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Combinatorial gene therapy for epilepsy: Gene sequence
positioning and AAV serotype influence expression and
inhibitory effect on seizures
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Gene therapy with AAV vectors carrying genes for neuropeptide Y and its receptor Y2 has been shown to inhibit seizures in multiple
animal models of epilepsy. It is however unknown how the AAV serotype or the sequence order of these two transgenes in the
expression cassette affects the actual parenchymal gene expression levels and the seizure-suppressant efficacy. To address these
questions, we compared three viral vector serotypes (AAV1, AAV2 and AAV8) and two transgene sequence orders (NPY-IRES-Y2 and
Y2-IRES-NPY) in a rat model of acutely induced seizures. Wistar male rats were injected bilaterally with viral vectors and 3 weeks
later acute seizures were induced by a subcutaneous injection of kainate. The latency until 1st motor seizure, time spent in motor
seizure and latency to status epilepticus were measured to evaluate the seizure-suppressing efficacy of these vectors compared to
an empty cassette control vector. Based on the results, the effect of the AAV1-NPY-IRES-Y2 vector was further investigated by
in vitro electrophysiology, and its ability to achieve transgene overexpression in resected human hippocampal tissue was evaluated.
The AAV1-NPY-IRES-Y2 proved to be better to any other serotype or gene sequence considering both transgene expression and
ability to suppress induced seizures in rats. The vector also demonstrated transgene-induced decrease of glutamate release from
excitatory neuron terminals and significantly increased both NPY and Y2 expression in resected human hippocampal tissue from
patients with drug-resistant temporal lobe epilepsy. These results validate the feasibility of NPY/Y2 receptor gene therapy as a
therapeutic opportunity in focal epilepsies.
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INTRODUCTION
Epilepsy is a common neurological disorder that is characterized
by recurrent episodes of synchronous neuronal hyperactivity
leading to seizures that are often associated with behavioural
symptoms as convulsions. It is estimated that approximately 1%
of the population suffers from epilepsy [1, 2] and that the related
yearly costs for the disorder in Europe was 15.5 billion euros in
2004 [3]. Anti-seizure drugs (ASDs) are helping most of the
patients, but one third of the cases are drug-resistant [4]. Many
of those suffering from intractable epilepsy have temporal lobe
epilepsy (TLE), where the seizure focus is predominately located
in the hippocampus or amygdala [5]. A majority of these cases
(approximately 2/3) are drug-resistant [4]. There are few
alternatives to ASDs, e.g., surgery, vagus nerve stimulation
(VNS) [6], or ketogenic (high fat) diet [7]. Although effective [8],
surgical resection of the temporal lobe and other epileptic foci is
not always applicable [1], while VNS and ketogenic diet has
variable efficacy. Therefore, novel treatments are urgently
needed, and gene therapy emerges as a strong alternative
approach [9].

Neuropeptide Y (NPY) is a 36 amino acid peptide that is
expressed in the human brain [10] predominantly by inhibitory
interneurons [11] and is released in response to high frequency
activity [12]. NPY is primarily interacting with three G-protein
coupled receptors in the brain, Y1, Y2, and Y5 [13]. The Y2 receptor
has been shown to localize on presynaptic terminals of excitatory
neurons and inhibit glutamate release by reducing opening of
voltage gated Ca+-channels [14]. Interestingly, in hippocampal
tissue resected from epilepsy patients, NPY and the Y2 receptors
are upregulated, suggesting that it may be an endogenous
response to counteract hyper-excitability [15].
The antiseizure properties of NPY, mediated by interaction

with the Y2 receptors, has been described in number of previous
studies [16–21] (see also [22, 23]). We have previously shown
that adeno-associated viral (AAV) vector-mediated overexpres-
sion of NPY and the Y2 receptors suppresses acutely induced
seizures in two in-vivo animal models [24], as well as chronic
spontaneous recurrent seizures (SRS) in the rat intrahippocampal
kainate (KA) model of TLE [25, 26]. Based on the accumulating
evidence, combinatorial NPY and Y2 receptor overexpression by
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AAV vectors could be a candidate for gene therapy against focal
epilepsies [23].
It is not known, however, how different AAV vector serotypes on

one hand, and sequential order of multiple transgenes in the
expression cassette on the other hand affects the magnitude of
the seizure-suppressant efficacy of this treatment. The AAV1, AAV2
and AAV8 serotypes have been reported to achieve effective
delivery of transgenes into the hippocampal cells [27]. However,
the various AAV serotype capsids have been shown to have
different tropisms, e.g., in distinct hippocampal areas [28], which
might affect functional outcome. Also, the internal ribosome entry
site (IRES) sequence separating two gene sequences, e.g. for the
NPY and the Y2 receptor, is reported to reduce translation of the
downstream gene [29], which also may have implications for the
potential anti-seizure effect. Thus, in the present study we
compared the efficacy of NPY and its receptor Y2 overexpression
delivered by three different viral vector serotypes, each with either
the NPY-IRES-Y2 or Y2-IRES-NPY sequence order of the genes.
We found that the AAV1 serotype with a gene sequence of NPY-

IRES-Y2 (AAV1-NPY/Y2) had a significant pharmacodynamic effect
by reducing time spent in motor seizures and increasing the
latency to status epilepticus (SE) induced by systemic KA in male
Wistar rats. This vector also showed a clear overexpression of NPY
as evaluated by immunoreactivity, as well as increased functional
binding of NPY to Y2-receptors compared to control animals
injected with empty vector. In line with findings of inhibitory
effects on seizures in vivo, electrophysiological analysis in acute
hippocampal slices from AAV1-NPY/Y2 injected animals revealed
decreased glutamate release probability in synapses at high
frequency activity. Finally, we demonstrate that AAV1-NPY/Y2
vector can well express respective transgenes in human hippo-
campal slices in vitro, corroborating translational value of this
approach.

METHOD
Animals
Male Wistar rats (Charles River, Denmark), weighing 220–350 g at
beginning of the experiment, were housed together with two or three
animals in each cage. The animals had ad libitum access to food and water,
fixed 12 h day/light cycle and the cages were enriched by a cardboard
tunnel and nesting materials. After arrival to the facilities, the rats were left
in the stables for at least 1 week before they were subjected to any
operations in order to enable acclimatization to the new environment. All
experiments were approved by the Malmö/Lund Ethical Committee for
Experimental Animals (Permit number M49-15) and performed according
to international guidelines for the use of research animals.
A total number of 77 rats were used in the KA induced seizure test and

randomly divided into 9 treatment groups by an experimenter not aware
of the treatment conditions. The resulting group size was 8 in all groups,
except for increased numbers of rats administered AAV8-NPY/Y2 (n= 12)
and AAV8-Y2/NPY (n= 9), since 5 rats were added in these groups due to
lost data at video recordings that were later recovered. 12 rats were used
in the electrophysiology test (n= 4/group). The group sizes were by
experience considered appropriate for statistical comparison.

Viral vectors
Viral vectors were manufactured by GeneDetect (New Zealand) and
provided by CombiGene AB (Sweden). A set of cDNA constructs, with a size
of 4.3kbp, carrying the sequence for human NPY and the human NPY Y2-
receptor, separated by an internal ribosome entry site (IRES), with either
NPY first (NPY/Y2) or the Y2-receptor first (Y2/NPY), were contained in
three different AAV-serotypes, AAV1, AAV2 and AAV8. The vectors all
contained the Woodchuck post-transcriptional regulatory element (WPRE)
and bovine growth hormone polyadenylation sequence (BGHpA). Also,
three empty control vectors (EMPTY) were used, one for each serotype,
resulting in a total number of nine vectors for evaluation. The synthetic
CAG (chicken-beta-acting promoter hybridized with the cytomegalovirus
[CMV] immediate-early enhancer sequence) were driving the constructs.

All viral vectors were titrated together using qPCR targeting the WPRE and
had a titer of 1.1*1012 viral genomes (vg)/ml.

Viral vector delivery
The viral vectors were delivered bilaterally to the hippocampus via
stereotaxic surgery. Rats were anesthetized with 4% isoflurane (Isoba Vet,
Intervet, Netherlands) air mixture lowered to 2% when paw withdrawal
response was absent. The rat’s heads were shaved and placed in a
stereotaxic frame (Kopf Instruments, Tujuga, CA, USA). Local anaesthesia
(Marcain, AstraZeneca, Denmark) was administered before an incision was
made exposing the scull bone. Drops of hydrogen peroxide (4%) were
applied to stop bleeding after scalpel scrapes and to expose bregma. Holes
were drilled, prior to each injection, using predefined coordinates (see
below). The viral vector, kept on ice at all time before the injection, was
loaded into a glass capillary attached to a microliter syringe (Hamilton
Company, Switzerland) and delivered into the hippocampus at a rate of
0.2 µl/min. Dorsal hippocampus (AP −3.3 mm. ML ± 1.8 mm, DV −2.6 mm)
was injected with 1.0 µl vector and ventral hippocampus (AP −4.8 mm,
ML ± 5.2 mm) was injected with 1.0 µl at two different depths (DV −6.4 and
−3.8) [30]. Thus, a total of 6 µl viral vector at a concentration of
1.1*1012 vg/ml were delivered to each brain, resulting in a dose of
6.6*109 vg/brain. Reference points were bregma for anterior/posterior
coordinate, midline for medial/lateral and dura for dorsal/ventral. The
tooth bar was set to -3.3 mm. After vector delivery, the incision was closed
using staples, and the animals were allowed to recover in quarantine for
48 h before being relocated to their stables.

