-GABA. At 6 months,
the same rats (n=8) were treated with NSC-derived EV
encapsulated with GABA (NSC-EV-GABA) daily for 7
days. Thus, the same rats were used for all these treat-
ments. We started with EVs produced from interneurons
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(IN-EV-GABA), which are GABA-producing interneu-
rons. Since we found this treatment was effective, we
used EVs produced from interneuron precursor cells
(MGE-EV-GABA) in the next step, as they are easier to
make. Since we found this treatment also effective, we
used EVs from further earlier lineage cells, i.e., neural
stem cells (NSC-EV-GABA).

Another batch of REs (#=8) was treated with MGE-
EV-GABA for 7 days and tested for detailed behavioral
analysis before and during the treatment, along with
naive rats (n=8) for comparison. Another group of REs
(n=8) were used to evaluate the effect of exogenic GABA
alone or IN-EVs or MGE-EVs in controlling seizures.

Rats were anaesthetized with a ketamine+xylazine
cocktail. GABA-loaded EVs were administered intrana-
sally at 30 ul for each nostril slowly and carefully without
damaging the mucous membrane with 10ul spurts. All
the rats were video recorded and analyzed daily 10 h for
7 days to evaluate total behavioral seizures, stages IIL, IV,
and V seizures, based on the Racine scale. Also, total time
spent in seizures /10 h, time spent in stage III seizures
/10 h, time spent in stage IV seizures /10 h, and time
spent in stage V seizures /10 h frequency were analyzed.

Behavioral tests to examine memory and mood functions
Epilepsy is associated with memory deficits and depres-
sion in rats. The following tests were performed for
memory function: (1) Object location test (OLT), (2)
Novel object recognition test [37]. The object-based tests
(NORT and OLT) were performed using an open-field
apparatus measuring 100 cm x 100 cm. A novelty-sup-
pressed feeding test (NSFT) was performed to evaluate
depressive-like behavior in these rats.

Novel object recognition test (NORT)

NORT is used to check the competence of animals for
recognition memory. A rat was observed in an open
field with three successive trials separated by 15-minute
intervals. In brief, each rat was placed in an open field
for 5 min in the first trial for acclimatization to the test-
ing apparatus (habituation phase), whereas, in trial 2, the
rat was allowed to explore two identical objects placed
in distant areas of the open field (sample phase). In trial
3 (testing phase), one object was kept the same (Known
object), and another object was replaced by a new object
(novel object). Trials 2 and 3 were video recorded to mea-
sure the number of visits to each object and the amount
of time spent with each of the two objects. Rats with nor-
mal brain function spent much of their exploration time
with a novel object than the known object.

Object location test (OLT)
This test examines the cognitive ability to detect subtle
changes in the immediate environment based on the
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rodent’s innate preference for novelty. A rat was observed
in an open field with three successive trials separated by
15-minute intervals. In brief, each rat was placed in an
open field for 5 min in the first trial for acclimatization
to the testing apparatus (habituation phase), whereas,
in trial 2, the rat was allowed to explore two identical
objects placed in distant areas of the open field (sample
phase). In trial 3 (testing phase), one of the objects was
moved to a new location (novel place) while the other
object remained in the last place (familiar place). Trials
2 and 3 were video-recorded to measure the time spent
with the two objects. The results were computed, such
as the percentage of time spent exploring the objects in a
familiar place and novel place and the total object explo-
ration time in trial 3. Rats with normal hippocampal
function could recognize minor changes in the immedi-
ate environment and tend to spend more time with the
object in a novel place. However, object exploration time
changes with the level of hippocampal impairment.

Novelty-suppressed feeding test (NSFT)

NSEFT assesses the ability of the animal to resolve a con-
flict between a context that induces heightened anxi-
ety and a drive to approach an appetitive stimulus. This
test comprised two days of monitoring and examining
the extent of depressive-like behavior in animals using a
home cage box. Following 24 h of food deprivation, regu-
lar food was placed on a small white paper in one cor-
ner of the box (this was performed on a home cage box
to reduce anxiety), and each rat was placed diagonally
opposite to the position of the food in the novel open
field box. The time each rat reached the food and the first
bite was recorded in all the groups. The start of eating
was considered when the rat bites the first pellets using
its forepaws for the first time. For the rat that failed to
eat food in the 5-minute duration of this test, the latency
value was 300 s. Once the test was done, the rat was given
adequate access to food and water.

