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1. INTRODUCTION: Roughly 30% of epileptics cannot be satisfactorily treated by medication or surgery.
Brain injury significantly increases risk for epilepsy, and the high incidence of brain injuries translates into
substantial numbers of new intractable epilepsy cases in military personnel. The neuropeptide somatostatin
(SST) synthesized in neurons exhibits synaptic release and activates receptor-effector cascades in target cells.
Known peripheral interactions with classical inflammation mechanisms (TNFalpha, cytokines), and the
presence of receptors on non-neuronal cells in brain, implicate brain SST in inflammation and cellular
proliferation controls. Synaptic function and brain cell proliferation are both are disrupted in epilepsy and may
contribute to neuropathology and functional impairment beyond immediate effects of seizures per se. Brain
neurons expressing somatostatin are especially vulnerable to seizure-related loss, although this is limited in the
kindling model where spontaneous seizures are rare and the total number of seizures is relatively low. Our
initial tests demonstrated that intracranial somatostatin gene delivery prevented the evolution to high-level
seizures in 70% of rats in the kindling model, when they were treated before initiation of the electrical brain
stimulation-induced kindled seizure regimen. This impressive reduction in experimental epileptogenesis may
provide strategies for new effective therapy for intractable epilepsy, but the efficacy mechanisms, safety, and
application parameters must be established prior to informed clinical development. We predict that somatostatin
gene transfer will counteract the effects of epileptic development even when initiated after recurrent seizures
have established a distinct seizure-prone state. One potential mechanism based on known somatostatin
properties could be a suppression of seizure-enhanced proliferation of hippocampal progenitor cells, their long-
term phenotype differentiation, or their contribution to pro-convulsive networks. A second potential mechanism
of hippocampal somatostatin gene delivery might be to reduce inflammation signaling that is stimulated by
seizures and probably contributes to synaptic dysfunction, cell viability, and a progression to increasingly severe
seizures. A thoroughly characterized rodent epilepsy model will be used as a platform to test the hypotheses. In
this model temporal lobe electrical stimulation initially does not cause seizures, but gradually the same level of
stimulation causes progressively more severe seizures over days to weeks. The seizure-prone state resulting
from this kindling is measured by behavioral and electrographic severity appraisals, and the amount of damage
displayed by cells in the brain post-mortem. The progressive hyperexcitability that develops in conjunction with
lowered seizure thresholds is a therapeutic disease modification target distinct from the seizures they allow.
Localized gene delivery using adeno-associated viral (AAV) vectors for SST or inactive control protein will be
tested for ability to suppress seizure susceptibility and severity in fully kindled rats. Cellular proliferation and
maturation mileposts, and brain inflammation pathway markers, will be evaluated to ascertain whether either
are altered in relation to SST effects on seizure severity. If they are not altered then the efficacy of SST gene
delivery against seizure susceptibility most likely depends on other mechanisms. The evolution of epilepsy
between an initial insult and recurrent spontaneous seizures is the most opportune time for therapeutic
intervention, because loss of important neuronal populations is likely to have already occurred when these
emerge, and because seizures tend to become more severe and/or frequent once recurrent seizures begin. Our
SST gene delivery uses vectors currently performing well in human clinical trials, and could provide a new,
safe, and effective way to interfere with epileptogenesis and/or a developed epileptic state. Convergent direct
and indirect actions of SST are likely to limit losses of brain circuitry from pathology or resection, and the
associated functional impairments.

2. KEYWORDS: Epilepsy; seizure; kindling; somatatostatin; traumatic brain injury; gene delivery; adeno-
associated viral vector; neurogenesis; inflammation; neurodegeneration; hippocampus, memory



3. ACCOMPLISHMENTS:
What were the major goals of the project?

In service of the need to establish preclinical efficacy and safety, 2 specific aims were pursued. The first
was to determine whether therapeutic efficacy of SST gene delivery against seizure susceptibility was
associated with effects on brain progenitor cell division, differentiation, and integration. The second was
to determine whether therapeutic efficacy against seizures was associated with effects on brain
inflammation.

Addressing these aims occurs in the context of establishing whether SST gene transfer could be effective
and safe when initiated after a stable seizure-susceptible state was present, in contrast to our earlier
testing where SST gene transfer preceded epileptogenesis. Thus the first objectives were to test whether
the treatment is effective against seizures and associated pathologies, and whether it adversely affects
brain structure or behavioral function (safety).

The project involves 2 parallel sets of animals, 1 destined for histological assessment and 1 for
biochemical analyses (Table 1). Both sets use 8 identical groups of at least 10 rats per group, and all
animals undergo surgical implantation of indwelling wire stimulation and recording electrodes fixed in a
permanent connector glued to the skull. Kindled groups undergo repeated electrical stimulation with
scoring of video and EEG records until reaching a 'fully kindled' criterion of 3 consecutive Racine grade
5 seizures. Sham-kindled rats are treated identically except that no current is delivered. DNA synthesis
as a marker for dividing cells was quantified by counts of brain cells pulse-labeled with deoxyuridine
analogues bromodeoxyuridine (BrdU) and ethynyldeoxyuridine (EdU) at different time points. Sham
and kindled rats were injected with BrdU 2 days after reaching fully kindled status. Kindled rats in
vector test groups were injected with BrdU 2 days after the first test stimulation (3 wks after surgical
infusion of SST or GFP vector). Subgroups of the kindled/sham and SST/GFP vector animals were
euthanized 4 hrs or 4 wks later. Some rats in the 4 wk survival cohorts were subjected to a regimen of
behavioral testing using water maze escape spatial learning and memory tasks. During this interval
seizure susceptibility was tested repeatedly to examine stability of the kindled state and therapeutic
responses. These rats received (EdU) 4 hr prior to euthanasia to assay effects of enduring seizure
susceptibility, behavioral testing, and therapeutic gene transfer on cell division, in relation to BrdU
labeling. Phenotype immunolabeling will extend analysis of cell division, survival, differentiation, and
integration. Parallel groups used in biochemical analyses will be used to measure treatment effects and
interactions on numerous polypeptides involved in inflammation signaling. The revised design remains
a 3 factor ANOVA (kindling, vector, survival time).

What was accomplished under these goals?

1) Major activities
UF IACUC 3" year renewal was approved 3/2016. New SST and GFP vector preparations were
generated 4/2016. SST vector nucleotide sequence was reconfirmed, and both vectors were validated by
observation of expression in rat brains. All animals for the original aims have completed live testing
and tissues have all been collected for histological and biochemical analyses.

Dr. Carney moved to the University of North Carolina in August 2016. All live animal work for the
original efficacy and safety study was completed at UF prior to the Dr. Natarajan joining the UNC lab.

2) Specific objectives
* determine whether SST reduces seizure severity or threshold after kindling (efficacy)
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Treatment group (N>10):

Purpose:

Assessment

1.a. no vector, sham-kindled, BrdU,
4 hr survival

untreated baseline

Video/EEG, histology

1.b. no vector, fully kindled, BrdU,
4 hr survival

kindling effects on cell division

Video/EEG, histology

2.a. GFP vector, fully kindled,
BrdU, 4 hr survival

does control vector alter kindling
effects?

Video/EEG, behavior, histology

2.b. SST vector, fully kindled,
BrdU, 4 hr survival

does sst vector alter kindling
effects?

Video/EEG, behavior, histology

3.a. no vector, sham-kindled, BrdU,
4 wk survival

untreated baseline, extended
survival

Video/EEG, behavior, histology

3.b. no vector, fully kindled, BrdU,
4 wk survival

kindling stability and effects,
extended survival

Video/EEG, behavior, histology

4.a. GFP vector, fully kindled,
BrdU, 4 wk survival

does control vector alter kindling
effects?

Video/EEG, behavior, histology

4.b. SST vector, fully kindled,
BrdU, 4 wk survival

does sst alter kindling effects?

Video/EEG, behavior, histology

5.a. no vector, sham-kindled, BrdU,
4 hr survival

untreated baseline

Video/EEG, biochem

5.b. no vector, fully kindled, BrdU,
4 hr survival

kindling effects on cell division

Video/EEG, biochem

6.a. GFP vector, fully kindled,
BrdU, 4 hr survival

does control vector alter kindling
effects?

Video/EEG, behavior, biochem

6.b. SST vector, fully kindled,
BrdU, 4 hr survival

does sst vector alter kindling
effects?

Video/EEG, behavior, biochem

7.a. no vector, sham-kindled, BrdU,
4 wk survival

untreated baseline, extended
survival

Video/EEG, behavior, biochem

7.b. no vector, fully kindled, BrdU,
4 wk survival

kindling stability and effects,
extended survival

Video/EEG, behavior, biochem

8.a. GFP vector, fully kindled,
BrdU, 4 wk survival

does control vector alter kindling
effects?

Video/EEG, behavior, biochem

8.b. SST vector, fully kindled,
BrdU, 4 wk survival

does sst alter kindling effects?

Video/EEG, behavior, biochem

Table 1: Experimental groups. Groups 1 and 5 of kindled or sham-kindled control rats that did not receive
vectors served to determine essential reference baseline effects of kindling alone on spatial learning and
memory, hippocampal histological integrity, cytogenesis, and inflammation. Groups 5-8 are identical to 1-4,
but because the biochemical analyses are incompatible with tissue fixation the brains must be harvested from
rats euthanized by carbon dioxide inhalation. The 80 rats in this second study will be used in biochemical
assays for brain inflammation in relation to vector and seizure severity.




determine whether kindling alters mnemonic behavior

determine whether kindling alters cytogenesis

determine whether SST alters kindling-associated changes in cytogenesis (efficacy)

determine whether SST alters kindling-related effects on mnemonic behavior (efficacy, safety)
determine whether kindling stimulates histological or biochemical inflammation

determine whether SST mitigates histological or biochemical kindling-associated inflammation
(efficacy, safety)

The methodology involves use of a kindled seizure model in the experimental design presented
summarized in Table 1. Brief applications of electrical current through permanently implanted brain
electrode wires, at levels initially too weak to induce seizures, gradually become sufficiently potent to
reliably induce severe seizures. Once rats for vector evaluation reach a criterion seizure susceptibility,
they undergo surgical infusion of gene transfer vectors for somatostatin (SST) or an inert green
fluorescent protein (GFP). After time for transgene expression to develop, rats are re-challenged over
several weeks with the same electrical stimulation to test efficacy in terms of seizure susceptibility,
severity, latency, duration, and variability. They also undergo acquisition, retention, reversal, and cued
learning trials in a water escape spatial memory task sensitive to brain pathology often observed in
seizure patients. Differences in outcome measures between vector groups are interpreted as therapeutic
efficacy and referenced to effects of kindling in the absence of gene transfer. Histological methods to
identify and quantify brain pathology, inflammation, and the generation and integration of new cells
complement biochemical multiplex analyses of cytokine and inflammation reporter molecules in
harvested tissue samples.

3) Significant results or key outcomes

A)

Kindling results in a stable state of increased seizure susceptibility.

Rat#

C1

Cc2

C3

C4

C5

C6

Cc7

Cc8

Cc9

C10

Figure 1: Kindled rats were challenged with delivery of original stimulation current on multiple occasions
beginning (Day 1) 3 weeks after GFP control vector delivery. Initial retest scores were generally accurate
for subsequent challenges and confirmed a sustained, stable kindled state. They conservatively
underestimated later scores in 2 rats and in no cases overestimated averages of multiple tests. At this retest
frequency, seizure scores reflect little probability of responses being refractory upon subsequent challenge.
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Kindling to criterion resulted in a stable, enduring increase in seizure susceptibility in GFP control
vector rats (Figure 1). This result extends a limited body of information on the stability and variability
of the kindled state. It supports confidence in interpretations of therapeutic efficacy as unlikely to be
artifacts of inadequate sampling frequency.