Controlling for orexigenic effects of NPY and Y2
overexpression
As NPY is an established orexigenic factor [31–33], we were interested to
study if the different vectors had any effect on animal weight
development. No difference in weight gain per day was detected between
the groups (Supplementary Fig. 1).

KA preparation and induction of SE
KA was prepared freshly the same day as SE induction. 50 mg of KA
(Abcam, ab120100) was dissolved in 4 ml of saline and adjusted with 1 M
NaOH to a pH of 7.4, in order to reduce a pain response in connection to
the injection. The concentration was set to 10mg/ml by adding saline to a
total volume of 5 ml. Continuous measurement of pH during NaOH
titration and comparing to previous titration curves facilitated reproduci-
bility. The rats were injected with a dose of 10mg/kg in the neck region
subcutaneously (s.c.) and immediately placed in a transparent Plexiglas
cage with the dimension 30 x 19 x 29 cm. Ten animals per time were
treated with KA and recorded for 2 h with a high-definition camera.

Assessment of KA-induced seizures
The animals were assessed for behavioral manifestation of seizures for two
hours following KA injection. Behavioral scoring of seizures was performed
according to a modified Racine scale [24, 34], focusing exclusively on grade
3–5 seizures. Grade 3 seizures included a minimum of 15 s of clonic activity
in the forelimbs, in a grade 4 seizure the rat was rearing while the clonus in
the forelimb continued and a grade 5 seizure caused the animal to rear
and fall on side or back. The analysis of the video recordings was
performed by an experienced experimenter blinded to the treatment
conditions. Three parameters were assessed. First, latency to first motor
seizure was measured as the time that passed from the injection until the
1st grade 3 seizure. Second, the time spent in motor seizures (grade 3 or
above) was measured. Again, a seizure had to be at least 15 s to add to the
cumulative seizure duration. Finally, the time elapsed from injection until
SE, defined as continuous clonic activity of at least 10 min, was measured.
The monitoring was terminated after 2 h by deeply anesthetizing the
animals with isoflurane and decapitation.

Immunohistochemistry and assessment of NPY expression
levels
The brains were quickly removed from the skull, directly frozen on crushed
dry ice and stored at −80 °C until being cut in 16 µm thick coronal slices
utilizing a cryostat. The resulting 16 series of slices, covering the dorsal and
ventral injection points, were also stored in −80 °C on glass slides until
further processing.
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Before immunohistochemical staining, the slices were fixed by soaking
the glass slides with slices in 4% paraformaldehyde (PFA) for 20min. After
washing in 0.02 M KPBS, the tissue was pre-incubated in 10% donkey
serum in 0.25% T-KPBS for 1 h followed by primary antibody (Rabbit anti-
NPY, N9528, Sigma Aldrich, 1:500) incubation overnight at 4 °C in 5%
donkey serum and 0.25% T-KPBS. Next day the slices were washed and
then incubated with secondary antibody (Cy3 conjugated Donkey anti
Rabbit, Jackson Immunoresearch, 1:200) in 1% donkey serum, 0.25%
T-KPBS solution for 2 h at room temperature. After washing a final time in
0.2 M KPBS the slices were cover-slipped in DABCO (Sigma Aldrich). A
negative control (primary antibody omitted) was used to control for
unspecific binding of the secondary antibody.
For analysis, 6 fluorescent microscopy pictures (Olympus BX61) were

taken from each animal. Two of the pictures covered the dorsal injection
points and four the ventral hippocampus. Settings for image acquisition
were the same for all images (ISO800, 1500ms exposure, 4x objective). The
mean gray value of the fluorescence in the hippocampus was measured by
ImageJ and was corrected for by the background level in a cortical region
were no NPY overexpression was observed (see representative images of
NPY immunohistochemistry in the dorsal hippocampus in Supplementary
Fig. 2).

Y2 receptor functional binding
Visualization of Y2 functional binding has been described earlier
[24, 35, 36]. The tissue sections were defrosted in room temperature for
30min before rehydration in assay buffer A (50mM Tris-HCl, 3 mM MgCl,
0.2 mM ethylene glycol tetraacetic acid [EGTA], 100mM NaCl, pH 7.4) for
10min at room temperature. Thereafter, a pre-incubation assay buffer B
(assay buffer A+ 0.2 mM dithiothreitol, 1 µM 1,3-dipropyl-8-cyclopentyl-
xanthine [DPCPX; #C-101, Sigma Aldrich, DK], 0.5% w/v bovine serum
albumin, 2 mM guanocine-5’-diphosphate [GDP; #G7127, Sigma Aldrich])
was applied for 20min at room temperature. Subsequently, the sections
were incubated in assay buffer C (assay buffer B+ 40 pM [35S]-GTPγS
[1250 Ci/mmol; NEG030H250UC; PerkinElmer, DK]) together with 1 µM NPY
(rat synthetic, Schafer-N, Copenhagen, DK) and the Y1 (1 µM BIBP3226,
#E3620, Bachem AG, Switzerland) and Y5 (10 µM L-152,804, #1382, Tocris
Cookson, UK) antagonists for 1 h at 25 °C. The assay was terminated by
rinsing the sections 2 × 5min in ice-cold 50mM Tris-HCl buffer (pH 7.4) and
subsequently dried. Exposure to Kodak BioMax MR films was done
together with 14C micro scales (Amersham Life Sciences, UK) during 5 days
in −20 °C and the films were thereafter developed in a Kodak GBX
developer.
The NPY stimulated binding was analysed by measuring the mean grey

value of the hippocampus. The value from the hippocampus was corrected
for by the background grey value in a cortical region were no Y2
overexpression was observed (see representative image of Y2 receptor
functional binding in Supplementary Fig. 3).

Preparation of acute hippocampal slices
Preparation of acute slices was performed as previously described [37].
Animals were sacrificed by decapitation under isoflurane anaesthesia and
the brain was quickly removed, with the rAAV-injected hemisphere cut
transversely on a vibratome in sucrose-containing artificial cerebrospinal
fluid (sucrose-aCSF), containing in (mM) 75 sucrose, 67 NaCl, 26 NaHCO3,
25 glucose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, and 7 MgCl2. Hippocampal
slices (400 µm) were collected and placed in a holding chamber with aCSF
containing (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO4, 26.2 NaHCO3, 1 NaH2PO4,
11 glucose and 2.5 CaCl2, oxygenated at room temperature (RT), and left to
rest for approximately 1 h. For recordings, slices were transferred to the
recording chamber perfused with oxygenated aCSF (RT; 2 ml/min).

Electrophysiology
Field recordings of excitatory postsynaptic potentials (fEPSPs) were
conducted in the stratum radiatum of hippocampal CA1 region. Schaffer
collaterals were stimulated with square constant current pulses (0.1 µs)
through silver-chloride electrodes in glass capillaries filled with aCSF. Field
EPSPs were recorded from the same layer with a recording capillary filled
with aCSF (with a pipette resistance of 1–3MΩ). Each individual slice was
considered as one n. Field EPSP recordings were started by determining the
input-output relationship between the amplitude of the presynaptic fiber
volley (PSFV) and the amplitude of the fEPSP. Only slices capable of
generating fEPSP amplitudes of more than 1mV were included in the study.
Test stimuli inducing 30–50% of the maximal fEPSP responses were used

throughout all experiments. Short-term plasticity of fEPSPs was assessed by
paired-pulse (PP) stimulations at different interstimulus intervals (ISI; 25, 50,
100, 200ms; at 0.033 Hz). Paired-pulse ratio (PPR) of fEPSPs was calculated as
change in the initial slope of the second fEPSP as compared to the first.
The effect of transgene NPY expression on excitatory neurotransmission

during repetitive synaptic activation was examined by applying high-
frequency stimulation (HFS) trains of 100 Hz with 10 stimulations of one
synaptic pathway (SP.1) preceded and followed with 500ms interval by PP-
stimulation in a neighboring, convergent but independent synaptic
pathway (SP.2). Synaptic independence was determined by evoking a
fEPSP in SP2, with or without a fEPSP 50ms prior in SP.1. The lack of paired-
pulse facilitation supports the absence of shared synapses between the
inputs. The stimulation was repeated eight times and the responses were
averaged. To avoid interference with post-tetanic potentiation (PTP), each
train was delivered at 5 min intervals. To prevent long-term potentiation
(LTP) induction in stimulated synapses, the specific N-methyl-D-aspartate
(NMDA) antagonist, D(2)-2-amino-5-phosphonopentanoic acid (D-AP5,
50 µM) was applied together with aCSF. The specific Y2-receptor
antagonist BIIE0246 (0.6 μM, Sigma-Aldrich) was applied to the aCSF and
allowed to wash in during paired-pulse stimulation for 10min. After
recordings, slices were fixed in PFA (12 h at 4 °C), rinsed 3 × 20min in KPBS
and stored in Walters antifreeze solution (−20 °C).