Tracking of exogenous GABA in the brain

Rats (n=4) were intranasally administered with EVs
encapsulated with OPA-conjugated GABA to track the
exogenously loaded GABA in the brain with epilepsy.
After 6 h of intranasal administration, rats were sacri-
ficed and perfused with normal saline and 4% PFA. The
brain was shelled out and collected in a tube contain-
ing 4% PFA and kept overnight; then, the solution was
changed to PB and kept for 24 h. After 24 h, the solution
was changed to a graded sucrose solution of 15% and 30%
sucrose until the brain sank. Later, 10 um sections were
taken on gelatin-coated slides by using a cryostat. Follow-
ing blocking with donkey serum, the anti-synaptophysin
antibody was added and incubated at 4 °C overnight,
followed by a secondary antibody for 1 h. Slides were
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washed, counterstained with DAPI containing antifade,
and scanned under a Leica SP5 confocal microscope. Z
sections of 0.7 um at 630 magnification were taken at dif-
ferent hippocampus regions.

Statistical analysis All the data were analyzed using
GraphPad Prism software and expressed as mean+SEM.
A one-way analysis of variance was used to find the sig-
nificance of the study groups in all the experiments
except for NORT and OLT behavioral analysis, where an
unpaired t-test was used. p<0.05 was considered statisti-
cally significant.

Results

Confirmation of neural stem cells, medial ganglionic
eminence cells and interneurons

Neural stem cells (NSCs), medial ganglionic eminence
(MGE) cells and GABAergic interneurons (INs) were
generated from human induced pluripotent stem cells
through directed differentiation protocols. We con-
firmed the generation of neural stem cells through Nes-
tin and SOX2 immunostaining (Fig. 2 upper panel) on
day 10. The identity of MGE cells was confirmed through
immunostaining for NKX2.1 (Fig. 2, middle panel) fol-
lowing single-cell generation from the neurospheres on
day 25. Generated GABAergic interneurons were con-
firmed through the co-immunostaining for B-III tubulin
and GABA (Fig. 2, lower panel) on day 45. Differentiation
efficiency for NSCs was >95%, MGE cells was >92%, and
INs was >90%.

Isolation of extracellular vesicles from different cell types
and their characterization

Extracellular vesicles were isolated from NSCs, MGE
cells, and interneurons by collecting media superna-
tants on days 10, 25, and 45, respectively. Isolated EVs
were characterized by size and number using Nanosight
LM10 (Fig. 3A). The amount of EVs isolated per ml of
media differed between the groups due to different cell
culture conditions for different types of cells. However,
in all the groups (n=3/group), no significant difference
in EV size distribution was observed (Fig. 3A). The mean
size of EVs from NSCs, MGE cells and interneurons
was 153.7+12.99, 146.9+21.4 nm and 159.7+11.57 nm,
respectively, while the mode size was 105.3+6.39,
98.67%£13.27 and 103.3+7.54 nm respectively. TEM
analysis revealed that most EVs isolated from NSCs,
MGE cells and interneurons with a diameter<200 nm
size and comparable morphology (Fig. 3B). Molecular
characterization of isolated particles from NSCs, MGE
cells and interneurons revealed that they were positive
for EV cytoplasmic marker TSG 101 and EV transmem-
brane marker CD 63. At the same time, they were nega-
tive for GRP 94, a marker for non-EV fractions such as
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Fig. 2 Generation of NSCs, MGE and interneurons from human-induced pluripotent stem cells. The top panel represents neural stem cells on day 10
positive for NESTIN (green) and SOX 2 (red), and the merged image demonstrates cells positive for both NESTIN and SOX2 (orange). The middle panel
represents medial ganglionic eminence (MGE) cells on day 25 positive for NKX2.1 (green) and DAPI (blue), and the merged image demonstrates cells posi-
tive for NKX2.1 and DAPI. The lower panel represents GABAergic interneurons on day 45, positive for 3-Ill tubulin (green) and GABA (red), and the merged
image demonstrates cells positive for both 3-Ill tubulin and GABA (orange)

endoplasmic reticulum (Fig. 3C and Figure S2). These
results confirm that isolated particles from NSCs, MGE
cells, and interneurons were enriched in EVs. We con-
sider their size ideal for loading GABA or its agonist to
make them therapeutically applicable for treating GABA
deficiency disorders such as epilepsy since they could
easily pass through the BBB.