B) Kindling results in an impairment of mnemonic behavior.
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Figure 2: Left: Rats that were fully kindled prior to water maze training, and received challenge
stimulation every other day during training, tended to require more time to escape than rats with implanted
electrodes but no delivery of electrical current (sham kindled). SAS Proc GLM repeated measures ANOVA
for between-subjects factor ‘treatment’ F(1,16)=3.21, Pr>F 0.0923. Both groups showed robust learning
to equal proficiency (F(7,112)=64.90, Pr>F<.0001), without significant trial day x treatment (kindling)
interaction F(7,112)=0.67, Pr>F 0.6976. Right: Effects were similar for swim distance prior to escape.
SAS Proc GLM repeated measures ANOVA for between-subjects factor ‘treatment’ F(1,16)=1.73, Pr>F
0.2066. Both groups showed robust learning to equal proficiency (F(7,112)=42.02, Pr>F<.0001), without
significant trial day x treatment (kindling) interaction F(7,112)=0.67, Pr>F 0.6961.
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Figure 3: Left: In probe trials for escape platform location retention 2 days after acquisition training,
kindled rats spent equivalent fractions of search time in target and non-target maze quadrants as sham-
kindled rats. SAS Proc GLM ANOVA for between-subjects factor ‘treatment’ F(1,17), Pr>F above bars.
Right: Swim speed did not differ between kindled and sham-kindled rats in any component of water maze
testing. SAS Proc GLM repeated measures ANOVA F(1,16) 0.84, Pr>F 0.3719.
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Figure 4: Left: In reversal learning trials with a new escape platform location, kindled rats swam longer
before escape than sham-kindled rats, and required more training to attain equal proficiency. SAS Proc
GLM repeated measures ANOVA for between-subjects factor ‘treatment’ F(1,16)=13.90, Pr>F 0.0018.
Both groups showed learning to equal proficiency (F(5,80)=33.36, Pr>F<.0001), and there was a
significant trial day x treatment (kindling) interaction F(5,80)=4.66, Pr>F 0.0009. Right: Results were
similar for swim distance to escape. SAS Proc GLM repeated measures ANOVA for between-subjects
factor ‘treatment’ F(1,16)=13.62, Pr>F 0.0020. Both groups showed learning to equal proficiency
(F(5,80)=29.64, Pr>F<.0001), and there was a significant trial day x treatment (kindling) interaction
F(5,80)=4.08, Pr>F 0.0024.
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Figure 5: Left: Cued (visible platform) escape time was not affected by kindling. SAS Prog GLM repeated
measures ANOVA F(1,16)=0.12, Pr>F 0.7300. There was significant learning over trial
days(F(3,48)=3.08, Pr>F 0.0362) and no interaction with kindling (F(3,48)=0.48, Pr>F 0.6985). Right:
Escape distance results were similar (kindling F(1,16)=0.01, Pr>F 0.9254) although improvement over
days was not significant (F(3,48)=2.24, Pr>F 0.0959), nor were interactions (F(3,48)=0.49, Pr>F
0.6905).

Kindling alone had no significant effect on water maze acquisition (Figure 2), retention (Figure
3), or cued learning (Figure 4), but did result impair rats' abilities to learn a new location for the
hidden escape platform (Figure 5). Response perseveration occurs with hippocampal pathology, and
the result may indicate functionally relevant seizure-related damage not resolvable by histological

assays. This result provides a new and more sensitive assay for effects on cognitive function earlier
in epileptogenesis than has been available previously.
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Figure 6: Co-GFP and SST labeling confirm that cells infected with the AAV5-Cba-SST-GFP vector express
SST. Confocal images show the CA3 region of a rat treated with the control vector (A) and a rat treated with
the AAV5-CBa-preproSST-eGFP vector (B). Insets show eGFP expression (in green) and SST expression (in
red) separately. (C) The percentage of at least 100 randomly selected eGFP+ cells examined in each
hippocampal region that co-expressed SST neurons increased in the CA3 region (****p<0.0001) and CAl
region (**p<0.01) pyramidal cell layers, granule cell layer (GCL, **p<0.01) and hilus (*p<0.05) of
\preproSST vector-treated versus control vector-treated rats. (D) The percentage of eGFP-/SST+ neurons
(presumably endogenous SST+ neurons) increased in the granule cell layer (GCL, ***p<0.001) and hilus
(*p<0.05) but not the CA3 region and CAI region pyramidal cell layers of preproSST vector-treated versus
control vector-treated rats. (E) The percentage of neurons immunoreactive for transduced and/or endogenous
SST increased in the CA3 region pyramidal cell layer (****p<0.0001) and CAI region pyramidal cell layer
(**p<0.01), the granule cell layer (GCL, ***p<0.001) and hilus (****p<0.0001) of the preproSST vector-
treated versus control vector-treated rats (n=35 per group).

% eGFP* cells immunoreactive for SST ©
% cells immunoreactive for SST alone
=
% cells immunoreactive for SST

C) AAV-SST gene delivery mediates SST expression in hippocampal neurons.
Immunoreactivity in principal hippocampal neurons indicates that preproSST RNA is translated to
generate preproSST, with subsequent processing into SST14 or 28 peptide, in neuronal populations and
subtypes that do not show detectable somatostatin content in control brains (Figure 6). This is
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Figure 7: SST normalizes the kindling-induced increase in total new cell (BrdU+) cell numbers. Representative
light micrographs show new BrdU+ cells labeled using DAB in the dentate gyri of a kindled (A) and control
rat (C). Inset B shows BrdU+ cells under 400x magnification. (D) The number of dividing cells labeled with
BrdU 48h after the final test stimulation and 4h before perfusion significantly increased in kindled rats relative
to controls (p < 0.001**) and was significantly lower in kindled rats treated with the pAAV5-Cba-SST-GFP
versus control vector (p < 0.05%*). (E) The number of surviving cells labeled with BrdU 48h after the final test
stimulation and 4 weeks before perfusion was significantly increased in kindled rats (p < 0.05). The brains of
kindled rats treated with the pAAV5-Cba-SST-GFP and control vector were collected in December 2016 and
have been sectioned and immunostained by Ormerod and Leibowitz (completed in January), who are currently
stereologically quantifying total surviving cell numbers.

consistent with observed expression of prohormone convertases, and indicates that SST over-expression
may prove therapeutically effective even after native SST neurons succumb due to preferential
vulnerability to seizure effects. Immunoreactivity intensity suggests that SST abundance in transduced
excitatory neurons may be lower on average than in transduced neurons with inhibitory phenotypes, but
the presence of expression in both types suggests that diffusely distributed SST release (mediating
sustained increased availability to cell surface receptors) could participate in therapeutic efficacy. Such
release could be constitutive or synaptic, and mediate cell non-autonomous effects.

D) Kindling increases the number of dividing progenitor cells, and AAV-SST counteracts the effects of
kindling.

Significantly more dividing progenitor cells were found in the dentate gyri of rats 48h after they
reached the fully kindled state (BrdU was injected 4h before euthanasia; Figure 7). An increased
number of new cells were detected in rats injected with BrdU 48h after reaching the fully kindled state
that were euthanized 4 wks later, demonstrating the kindling-induced increase in new cell number is
persistent. We are currently quantifying whether the new cells produced acquire neuronal or glial

phenotypes in rats that survive 4 wks.

E) Kindling increases proliferation of Type-1 neural stem cells, and SST gene transfer may counteract
kindling effects.

Normally, Type-1 neural stem cells are relatively quiescent and the proliferation of Type-2a and
-2b neural progenitor cells generates new neurons. Kindling significantly increases the number of
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Figure 8: SST normalized the kindling-induced increase in dividing Type-1 progenitor cells. The Type-1, Type
2-a, Type-2b and Type-3 phenotype of dividing cells was quantified under confocal microscopy. At the 4h time
\point after BrdU, most BrdU+ cells (in red) are GFAP+ (in green)/SOX2+ Type-1 stem cells (4) or
GFAP-/SOX2+ Type-2a progenitor (B). (C) The number of dividing Type-1 stem cells, which are normally
relatively quiescent, significantly increases in the dentate gyri of kindled rats and kindled rats treated with the
control vector (p < 0.05*). However, treatment with the pAAV5-Cba-SST-GFP vector normalized the number
of dividing Type-1 cells, suggesting that SST normalizes aberrant kindling-induced increases in neurogenesis.

dividing Type-1 neural stem cells (Figure 8) but not Type-2a or -2b neural progenitor cells (data not
shown). Fewer dividing dividing Type-1 cells labeled 4 hours before euthanasia were detected in SST
vector-treated rats versus GFP-vector treated rats and the number observed in SST vector-treated rats

was similar to the number detected in sham rats.

F) Kindling stimulates hippocampal microglial activation, but SST gene transfer does not alter this
inflammatory response.

The fraction of activated microglia increased in dentate gyrus of kindled rats, but overall microglial
number was not altered (Figure 9). Kindling thus appears to induce only a mild inflammatory response,

consistent with clinical observations of early epilepsy. SST vector did not modify this response.

G) SST can reduce seizure susceptibility after kindling (efficacy).

12
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Figure 9: Kindling stimulates an inflammatory response. (4) Representative confocal images of IBA-
1+/CD11b+ activated and amoeboid (B) and IBA-1+/CD11B- resting and ramified microglia. (C-D) Kindling
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did not alter the absolute number of IBA-1+ microglia in the dentate gyrus of adult rats even when

accompanied with vector mediated SST or GFP gene delivery. (E) A morphological analysis revealed
significantly more activated (black bars, p < 0.001) and highly activated (phagocytic, gray bars; p < 0.05)
microglia and signficantly fewer resting microglia (open bars, p < .001) in the dentate gyri of kindled rats
versus sham-kindled rats. (F) No difference were observed in microglia numbers of any type between kindled
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rats receiving preproSST or control vector. Protein has been harvested from the hippocampi of separate groups
of sham, kindled and kindled rats and kindled rats treated with the control vector and the SST vector (n=5 per

group).

Administration of AAV-SST after the evolution of a seizure-prone state can profoundly and
persistently reduce the susceptibility to seizures that is otherwise stable in kindled rats. Reversal from a
stable state of susceptibility to maximal intensity seizures to a stable completely refractory state is
observed a substantial fraction of test animals (~40% to date)(Figure 10). Therapeutic efficacy shows a
strong tendency to be all-or-nothing, be fully elaborated within 3 weeks of vector delivery, and to persist
through several weeks of retesting seizure susceptibility (Figure 11).

H) No single hippocampal subregion appears necessary or sufficient for maximum therapeutic efficacy.

Complete suppression of seizure susceptibility has been observed in cases with expression restricted
to dentate, CA3, or CAl, even unilaterally (Figure 12). Conversely, as we have increased the numbers
of animals tested, we have observed animals that did not show a therapeutic response despite robust
bilateral expression in one or more subregion. These results indicate that therapeutic efficacy may not
require transduction of large brain volumes (e.g. entire human hippocampus or temporal lobe), but that
understanding optimal application parameters will require a better understanding of functional effects on
distributed synaptic networks.

I) Therapeutic efficacy may be vector dose-dependent.

Rats received equivalent volumes of one of 2 different SST vector preparations required to complete
the efficacy study. Preliminary data indicate a higher proportion of responders (6/13 vs. 1/9) with
delivery of more vector genomes (Figure 13), despite a lack of correlation between therapeutic
probability and histological extent or location of reporter gene expression. Data need to be replicated for
within-prep dilution, and elimination of potential order effects.