Immunohistochemistry in acute hippocampal slices
Sections were washed three times in KPBS for 10min and imbedded in a
solution containing 300 g/L egg-albumin (Sigma-Aldrich) and 30 g/L gelatin
(Sigma-Aldrich), frozen at −80 °C and sub-sliced on a cryotome at −20 °C
(Cellab Nordia AB) to 16 μm thick slices. Slices were mounted on positively
charged glasses (+Menzel glass, Thermo Scientific) and stored at −20 °C.
These slices were then preincubated in 10% Donkey serum, 0.25% Triton
X-100 in KPBS for 1 h. After adding rabbit anti-NPY antibody (1:500, #N9528,
Sigma-Aldrich, DK) in 5%Donkey serum, 0.25% Triton X-100 in KPBS, sections
were incubated overnight at 4 °C. Sections were washed 3 × 10min in tKPBS,
incubated for 2 h at RT with Cy3-conjugated Donkey anti-rabbit antibody
(1:200, Jackson Immunoresearch USA) in 1% Donkey serum, 0.25% Triton
X-100 in KPBS and washed 1 × 10min in tKPBS and 2 × 10min in KPBS. The
slides were mounted with DABCO (Sigma-Aldrich) and digitized images
obtained using Olympus BX61 microscope and CellSens software.

Human organotypic slice preparation and AAV-vector
mediated NPY and Y2 receptor overexpression
Human temporal lobe (hippocampus) tissue was obtained by surgical
resections from three patients treated for intractable epilepsy at
Rigshospitalet in Copenhagen, Denmark, as previously described [38, 39].
Prior to each surgery a written informed consent was obtained from all
subjects. The use of resected human brain tissue and following procedures
was approved by the local Ethical Committee in Copenhagen (H-2-2011-
104) in accordance with the Declaration of Helsinki. The resected tissue
was immediately submerged in ice-cold sucrose solution containing in
mM: 200 sucrose, 21 NaHCO3, 10 glucose, 3 KCl, 1.25 NaH2PO4, 1.6 CaCl2, 2
MgCl2, 2 MgSO4 (all from Sigma-Aldrich, Sweden), bubbled with carbogen
(O2, 95% and CO2, 5%) adjusted to 300–310mOsm and 7.4 pH, and
transferred from the surgical theatre to the laboratory. Time of transport of
tissue from Copenhagen Hospital operating theatre to Lund laboratory was
approximately 1 h. Coronal slices (250 μm thick) were cut on a Leica
VT1200 vibratome in the same sucrose-solution as mentioned above. The
slices were then transferred to ice-cold rinsing medium containing Hank’s
balanced saline solution (HBSS) with 20mM HEPES, 17.5 mM glucose and
0.5% penicillin/streptomycin solution (all from Life Technologies, Thermo
Fisher Scientific Inc, Sweden) before placing them on cell culture inserts
(Millipore, Sweden, #PICM03050) in 6-well plates with 960 μl equilibrated
culturing medium. This medium contained 50% minimum essential media
(MEM), 25% horse serum, 18% HBSS, and 2% B27 supplemented with 0.5%
penicillin/streptomycin solution (all from Life Technologies, Thermo Fisher
Scientific Inc, Sweden), glutamine 2mM, glucose 11.8 mM, and sucrose
20mM (all from Sigma-Aldrich, Sweden). Slices were cultured as interface
cultures at 37 °C, 5% CO2, and ambient O2 in 90% humidity.
The slices were allowed to settle for 12 h before addition of the AAV1-

NPY/Y2 vector (titre of 1012 vg/ml), with approximately 0.035 µl/mm2

added (3.5 * 107 vg/mm2). After 10 days of culturing, slices for immuno-
histochemistry were fixed in 4% paraformaldehyde in phosphate buffer
(PB) for 12–24 h, rinsed in PB and then stored until further processing in
anti-freeze solution (ethylene glycol and glycerol in PB) at −20 °C.
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NPY immunohistochemistry in organotypic human
hippocampal slices
Sections were fixed in 4% paraformaldehyde for 20min. Sections were
washed three times in KPBS for 10min and preincubated in 10% Donkey
serum, 1% Triton X-100 in KPBS for 1 h. After adding rabbit anti-NPY
antibody (1:500, N9528, Sigma-Aldrich, DK) in 5% Donkey serum, 0.25%
Triton X-100 in KPBS, sections were incubated overnight at 4 °C. Sections
were washed 3 × 10min in tKPBS, incubated for 2 h at RT with Cy3-
conjugated Donkey anti-rabbit antibody (1:200, Jackson Immunoresearch
USA) in 1% Donkey serum, 0.25% Triton X-100 in KPBS and washed
1 × 10min in tKPBS and 2 × 10min in KPBS. The slides were then mounted
with DABCO (Sigma-Aldrich) and digitized images were obtained using
Olympus BX61 microscope and CellSens software. Average fluorescence
intensity of NPY immunoreactivity in hippocampus was evaluated using
ImageJ. The experimenter performing the evaluation was unaware of the
specific treatment given to individual slices.

Quantitative PCR measurements of NPY-related genes in
organotypic human hippocampal slices
Sections of organotypic slices treated with AAV1-NPY/Y2 and correspond-
ing empty control vector were kept in −80 °C freezer until processing. The
tissue was scraped from the glass sections and homogenized with QIAzol
lysis reagent (QIAgen) and QIAshredder spin column (QIAgen, Denmark).
Total RNA was extracted using RNeasy Lipid Tissue Kit (QIAgen) according
to manufacturer’s protocol. The concentration of total RNA was measured
on Nanodrop (Thermo Fisher Scientific), and the quality was evaluated by
using the 260/280 nm ratio parameter. RNA (0.5 μg) was reverse
transcribed to cDNA using High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, USA) following the manufacturer’s recommendations.
Quantitative PCR (qPCR) was performed using the following NPY gene
primers with GAPDH as the reference gene [40].
hNPY: forward: 5’-GGA GGA CAT GGC CAG ATA CT -3’, reverse: 5’-ATC

TCT GCC TGG TGA TGA GG -3’; hY2: forward: 5’-GGC CAT CTT CCG GGA GTA
TT -3’, reverse: 5’-GCC AGG CCA CTT TTC AGT AC -3’; hY1: forward: 5’-AAT
ACC AGC GGA TCT TCC C -3’, reverse: 5’-TTC CCT TGA ACT GAA CAA TCC
-3’; hY5: forward: 5’-GCC CCG AGG TCT GCT CAT TGT -3’, reverse: 5’-TGT
GGC AGG TCA GTT GTT ACC GA -3’; GAPDH: forward: 5’-TCA CCA CCA TGG
AGA AGG C -3’, reverse: 5’-GCT AAG CAG TTG GTG GTG CA -3’.
The real-time qPCR was run on LightCycler480 (Roche). The cycling

conditions were 1 cycle of pre-incubation at 95 °C for 5 min, followed by 45
three-segment cycles of amplification (95 °C for 10 s; 60 °C for 15 s, and
72 °C for 10 s) where fluorescence was automatically measured during PCR,
and 1 cycle three-segment cycle of product melting (5 s at 95 °C, 1 min at
65 °C and then continuous acquisition mode at 97 °C for 5 acquisitions per
°C). The last step was one cooling cycle for 10 s with ramp rate 2 °C/s.

Statistics
Data analysis was done in Prism (GraphPad) and in Igor Pro (Wavemetrics).
One-way ANOVA tests followed by Bonferroni’s multiple post-hoc
comparison test or two-tailed Student’s t-test (one comparison) was used
in the case of normally distributed data. Electrophysiology data was
analysed in Igor (Wavemetrics) and Prism (GraphPad) using two-tailed
Student’s paired t-test and one-way ANOVA followed by Tukey’s post hoc
test. All data is presented as mean ± SEM. A difference was considered
significant if P < 0.05.

RESULTS
AAV1-NPY/Y2 treatment decreases time spent in motor
seizures and increases latency to SE
Three weeks after viral vector injection, the rats were administered
s.c. with KA (n= 77). Following the KA injection, all animals but
two developed motor seizures as defined by grade 3 or above by
the Racine scale (see methods section). The two animals belonged
to treatment group AAV1-Y2/NPY and AAV8-NPY/Y2, respectively.
One animal from the group of AAV1-EMPTY was excluded due to a
failed KA s.c. injection.
Measurements of the latency until the first motor seizure

(Fig. 1A, D, G) showed no significant differences between
transgene groups and their respective serotype controls.
Comparing the time spent in motor seizure (Fig. 1B, E, H)

revealed a statistically significant difference between the animals

treated with the AAV1 serotype (one-way ANOVA, F= 3.6,
P < 0.05). The AAV1-NPY/Y2 group spent less time in motor
seizures (AAV1-NPY/Y2, 18.6 ± 5.0 min, n= 8) than the control
group treated with the empty AAV1 vector (AAV1-EMPTY,
39.6 ± 7.9 min, n= 7, P= 0.049). There was no statistically
significant difference between the other groups, although AAV1-
Y2/NPY showed a trend towards spending less time in motor
seizure (AAV1-Y2/NPY, 20.2 ± 5.3 min, n= 8, P= 0.07).
Finally, the latency to SE (Fig. 1C, F, I) in the AAV1-NPY/Y2 group

was significantly longer (one-way ANOVA, F= 4.4, P < 0.05), (AAV1-
NPY/Y2, 108.8 ± 4.9 min, n= 8) compared to the AAV1 control
group (AAV1-EMPTY, 87.0 ± 6.8 min, n= 7, P= 0.02). AAV1-Y2/NPY
did not differ significantly from the AAV1-EMPTY group (AAV1-Y2/
NPY, 104.7 ± 4.6 min, n= 8, P= 0.07).