Quantitation of EV-encapsulated GABA

Extracellular vesicle encapsulation of exogenous GABA
through co-incubation at room temperature with dif-
ferent concentrations yielded different results. The
maximum amount of GABA loaded was 288.5 pg/ml
(8.7 pg/30ul for each nostril), containing 100 pug EV pro-
tein with a loading efficiency of 9.6%. The number of
NSC-EVs, MGE-EVs and IN-EVs in 30ul of nasal admin-
istration was 1.96 (£0.23) X 10° 1.82 (+0.15) X 10° and

1.94 (£0.45) X 10° respectively. No difference in loading
efficiency was observed for different EV sources.

Exogenic GABA entered the brain and regulated seizures in
rats with epilepsy
Before using the GABA-loaded EVs for treating rats with
epilepsy, it is required to ensure they reach the hippo-
campus following intranasal administration. We have
observed OPA and PKH 26 labelled EVs in different rat
brain regions (n=4), including the hippocampus. A rep-
resentative image is provided in Figure S3.
Administration of kainic acid-induced epilepsy in the
rats with stage III, IV and V seizures (Figure S4). Scoring
of seizures based on Racine scale demonstrated stage III
seizures displaying unilateral forelimb clonus (Figure S4,
left panel), stage IV seizures showing bilateral forelimb
clonus and rearing (Figure S4, middle panel) and stage V
seizures displaying bilateral forelimb clonus with rearing
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Fig. 3 Characterization of isolated extracellular vesicles. Figure 3A represents the size distribution of isolated EVs demonstrated by Nanosight LM10 for
neural stem cell-derived EVs (NSC-EVs), medial ganglionic eminence cell-derived EVs (MGE-EVs) and interneuron derived EVs (IN-EVs). Figure 3B represents
TEM images of isolated NSC-EVs, MGE-EVs and IN-EVs with a scale bar of 200 nm. Figure 3C demonstrates that NSC-EVs, MGE-EVs and IN-EVs are posi-
tive for EV cytoplasmic marker TSG 101 and EV transmembrane marker CD 63. At the same time, they are mostly negative for GRP 94, an endoplasmic
reticulum marker. The presence of B-actin is demonstrated for all the markers. Cells are positive references for CD63, TSG101 and GRP94 in all the groups

and falling (Figure S4, right panel). Seizures were con-
tinuously recorded 10 h/day from 3 to 6 months through
video recording. The total number of seizures, stage III,
stage IV and stage V seizures were provided in Fig. 4A.
The total time spent in seizure activity, stage III, stage IV,
and stage V seizures of these REs are provided in Fig. 4B.

Treatment with IN-EV-GABA daily once for a week at
4 months in these REs resulted in a significant decline
in the total number of seizures (p<0.01, Fig. 4A), stage
V seizures (p<0.05, Fig. 4A), total time spent in seizure
activity (p<0.01, Fig. 4B) and time spent in stage V sei-
zure activity (p<0.01, Fig. 4B) compared to pretreatment.
However, stage III and IV seizures and the time spent in
these seizures were unaltered before and after treatment
(Fig. 4A and B).

Treatment with MGE-EV-GABA daily once for a week
at 5 months in these REs resulted in a significant decline
in the total number of seizures (p<0.01, Fig. 4A) and
stage V seizures (p<0.01, Fig. 4A), total time spent in sei-
zure activity (p<0.01, Fig. 4B) and time spent in stage V
seizure activity (p<0.01, Fig. 4B) compared to pretreat-
ment period. However, stage III and IV seizures and the
time spent in these seizures were unaltered before and
after treatment (Fig. 4A and B).