J) Failure to respond is not due to delayed expression.
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Rats that showed no therapeutic efficacy on
the initial test did not show any significant
difference on later tests (Figure 14). No
responders or non-responders showed any
indication for an increase or decrease in efficacy
over time, suggesting that continued
epileptogenesis is not likely to overtake a
therapeutic effect, that tolerance does not

develop, and that failure to respond is not likely |:

due to slow maturation of transgene expression.

K) Seizure history may distinguish responders
from non-responders

Retrospective analysis of seizure parameters
during kindling identified features that may be
important for predicting efficacy and for
pursuing therapeutic mechanisms. Stimulation
current intensities (individual pre-kindling
afterdischarge thresholds) were not predictive
(Figure 15), though there was a trend for non-
responders to have been kindled at currents
higher than GFP control rats. Latency to severe
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Figure 10: On the first electrical stimulation challenge
3 weeks after receiving vector, kindled GFP vector rats
continued to show severe seizures. SST vector rats
divided into distinct subgroups of responders that
showed essentially complete seizure resistance, and
non-responders that showed neither benefit nor harm.
Individual rat scores and means +/- s.e.m.

seizure, number of stimulation episodes to become fully kindled, average severe seizure duration, and
average afterdischarge duration also did not differ between responder and non-responder groups (Figure
16). The total amount of time spent in high-grade seizures was significantly greater in non-responders

(Figure 17),

L) SST gene transfer may relieve cognitive deficits associated with kindled seizures.

Kindled rats treated with control GFP vector

did not exhibit water maze spatial escape acquisition or

retention deficits (Figures 18, 19), but demonstrated reversal learning deficits like those detected in rats

that did not receive vectors (Figure 20). Despite

a clear trend SST vector rats did not show significantly

different reversal learning (daily change) compared with GFP vector rats, but did become more

PTS-1 PTS-2 PTS-3 PTS-4
Rat1 0 0 0 0
Rat2 0 0 0 0
Rat3 0 0 5 0
Rat4 0 0 0 5
Rats 0 0 0 0
Rat6 5 5 S 5

Figure 11: SST vector effects are stable and persistent in rats that showed a complete therapeutic response
(Score of 0) on Ist test (PTS-0). Post-test sessions (PTS) 6-8, during which the stimulus current was
increased above AD threshold current, indicate that shift in seizure threshold could not explain the
therapeutic effect. The data also indicate that neither tolerance nor a progressive increase in seizure
susceptibility develop to diminish efficacy over the 4-6 week retesting interval. The timing of the repeated
electrical stimulation challenges was comparable to that shown for non-responders.
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Rat # CA1 CA3 GCL Hilus Subiculum | Cortex | Thalamus
Side1 | Side2 | Side1 | Side2 |Side1 | Side2 | Side1 |Side2 |Side1 |Side2
SST Non-Responders

Rat 1 ++ ++ ++ - - - . - ++ - N N

Rat 2 ++ ++ ++ [ 4+ - + . e + + Y N ‘

Rat 3 ++ ++ ++ e . + - ++ - - Y Y ‘

Rat 4 ++ + | et ++ ++ 4+ - + . Y Y ‘

Rat 5 ++ ++ P o | et e P + * Y N

Rat 6 ++ ++ e + + + e P + - Y N

SST Responders ) ‘

Rat 1 ++ ++ ++4 ++ + - +++ - - + Y N

Rat 2 ++ +4++ ++ | . ++ ++ 44+ + - Y Y

Rat 3 P +++ s | & - . - - ++ ++ Y N ‘

Rat 4 ++ ++ 4+ ++ ++ + 44+ . ++ - Y N

Rat 5 ++ ++ ++ [ + + + +++ ++ - + N N ‘

Rat 6 +++ +++ ++ | - - +++ - - ++ + Y N
Figure 12: Blind reconstruction and scoring of the spatial extent and location GFP reporter expression
indicates that neither correlated significantly with whether rats were responders or not. Rats could be full
responders without dentate gyrus expression, or fail to respond with robust bilateral expression across all
hippocampal subregions. Inadvertent vector delivery to underlying thalamus or overlying cortex also
could not explain efficacy.

proficient (terminal latency) in escaping to a new water maze hidden platform location. Learning or
proficiency did not vary on cued (visible platform) learning, and swim speed did not differ between
vector groups. The absence of sensorimotor or motivational effects supports the safety of SST gene
delivery, and the effect on proficiency is consistent with a potential therapeutic benefit for seizure-
related cognitive dysfunction.

4) Other achievements
Gowri Natarajan successfully defended her doctoral dissertation in December 2016. Jeffrey
Leibowitz successfully proceeded to PhD Candidacy after defending his qualifying examination in
August 2016.

CoPIs King and Carney submitted a proposal for R21 funding to the NIH. Proposal R21NS098086
“Natural responders and nonresponders to antiepileptic gene therapy: physiological correlates, novel
predictive biomarkers, validity across disease severity, and generalization to pharmacoresistance”, was
not scored and is unlikely to be pursued in the foreseeable future.

CoPIs Ormerod and Carney submitted a proposal for RO1 fundiing to the NIH, to pursue questions

about the mechanisms underlying therapeutic efficacy. The proposal, “Sustained SST treatment and
seizure behavior: mechanism, efficacy and safety”, was not scored.
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CoPlIs Carney, Ormerod, and King
submitted a Congressionally Directed Medical
Research Programs proposal “Somatostatin
Gene Delivery to Enhance Long-Term
Functional Recovery from Traumatic Brain
Injury” for an Epilepsy Research Program Idea
Development Award to DoD (Funding
Opportunity W81 XWH-16-ERP-IDA)11/2016
to explore the use of SST gene transfer in
traumatic brain injury.

CoPlIs Carney and King, and Ms. Natarajan,
have begun a collaboration with Drs. Sanford
and Shannon Boye at UF to develop more
sophisticated SST vectors in anticipation of
further translational studies. Self-
complimentary transgene constructs will
facilitate more rapid induction of expression
with less catabolic loss of vector genomes prior
to second strand (DNA) synthesis. Genetically
engineered capsids can significantly increase
transfection potency, and allow selective or
broad cellular tropism in service of mechanistic
requirements to maximize or restrict peptide
availability. Advanced compact expression
promoter constructs can broaden or narrow
cellular targeting, as well as facilitate
incorporation of reporter genes with minimal
‘leaky’ expression.
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Treatment Seizure free (%) Low grade (%) High grade (%)

GFP 0 30 70

SST low titer (10*12) 111 0 88.9

SST high titer (10*13) 46.2 7.7 46.2

Figure 13: Rats received equivalent volumes of one of
2 different SST vector preparations required to
complete the efficacy study. Preliminary data indicate
a higher proportion of responders (6/13 vs. 1/9) with
delivery of more vector genomes, despite a lack of
correlation between therapeutic probability and
histological extent or location of expression. Data
need to be replicated for within-prep dilution, and
elimination of potential order effects. Independent
factor ‘vector’ effect Pr>F 0.4652, vector x titer
interaction Pr>F (0.0346. Least-squares means post-
hoc comparisons between bars; SAS Proc GLM.

PI King and Ms. Natarajan have initiated collaboration with the UF Department of Chemistry to
assay rat hippocampal SST levels in relation to SST and control vector administration. Dr. Kari Basso,
Direcor of Mass Spectroscopy Services, is coordinating efforts to implement methods and generate
translationally relevant data that will inform inquiry into therapeutic efficacy, mechanisms, and safety.
Preliminary samples from untreated rats have returned novel information on multiple peptides (SST14,
28, and neuronostatin) coded by the SST gene. Samples from SST vector rats have been submitted for

analysis.

PIs Carney and King have supervised a project conducted by Mr. Andrew Moss to characterize SST
peptide and receptor abundance and localization in temporal lobe specimens resected from epileptic
patients. This expands an initial case study conducted earlier by premedical undergraduate student

Shahrukh Bengali. The data will provide novel information related to how limbic SST function changes
earlier in epilepsy than has previously been examined.

What opportunities for training and professional development has the project provided?
Gowri Natarajan, a doctoral program student supported by CoPI Carney’s subcontract, has continued
to be integral to the project and highly productive throughout the reporting year. The project has

provided her opportunities to develop unique expertise in experimental epilepsy, CNS gene therapy,
qualitative and quantitative histological methodology, behavioral testing, and statistical analysis. She
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Rat# Day Day Day Day Day Day Day Day BDay Day Day Day BDay Day Day Day Day

1 3 4 5 6 7 8 9 10 1 12 13 14 16 20 22 24
NR1 4.5 4.5 5 4.5
NR2 4.5 5 5 5
NR3 5 5 5 5
NR4 5 5 5 5
NR5 4 4.5 5 5 5 5
NR6 4 4.5 4.5 4.5
NR7 5 5 5 5 5 5
NR8 5 5 1 5 5 5
NR9 5 5 5 5 5 5
NR10 5 5 4.5 5 5 1
NR12 5 5 5 5 5 5

Figure 14: SST non-responders also had consistent responses over multiple retests at original test currents.
This indicates that failure to show therapeutic efficacy on test 1 was not due to delayed transgene expression,
or within-subject variation in seizure severity, and that the first test accurately identifies non-responders.

has successfully defended her dissertation and joined Dr. Carney’s laboratory for postdoctoral study at
the University of North Carolina. She has generated all of the kindled animals. In addition she has
performed all vector injections, and generated or participated in generating all of the histological
material and behavioral data.

Dr. Ormerod supervises Mr. Jeffrey Leibowitz, who joined her lab early in 2014 as a Biomedical
Engineering graduate student, in evaluating water maze behavior as well as neurogenesis and
neuroinflammation in brains of rats kindled by Ms. Natarajan. Mr. Leibowitz's highly productive
work has been and continues to be integral to successful completion of the project. He has performed
the BrdU injections, perfusions, histological and immunohistochemical processing and microscopy
necessary to generate the data on cytogenesis, new cell differentiation, and microglial indices of
inflammation on data collected and for the work to be completed. He will also complete the BioPlex
analyses of tissue samples.

How were the results disseminated to communities of interest?

A manuscript describing the seizure efficacy is now in print in Epilepsy Research. Two poster
presentations were made at the 2016 Society for Neuroscience Annual Meeting. Copies of these are
appended.

What do you plan to do during the next reporting period to accomplish the goals?
BKO and JL will complete the cytogenesis work and are currently confirming protein concentrations so
that the Bioplex quantification and data analyses on inflammation proteins can be conducted March-
May. These data will test how kindling stimulates inflammation, whether and how the SST vector
impacts kindling-induced inflammation, and whether kindling or gene delivery affect survival and
phenotypic differentiation of recently generated cells..

MK will complete histological analyses of neuronal and astroglial hippocampal pathology.

PRC, GN, and JZ will participate in kindling animals for MS, new vector development, and new seizure
models (translational advancement safety & efficacy).
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Figure 15: A retrospective analysis of kindling parameters was conducted to search for any that might be
predictive for SST therapy responders and non-responders. Left: Stimulation current intensities (individual
pre-kindling afterdischarge thresholds) were not predictive, though there was a trend for non-responders to
have been kindled at currents higher than GFP control rats. SAS Proc GLM ANOVA Pr>F(2,22) 0.2308 for
the independent factor ‘pre-vector group’. Neither latency to sever seizure (center) nor number of
stimulation episodes to become fully kindled (right) differed between responder and non-responder groups.
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Figure 16: During kindling to criterion, average duration in high-grade seizures (left), or in
afterdischarges (right), did not differ significantly between vector groups.
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Figure 17: A trend was present for non-responders to have experienced more high-grade seizures during
kindling to criterion (left). Total time in high-grade seizures (center), and total time spent in
afterdischarges before exhibiting 3 consecutive grade 5 kindled seizures (right) were significantly higher in
non-responders than in responders. Neither SST vector cohort differed significantly from GFP vector
controls. SAS Proc GLM ANOVA Pr>F(2,21) 0.0537 for ‘pre-vector group’effect on total AD duration.