NPY overexpression after AAV vector-mediated treatment
To confirm successful vector delivery and NPY expression efficacy
we performed immunohistochemical staining against NPY and
investigated the expression levels immediately after SE (Fig. 2).
Consistent with the demonstrated effect on motor seizures and
latency to SE, animals injected with AAV1-NPY/Y2 vector had
significantly higher levels of NPY expression (mean grey value:
6.0 ± 1.5, n= 8) than AAV1-Empty (mean grey value: −0.2 ± 0.3,
n= 8, P < 0.001). Also, AAV1-Y2/NPY treated animals had sig-
nificantly higher NPY expression levels than the controls (mean
grey value: 5.0 ± 1.1, n= 8, P < 0.001). Transgene vectors with the
AAV2 and AAV8 serotype, however, did not show increased
expression of NPY compared to the empty control.

Y2 receptor functional binding levels after AAV vector-
mediated overexpression in rats
To evaluate overexpression of Y2-receptors after various viral
vector treatments, a functional binding assay was performed in
tissue from the dorsal hippocampus. Y2 receptor specificity was
verified by assessing NPY-stimulated binding of [35S]-GTPγS in
specimens where Y1 and Y5 receptors were preincubated and
blocked with specific antagonists (BIBP3226, L-152,804) (Fig. 3).
Three vectors showed higher Y2 functional binding for NPY
compared to the corresponding serotype controls. AAV1-NPY/Y2
had an average mean grey value of 25.0 ± 2.7 (n= 8, P < 0.001)
and AAV1-Y2/NPY (30.1 ± 4.2, n= 8, P < 0.001), which were both
higher than the AAV1-EMPTY (3.3 ± 1.7, n= 8). Finally, the AAV8-
Y2/NPY (21.4 ± 2.0, n= 9, P < 0.001) treated animals has also
higher expression levels than the respective serotype control
AAV8-EMPTY (1.7 ± 1.9, n= 8).

Effect of AAV vectors on basal glutamatergic synaptic
transmission
Since the AAV1 serotype demonstrated a seizure-suppressant
effect in animals, as evident by decreased time spent in motor
seizures and increased latency to SE, we further investigated
whether transgene expression also affected basal excitatory
synaptic transmission, specifically glutamate release probability
in transgene expressing hippocampal slices in vitro. To address
this question, we used a paired-pulse stimulation protocol [41].
The relationship between two fEPSPs elicited with short inter-
stimulus interval between 10 and 100 ms, a paired-pulse ratio
(PPR), can typically inform whether changes in synaptic efficacy is
localised pre- or postsynaptically. The PPR in CA1 stratum
radiatum of AAV1-NPY/Y2, AAV1-Y2/NPY and AAV1-EMPTY were
compared using different inter-stimulus intervals (ISI 25, 50, 100,
and 200ms). We could not detect any difference in baseline PPR at
any stimulation interval between treatment groups (Supplemen-
tary Fig. 4). When applying the Y2 receptor antagonist BIIE0246
however, the PPR decreased significantly at the ISI 25 ms in the
AAV1-NPY/Y2 treatment group, but not in AAV1-Y2/NPY (Supple-
mentary Fig. 4), suggesting an effect of transgene NPY and Y2 on
glutamate release [42, 43] at frequencies of 40 Hz (and presumably
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higher) in the AAV1-NPY/Y2 treatment group. To substantiate this
finding, we tested if train stimulation (TS)-induced transgene NPY
released from one group of glutamatergic synapses was able to
diffuse to and decrease glutamate release from neighboring
synapses (so-called volume transmission characteristic for neuro-
peptides). We gave a TS to one group of presynaptic fibers in the
CA1 stratum radiatum (Fig. 4A, stimulation 1, S1) and measured
the fEPSPs amplitude in a neighbouring, convergent but
independent group of synapses (Fig. 4A, Stimulation 2, S2).
Paired-pulse stimulations were given to S2, before and after the
conditioning TS in S1 (Fig. 4B) and the fEPSP of S2 were compared
before and after TS. All treatment groups showed a significant

depression of the first fEPSP post-TS in the neighbouring synapses
as compared to pre-TS fEPSPs (Fig. 4C). This was accompanied by
an increase in PPR, suggesting that it was mediated by decreasing
presynaptic glutamate release probability in all groups. The
increase in PPR was higher in AAV1-NPY/Y2 treatment group,
compared to both Y2/NPY and empty vector (One way ANOVA,
F= 5.62113, Tukeys post-hoc, p= 0.08241, p= 0.00913). These
results suggest different underlying mechanisms [44]. Synaptic
transmitter release can impact neighbouring synapses via several
mechanisms, depending on frequency of activation and time after
activity [45–54]. To discern a possible contribution of NPY NPY
release spillover from activate synapses in vector-treated animals,

Fig. 1 Outcomes from the seizure assessment after bilateral overexpression of the transgenes. AAV1: A latency to 1st motor seizure, B time
spent in motor seizures, C latency to status epilepticus (SE). The AAV1-NPY/Y2 vector is highlighted (magenta); AAV2: D latency to 1st motor
seizure, E time spent in motor seizures, F latency to SE; AAV8: G latency to 1st motor seizure, H time spent in motor seizures, I latency to SE.
Data is shown as mean ± SEM. (n= 7–12 in each group). *P < 0.05 versus same serotype control (EMPTY). One-way ANOVA followed by
Bonferroni’s multiple comparison post-hoc tests.
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we applied the Y2 receptor antagonist BIIE0246. Y2 receptor
antagonist significantly reduced post-TS fEPSP PPR only in the
AAV1-NPY/Y2 group (Fig. 4C). This was accompanied by an
elimination of the increase in PPR from 133.1 ± 6.6% to
106.3 ± 5.3% (n= 5, P= 0.0111, Fig. 4C) suggesting that part of
the post-TS depression was mediated by transgene NPY acting on
transgene Y2 receptors. Repeating this protocol in rats injected
with AAV1-EMPTY and AAV1-Y2/NPY showed no such depen-
dence on the Y2 receptor antagonist BIIE0246 and did not affect
the post-TS fEPSP reduction (Fig. 4C).

NPY and Y2 overexpression in resected hippocampal slices
from human TLE patients
We have previously demonstrated that in hippocampal slices
surgically removed from patients with drug-resistant TLE, NPY
application decreased excitatory synaptic transmission and
epileptiform activity, supporting an antiepileptic effect of NPY in
human epileptic tissue [38, 39]. To further investigate translational
validity of the AAV1-NPY/Y2 vector, it seemed important to
demonstrate that the vector was capable of expressing the
transgenes in the human tissue. To address this issue, we

Fig. 3 Y2 receptor functional binding intensity in the hippocampus after bilateral viral vector administration. Data is shown as
mean ± SEM. Data was analysed with a one-way ANOVA followed by Bonferroni’s multiple comparison test. ***P < 0.001.

Fig. 2 NPY expression levels after bilateral viral vector administration as measured by means of grey value in images from
immunohistochemistry. Data is shown as mean ± SEM. The data was analyzed with a one-way ANOVA followed by Bonferroni’s multiple
comparison test. ***P < 0.001.
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optimized the procedures for organotypic culturing of human
hippocampal slices ex vivo in order to keep them alive and
functional for several weeks that is required for the transgene
expression [55]. Analysis of NPY immunohistochemistry revealed
increased levels of NPY in organotypic hippocampal slices from 3
TLE patients treated with AAV1-NPY/Y2 vector as compared to
AAV1-EMPTY vector (Fig. 5). The expression levels varied in slices
from different patients, but on average the mean fluorescent

intensity was 119% higher in AAV1-NPY/Y2-treated slices com-
pared to controls (3 slices from each patient and treatment group,
mean fluorescence for AAV1-EMPTY: 8.0 ± 1.1, n= 9; for AAV1-
NPY/Y2: 18.3 ± 3.5, n= 9, P= 0.02, Student’s t-test).
Consistent with the immunohistochemistry data, measurements

with qPCR demonstrated increased NPY mRNA levels in AAV1-
NPY/Y2-treated compared to control vector-treated organotypic
hippocampal slices from TLE-patients (Fig. 6A). Similarly, Y2 mRNA
levels were also increased (Fig. 6B) while Y1 and Y5 expression
did not appear to be affected in AAV1-NPY/Y2-treated slices
(Fig. 6C, D).