Upon administration of NSC-EV-GABA daily once
for a week at 6 months, the treatment failed to reduce
the total number of seizures (p>0.05, Fig. 4A) and stage
V seizures (p>0.05, Fig. 4A), total time spent in seizure
activity (p>0.01, Fig. 4B) in the REs compared to pre-
treatment period. However, time spent in stage V seizure
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Fig. 4 Effect of intranasal administration of GABA-loaded EVs on the number of seizures and time spent in seizures. 4 A: The total number of seizures per
10 h and the number of stage Ill, IV and V seizures per 10 h in a group of REs were compared to the same rats treated with NSC-EV-GABA, MGE-EV-GABA
and IN-EV-GABA. 4B. The total time spent in seizures, time spent in stage lll, IV and V seizures per 10 h (seconds) in MGE-EV-GABA, NSC-EV-GABA and IN-EV-
GABA groups were compared to a group of untreated REs. REs: Rats with epilepsy; MGE-EV-GABA: GABA loaded into EVs derived from medial ganglionic
eminence cells; IN-EV-GABA: GABA loaded into EVs derived from interneurons. For multiple comparisons between the groups, Newman-Keuls post hoc

test was used. **p < 0.01; *p <0.05, ns: non-significant

activity was reduced (p<0.01, Fig. 4B) with NSC-EV-
GABA treatment compared to the pretreatment period.
Also, stage III and stage IV seizures and the time spent in
these seizures were unaltered before and after treatment
in the REs (Fig. 4A and B).

Evaluation of seizures among IN-EV-GABA, MGE-EV-
GABA, and NSC-EV-GABA groups identified no signifi-
cant difference in the total number of seizures (p>0.05,
Fig. 5A) and stage V seizures (p>0.05, Fig. 5B) among
the treatment groups. Additional analysis of individual
pretreatment period seizure data with treatment data
(Fig. 5A&B) using ANOVA with Newman-Keuls post
hoc test identified a significant difference in the total
number of seizures (5A) in the MGE-EV-GABA treat-
ment group and IN-EV-GABA groups. In contrast, the
total time spent in seizure activity (5B) was reduced only
in the MGE-EV-GABA group with the post hoc test. If
an unpaired t-test between the pretreatment and treat-
ment period of the IN-EV-GABA group was performed,
a significant reduction in the total time spent was dem-
onstrated with the IN-EV-GABA treatment. However,
treatment with NSC-EV-GABA failed to demonstrate
any significance compared to its pretreatment period.

Exogenic GABA alone or IN-EVs or MGE-EV:s failed to
control seizures

Since exogenic GABA demonstrated seizure-controlling
ability when encapsulated in IN-EVs or MGE-EVs, we
tested with multiple controls, such as exogenic GABA
alone or MGE-EVs, and IN-EVs alone could control sei-
zures (Fig. 5C-E). For this, GABA was intranasally admin-
istered at 8.7 ug/30ul of PBS for each nostril and 30 ul of

EVs in PBS from interneurons and MGE cells equivalent
to 100 pg EV proteins, each treatment for a week in REs.
No significant reduction in the total number of seizures
(5C), stage V seizures (5D) or time spent in seizure activ-
ity (5E) was observed in GABA alone, IN-EVs or MGE
EVs group compared to untreated REs (Fig. 5C-E).

Overall, seizure data demonstrated exogenic GABA or
cell specific EVs alone failed to control seizures. However,
IN-EV-GABA and MGE-EV-GABA treatments signifi-
cantly reduced seizures, while NSC-EV GABA showed
minimal seizure control. These data highlight that exo-
genic GABA could enter the brain and, with cargo spe-
cific EVs, control seizures in temporal lobe epilepsy.

Behavioral analysis reveals partial improvement in
cognitive functions

Since IN-EV-GABA and MGE-EV-GABA treatment
demonstrated a comparable extent of seizure control, as
MGE cells are easy to produce compared to interneurons,
we have performed detailed behavioral studies only with
the MGE-EV-GABA treatment group, and the results
were compared to the pretreatment REs and naive rats.