All personnel will contribute to publication of results on behavior, cytogenesis, and inflammation.
which is expected to produce 2-3 manuscripts (depending upon the outcome of the Bioplex-based
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Figure 18: Left: During water maze acquisition trials, escape time did not differ between vector groups.
SAS Proc GLM ANOVA for independent factor ‘vector’ F(1,215)=0.84 Pr>F 0.3719. Both groups showed
robust acquisition of the escape task to equal proficiency. Right: Results were similar for distance to effect
escape.
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Figure 19: Left: During retention trials 2 days after acquisition training, both vector groups showed
equivalent fractions of time in the target and non-target maze quadrants. SAS Proc GLM F(1,26)=1.32,
Pr>F 0.2612. Right: Swim speed did not differ between vector groups.

inflammatory data). They will also participate in efforts to secure new funding necessary to move the
technology toward clinical trials.

4. IMPACT:
What was the impact on the development of the principal discipline(s) of the project?

Gene delivery may provide a unique approach for localized treatment of epilepsies that are otherwise
untreatable. Restoration of a seizure-free or mitigated severity condition by intracranial gene transfer
could forestall or prevent the need for drastic surgical resection, or the need for continued use of
powerful systemic medications that can limit daily activities. Furthermore, gene therapy may provide
unique therapeutic alternatives in cases where epilepsy is more generalized or involves eloquent cortical
regions that fully preclude surgical options. Anti-epileptic drugs are not effective anti-epileptogenics, so
SST gene transfer offers a novel approach to limiting or even reversing the clinical evolution of seizures
in brain-injured military personnel and veterans. Initial findings that significant therapeutic effects
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Figure 20: Left: Both vector groups showed robust learning over reversal training days. SAS Proc GLM
repeated measures ANOVA F(5,125)=27.58, Pr>F<.0001. There was no significant effect of vector
(F(1,25)=0.33 , Pr>F 0.5715), or interaction between vector and trial day (F(5,125)=0.74 , Pr>F
0.5974). SST vector rats showed a small but consistent trend to find the escape platform more quickly than
GFP vector rats during reversal learning sessions 3-6, and were significantly more proficient on the 6th
reversal trial day (F(1,26)=5.53, Pr>F 0.0269). Right: Vector effects on swim distance to escape were
similar. SAS Proc GLM repeated measures ANOVA for independent factor ‘vector’F(1,25)=1.48, Pr>F
0.2356. Both groups showed robust reversal learning over trial days (F(5,125)=26.21 Pr>F<.0001) and
vector x trial day interactions were not significant (F(5,125)=0.50, Pr>F 0.7730). A trend for SST vector
rats (N=15) to consistently locate the goal platform in shorter swim distances than GFP vector rats
(N=12) emerged on day 3, and terminal proficiency was higher F(1,26)=6.28 Pr>F 0.0191.
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Figure 21: Left: During cued escape trials both vector groups showed improvement over trial days
(F(3,75=7.35, Pr>F 0.0002) and reached equivalent proficiency. SAS Proc GLM repeated measures
ANOVA found no effect of independent factor ‘vector’ (F(1,25)=0.87, Pr>F 0.3586), nor were interactions
between vector and trial day significant (F(3,75)=0.34, Pr>F 0.7930). Right: Results were similar for
escape distance during cued trials.

occur in a substantial fraction of test subjects support further investigation of mechanisms and
application parameters necessary to refine and optimize efficacy and safety. The technology may also
improve efficacy of other therapeutic approaches (pharmacological, dietary, etc.) in combination.
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One impact of our results is that it does establish efficacy against some seizures involving temporal lobe
circuitry. A long history of drug development for epilepsy confirms that efficacy in a kindling model
can be highly predictive for efficacy in some but not necessarily all human seizure disorders.
Epileptologists will be interested in exploring whether our experimental results extend to other seizure
models, particularly those with recurrent spontaneous seizures missing from the kindling model.

A limitation of the kindling model has been a reliable functional impairment analogous to cognitive
deficits in human temporal lobe epilepsy. The reversal learning deficits we report may provide a reliable
approach to this in other studies of epilepsy mechanisms, consequences, and therapeutic development.

What was the impact on other disciplines?

Gene therapy is being actively developed or considered for many brain diseases refractory to
pharmacological or surgical therapy. Our results provide further support of the safety and therapeutic
power of AAV vector-mediated local gene delivery for in situ genetic correction, even when diseases are
not overtly genetic. Polyfunctional signaling molecules like SST that can exert favorable actions on
cytoprotection, cell generation, inflammation cascades, and neuronal excitability could constitute new
ways to modulate pathophysiology common across epilepsy, stroke, aging, and trauma.

What was the impact on technology transfer?
Nothing to report.

What was the impact on society beyond science and technology?

The potential social benefits of improved epilepsy therapies are tremendous. Afflicted
individuals can be severely constrained by seizures per se, and by their cognitive, psychic, and social
consequences. Ameliorating these is likely to open new opportunities to work, travel, live
independently, and contribute socially to many thousands of epileptics. Improved quality of individual’s
lives would be accompanied by considerable economic and medical resource allocation benefits to
society at large.

5. CHANGES/PROBLEMS:

Changes in approach and reasons for change
Nothing to report

Actual or anticipated problems or delays and actions or plans to resolve them
Nothing to report

Changes that had a significant impact on expenditures
Nothing to report

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select
agents
Coincident to Dr. Carney's move to UNC a new IACUC protocol was submitted and approved. The
procedures duplicate the UF TACUC and ACURO.

Significant changes in use or care of human subjects
N/A
Significant changes in use or care of vertebrate animals.
See above.
Significant changes in use of biohazards and/or select agents
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None are used in this project.
6. PRODUCTS:
Publications, conference papers, and presentations

Authors: Natarajan G, Leibowitz JA, Zhou, J, Zhao Y, McElroy JA, King MA, Ormerod BK, Carney PR
Title: Adeno-associated viral vector-mediated preprosomatostatin expression suppresses induced
seizures in kindled rat seizures in experimental temporal lobe epilepsy.

Journal: Epilepsy Research (2017), 130:81-92.

Acknowledgement of federal support: yes

Books or other non-periodical, one-time publications.
Nothing to report

Other publications, conference papers, and presentations.

Authors: Natarajan G, Leibowitz J, Zhou J, King M, Ormerod B, Carney P

Title: Persistent somatostatin gene expression treats seizures in a subset of rats with experimental
temporal lobe epilepsy.

Conference: Society for Neuroscience Annual Meeting 2016, abstract 592.11.*

Authors: Leibowitz JA, Natarajan G, Zhou J, King M, Carney P, Ormerod B
Title: SST treatment reverses kindling induced changes in adult hippocampal neurogenesis.
Conference: Society for Neuroscience Annual Meeting 2016, abstract 592.10.

Website(s) or other Internet site(s)
Nothing to Report

Technologies or techniques
Nothing to Report

Inventions, patent applications, and/or licenses
Nothing to Report

Other Products
Nothing to Report

22



7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name:

Michael A. King, Ph.D.

Project Role:

PI

Researcher Identifier (e.g. ORCID ID):

making; orcid.org/0000-0001-5539-8552

Nearest person month worked:

4

Contribution to Project:

Vector design & procurement, seizure kindling,
histological and statistical analysis, IACUC

Funding Support: Dept. of Veterans Affairs, Army, NIH
Name: Paul R. Carney, M.D.
Project Role: coPI

Researcher Identifier (e.g. ORCID ID): prcarney

Nearest person month worked: 3

Contribution to Project: Epilepsy models

Funding Support:

Name: Brandi K. Ormerod, Ph.D.
Project Role: coPI

Researcher Identifier (e.g. ORCID ID): bormerod

Nearest person month worked: 3

Contribution to Project:

Histology, microscopy, behavior, biochemistry

Funding Support:
Name: Gowri Natarajan, Ph.D
Project Role: Graduate student (to 12/2016), postdoctoral

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:

12

Contribution to Project:

Animal surgery, kindling, behavioral testing

Funding Support: UF College of Medicine graduate student stipend
Name: Jeffrey Leibowitz
Project Role: Graduate student

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:

12

23




Contribution to Project:

Cytogenesis, behavioral testing

Funding Support: J. Crayton Pruitt Family Department of Biomedical
Engineering Graduate Student Fellowship

Name: Junli Zhou, Ph.D.

Project Role: Post-doctoral associate

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:

2

Contribution to Project:

Animal surgery, kindling

Funding Support:
Name: James McGuiness
Project Role: Graduate student

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:

3

Contribution to Project:

bioplex training and technical assistance

Funding Support:

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the

last reporting period?

Dr. King’s NIH support from RO1 MHO080055 (PI: Lewis), “Development of Persistent Repetitive Behavior in
Animals”, ended 8/31/2016. His VA support from 1121RX001396-01A1, “Somatostatin gene delivery to
enhance long-term functional recovery from TBI”, terminated 1/31/2017.

What other organizations were involved as partners?

Nothing to Report

8. SPECIAL REPORTING REQUIREMENTS
COLLABORATIVE AWARDS: N/A

QUAD CHARTS:

9. APPENDICES:

1. Natarajan et al. J. Epilepsy Research2016.pdf

2. Natarajan2016SFN.pdf
3. Leibowitz2016SFN.pdf

24




Epilepsy Research 130 (2017) 81-92

Contents lists available at www.sciencedirect.com

Epilepsy Research

journal homepage: www.elsevier.com/locate/epilepsyres

Original Research Paper

Adeno-associated viral vector-mediated preprosomatostatin
expression suppresses induced seizures in kindled rats

@ CrossMark

Gowri Natarajan®"-¢4.¢f Jeffrey A. Leibowitz", Junli Zhou®%9, Yang Zhao?,
Jessica A. McElroy®¢, Michael A. King"¢:", Brandi K. Ormerod"-¢f, Paul R. Carney #-"-¢.d.€.f.+

a Wilder Center of Excellence for Epilepsy Research, University of Florida, Gainesville, FL 32611, USA

b J. Crayton Pruitt Family Department of Biomedical Engineering, University of Florida, Gainesville, FL 32611, USA
¢ Department of Pediatrics, University of Florida, Gainesville, FL 32611, USA

d Department of Neurology, University of Florida, Gainesville, FL 32611, USA

¢ Department of Neuroscience, University of Florida, Gainesville, FL 32611, USA

f McKnight Brain Institute, University of Florida, Gainesville, FL 32611, USA

& Department of Pharmacology and Therapeutics, University of Florida, Gainesville, FL 32611, USA

M NF/SG VA Medical Center, University of Florida, Gainesville, FL 32611, USA

ARTICLE INFO ABSTRACT

Article history:

Received 10 August 2016

Received in revised form 4 December 2016
Accepted 4 January 2017

Available online 7 January 2017

Somatostatin is expressed widely in the hippocampus and notably in hilar GABAergic neurons that are
vulnerable to seizure neuropathology in chronic temporal lobe epilepsy. We previously demonstrated
that sustained bilateral preprosomatostatin (preproSST) expression in the hippocampus prevents the
development of generalized seizures in the amygdala kindling model of temporal lobe epilepsy. Here we
tested whether sustained preproSST expression is anticonvulsant in rats already kindled to high-grade
seizures. Rats were kindled until they exhibited 3 consecutive Racine Grade 5 seizures before adeno-

l:ﬁg ;vgcrg;;pus associated virus serotype 5 (AAV5) vector driving either eGFP (AAV5-CBa-eGFP) or preproSST and eGFP
Gene therapy (AAV5-CBa-preproSST-eGFP) expression was injected bilaterally into the hippocampal dentate gyrus

and CA1 region. Retested 3 weeks later, rats that received control vector (AAV5-CBa-eGFP) continued
to exhibit high-grade seizures whereas 6/13 rats that received preproSST vector (AAV5-CBa-preproSST-
eGFP) were seizure-free. Of these rats, 5/6 remained seizure-free after repeated stimulation sessions and
when the stimulation current was increased. These results suggest that vector-mediated expression of
preproSST may be a viable therapeutic strategy for temporal lobe epilepsy.