DISCUSSION
This study demonstrates that the expression of combinatorial
transgenes packaged in a single vector is dependent upon the
serotype and the positioning of the gene sequence in the vector
genome, which is especially evident in the case of AAV8. The
results have important implications for clinical translation, since
they underscore the significance of preclinical testing and
optimization of used AAV serotype as well as gene positioning
in the vector cassette. In this particular case shown here, a
stronger anti-seizure effect was demonstrated for AAV1 serotype
with the NPY-IRES-Y2 sequence of transgenes. In addition, we
show that human epileptic tissue can be targeted by AAV1-NPY/
Y2 vector to successfully mediate overexpression of NPY and Y2,
strengthening the translational potential of the approach.
Based on the present study, the selection of the AAV1-NPY/Y2

vector as a priority vector was made according to a combined
assessment of all modalities of outcome: seizure suppression, high
overexpression of NPY and Y2 receptor, inhibition of glutamate
release and finally ability to upregulate NPY and Y2 receptor in
human tissue. Thus, this vector was used to demonstrate that it
has a significant seizure-suppressant effect in the rat intrahippo-
campal KA-induced post-SE chronic model of epilepsy [26]. The
latter study also confirmed a widespread and consistent expres-
sion of transgenes in the hippocampus by chosen vector, as
revealed by immunohistochemistry for NPY and Y2 receptor
functional binding. The preparatory investigation for vector pre-
selection presented here has proven to be important for several
reasons: it has been demonstrated in previous studies that the
AAV serotype may contribute substantially to the tropism and

Fig. 4 Train stimulation in slices from AAV1-NPY/Y2 treated
animals decreases glutamate release in neighbouring synapses
through NPY-Y2 receptor activation. A Experimental setup,
showing placement of stimulation (S1 and S2) and recording
electrodes (Rec.) in the stratum radiatum, CA1 area of the acute
hippocampal slice (left) and schematic depiction of the stimulation
protocol (right). The effect of transgene NPY expression on
excitatory neurotransmission was also examined by applying
repetitive train stimulation (TS) with 100 Hz, 10 stimulations, in
one group of presynaptic fibers/pathway (S1), preceded and
followed at 500ms interval by PP-stimulation (20 Hz) in a
neighbouring, convergent but independent presynaptic pathway
(S2). We compared the amplitude of the fEPSPS evoked by paired-
pulse stimulation (PP) before (PP1) and after train stimulation (PP2,
blue B). Example sweeps showing fEPSP evoked by S2 before (black
sweep) and after TS-stimulation (blue sweep), showing a reduction
in the first fEPSP and concomitant increase in PPR after TS-
stimulation. Right) This reduction is smaller in the AAV1-NPY/Y2
treated animals after application of the Y2-receptor antagonist
BIIE0246. C Bar graph showing average depression of fEPSP after TS-
stimulation in AAV1-NPY/Y2 (n= 5), AAV1-Y2/NPY (n= 7), and AAV1-
EMPTY (n= 7). The TS-induced depression of fEPSP is reduced after
application of BIIE0246 in the AAV1-NPY/Y2 treatment-group (n= 5),
but not in AAV1-Y2/NPY (n= 7) or AAV1-EMPTY (n= 7). AAV1-NPY/
Y2 (left bars), AAV1-Y2/NPY (middle bars), and AAV1-EMPTY (right
bars). D Examples of immunohistochemical staining for NPY after
electrophysiology. Scalebar 100 μm, **P < 0.01, ***P < 0.001, Stu-
dent’s paired t-test. Data is shown as mean ± SEM.

Fig. 5 Increased NPY-immunoreactivity in AAV1-NPY/Y2 treated
organotypic hippocampal slices from TLE-patients. Example
images of immunohistochemical stainings of NPY in AAV1-EMPTY
(left) and AAV1-NPY/Y2-treated (right) organotypic slices from one
patient operated for intractable TLE. Scale bar 50 μm, iml (inner
molecular layer), gcl (granule cell layer), hil (hilus), NPY (neuropep-
tide Y, red), HO (Hoescht stain, blue).

E. Melin et al.

655

Gene Therapy (2023) 30:649 – 658



spread of transgene expression when a general promoter is used
[56]. Moreover, the same AAV serotype may express genes
differently in different brain regions [27] and is also dependent on
rodent strain [57]. In addition, the second sequential positioning
combined with IRES separation may negatively affect the level of
gene expression [29]. Our present data demonstrate that in the
same species strain (Wistar rats), the transgene expression in the
hippocampus (same brain region) significantly differed when
various AAV serotypes and gene positioning were used. Impor-
tantly, we demonstrate that high levels of NPY and Y2 expression
were achieved by AAV1 and AAV8, but not AAV2 vector serotype.
Moreover, functional outcome, in terms of seizure suppression,
was better in AAV1 vector with NPY/Y2 sequence as compared to
AAV1-Y2/NPY one. Thus, the present data identify AAV1-NPY/Y2
vector as a most suitable one for further evaluation. In addition,
the AAV1-NPY/Y2 vector has recently been shown to express the
transgenes selectively in hippocampal neurons [40], which is the
preferable tropism characteristics for intended targeting of
neuronal networks.
One additional important step towards clinical application

presented here is the demonstration that selected AAV vector has
ability to a consistently express transgene NPY and Y2 in human
hippocampal tissue resected drug-resistant TLE patients, the
intended target tissue for gene therapy. An investigation of
whether AAV1 can better express transgenes also in human tissue
compared to the AAV2 and AAV8 serotypes would have been
valuable, given variability of serotype performance reported to
vary in different mouse strains [57]. However, due to the limited

access to human tissue, the AAV1-NPY/Y2 vector candidate were
selected for a validation of the expression in human brain slices.
The results support the expectation that the AAV1-NPY/Y2 vector
will express the transgenes when used in TLE patients in future
clinical trials. Consistent with our finding, others have demon-
strated that an AAV1 vector encoding NPY can successfully
transduce human SH-SY5Y neuroblastoma cell line in vitro [58].
These data could provide a valuable step towards clinical
application, demonstrating feasibility of the gene therapy
approach [59].
Despite pronounced overexpression of Y2 by the AAV1-NPY/

Y2 vector in organotypic human slices, there was no indication
of some kind of compensatory changes in the expression of
other NPY receptors Y1 and Y5. This might suggest that AAV1-
NPY/Y2 will not induce a complex dysregulation of other NPY
receptors which might interfere with the antiepileptic effects of
the overexpressed transgenes [60–62]. Recently, it was reported
that entopic overexpression of NPY in transgenic mice was
associated with a mild increase in anxiety-like behaviour, which
was hypothesised to be a result of receptor desensitisation [63].
It raises possibility of that also AAV derived NPY overexpression
might modify NPY receptor function. However, the present
approach combinatorial approach potentially overcomes such
desensitisation by the concomitant expression of the Y2
receptors.
As mentioned above, we found a relatively low expression of

transgenes by the AAV2 serotype resulting in corresponding
functional inefficacy in suppressing stimulation-induced seizures.
When used as a designated serotype, or mixed with other
serotypes, AAV2 demonstrated relatively good expression of
transgenes in CNS [64]. However, in studies with a direct
comparison with other serotypes, the AAV2 has been reported
to result in lower transgene expression in CNS, both in mice
[27, 56, 65] and rats [28] relative to others. One potential
explanation could be the inferior spread of the AAV2 serotype
due to its interaction with heparan sulfate proteoglycan (HSPG),
which acts as a co-receptor for binding the target cell membrane
[66]. The HSPG is abundantly expressed in neural extracellular
matrix, and might hinder diffusion of the AAV2 serotype capsids,
resulting in limited expression of the transgenes [67].
We here provided evidence for better functionality of the AAV1-

NPY/Y2 vector also in electrophysiological experiments in vitro.
The changes in ratio of the first fEPSP amplitude to the second,
PPR, together with changes in fEPSP amplitude suggests that the
effect is mediated by a presynaptic mechanism, i.e., decreased
transmitter release probability [41]. Thus, our findings are in good
agreement with the proposed mechanism of NPY action via
presynaptic Y2 receptor activation: inhibition of N- and P/Q-type
voltage-dependent calcium channels (VDCC; [14]), resulting in
decreased glutamate release. This was observed only in AAV1-
NPY/Y2 treated animals, correlating with observed efficacy in
seizure suppression by this vector. It is known that NPY is stored in
large dense core vesicles (LDCVs), and presumably requires trains
of repetitive activity to be released from the presynaptic terminals
[12, 68, 69]. In addition, release of endogenous NPY has been
shown to require activation of both temporoammonic and
schaffer collateral pathways [70]. This is consistent with the lack
of effect of Y2-antagonist on train-induced depression/hetero-
synaptic depression in slices from AAV1-EMPTY treated animals. In
contrast, glutamate release probability after TS-stimulation was
sensitive to Y2 antagonist after train stimulation in AAV1-NPY/
Y2 slices, most likely due to a NPY spillover phenomenon [43].
Taken together, both in vivo and in vitro experiments further
corroborate the potential use of this AAV1-NPY/Y2 vector for
clinical gene therapy trials against focal epilepsies, such as TLE
[22]. As mentioned above, the ability of this vector to express NPY
and Y2 transgenes in human epileptic tissue as demonstrated here
further supports this idea.

Fig. 6 mRNA levels for NPY and Y2 are increased in AAV1-NPY/Y2-
treated organotypic hippocampal slices from three TLE-patients.
A NPY mRNA. B Y2 mRNA. C Y1. D Y5 mRNA levels. Data are shown
as individual qPCR Ct-values normalized to GAPDH and means ±
SEM. Low Ct-values (denoted as “-”) correspond to higher levels
of mRNA.
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In conclusion, the present study demonstrates a necessity and
importance of specific AAV serotypes in preclinical development
for CNS gene therapies. In case of combinatorial gene therapy,
sequence positioning in the vector plasmid has to be also
addressed by evaluating functional efficacy. Importantly, trans-
gene expression in human brain tissues also needs to be
demonstrated. Finally, in more specific terms, the present study
provides a number of major novel findings to be taken into
account for the NPY/Y2 system as a gene therapy approach for
epilepsy: (i) the identification of the most optimal serotype, AAV1
over AAV8 and AAV2; (ii) transgene sequence of the vector, NPY/
Y2 over Y2/NPY; and finally the ability of this vector to express
transgenes in human tissue.