MGE-EV-GABA improves novel object recognition memory
Typical performance in this test requires normal peri-
rhinal cortex and the hippocampus of the testing rat.
Naive rats visited novel objects significantly more num-
ber times in trial 3 compared to known objects (p<0.01,
Fig. 6A), while the differences were nonsignificant in the
case of REs (p>0.05). REs treated with MGE-EV-GABA
also visited identical times to novel and familiar objects
(p>0.05). When the total time spent with each object was
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Fig. 5 Seizure data analysis at different times and groups. Analysis of individual pretreatment period seizure data with treatment data using ANOVA
identified a significant difference in the total number of seizures (A) and total time spent in seizure activity (B) in the MGE-EV treatment group. In the
IN-EV-GABA group, the total number of seizures was significantly reduced compared to its pretreatment period, while time spent in seizure activity was
non-significantly lower. However, NSC-EV-GABA treatment didn't demonstrate any significance compared to its pretreatment period. C: Effect of intrana-
sal administration of IN-EVs, MGE-EVs and GABA alone as 3 different controls on total number of seizures in REs. D. Effect of intranasal administration of
IN-EVs, MGE-EVs and GABA alone on the number of stage V seizures in REs. E. Effect of intranasal administration of IN-EVs, MGE-EVs and GABA alone on the
total time spent in seizure per 10 h in REs. REs: Rats with epilepsy. For multiple comparisons between the groups, Newman-Keuls post hoc test was used.
**p<0.01;*p<0.05.In Figure B, *p < 0.05 when analysed with an unpaired t-test between the pretreatment period and the treatment period, but not with
Newman-Keuls post hoc test. ns: non-significant

compared, naive rats spent significantly more time with  places. Also, when the total time spent with objects in
novel objects (p<0.001, Fig. 6A), while REs spent almost  two places was compared, naive rats spent significantly
equal time with known and novel objects. Interestingly, = more time with an object in a novel place (p<0.001, Fig-
REs treated with the MGE-EV-GABA spent significantly — ure S5), while REs spent almost equal time with familiar
more time with novel objects than REs (p<0.01). This and novel place objects. Like REs, REs treated with MGE-
indicates that MGE-EV-GABA treatment at the given = EV-GABA also spent a similar time with objects in famil-
dose partially recovered recognition memory loss in this  iar and novel places. This indicates that MGE-EV-GABA
model. treatment at the given dose failed to recover spatial mem-
ory loss seen in this model.

MGE-EV-GABA failed to improve the location memory

function MGE-EV-GABA improved depressive-like behavior

An object location test measures spatial learning, and the  Epilepsy is well associated with depressive behavior. To
hippocampal circuitry’s normal functioning is required to  understand the efficacy of MGE-EV-GABA treatment in
complete this task successfully. Naive rats visited objects = REs, we have performed a modified novelty-suppressed
in novel places a significantly higher number of times in  feeding test. In the original NSFT, the test suggested
trial 3 than objects in familiar places (p<0.001, Figure on a new cage. At the same time, in this method, we
S5). At the same time, the difference was nonsignificant  have completed the test in the home cage to reduce the
in the case of REs. REs treated with MGE-EV-GABA also  anxiety associated with REs eating food in an unfamil-
visited objects equally in familiar and objects in novel iar place. Following 24 h of food deprivation, naive rats
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reached the food, and the mean latency to the first bite
was less than one and a half minutes (Fig. 6B). In this
group, 100% of the rats ate food within 5 min of the test-
ing period. In the RE group, the mean latency to the first
bite of the food was more than four and a half minutes
(Fig. 6B), while>85% of the tested rats didn't eat even at
5 min of the testing period. In the MGE-EV-GABA treat-
ment group, the mean latency to the first bite of the food
was within 2 min (Fig. 6B), while only 15% of the tested
rats didn’t eat at 5 min of the testing period. This data
demonstrates that MGE-EV-GABA treatment in REs sig-
nificantly improved their motivational level, almost equal
to naive rats.

Exogenously delivered GABA communicates with
presynaptic vesicles

To track the exogenously loaded GABA in the brain, rats
were intranasally administered with MGE-EVs encapsu-
lated with OPA-conjugated GABA. Dual immunostain-
ing identified synaptophysin (Fig. 7A) and exogenous
GABA (Fig. 7B) in the hippocampal dentate hilus of RE
rats. Confocal imaging of 0.7 um Z- section at 630 mag-
nification confirms the co-localization of synaptophysin
with GABA in the dentate hilus region (Fig. 7C-E). This
co-localization indicates communication between exog-
enously delivered GABA with presynaptic vesicles, pos-
sibly resulting in seizure and partial behavioral control.