© 2017 Elsevier B.V. All rights reserved.

Neuropeptides

Somatostatin

Kindling

Adeno-associated viral vectors

1. Introduction

Over 20 million people continue to have seizures despite phar-
macotherapy, leaving seizure-free rates unchanged for the last 15
years (Annegers et al., 1979; Brodie, 2005; Cascino, 2008; Kwan
et al,, 2010; Kwan and Brodie, 2000; Kwan et al., 2011). Develop-
ing novel strategies for these individuals is critical because drug
resistant epilepsy is a potentially life-threatening condition accom-
panied by progressive cognitive impairment that compromises
quality of life (Cramer, 1994; Kwan and Brodie, 2001, 2002). New

* Correspondence to: Department of Neurology, University of North Carolina at
Chapel Hill, 170 Manning Drive, Campus Box 7025, NC 27599, USA.
E-mail address: paulcarney@unc.edu (P.R. Carney).

http://dx.doi.org/10.1016/j.eplepsyres.2017.01.002
0920-1211/© 2017 Elsevier B.V. All rights reserved.
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surgical techniques, laser thermal ablation and responsive devices
that detect seizures and automatically stimulate the brain to pre-
empt them are exciting new options for these individuals, but they
are in their infancy and have not yet substantially changed seizure-
free rates (Cascino, 2008; Fisher et al., 2010; Jobst and Cascino,
2015; Morrell and RNS System in Epilepsy Study Group, 2011).
Viral vector-mediated neuropeptide gene delivery may open a
promising treatment avenue for temporal lobe epilepsy (TLE; Riban
et al., 2009; Vezzani, 2004) for individuals that are resistant to
antiepileptic drug treatment or deemed not good candidates for
resective epilepsy surgery. The temporal lobe structures involved
in seizure genesis and propagation are permissive to neurotropic
vector-mediated gene transfer, which has already demonstrated
safety in clinical trials for a variety of human disorders (www.
clinicaltrials.gov and Freese et al., 1997; McCown, 2004, 2010;
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O’Connor et al., 1997; Riban et al., 2009; Vezzani, 2004, 2007;
Weinberg and McCown, 2013; Weinberg et al., 2013). Some neu-
ropeptides exhibit properties that could contribute to the effective
treatment of seizures. For example, they may be neuroprotec-
tive and reduce excitability when released during high-frequency
neuronal activity (Baraban and Tallent, 2004; Hokfelt, 1991). The
endogenous expression and synaptic release of some neuropep-
tides (Csaba et al., 2004; Schwarzer et al., 1996; Simonato et al.,
1998; Sperk et al.,, 1992) and the expression of their receptor
subtypes (Csaba et al., 2005, 2004) is altered by seizure activ-
ity, suggesting a role for dysregulated neuropeptide signaling in
seizure development and maintenance. Neuropeptides have been
shown to suppress seizures in experimental epilepsy (Mazarati and
Wasterlain, 2002; Zafar et al., 2012). Sustained adeno-associated
viral (AAV) vector-mediated expression of galanin, neuropeptide Y
or preprosomatostatin (preproSST) has been shown to delay epilep-
togenesis or suppress seizures in several animal models of TLE
(Haberman et al., 2003; Kanter-Schlifke et al., 2007; Lin et al., 2003;
McCown, 2006; Noe et al.,2008; Richichi et al.,2004; Serensen et al.,

2009; Woldbye et al., 2010; Zafar et al., 2012).
Somatostatin (SST) is a particularly attractive treatment can-

didate for TLE (Brazeau et al., 1973; Epelbaum, 1986; Tallent and
Qiu, 2008; Vezzani and Hoyer, 1999). The 116 amino acid prepro-
hormone preproSST is cleaved by proteases into biologically active
SST-14, SST-28 and neuronostatin neuropeptides (Billova et al.,
2007; Galanopoulou et al., 1995; Goodman et al., 1983; Samson
et al., 2008; Tavianini et al., 1984; Winsky-Sommerer et al., 2000).
In the naive hippocampus, SST is predominantly expressed in CA1
region, CA3 region and hilar GABAergic interneurons (Freund and
Buzsaki, 1996) although one report describes SST immunoreactiv-
ity in hippocampal granule neurons and pyramidal neurons (Billova
et al., 2007). SST levels are responsive to neuronal activity and
are altered across neurological diseases that include experimen-
tal and human TLE (Riekkinen and Pitkdnen, 1990; Robbins et al.,
1991). Specifically, SST expression and release is modulated by
seizures (Csaba et al., 2004; Simonato et al., 1998; Tallent and
Qiu, 2008; Vezzani and Hoyer, 1999). Moreover, a highly selective
loss of SST-containing hilar GABAergic neurons occurs in both ani-
mal models and humans with TLE (Buckmaster and Dudek, 1997;
Robbins et al., 1991; Sloviter, 1987; Sun et al., 2007). This neuronal
loss along with changes in the morphology and connectivity of sur-
viving SST-containing neurons has been postulated to mediate the
chronic hyper-excitability associated with epileptogenesis (Peng
et al., 2013; Zhang et al., 2009). SST knockout mice demonstrate
increased severity of induced seizures (Buckmaster et al., 2002) and
specific SSTreceptor (SSTR) agonists have been shown to effectively
treat status epilepticus in experimental epilepsy (Aourz et al., 2011;
Kozhemyakin et al., 2013). Together these data support the hypoth-
esis that sustained hippocampal SST expression could ameliorate
TLE. To this end, we previously demonstrated that sustained AAV5
vector-mediated hippocampal preproSST expression prevented the
development of generalized or high-grade seizures in the majority

of adult rats (Zafar et al., 2012).
The primary objective of the current study was to test whether

sustained AAV5 vector-mediated hippocampal preproSST expres-
sion suppressed seizures when initiated after a stable seizure state
was established in the rat amygdala kindling model (Goddard et al.,
1969; McNamara et al., 1980; Sato et al., 1990). We hypothesized
that sustained preproSST transgene expression in the hippocampi
of kindled rats may be anticonvulsant and therefore a promising TLE
treatment strategy. To test this hypothesis, an AAV serotype 5 vec-
tor was employed to bilaterally express the preproSST gene in the
dentate gyrus and CA1 region of amygdala kindled adult rats. Our
results showed that sustained hippocampal preproSST expression
significantly reduced seizures in this experimental TLE model and
that the preproSST anticonvulsant effect persisted over time.

2. Methods
2.1. Subjects

This study was conducted in accordance with Federal and Uni-
versity of Florida Institutional Animal Care and Use Committee
policies regarding the ethical use of animals in research. Adult male
Sprague Dawley rats (n=23; 250-275 g upon arrival from Harlan)
were housed in pairs in corncob-lined ventilated shoebox cages
located in a standard colony room maintained at 244+1°C on a
12:12h light:dark cycle (lights on at 0600 h). The rats were given
Harlan Teklad Rodent Food Diet #7912 and reverse osmosis-filtered
water ad libitum for the duration of the experiment.

Two weeks after arrival, rats were implanted with local elec-
trical field potential recording and stimulating electrodes and
allowed 10days to recover from surgery. A baseline kindling ses-
sion was employed to determine the after-discharge (AD) threshold
current used for daily kindling sessions until rats reached the crite-
rion of exhibiting 3 consecutive Racine Grade 5 seizures (Racine,
1972a,b). The following week, rats were randomly assigned to
groups injected with either AAV5 vector driving preproSST and
eGFP expression or control AAV5 vector driving eGFP expression.
Three weeks later rats were retested to determine the stability and
endurance of vector effects.

2.2. Bipolar electrode and connector strip preparation

Connector strips were 3D printed at the University of Florida
Infinity Fabrication laboratory (http://fablab.arts.ufl.edu/). Bipolar
twisted stimulating and recording electrodes were custom made
in-house by cutting quadruple Teflon-coated 316 stainless steel
wires (Sigmund Cohn Corp.; Mount Vernon, NY) into 6 cm lengths,
removing the insulation at both ends and then soldering the male
Amphenol gold pins (A-M systems; Sequim, WA) to both ends. Fol-
lowing this, the electrode wires with the Amphenol pins at either
end were twisted. The loop generated at the end of the twisted
wires was cut to produce an uninsulated tip that would make con-
tact with the target tissue and deliver the administered current. For
ground and reference screw electrodes, quadruple Teflon-coated
316 stainless steel wires (2.0 cm and 2.5 cm respectively), uninsu-
lated at both ends were soldered to male Amphenol gold pins at
one end. Stainless steel bone screws (FHC Inc.; Bowdoin, ME) were
connected with a Unitek spot welder to the other end. Electrode
wires were checked for continuity and impedance tested with an
LCR/ESR meter (B&K Precision, Yorba Linda, CA). Only electrodes
with impedance <1.8 2 were implanted.

2.3. Surgical implantation of electrodes

Surgical procedures were conducted as described previously
(Zafar et al., 2012). Rats were sedated with xylazine (10 mg/kg,
subcutaneous) before anesthesia was induced with 4% isoflu-
rane in 1L/min oxygen and maintained at 1.5% isoflurane in
0.5L/min oxygen. Anesthetized rats were placed in a Kopf stereo-
taxic frame and their shaven heads sterilized with alternating
scrubs of 1% povidone-iodine solution and 70% ethanol. A mid-
line incision exposed bregma and lambda. Two bipolar electrodes
(330 wmd) were implanted bilaterally in the amygdala (—2.2 mm
AP, £4.8 mm ML, —8.3 mm DV; Paxinos and Watson, 2007) to
stimulate and record activity in the left and right hemispheres
counterbalanced randomly across groups. Two small diameter plas-
tic hex nuts containing removable screws were affixed to the
skull over dentate gyrus (—3.8mm AP, +1.8 mmML) and CAl
region (—3.8 mm AP, +1.8 mm ML) target coordinates (Paxinos and
Watson, 2007) to keep the skull free of dental cement for later vec-
tor delivery. Ground and reference metal screw electrodes were
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a. Rat Somatostatin Preprohormone Schematic
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Fig. 1. Representation of the a) preproSST schematic b) preproSST amino acid sequence and c) AAV5-CBa-preproSST-eGFP vector construct. a, b) The 116 amino acid
preproSST contains an N-terminal region of 24 amino acids. This signaling sequence directs the translocation of the translated preproSST product into the endoplasmic
reticulum following which it is cleaved off at positions 24-25 (glycine-alanine) of the preproSST molecule (Goodman et al., 1983). The remaining 92 amino acid prohormone
proSST undergoes alternative cleavage by specific proteases (Billova et al., 2007; Brakch et al., 1995; Galanopoulou et al., 1995; Goodman et al., 1983; Winsky-Sommerer
et al,, 2000) to yield the different mature peptide products SST-14, SST-28 (the N-terminal extension of SST-14) and the more recently discovered neuronostatin (Samson
et al., 2008). c) The hybrid CMV early enhancer/CBa promoter was used to drive expression of the preproSST transgene tagged with a downstream eGFP reporter. The
CBa-preproSST-eGFP plasmid contained an IRES sequence between the preproSST and the eGFP coding sequences that made eGFP expression an inert reporter of preproSST
expression in this vector (Wong et al., 2002). This plasmid construct was packaged into serotype 5 AAV capsids. The final dot blot titer value was 4.19 x 10'3 vg/mL.