DATA AVAILABILITY
All raw data and materials used for figure generation in this study are available by
contacting the corresponding author.

REFERENCES
1. Duncan JS, Sander JW, Sisodiya SM, Walker MC. Adult epilepsy. Lancet.

2006;367:1087–100. https://doi.org/10.1016/S0140-6736(06)68477-8
2. Fiest KM, Sauro KM, Wiebe S, Patten SB, Kwon C-S, Dykeman J, et al. Prevalence and

incidence of epilepsy: A systematic review and meta-analysis of international studies.
Neurology. 2017;88:296–303. https://doi.org/10.1212/WNL.0000000000003509

3. Pugliatti M, Beghi E, Forsgren L, Ekman M, Sobocki P. Estimating the cost of
epilepsy in Europe: A review with economic modeling. Epilepsia.
2007;48:2224–33. https://doi.org/10.1111/j.1528-1167.2007.01251.x

4. Picot MC, Baldy-Moulinier M, Daurès JP, Dujols P, Crespel A. The prevalence of
epilepsy and pharmacoresistant epilepsy in adults: A population-based study in a
Western European country. Epilepsia. 2008;49:1230–8. https://doi.org/10.1111/
j.1528-1167.2008.01579.x

5. Yilmazer-Hanke DM, Wolf HK, Schramm J, Elger CE, Wiestler OD, Blümcke I.
Subregional pathology of the amygdala complex and entorhinal region in sur-
gical specimens from patients with pharmacoresistant temporal lobe epilepsy. J
Neuropathol Exp Neurol. 2000;59:907–20. https://doi.org/10.1093/jnen/59.10.907

6. González HFJ, Yengo-Kahn A, Englot DJ. Vagus nerve stimulation for the treat-
ment of epilepsy. Neurosurg Clin N Am. 2019;30:219–30. https://doi.org/10.1016/
j.nec.2018.12.005

7. D’Andrea Meira I, Romão TT, Do Prado HJP, Krüger LT, Pires MEP, Da Conceição
PO. Ketogenic diet and epilepsy: What we know so far. Front Neurosci.
2019;13:1–8. https://doi.org/10.3389/fnins.2019.00005

8. West S, Nolan S, Cotton J, Gandhi S, Weston J, Ramirez R, et al. Surgery for
epilepsy (Review). Cochrane Database Syst Rev. 2015. https://doi.org/10.1002/
14651858.CD010541.pub2. www.cochranelibrary.com.

9. Kullmann DM, Schorge S, Walker MC, Wykes RC. Gene therapy in epilepsy—is it
time for clinical trials. Nat Rev Neurol. 2014;10:300–4. https://doi.org/10.1038/
nrneurol.2014.43

10. Adrian TE, Allen JM, Bloom SR, Ghatei MA, Rossor MN, Roberts GW, et al. Neu-
ropeptide Y distribution in the human brain. Nature. 1983;306:584–6.

11. Köhler C, Eriksson L, Davies S, Chan-Palay V. Neuropeptide Y innervation of the
hippocampal region in the rat and monkey brain. J Comp Neurol.
1986;244:384–400. https://doi.org/10.1002/cne.902440310

12. Hökfelt T. Neuropeptides in perspective: The last ten years. Neuron.
1991;7:867–79. https://doi.org/10.1016/0896-6273(91)90333-U

13. Berglund MM, Hipskind PA, Gehlert DR. Recent developments in our under-
standing of the physiological role of PP-fold peptide receptor subtypes. Exp Biol
Med (Maywood). 2003;228:217–44. https://doi.org/10.1258/ebm.2009.009e01

14. Qian J, Colmers WF, Saggau P. Inhibition of synaptic transmission by neuro-
peptide Y in rat hippocampal area CA1: modulation of presynaptic Ca2+ entry. J
Neurosci. 1997;17:8169–77.

15. Furtinger S, Pirker S, Czech T, Baumgartner C, Ransmayr G, Sperk G. Plasticity of
Y1 and Y2 receptors and neuropeptide Y fibers in patients with temporal lobe
epilepsy. J Neurosci. 2001;21:5804–12.

16. Colmers WF, El Bahh B. Neuropeptide Y and epilepsy. Epilepsy Curr. 2003;3:53–8.
https://doi.org/10.1046/j.1535-7597.2003.03208.x

17. Foti S, Haberman RP, Samulski RJ, McCown TJ. Adeno-associated virus-mediated
expression and constitutive secretion of NPY or NPY13-36 suppresses seizure
activity in vivo. Gene Ther. 2007;14:1534–6. https://doi.org/10.1038/sj.gt.3303013

18. Noè F, Pool AH, Nissinen J, Gobbi M, Bland R, Rizzi M, et al. Neuropeptide Y gene
therapy decreases chronic spontaneous seizures in a rat model of temporal lobe
epilepsy. Brain. 2008;131:1506–15. https://doi.org/10.1093/brain/awn079

19. Sørensen AT, Nikitidou L, Ledri M, Lin E-JJD, During MJ, Kanter-Schlifke I, et al.
Hippocampal NPY gene transfer attenuates seizures without affecting epilepsy-
induced impairment of LTP. Exp Neurol. 2009;215:328–33. https://doi.org/
10.1016/j.expneurol.2008.10.015

20. Noe F, Vaghi V, Balducci C, Fitzsimons H, Bland R, Zardoni D, et al. Anticonvulsant
effects and behavioural outcomes of rAAV serotype 1 vector-mediated neuro-
peptide y overexpression in rat hippocampus. Gene Ther. 2010;17:643–52.
https://doi.org/10.1038/gt.2010.23

21. Powell KL, Fitzgerald X, Shallue C, Jovanovska V, Klugmann M, Von Jonquieres G,
et al. Gene therapy mediated seizure suppression in Genetic Generalised Epi-
lepsy: Neuropeptide Y overexpression in a rat model. Neurobiol Dis.
2018;113:23–32. https://doi.org/10.1016/j.nbd.2018.01.016

22. Simonato M. Gene therapy for epilepsy. Epilepsy Behav. 2014;38:125–30. https://
doi.org/10.1016/j.yebeh.2013.09.013

23. Cattaneo S, Verlengia G, Marino P, Simonato M, Bettegazzi B. NPY and Gene
Therapy for Epilepsy: How, When,… and Y. Front Mol Neurosci. 2021;13. https://
doi.org/10.3389/fnmol.2020.608001.

24. Woldbye DPD, Ängehagen M, Gøtzsche CR, Elbrønd-Bek H, Sørensen AT, Chris-
tiansen SH, et al. Adeno-associated viral vector-induced overexpression of neu-
ropeptide y Y2 receptors in the hippocampus suppresses seizures. Brain.
2010;133:2778–88. https://doi.org/10.1093/brain/awq219

25. Nikitidou Ledri L, Melin E, Christiansen SH, Gøtzsche CR, Cifra A, Woldbye DPD,
et al. Translational approach for gene therapy in epilepsy: Model system and
unilateral overexpression of neuropeptide Y and Y2 receptors. Neurobiol Dis.
2016;86:52–61. https://doi.org/10.1016/j.nbd.2015.11.014

26. Melin E, Nanobashvili A, Avdic U, Gøtzsche CR, Andersson M, Woldbye DPD, et al.
Disease modification by combinatorial single vector gene therapy: A preclinical
translational study in epilepsy. Mol Ther - Methods Clin Dev. 2019;15:179–93.
https://doi.org/10.1016/j.omtm.2019.09.004

27. Aschauer DF, Kreuz S, Rumpel S. Analysis of transduction efficiency, tropism and
axonal transport of AAV serotypes 1, 2, 5, 6, 8 and 9 in the mouse brain. PLoS
One. 2013;8:1–16. https://doi.org/10.1371/journal.pone.0076310

28. Burger C, Gorbatyuk OS, Velardo MJ, Peden CS, Williams P, Zolotukhin S, et al.
Recombinant AAV viral vectors pseudotyped with viral capsids from serotypes 1,
2, and 5 display differential efficiency and cell tropism after delivery to different
regions of the central nervous system. Mol Ther. 2004;10:302–17. https://doi.org/
10.1016/j.ymthe.2004.05.024

29. Mizuguchi H, Xu Z, Ishii-Watabe A, Uchida E, Hayakawa T. IRES-dependent second
gene expression is significantly lower than cap-dependent first gene expression
in a bicistronic vector. Mol Ther. 2000;1:376–82. https://doi.org/10.1006/
mthe.2000.0050

30. Paxinos G, Watson C. The rat brain in stereotaxic coordinates sixth edition.
Elsevier Acad Press. 2007;170:547–612. https://doi.org/10.1016/0143-4179(83)
90049-5

31. Van Den Hoek AM, Van Heijningen C, Schröder-van Der Elst JP, Ouwens DM,
Havekes LM, Romijn JA, et al. Intracerebroventricular administration of neuro-
peptide Y induces hepatic insulin resistance via sympathetic innervation. Dia-
betes. 2008;57:2304–10. https://doi.org/10.2337/db07-1658