Discussion

Multiple studies have demonstrated that treatment that
directly increases the GABAergic inhibitory neuro-
transmission or reduces the activity of excitatory gluta-
matergic neurons controls epileptic seizures [14—20].
Also, endogenous GABA produced from transplanted
interneurons enhanced functional inhibitory networks.
However, most of the ASMs in the market act either on
voltage-gated sodium channels or calcium channels,
indirectly modulate GABA or glutamate levels, or act
on multiple targets, leading to various side effects. As
dietary GABA cannot cross the BBB [38], we have iden-
tified that exogenous GABA intranasally delivered to the
brain could cross the BBBs through EVs from GABA-
producing neurons and their progenitors and control
seizures. Also, the study recognized that seizure control
could be best achieved from GABA delivered through
EVs containing parent cell-specific cargo. EVs from inter-
neurons and MGE cells encapsulated with GABA signifi-
cantly reduced the total number of seizures, the number
of stage V seizures (the most severe form of seizure), and
the total time spent in seizure activity. In contrast, EVs
from NSCs encapsulated with GABA demonstrated lim-
ited seizure control in similar conditions. Also, exogenic
GABA alone and EVs from INs and MGE cells failed to
control seizures. Further, a detailed behavioral analysis
of rats treated with MGE-EV-GABA improved depres-
sive behavior while partially improving object-based
memory functions. Co-localization studies confirmed the
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Fig. 7 Dual immunostaining of synaptophysin and GABA in the hippocampal dentate hilus of the REs treated with GABA-loaded EVs. Confocal imaging
of 0.7 um Z- section at 630 magnification confirms the co-localization of synaptophysin with GABA in the dentate hilus region. (A) Positive areas for the
synaptophysin (red). (B) GABA tagged with o-phthaldialdehyde (green). (C) Co-localization of synaptophysin with GABA (orange). D and E. Inserts from
Fig. 7C demonstrating co-localization of synaptophysin and GABA in different areas

presence of exogenous GABA with presynaptic vesicles
in the hippocampus, suggesting that exogenic GABA
could modulate the brain with epilepsy.

Extracellular vesicles, with their nano size, are gaining
tremendous interest in pharmacology for treating various
diseases and drug delivery [39-41]. EVs are considered
next-generation drug delivery systems as they can cross
BBBs and reach neurons and glial cells [27, 28, 41]. EVs
can deliver hydrophilic and hydrophobic drugs [42-43].
As GABA is a small molecule and acts as a zwitterion
and cationic in solution, it is suitable for simple passive
encapsulation [44]. We have performed 2 experiments to
ensure exogenic GABA enters the brain and communi-
cates with it. In the first set of experiments, GABA con-
jugated with OPA was loaded into PKH 26 labelled EVs.
Intranasal administration of these EVs into the naive rats
and the identification of dual immunostained images in
the brain confirm that GABA-loaded EVs could reach the
brain. In the second set of experiments, GABA conju-
gated with OPA was loaded into EVs. After 6 h of intra-
nasal administration into rats with epielpsy, confocal
imaging confirms the co-localization of synaptophysin

with GABA in the dentate hilus region, indicating com-
munication between exogenously delivered GABA with
presynaptic vesicles, possibly resulting in seizure and
partial behavioral control.