Adapted with permission from (Phoenix Pharmaceuticals, 2016).

implanted rostral to bregma and caudal to lambda respectively.
Electrodes were attached to male Amphenol pins for insertion into
connector strips before the entire electrode assembly was secured
with dental cement anchored by skull bone screws.

2.4. Electrical kindling

Kindling sessions were initiated 10 days after surgery. Synchro-
nized behavioral and electroencephalographic (EEG) data for all
rats were recorded across kindling sessions and after vector treat-
ment. ADs were defined as spikes >1 Hz with amplitudes at least
twice the pre-stimulation baseline amplitude detected in the EEG
(Zafar et al., 2012). Baseline EEG AD threshold currents were deter-
mined for each rat by identifying the minimum current intensity
(starting at 50 wA and then increased in 50 pA steps delivered 1 min
apart) at which a standard 2s, 1 ms pulse duration, 50 Hz biphasic
square wave pulse generated an AD (Racine, 1972a; Zafar et al.,
2012). Kindling sessions were initiated 24 h later and conducted
twice daily (>6 h apart) using each rat’s AD threshold current.

Seizures were graded according to the Racine scale, a method by
which seizure severity is quantified in animal models of epilepsy
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(Racine, 1972b). Briefly, Grade 0 included no evidence of behavioral
seizure; Grade 1 included staring, immobility, and facial move-
ments; Grade 2 included head nodding and chewing; Grade 3
included unilateral forelimb clonus; Grade 4 included bilateral fore-
limb clonus with rearing and Grade 5 included bilateral forelimb
clonus with rearing, loss of balance, and falling. Kindling sessions
were terminated once the rats exhibited 3 consecutive Grade 5
seizures. Upon reaching this criterion, rats were assigned randomly
to the AAV5-CBa-preproSST-eGFP group (n=13) or the AAV5-CBa-
eGFP group (n=10). The synchronized behavioral and EEG data for
all rats across kindling sessions and after vector treatment on test
and post-test sessions were analyzed blinded to score: (1) latency
(s) to Grade 4 seizure after the onset of electrical stimulation (2) AD
duration (s), (3) time (s) spent in high-grade seizure and (4) seizure
grade (Grade 0-5).

2.5. Plasmids and vector construct
CBa-preproSST-eGFP and CBa-eGFP plasmids were packaged

into serotype 5 AAV capsids by the University of Florida vector
core facility (gtc.ufl.edu/core/vector-core-lab.htm). Final dot blot
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Fig. 2. Sustained preproSST expression prevented induced seizures in a subset of kindled rats. AAV5-CBa-preproSST-eGFP-treated rats (n=13) and AAV5-CBa-eGFP-treated
rats (n=10) were given a test session 3 weeks after vector injection at the AD threshold current to test whether sustained preproSST expression could prevent seizure behavior.
a) The average seizure grade produced by the preproSST-treated rats was significantly lower than the average seizure grade produced by eGFP-treated rats (*p <0.05, one-
tailed). The scatterplot analysis of individual seizure grades revealed that a subset of preproSST-treated rats (preproSST-treated responders, n=6/13, 100% Grade 0 in the 6
rats) was completely seizure-free relative to eGFP controls (n=10, 0% Grade 0, 10% Grade 1, 20% Grade 2-3, 10% Grade 4, 60% Grade 5). The seizure grade remained largely
unchanged in the remaining preproSST-treated rats (preproSST-treated non-responders, n=7/13, 14.3% Grade 3, 14.3% Grade 4, 71.4% Grade 5 in the 7 rats). b) The seizure
grade varied between the eGFP-treated, preproSST-treated responder and preproSST-treated non-responder groups such that the average seizure grade was significantly
lower in the preproSST-treated responder (**p <0.01) but not in the preproSST-treated non-responder (p=0.73) group relative to the eGFP-treated control group. c) Severe
ADs characteristic of Grade 5 seizures were recorded from the amygdala, of a representative rat in the AAV5-CBa-eGFP-treated group and also an eventual preproSST-treated
responder rat from the AAV5-CBa-preproSST-eGFP-treated group. Three weeks after vector expression, during the test session, ADs were absent in the preproSST-treated
responder rat relative to the eGFP-treated rat that produced severe ADs. Arrows indicate the onset of ADs. All data are represented as mean + SEM.

Table 1
Seizure grade exhibited by preproSST-treated responder rats on post-test sessions (PTS).

PTS-1 PTS-2 PTS-3 PTS-4 PTS-5 PTS-6 PTS-7 PTS-8
(+50pA) | (+50pA) | (+100pA)
Rat1 |0 0 0 0 0 0 0 0
Rat2 |0 0 0 0 0 0 4 4
Rat3 |0 0 5 0 0 5 0 2
Rat4 |0 0 0 5 5 0 2 5
Rat5 |0 0 0 0 0 0 0 0
Rat6 |5 5 5 5 5 0 0 0

“The current employed for this rat during this session was the AD threshold current. Post-test sessions during which the stimulus current was increased above the AD

threshold current are shown in grey.

titer values were 4.19 x 1013 vector genomes (vg)/mL for AAV5-
CBa-preproSST-eGFP and 8.9 x 10'2vg/mL for AAV5-CBa-eGFP.
The plasmid sequence consisted of the hybrid cytomegalovirus
enhancer/chicken (3-actin (CBa) promoter (Klein et al., 2002;
Niwa et al, 1991) driving either preproSST transgene tagged
with a downstream eGFP reporter (pAAV5-CBa-preproSST-eGFP)
expression or eGFP (pAAV5-CBa-eGFP) expression. The CBa-
preproSST-eGFP plasmid contained an internal ribosomal entry
site (IRES) sequence between the preproSST and the eGFP coding
sequences that made eGFP expression an inert reporter of pre-
proSST expression in this vector (Wong et al., 2002). Fig. 1 shows
the preproSST sequence and the AAV5-CBa-preproSST-eGFP vector
construct.

2.6. AAV vector injections

The week after reaching fully kindled criterion, rats were
infused bilaterally with AAV5-CBa-preproSST-eGFP vector (n=13)
or AAV5-CBa-eGFP control vector (n=10) in the dentate gyrus
(=3.8mm AP, +£1.8 mm ML, —3.4 mm DV) and CA1 region (—3.8 mm
AP, £1.8 mm ML, —2.4 mm DV; Paxinos and Watson, 2007). Anes-
thetized rats were mounted in the stereotaxic frame and the
placeholder screws were removed from the hex nuts placed over
dentate gyrus and CA1 region targets. Holes were drilled through
the skull using the affixed hex nuts as guides to expose the sur-

face of the brain. Vectors were injected using a 10 wL Hamilton
syringe fitted with a 27G steel needle (Hamilton, Reno, NV) attached
to an infusion system (Cole-Parmer, Vernon Hills, IL). A 2 pL vol-
ume of the vector was delivered in each of 4 injection sites (i.e.
2 L of vector was injected into the left and right CA1 region and
dentate gyrus) through polyaryletherketone tubing (ID 0.381 mm,
0D 0.794 mm, length 0.5 m; Restek; Bellafonte, PA) by convection-
enhanced delivery (Bankiewicz et al., 2000; Bobo et al., 1994) at a
flow rate of 0.3 pL/min. The injection needle was held in place for
3-5min to allow for uniform vector distribution and to minimize
backflow.

2.7. Post vector injection testing

After a 3-week interval to ensure that vector expression
plateaued (Klein et al., 2002; Zafar et al., 2012), each rat was given
a single test kindling session at the original AD threshold current.
Rats were subsequently kindled 2-3 times per week for up to 3
additional weeks during post-test sessions to determine the sta-
bility and persistence of vector effects. Rats that exhibited Grade
0 seizures on the test session were also tested at higher currents
(+50 pA, +50 A, +100 A above the AD threshold current) on the
final 3 post-test sessions. As with kindling sessions, the synchro-
nized behavioral and EEG data for all rats in test and post-test
sessions administered after vector treatment were scored blind to
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Fig. 3. AAV5-CBa-preproSST-eGFP transduction within the hippocampus of a rat in the preproSST vector-treated group. Robust eGFP expression was observed bilaterally
within the dentate hilus, granule cell layer, CA3 region and CA1 region of the hippocampus. In this rat a relatively small number of thalamic neurons ventral to the hippocampus

also showed eGFP expression.

Table 2

eGFP expression in hippocampal and extrahippocampal regions.
Rat # CA1 CA3 GCL Hilus Subiculum Cortex Thalamus

Sidel Side2 Sidel Side2 Side1 Side2 Sidel Side2 Sidel Side2

SST Non-Responders
Rat 1 ++ ++ ++ — _ _ _ _ ++ N N
Rat 2 ++ ++ ++ +++ — + — +++ + + Y N
Rat3 ++ ++ ++ ++ — + — ++ — — Y Y
Rat 4 ++ + e+ e+ ++ ++ et e+ + Y Y
Rat5 ++ ++ +++ ++ +++ +++ +++ +++ + + Y N
Rat 6 ++ ++ e+ + + + ++ ++ + - Y N
SST Responders
Rat 1 ++ ++ +++ ++ + — +++ — — + Y N
Rat 2 ++ ++ ++ ++ — ++ ++ e+ + - Y Y
Rat3 +++ +++ — — — — - ++ ++ Y N
Rat4 ++ ++ +++ ++ ++ + +++ +++ ++ Y N
Rat 5 ++ ++ ++ + + + ++ ++ + + N N
Rat 6 +++ e+ ++ ++ — +++ - — ++ + Y N

The presence or absence of eGFP expression is denoted by ‘+’ and ‘—’ symbols respectively. The number of ‘+’ symbols represents the qualitative robustness of eGFP expression
in each region, where ‘+' represents a few scattered eGFP+ cells, ‘++ denotes a moderate number of eGFP+ cells and “+++” denotes that most cells were eGFP+. Scattered
cells were detected in the cortices and thalamic region of some rats. ‘N’ denotes no eGFP+ cells detected and ‘Y’ denotes eGFP+ cells detected. Note: One preproSST-treated
non-responder rat was excluded from the analysis because its tissue was damaged during histology.

compare latencies to Grade 4 seizure, AD durations, time spent in
high-grade seizures, and seizure grade.

2.8. Perfusion and histology

Forty-eight hours after the final post-test stimulation, rats
were deeply anesthetized with an intraperitoneal xylazine
(10 mg/kg)/ketamine (80 mg/kg) cocktail injection and then per-
fused with ice cold isotonic saline followed by ice cold freshly
prepared 4% paraformaldehyde in phosphate buffered saline (PBS).
Brains were extracted and post-fixed overnight in perfusate and
then cryoprotected in 30% sucrose PBS solution for ~3 days. The
brains were sectioned coronally at 40 pm through the rostral-
caudal extent of the hippocampus on a freezing stage microtome
(American Optical Corporation, Buffalo, N.Y., USA) and brain sec-
tions were stored in cryoprotectant solution (25% glycerol, 30%
ethylene glycol and 45% 0.1 M PBS) at —20° C.