32. Tiesjema B, La Fleur SE, Luijendijk MCM, Adan RAH. Sustained NPY over-
expression in the PVN results in obesity via temporarily increasing food intake.
Obesity. 2009;17:1448–50. https://doi.org/10.1038/oby.2008.670

33. Sohn JW. Network of hypothalamic neurons that control appetite. BMB Rep.
2015;48:229–33. https://doi.org/10.5483/BMBRep.2015.48.4.272

34. Racine RJ. Modification of seizure activity by electrical stimulation: II. Motor sei-
zure. Electroencephalogr Clin Neurophysiol. 1972;32:281–94. https://doi.org/
10.1016/0013-4694(72)90177-0

35. Sim LJ, Selley DE, Childers SR. In vitro autoradiography of receptor-activated G
proteins in rat brain by agonist-stimulated guanylyl 5’-[gamma-[35S]thio]-tri-
phosphate binding. Proc Natl Acad Sci USA. 1995;92:7242–6. https://doi.org/
10.1073/pnas.92.16.7242

36. Christensen DZ, Olesen MV, Kristiansen H, Mikkelsen JD, Woldbye DPD. Unaltered
neuropeptide Y (NPY)-stimulated [35S]GTPγS binding suggests a net increase in
NPY signalling after repeated electroconvulsive seizures in mice. J Neurosci Res.
2006;84:1282–91. https://doi.org/10.1002/jnr.21028

37. Sørensen AT, Kanter-Schlifke I, Carli M, Balducci C, Noe F, During MJ, et al. NPY
gene transfer in the hippocampus attenuates synaptic plasticity and learning.
Hippocampus. 2008;18:564–74. https://doi.org/10.1002/hipo.20415

38. Wickham J, Ledri M, Bengzon J, Jespersen B, Pinborg LH, Englund E, et al. Inhi-
bition of epileptiform activity by neuropeptide Y in brain tissue from drug-
resistant temporal lobe epilepsy patients. Sci Rep. 2019;9:1–11. https://doi.org/
10.1038/s41598-019-56062-1

39. Ledri M, Sorensen AT, Madsen MG, Christiansen SH, Ledri LN, Cifra A, et al. Dif-
ferential effect of neuropeptides on excitatory synaptic transmission in human
epileptic hippocampus. J Neurosci. 2015;35:9622–31. https://doi.org/10.1523/
JNEUROSCI.3973-14.2015

E. Melin et al.

657

Gene Therapy (2023) 30:649 – 658

https://doi.org/10.1016/S0140-6736(06)68477-8
https://doi.org/10.1212/WNL.0000000000003509
https://doi.org/10.1111/j.1528-1167.2007.01251.x
https://doi.org/10.1111/j.1528-1167.2008.01579.x
https://doi.org/10.1111/j.1528-1167.2008.01579.x
https://doi.org/10.1093/jnen/59.10.907
https://doi.org/10.1016/j.nec.2018.12.005
https://doi.org/10.1016/j.nec.2018.12.005
https://doi.org/10.3389/fnins.2019.00005
https://doi.org/10.1002/14651858.CD010541.pub2
https://doi.org/10.1002/14651858.CD010541.pub2
http://www.cochranelibrary.com
https://doi.org/10.1038/nrneurol.2014.43
https://doi.org/10.1038/nrneurol.2014.43
https://doi.org/10.1002/cne.902440310
https://doi.org/10.1016/0896-6273(91)90333-U
https://doi.org/10.1258/ebm.2009.009e01
https://doi.org/10.1046/j.1535-7597.2003.03208.x
https://doi.org/10.1038/sj.gt.3303013
https://doi.org/10.1093/brain/awn079
https://doi.org/10.1016/j.expneurol.2008.10.015
https://doi.org/10.1016/j.expneurol.2008.10.015
https://doi.org/10.1038/gt.2010.23
https://doi.org/10.1016/j.nbd.2018.01.016
https://doi.org/10.1016/j.yebeh.2013.09.013
https://doi.org/10.1016/j.yebeh.2013.09.013
https://doi.org/10.3389/fnmol.2020.608001
https://doi.org/10.3389/fnmol.2020.608001
https://doi.org/10.1093/brain/awq219
https://doi.org/10.1016/j.nbd.2015.11.014
https://doi.org/10.1016/j.omtm.2019.09.004
https://doi.org/10.1371/journal.pone.0076310
https://doi.org/10.1016/j.ymthe.2004.05.024
https://doi.org/10.1016/j.ymthe.2004.05.024
https://doi.org/10.1006/mthe.2000.0050
https://doi.org/10.1006/mthe.2000.0050
https://doi.org/10.1016/0143-4179(83)90049-5
https://doi.org/10.1016/0143-4179(83)90049-5
https://doi.org/10.2337/db07-1658
https://doi.org/10.1038/oby.2008.670
https://doi.org/10.5483/BMBRep.2015.48.4.272
https://doi.org/10.1016/0013-4694(72)90177-0
https://doi.org/10.1016/0013-4694(72)90177-0
https://doi.org/10.1073/pnas.92.16.7242
https://doi.org/10.1073/pnas.92.16.7242
https://doi.org/10.1002/jnr.21028
https://doi.org/10.1002/hipo.20415
https://doi.org/10.1038/s41598-019-56062-1
https://doi.org/10.1038/s41598-019-56062-1
https://doi.org/10.1523/JNEUROSCI.3973-14.2015
https://doi.org/10.1523/JNEUROSCI.3973-14.2015


40. Szczygieł JA, Danielsen KI, Melin E, Rosenkranz SH, Pankratova S, Ericsson A, et al.
Gene therapy vector encoding neuropeptide Y and its receptor Y2 for future
treatment of epilepsy: Preclinical data in rats. Front Mol Neurosci. 2020;13:1–13.
https://doi.org/10.3389/fnmol.2020.603409

41. Zucker RS, Regehr WG. Short-term synaptic plasticity. Annu Rev Physiol.
2002;64:355–405. https://doi.org/10.1146/annurev.physiol.64.092501.114547

42. Greber S, Schwarzer C, Sperk G. Neuropeptide Y inhibits potassium‐stimulated
glutamate release through Y2 receptors in rat hippocampal slices in vitro. Br J
Pharmacol. 1994;113:737–40. https://doi.org/10.1111/j.1476-5381.1994.tb17055.x

43. Sørensen AT, Kanter-Schlifke I, Lin EJD, During MJ, Kokaia M. Activity-dependent
volume transmission by transgene NPY attenuates glutamate release and LTP in
the subiculum. Mol Cell Neurosci. 2008;39:229–37. https://doi.org/10.1016/
j.mcn.2008.06.014

44. Andersson MS, Hanse E. Astrocyte-mediated short-term synaptic depression in
the rat hippocampal CA1 area: two modes of decreasing release probability. BMC
Neurosci. 2011;12:87. https://doi.org/10.1186/1471-2202-12-87

45. Lynch GS, Dunwiddie T, Gribkoff V. Heterosynaptic depression: a postsynaptic
correlate of long-term potentiation. Nature. 1977;266:737–9. https://doi.org/
10.1038/266737a0

46. Scanziani M, Nicoll R, Malenka R. Heterosynaptic long-term depression in the hip-
pocampus. J Physiol. 1996;90:165–6. https://doi.org/10.1016/S0928-4257(97)81416-7

47. Grover LM, Teyler TJ. Presynaptic mechanism for heterosynaptic, posttetanic
depression in area CA1 of rat hippocampus. Synapse. 1993;15:149–57. https://
doi.org/10.1002/syn.890150207

48. Manzoni OJ, Manabe T, Nicoll RA. Release of adenosine by activation of NMDA
receptors in the hippocampus. Science. 1994;265:2098–101. https://doi.org/
10.1126/science.7916485

49. Zhang J, Wang H, Ye C, Ge W, Chen Y, Jiang Z, et al. ATP released by astrocytes
mediates glutamatergic activity-dependent heterosynaptic suppression. Neuron.
2003;40:971–82. https://doi.org/10.1016/S0896-6273(03)00717-7

50. Pascual O, Casper KB, Kubera C, Zhang J, Revilla-Sanchez R, Sul J-Y, et al. Astro-
cytic purinergic signaling coordinates synaptic networks. Science.
2005;310:113–6. https://doi.org/10.1126/science.1116916

51. Serrano A, Haddjeri N, Lacaille J-C, Robitaille R. GABAergic network activation of
glial cells underlies hippocampal heterosynaptic depression. J Neurosci.
2006;26:5370–82. https://doi.org/10.1523/JNEUROSCI.5255-05.2006

52. Gustafsson B, Asztely F, Hanse E, Wigstrom H. Onset characteristics of long-term
potentiation in the Guinea-Pig hippocampal CA1 region in vitro. Eur J Neurosci.
1989;1:382–94. https://doi.org/10.1111/j.1460-9568.1989.tb00803.x

53. Isaacson JS, Solis JM, Nicoll RA. Local and diffuse synaptic actions of GABA in the
hippocampus. Neuron. 1993;10:165–75. https://doi.org/10.1016/0896-6273(93)
90308-E