In humans, the half-life of GABA in the blood is 5 h
[45]. However, in the human brain, the half-life of GABA
is unknown. A single dose of EV-encapsulated GABA
demonstrated its effects for at least 10 h in this study,
which is a direct indication of its prolonged action, which
is at least equivalent to a single dose of a drug per day.
Gabapentin, an analogue of GABA used in epilepsy treat-
ment, increased GABA levels in the brain by 57% at 2.5 h
following oral administration [46]. Gabapentin is well tol-
erated but is required in high doses (900-1800 mg/day
as a maintenance dose). The bioavailability of gabapentin
is 27-60% and is inversely proportional to dosage, while
increasing doses and long-term uses are known to cause
multiple side effects. Even for exogenic GABA deliv-
ery through EVs, side effects, including toxicity, need to
be studied in detail. Specifically, changes in GABAergic
receptors (internalization or downregulation) induced by
chronic exposure to GABA need to be evaluated.
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Identifying a suitable source of EVs for specific drug
delivery is essential, as the cargo of the delivered EVs
shouldn't alter the recipient cell functionality other than
the intended purpose. This is a necessary issue as EV-
transferred components could be functional in the recipi-
ent cells and change their function [47]. In this study, we
intend to deliver GABA to the hippocampus, which con-
tains 10-15% of GABAergic interneurons among total
neurons that control diverse cellular and circuit functions
through innumerable synapses. Their reduced numbers
are well-established in epilepsy [48, 49]. Thus, EVs from
GABAergic interneurons are the best bet for encapsulat-
ing GABA and delivering it to the hippocampus. With
directed differentiation, NSCs, MGE cells, and GAB-
Aergic interneurons could be reproducibly generated
from human pluripotent stem cells [50, 51]. However,
the expense of generating interneurons is high compared
to MGEs. Also, the interneuron generation requires 45
days of culture, while the MGE generation requires 25
days [50]. Indeed, co-localization of the MGE-EV deliv-
ered exogenous GABA with the presynaptic vesicle in the
hippocampus and seizure control confirms the capability
of the MGE-EVs similar to IN-EV-GABA. Further, con-
sistent reduction of seizures for a week in IN-EV-GABA
and MGE-EV-GABA but not with NSC-EV-GABA dem-
onstrates the essential roles of EV cargo in seizure con-
trol along with GABA. Since the size, shape, morphology,
and marker expressions were comparable between EVs
derived from NSCs, MGE cells, and interneurons, likely,
distinct cell type-specific EV cargo components such as
mRNAs, miRNAs, IncRNAs, proteins and/or lipids, etc.
could essentially contribute for seizure control through
synaptic modulation. A recent study demonstrated
improvement of GABA synaptic function in Huntington’s
disease neurons following treatment with EVs from fibro-
blasts through miRNA modulation [52].

Cognitive and mood impairments are well associated
with temporal lobe epilepsy and are linked through dif-
ferent mechanisms [53]. Also, ASMs cause multiple side
effects in the cognitive domain [8-9]. However, MGE-
EV-GABA treatment in the study demonstrated signifi-
cant improvements in cognitive behavior compared to
untreated rats. Improvements in behavioral function may
be due to synchronization in excitatory and inhibitory
neuronal functions [54] induced by exogenously deliv-
ered GABA and cell-specific EV cargo. We believe that
continuous treatment could further control seizures and
modulate behavioral impairments. Dose and time-depen-
dent studies are required to address these issues further.

As MGE-EV encapsulated exogenous GABA could
control seizures and behavior in epilepsy, it needs to be
tested for its efficacy against pharmaco-resistant epilepsy,
an essential clinical target of such novel approaches as
none of the medications in the last 25 years could reduce
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the incidence of pharmaco-resistant epilepsy [4, 55-56].
Also, as multiple clinical trials are being conducted with
EVs [57] and EVs can be cryopreserved without damag-
ing their potential [58], we believe cell-specific EVs hold
great promise in the drug delivery field for multiple clini-
cal applications, including pharmaco-resistant epilepsy.

Limitations of the study include the fact that detailed
pharmacokinetics and pharmacodynamics of EV-encap-
sulated GABA in the brain have not been studied. We
used a single concentration of GABA daily, as it is the
maximum dose we could load. Increasing loading effi-
ciency through EV bioengineering could help load
higher concentrations of GABA [59], while dose-depen-
dent studies could help to understand the specific dose
required to control seizures. As clinical applications of
EVs are gaining tremendous interest, long-term safety
studies with these EVs are needed [60]. Another major
limitation is that we have used a single iPSC line for the
study. Also, rather than iPSC-derived cells, EVs from
actual human NSCs, MGE cells and interneurons would
have improved the quality of the study. Using a 100%
pure population of NSCs, MGE cells, interneurons and
derived EVs and their robust molecular characterization
could further strengthen the findings. Also, evaluation of
protein, mRNA, miRNA and IncRNA composition of EVs
cargo of NSCs, MGE cells and GABAergic interneurons
through proteomic and transcriptomic analysis could
help to trace cargo specificity for seizure control along
with GABA for treating epilepsy.

Conclusions

This study identified three essential findings. (1) Exogenic
GABA could be delivered to the brain through brain cell-
derived EVs. (2) Exogenic GABA with EV cargo could
modulate seizures in temporal lobe epilepsy. (3) The cel-
lular origin of EVs plays a vital role in seizure control with
exogenic GABA. The limitations addressed in the study
need to be addressed with multiple additional experi-
ments to consider EV-encapsulated GABA as the finest
stem cell-derived biotherapeutic agent for treating TLE.
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