2.9. Electrode tract and gene expression analysis

Electrode and vector injection placements were confirmed by
brightfield and epifluorescence microscopy by an experimenter
who was blind to the treatment conditions and treatment out-
comes. Placements were localized through the anterior-posterior
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extent of the dorsal hippocampus (-2.04 mm to —5.4mm AP to
bregma, DV <5 mm; Paxinos and Watson, 2007) and in underly-
ing subcortical regions and overlying cortical regions using the GFP
filter on an Olympus IX71 epifluorescence microscope.

2.10. SST immunohistochemistry

Sections from 3 representative rats in the AAV5-CBa-preproSST-
eGFP group and the AAV5-CBa-eGFP group were immunolabeled
with an SST specific antibody to confirm SST expression. The sec-
tions were rinsed repeatedly in tris-buffered saline (TBS) prior to
immunolabeling and between each step. The sections were blocked
in a solution of 3% normal donkey serum and 0.1% Triton-X in TBS
and then incubated overnight at 4°C in rabbit polyclonal SST pri-
mary antibody (1:5000, Peninsula laboratories; Peng et al., 2013)
dissolved in antibody diluent (1% normal donkey serum and 0.1%
Triton-X in TBS). The following day, the sections were incubated
in anti-rabbit secondary antibody conjugated to cy3 (1:500, Jack-
son laboratories) in antibody diluent for 4 h at room temperature,
incubated with DAPI (1:10,000; Chemicon) for 10 min and then
mounted under PVA-DABCO (2.5% diazobicyclooctane in TBS with
10% polyvinyl alcohol and 20% glycerol). At least 50 immunolabeled
neurons per hippocampal region were examined through their z-
plane to confirm eGFP expression and/or SST immunoreactivity
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using a Zeiss meta LSM 710 fully spectral laser scanning confocal
microscope with 405, 488, 543 and 633 nm laser lines (Thorn-
wood, N.Y., USA) under a 20x objective and 2.3 x digital zoom. The
percentages of neurons producing transgenic SST (eGFP*/SST* neu-
rons), endogenous SST (eGFP~/SST* neurons) and transgenic and/or
endogenous SST (eGFP*/SST* neurons and eGFP~/SST* neurons)
were compared between AAV5-CBa-preproSST-eGFP-treated and
AAV5-CBa-eGFP-treated rats (n=3 per group) across hippocam-
pal regions to confirm that the AAV5-CBa-preproSST-eGFP vector
drove SST expression.

2.11. Statistical analysis

Statistical analyses were conducted using IBM SPSS Statis-
tics 24 software (www.onthehub.com/spss). T-tests (preproSST
versus eGFP treatment) and one-way ANOVAs (eGFP controls
versus preproSST-treated responders versus preproSST-treated
non-responders) were used to compare group differences for
dependent variables (kindling sessions to criterion, latency to
Grade 4 seizure, AD duration, number and time in high-grade
(Grade 4/5) seizures and percentages of eGFP* and/or SST*
neurons). Group differences in dependent variables yielding non-
parametric data (seizure grade after vector treatment, AD threshold
currents) were compared using Mann-Whitney U tests (preproSST
versus eGFP treatment) or Kruskal Wallace ANOVA tests (eGFP
controls versus preproSST-treated responders versus preproSST-
treated non-responders) followed by Mann-Whitney U tests.
Significant effects revealed by the Kruskal Wallace ANOVA were
explored with a Mann-Whitney U test. Effect sizes were calculated
using Cliff's d (Cliff, 1993). Alpha levels were set at p<0.05 and
reported as two-tailed unless stated otherwise.

3. Results

3.1. Kindling acquisition proceeded similarly in rats assigned to
the preproSST or eGFP control group

Behavioral changes in all 23 rats progressed through the
classic Racine scale (Racine, 1972b) from Grades 0-5 across kin-
dling sessions. The average AD threshold current across rats was
243.5+16.4 pA. Rats exhibited their first Grade 5 seizures after
20.1£1.3 sessions (~10days) and reached the fully kindled cri-
teria of 3 consecutive Grade 5 seizures after 24.7 + 1.1 sessions
(~12days).

Rats assigned to the preproSST and eGFP vector groups
required similar numbers of kindling sessions to reach criterion
(eGFP=24.8 +£1.8 and preproSST=24.5+1.7; t51y=0.11; p=0.92)
and exhibited similar AD threshold currents (eGFP=220+21.3 pA
and preproSST=261.5+23.4 nA; U=46.5,n1=10,n,=13,p=0.20).
They also exhibited similar numbers of high-grade (Grade 4/5)
seizures during kindling acquisition (eGFP=6.8+1.1 and pre-
proSST=6.5+0.9; t1)=0.19; p=0.85), latencies to Grade 4 seizure
(eGFP=239+3.9s and preproSST=24.9+3.0s; tq)=-0.20;
p=0.22), time spent in high-grade seizures (eGFP=47.44+3.5s and
preproSST=50.7+6.0s; t»1)=0.45; p=0.66) and AD durations
(eGFP=69.0+3.9s and preproSST=74.4+5.7s; t1)=-0.73;
p=0.66).

3.2. Sustained preproSST expression produced seizure resistance
in a subset of rats

Fig. 2a shows the individual and vector group seizure grade
exhibited during the test session. The average seizure grade exhib-
ited by preproSST-treated rats (2.5+0.7) was significantly lower
than the average seizure grade exhibited by eGFP-treated rats
(4.0+£0.5; U=39, n1 =13, n; =10, p=0.048, one-tailed). The effect

size for this analysis (d=-0.40) approached Cliff's (Cliff, 1993)
convention for an intermediate effect. Fig. 2a also shows that
of the eGFP-treated rats 10% exhibited Grade 1 seizures, 20%
exhibited Grade 2 seizures and 70% exhibited Grade 4/5 seizures.
For preproSST-treated rats, 46% remained seizure-free while 54%
exhibited seizures higher than Grade 3 on the test session. On
the basis of this response separation, preproSST-treated rats were
divided into preproSST-treated responder and preproSST-treated
non-responder groups (Fig. 2b). Seizure grade varied between the
eGFP-treated, preproSST-treated responder and preproSST-treated
non-responder groups (H, 50y =14.2; p<0.001), such that seizure
grade was significantly lower in the preproSST-treated respon-
der (p<0.01), but not in the preproSST-treated non-responder
(p=0.73) group relative to the eGFP-treated control group (Fig. 2b).
Importantly, the effect size of the difference between eGFP-treated
and preproSST-treated responder groups (d > —0.99) far exceeded
Cliff's (Cliff, 1993) convention for a large effect.

EEG traces from representative rats (Fig. 2¢c) illustrate kindling
and vector effects. The top 2 traces were obtained from an eGFP-
treated and preproSST-treated responder rat respectively, on the
final kindling session prior to vector injection and show EEG ADs
(the arrow shows AD onset) coincident with a Grade 5 behavioral
seizure. The third and fourth traces were obtained from the same
rats after vector injection. The AAV5-CBa-eGFP vector-treated con-
trol rat exhibited EEG ADs coincident with a Grade 5 behavioral
seizure, whereas the AAV5-CBa-preproSST-eGFP vector-treated rat
exhibited neither EEG ADs nor a behavioral seizure.

3.3. The effects of vector on kindled seizure susceptibility were
stable and persistent

Vector-treated rats were given 2-3 post-test sessions per week
for up to 3 weeks. Responders that exhibited Grade 0 seizures on
the initial test session (n=6/13 AAV5-CBa-preproSST-eGFP-treated
rats) underwent 5 subsequent post-test sessions using their AD
threshold currents and then 3 more sessions during which the
stimulus current was delivered at 50 wA, 50 pA and then 100 pA
above their AD threshold current. On the first 5 post-test sessions,
3/6 rats remained completely seizure-free, 2 rats exhibited 1 or
2 high-grade seizures among multiple Grade 0 seizures and 1 rat
repeatedly exhibited high-grade seizures. On the last 3 sessions
when higher current intensities were employed, 2/3 rats that were
seizure-free across post-test sessions remained seizure-free while
1 ratexhibited high-grade seizures at the highest stimulus currents.
The 2 rats that exhibited high-grade seizures during 1 or 2 post-test
sessions produced variable grade seizures at higher stimulus cur-
rents. The rat that produced high-grade seizures on all the post-test
sessions was seizure-free (Table 1).

eGFP-treated and preproSST-treated non-responders under-
went 3-5 post-test sessions over a 2-3 week period using the AD
threshold current for each rat. Since all preproSST-treated non-
responder rats exhibited Grade 4-5 seizures during each of these
sessions, current intensities were not increased during final ses-
sions. Of the eGFP-treated rats, 9/10 exhibited seizures equal to
or greater in severity across post-test sessions to those exhibited
during the test session. The remaining eGFP-treated rat exhibited
Grade 5 seizures on all but 2 post-test sessions during which it
exhibited Grade 0 seizures.

3.4. eGFP expression was similar in preproSST-treated responders
and non-responders

eGFP expression was found within the dentate gyrus (hilus, sub-
granular zone and granule cell layer), the CA1 region (pyramidal
cell layer, stratum oriens and stratum radiatum) and the CA3 region
(predominantly in the pyramidal cell layer) and in several cases, the
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Fig. 4. Coincident eGFP and SST localization was consistent with vector transduction of hippocampal principal neurons. a, b) Examples of native eGFP* neurons (in green),
eGFP*[SST* (both green and red) and SST* (in red) neurons found in the CA3 hippocampal region of rats treated with the a) control or b) preproSST vector. Few eGFP* neurons
in the pyramidal cell layer were immunoreactive for SST in eGFP vector-treated rats whereas most of eGFP* neurons were immunoreactive for SST in the preproSST-treated
rats. Scale bar represents 50 wm. Arrows indicate co-labeled neurons. c) The percentage of eGFP*/SST* neurons increased in the CA3 region (****p <0.0001) and CA1 region
(**p<0.01) pyramidal cell layers, granule cell layer (GCL, **p<0.01) and hilus (*p <0.05) of preproSST vector-treated versus control vector-treated rats. d) The percentage
of eGFP~/SST* neurons increased in the granule cell layer (GCL, ***p <0.001) and hilus (*p <0.05) but not the CA3 region and CA1 region pyramidal cell layers of preproSST
vector-treated versus control vector-treated rats. e) The percentage of neurons immunoreactive for transduced and/or endogenous SST increased in the CA3 region pyramidal
cell layer (****p<0.0001) and CA1 region pyramidal cell layer (**p <0.01), the granule cell layer (GCL, ***p <0.001) and hilus (****p <0.0001) of the preproSST vector-treated
versus control vector-treated rats. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

subiculum of the dorsal hippocampus of vector-treated rats (Fig. 3).
Table 2 shows eGFP expression in each region of the hippocam-
pus of preproSST-treated responder and non-responder rats. Note
that 1 preproSST-treated non-responder rat was excluded from
this analysis because its brain was frozen prior to cryopreservation
making the resolution of fine detail difficult to resolve. However,
the rat was retained in other analyses because eGFP* cells could be
resolved grossly throughout hippocampal tissue.