54. Andersson M, Blomstrand F, Hanse E. Astrocytes play a critical role in transient
heterosynaptic depression in the rat hippocampal CA1 region. J Physiol.
2007;585:843–52. https://doi.org/10.1113/jphysiol.2007.142737

55. Andersson M, Avaliani N, Svensson A, Wickham J, Pinborg LH, Jespersen B, et al.
Optogenetic control of human neurons in organotypic brain cultures. Sci Rep.
2016;6:1–5. https://doi.org/10.1038/srep24818

56. Watakabe A, Ohtsuka M, Kinoshita M, Takaji M, Isa K, Mizukami H, et al. Com-
parative analyses of adeno-associated viral vector serotypes 1, 2, 5, 8 and 9 in
marmoset, mouse and macaque cerebral cortex. Neurosci Res. 2015;93:144–57.
https://doi.org/10.1016/j.neures.2014.09.002

57. He T, Itano MS, Earley LF, Hall NE, Riddick N, Samulski RJ, et al. The Influence of Murine
Genetic Background in Adeno-Associated Virus Transduction of theMouse Brain. Hum
Gene Ther Clin Dev. 2019;30:169–81. https://doi.org/10.1089/humc.2019.030

58. Patrício MI, Barnard AR, Green AL, During MJ, Sen A, MacLaren RE. A clinical-grade
gene therapy vector for pharmacoresistant epilepsy successfully overexpresses
NPY in a human neuronal cell line. Seizure. 2018;55:25–9. https://doi.org/10.1016/
j.seizure.2017.12.005

59. Wickham J, Brödjegård NG, Vighagen R, Pinborg LH, Bengzon J, Woldbye DPD, et al.
Prolonged life of human acute hippocampal slices from temporal lobe epilepsy
surgery. Sci Rep. 2018;8:1–13. https://doi.org/10.1038/s41598-018-22554-9

60. Woldbye DPD, Larsen PJ, Mikkelsen JD, Klemp K, Madsen TM, Bolwig TG. Powerful
inhibition of kainic acid seizures by neuropeptide Y via Y5- like receptors. Nat
Med. 1997;3:761–4. https://doi.org/10.1038/nm0797-761

61. Marsh DJ, Baraban SC, Hollopeter G, Palmiter RD. Role of the Y5 neuropeptide Y
receptor in limbic seizures. Proc Natl Acad Sci USA. 1999;96:13518–23. https://
doi.org/10.1073/pnas.96.23.13518

62. Olesen MV, Christiansen SH, Gøtzsche CR, Nikitidou L, Kokaia M, Woldbye DPD.
Neuropeptide Y Y1 receptor hippocampal overexpression via viral vectors is
associated with modest anxiolytic-like and proconvulsant effects in mice. J
Neurosci Res. 2012;90:498–507. https://doi.org/10.1002/jnr.22770

63. Corder KM, Li Q, Cortes MA, Bartley AF, Davis TR, Dobrunz LE. Overexpression of
neuropeptide Y decreases responsiveness to neuropeptide Y. Neuropeptides.
2020;79:101979. https://doi.org/10.1016/j.npep.2019.101979

64. Xu R, Janson CG, Mastakov M, Lawlor P, Young D, Mouravlev A, et al. Quantitative
comparison of expression with adeno-associated virus (AAV-2) brain-specific
gene cassettes. Gene Ther. 2001;8:1323–32. https://doi.org/10.1038/sj.gt.3301529

65. Taymans JM, Vandenberghe LH, Van Den Haute C, Thiry I, Deroose CM, Mortelmans L,
et al. Comparative analysis of adeno-associated viral vector serotypes 1, 2, 5, 7, and 8 in
mouse brain. Hum Gene Ther. 2007;18:195–206. https://doi.org/10.1089/hum.2006.178

66. Pillay S, Carette JE. Host determinants of adeno-associated viral vector entry. Curr
Opin Virol. 2017;24:124–31. https://doi.org/10.1016/j.coviro.2017.06.003

67. Li SF, Wang RZ, Meng QH, Li GL, Hu GJ, Dou WC, et al. Intra-ventricular infusion of
rAAV1-EGFP resulted in transduction in multiple regions of adult rat brain: A
comparative study with rAAV2 and rAAV5 vectors. Brain Res. 2006;1122:1–9.
https://doi.org/10.1016/j.brainres.2006.09.042

68. de Quidt ME, Emson PC. Distribution of neuropeptide Y-like immunoreactivity in
the rat central nervous system-II. Immunohistochemical analysis. Neuroscience.
1986;18:545–618. https://doi.org/10.1016/0306-4522(86)90057-6

69. Vezzani A, Sperk G, Colmers WF. Neuropeptide Y: Emerging evidence for a
functional role in seizure modulation. Trends Neurosci. 1999;22:25–30.

70. Li Q, Bartley AF, Dobrunz LE. Endogenously released neuropeptide Y suppresses
hippocampal short-term facilitation and is impaired by stress-induced anxiety. J
Neurosci. 2017;37:23 LP–37. https://doi.org/10.1523/JNEUROSCI.2599-16.2016

ACKNOWLEDGEMENTS
The authors would like to thank Susanne Jonsson and Nora Pernaa for their help with
immunohistochemical staining and surgeries.

AUTHOR CONTRIBUTIONS
Conducted the experimental work: EM, CRG, MA, JW, YW, JAS, SHC, LP, DPDW.
Conceived and designed the study: CRG, MA, DPDW, MK. Analysed the data: EM, CRG,
MA, DPDW, MK. Wrote the manuscript: EM, MA, CRG, DPDW, MK.

FUNDING
Open access funding provided by Lund University.

COMPETING INTERESTS
This study was sponsored by the spin-off company CombiGene AB. MK and DPDW
are co-founders, shareowners, and consultants of CombiGene AB. Esbjörn Melin is
employed and has shares in CombiGene AB.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41434-023-00399-w.

Correspondence and requests for materials should be addressed to Esbjörn Melin.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

E. Melin et al.

658

Gene Therapy (2023) 30:649 – 658

https://doi.org/10.3389/fnmol.2020.603409
https://doi.org/10.1146/annurev.physiol.64.092501.114547
https://doi.org/10.1111/j.1476-5381.1994.tb17055.x
https://doi.org/10.1016/j.mcn.2008.06.014
https://doi.org/10.1016/j.mcn.2008.06.014
https://doi.org/10.1186/1471-2202-12-87
https://doi.org/10.1038/266737a0
https://doi.org/10.1038/266737a0
https://doi.org/10.1016/S0928-4257(97)81416-7
https://doi.org/10.1002/syn.890150207
https://doi.org/10.1002/syn.890150207
https://doi.org/10.1126/science.7916485
https://doi.org/10.1126/science.7916485
https://doi.org/10.1016/S0896-6273(03)00717-7
https://doi.org/10.1126/science.1116916
https://doi.org/10.1523/JNEUROSCI.5255-05.2006
https://doi.org/10.1111/j.1460-9568.1989.tb00803.x
https://doi.org/10.1016/0896-6273(93)90308-E
https://doi.org/10.1016/0896-6273(93)90308-E
https://doi.org/10.1113/jphysiol.2007.142737
https://doi.org/10.1038/srep24818
https://doi.org/10.1016/j.neures.2014.09.002
https://doi.org/10.1089/humc.2019.030
https://doi.org/10.1016/j.seizure.2017.12.005
https://doi.org/10.1016/j.seizure.2017.12.005
https://doi.org/10.1038/s41598-018-22554-9
https://doi.org/10.1038/nm0797-761
https://doi.org/10.1073/pnas.96.23.13518
https://doi.org/10.1073/pnas.96.23.13518
https://doi.org/10.1002/jnr.22770
https://doi.org/10.1016/j.npep.2019.101979
https://doi.org/10.1038/sj.gt.3301529
https://doi.org/10.1089/hum.2006.178
https://doi.org/10.1016/j.coviro.2017.06.003
https://doi.org/10.1016/j.brainres.2006.09.042
https://doi.org/10.1016/0306-4522(86)90057-6
https://doi.org/10.1523/JNEUROSCI.2599-16.2016
https://doi.org/10.1038/s41434-023-00399-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Combinatorial gene therapy for epilepsy: Gene sequence positioning and AAV serotype influence expression and inhibitory effect on seizures
	Introduction
	Method
	Animals
	Viral vectors
	Viral vector delivery
	Controlling for orexigenic effects of NPY and Y2 overexpression
	KA preparation and induction of SE
	Assessment of KA-induced seizures
	Immunohistochemistry and assessment of NPY expression levels
	Y2 receptor functional binding
	Preparation of acute hippocampal slices
	Electrophysiology
	Immunohistochemistry in acute hippocampal slices
	Human organotypic slice preparation and AAV-vector mediated NPY and Y2 receptor overexpression
	NPY immunohistochemistry in organotypic human hippocampal slices
	Quantitative PCR measurements of NPY-related genes in organotypic human hippocampal slices
	Statistics

	Results
	AAV1-NPY/Y2 treatment decreases time spent in motor seizures and increases latency to SE
	NPY overexpression after AAV vector-mediated treatment
	Y2 receptor functional binding levels after AAV vector-mediated overexpression in rats
	Effect of AAV vectors on basal glutamatergic synaptic transmission
	NPY and Y2 overexpression in resected hippocampal slices from human TLE patients

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