In all rats, bilateral eGFP expression was detected in at least
1 major hippocampal region. In most rats, eGFP expression was
detected through the anterior-posterior extent of 1 region on at
least 1 side of the dorsal hippocampus. Moderate to strong eGFP
expression was detected through the CA1 region of all rats and
through the CA3 region of all rats except for 1 of the preproSST-
treated responder rats. In these regions, eGFP expression could
be localized or diffuse. eGFP expression was undetectable in the
dentate gyrus of 1 preproSST-treated responder and 1 preproSST-
treated non-responder rat but was detected in the dentate gyrus
of all other rats. Intense localized eGFP expression was detected
in the hilus and sub-granular zone of all rats except 1 preproSST-
treated non-responder and 2 preproSST-treated responder rats and
the granule cell layer was intensely transduced in a few rats. Cells
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in the subiculum were similarly transduced in responder and non-
responder rats. Overall, eGFP expression patterns did not differ
overtly between preproSST-treated responder and non-responder
rats with respect to the laterality of expression or the hippocampal
regions transduced. There were also no overt differences between
groups with respect to the localization or morphologies of the cells
transduced in each region.

Extrahippocampal eGFP expression was also compared across
responder and non-responder rats. Only 3 preproSST-treated rats
(1 responder and 2 non-responders) had eGFP expression in the
thalamic region ventral to the hippocampus. Cortical eGFP expres-
sion dorsal to the hippocampus was found in all but 2 rats and
was consistent between preproSST-treated responders and non-
responders.

3.5. Co-labeling for eGFP and SST was consistent with vector
transduction in hippocampal principal neurons

Our IRES vector employs downstream eGFP expression to report
preproSST transcription and presumably the generation of SST pep-
tide in transduced neurons (Wong et al., 2002). Fig. 4a and b show
examples of eGFP*, eGFP*/SST* and SST* neurons found in the
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Fig.5. PreproSST-treated responders and non-responders exhibited similar behavioral responses and EEG characteristics during kindling acquisition. An omnibus ANOVA did
not reveal significant differences between preproSST-treated responders, preproSST-treated non-responders and eGFP-treated rats in a) the number of sessions to criterion b)
the AD threshold current ¢) AD duration d) latency to Grade 4 seizure and e) time spent in high-grade seizure. Although preproSST-treated responders specifically appeared to
produce fewer high-grade (Grade 4/5) seizures during kindling acquisition relative to preproSST-treated non-responders, this was not overall statistically significant between
preproSST-treated responders, preproSST-treated non-responders and eGFP-treated rats (f).

CA3 region of rats treated with the control (Fig. 4a) or preproSST
(Fig. 4b) vector. Fig. 4 also shows the percentages of eGFP*/SST*
neurons (Fig. 4c), eGFP~/SST* neurons (Fig. 4d) and eGFP* /SST* plus
eGFP~/SST* neurons (Fig. 4e). Our initial assumption was that the
population of eGFP*/SST* neurons expressed transgenic SST and
that the population of eGFP~/SST* neurons naturally expressed SST.
Few eGFP* neurons were immunoreactive for SST in the granule or
pyramidal cell layers of control vector-treated rats whereas most
eGFP* neurons were immunoreactive for SST in the CA3 region
pyramidal cell layer and ~30% of eGFP* neurons were immunore-
active for SST in the CA1 region pyramidal cell layer and dentate
gyrus granule cell layers of preproSST vector-treated rats (Fig. 4c).
In both groups, a few eGFP~/SST* neurons were found typically
outside of the CA1 and CA3 region pyramidal cell layers and in
the hilus of the dentate gyrus. The majority of hilar neurons were
eGFP* making the distinction between neurons expressing trans-
genic and natural SST more difficult and reinforcing that at least
among hilar eGFP*/SST* neurons, eGFP* neurons were immunore-
active for transgenic and/or endogenous SST. In control rats, ~30%
of hilar neurons were eGFP*/SST* and this percentage surprisingly
doubled in the preproSST vector-treated rats (Fig. 4c).

SST was co-labeled in a greater percentage of eGFP* CA3 region
(t4y=59.78; p<0.0001) and CA1 region (t4)=>5.60; p<0.01) pyra-
midal cell layer neurons, granule cell layer neurons (t(4)=4.75;
p<0.01) and hilar neurons (t4y=4.50; p<0.05) in preproSST
vector-treated rats versus control vector-treated rats (Fig. 4c). The
percentage of eGFP~/SST* neurons increased in the granule cell
layer (t(4y=8.92; p<0.001) and hilus (t4y=3.33; p<0.05) but not
the CA3 region (f(4)=1.23; p=n.s.) or CAl region (t4)=2.37; p=n.s.)
pyramidal cell layers of preproSST vector-treated rats versus
control vector-treated rats (Fig. 4d). The percentage of neurons
immunoreactive for transduced and/or endogenous SST increased
in the CA3 region pyramidal cell layer (f4)=19.63; p<0.0001),
CA1 region pyramidal cell layer (t4y=5.55; p<0.01), granule cell

layer (t(4)=8.63; p<0.001) and hilus (t4)=16.84; p <0.0001) of pre-
proSST vector-treated versus control vector-treated rats (Fig. 4e).

3.6. PreproSST-treated responders and non-responders exhibited
similar behavioral responses and EEG characteristics during
kindling acquisition

Retrospective analysis of kindling properties revealed that the
eGFP, preproSST-treated responder and preproSST-treated non-
responder groups required equivalent numbers of kindling sessions
to reach criterion (F(320y=0.80; p=0.46; Fig. 5a). All groups also
exhibited similar AD threshold currents (H 50y=2.771; p=0.25;
Fig. 5b), AD durations (Fi0y=1.57; p=0.232; Fig. 5¢), latencies
to Grade 4 seizure (F;20y=0.07; p=0.93; Fig. 5d) and time spent
in high-grade seizures (Fz20y=1.124; p=0.35; Fig. 5e). While
preproSST-treated responders appeared to produce fewer high-
grade seizures than controls or preproSST-treated non-responders,
the omnibus ANOVA demonstrated that the effect was not statisti-
cally significant (Fp 209y =2.17; p=0.14; Fig. 5f).

4. Discussion

The results of this study showed that vector-mediated ectopic
preproSST expression prevented seizures in a significant fraction
of kindled rats. The large therapeutic effect size encourages devel-
opment of SST gene therapy for TLE. Control rats continued to
exhibit high-grade evoked seizures despite displaying equivalent
kindling acquisition characteristics to preproSST-treated rats. The
presence or absence of an effect of the preproSST vector was consis-
tent across repeated kindling sessions. SST was co-labeled in eGFP*
neurons in the pyramidal cell layer of the CA1 and CA3 regions
and in eGFP* neurons in the granule cell layer. Co-labeling was sig-
nificantly elevated in these regions following treatment with the
preproSST vector relative to treatment with control vector. eGFP
expression patterns, behavioral responses and EEG characteristics
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during kindling acquisition could not explain differences between
preproSST-treated responder and non-responder groups.

The relevance of the kindling model to human TLE has been
debated but there is agreement that the model approximates early
clinical seizure susceptibility with limited neuropathology and has
contributed significantly to our understanding of how limbic net-
works change in TLE and to the development of anti-epileptic
drugs (Bertram, 2007; Loscher, 2002b; McNamara et al., 1980;
Sato et al., 1990). Repeated kindling stimulations produce robust
evoked seizures that are reliable across time and multiple tests
(Brandt et al., 2004; Kalynchuk, 2000; Pinel and Rovner, 1978).
We add to this paradigm by showing that rats exhibited robust
evoked seizures when challenged even once after a month-long
break from kindling sessions, supporting that changes underly-
ing seizure susceptibility are relatively permanent (Goddard et al.,
1969). In fact, spontaneous seizure refractoriness was observed in
1 kindled rat, consistent with previous reports (Freeman and Jarvis,
1981; Loscher and Kéhling, 2010; Mucha and Pinel, 1977; Stripling
and Russell, 1989). Our observation that neither the AAV5 vector
nor eGFP expression affected seizure behavior supports the viabil-
ity of developing gene therapy approaches for epilepsy treatment
in TLE models.

The most exciting outcome of our study was that a significant
fraction of preproSST-treated rats were seizure-free when chal-
lenged during the test session and even across post-test sessions.
The clinical relevance of complete seizure freedom in this subset
of rats was showcased by the very large effect size produced by
the difference in seizure grade between responder (Grade 0) and
eGFP-treated controls (~Grade 5) on the test session and even by
the encouraging intermediate effect size produced by the differ-
ence in seizure grade between preproSST-treated responder and
non-responder groups pooled and eGFP-treated controls. These
findings expand our previous work showing that sustained pre-
proSST expression prevented the acquisition of a fully kindled state
(Zafar et al., 2012) and encourage the pre-clinical development
of sustained preproSST expression as an effective non-destructive
therapeutic alternative to surgery in antiepileptic drug-resistant
TLE. Of course, testing the efficacy of this approach in chronic TLE
models (Bertram and Cornett, 1994; Loscher, 2002b; Morimoto
et al., 2004) will be important next steps for advancing the strategy
to clinic.

Identifying the side effects of sustained ectopic AAV vector-
mediated SST expression is also an important step in translating
this strategy to clinic. Indeed, safer alternatives to antiepilep-
tic drugs that can aggravate TLE-associated cognitive decline are
desirable (Carrefio et al., 2008; Kwan and Brodie, 2001). We are
currently testing the effects of sustained preproSST expression on
spatial cognition and neuroinflammation in kindled and control
rats. Expanding this work across behavioral tasks sensitive to other
cognitive domains will be an important pre-clinical step. Notably,
overt effects of sustained preproSST expression on measures of gen-
eral health (i.e. body mass, porphyrin production and grooming)
were not observed in the current study. Although sustained SST
expression could lead to the disinhibition of inhibitory interneu-
rons (Pfeffer, 2014), changes in seizure frequency or ADs indicative
of hippocampal network disinhibition were not detected. We pre-
viously confirmed that sustained AAV vector-mediated preproSST
expression did not produce gross neurodegeneration using Fluoro-
Jade C (unpublished data), but experiments quantifying cell stress
and death markers in this context would validate whether cell via-
bility is compromised. Our data add to the growing picture that AAV
vector-mediated gene delivery and sustained neuropeptide expres-
sion is relatively safe, although future work should document how
variability in injection sites, transduction efficiency, vector titers
and survival times impact safety measures.
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Our analysis of eGFP expression patterns indicated that pre-
proSST expression in any single hippocampal region could mediate
a strong therapeutic response. For example, eGFP expression in
1 responder rat was largely restricted to the hippocampal CA1
region (Table 2). The effect of ectopically expressed SST was
likely mediated through 1 or more of the SSTR subtypes that
are expressed throughout the hippocampus (Viollet et al., 2008).
Although endogenous SST is largely expressed by a subpopulation
of inhibitory neurons (Freund and Buzsaki, 1996), SST modulates
excitability across hippocampal regions. For example, the applica-
tion of SST to CA1 and CA3 regions suppresses epileptiform activity
presynaptically by inhibiting glutamate release and postsynapti-
cally by modulating voltage sensitive potassium channels (Boehm
and Betz, 1997; Kozhemyakin et al., 2013; Moore et al., 1988; Qiu
et al., 2008; Tallent and Siggins, 1997, 1999). In addition, SST can
modulate lateral perforant path long-term potentiation (Baratta
et al., 2002). Testing how the specific transduction of cell subtypes
and subregions impacts hippocampal excitability and the thera-
peutic efficacy of sustained SST expression, as well as identifying
the SSTR subtypes that mediate these effects, could provide insight
about how to improve responder rates.

While the all-or-none response of preproSST vector-treated rats
is puzzling, non-responder subpopulations are not atypical for
antiepileptic therapies (Loscher, 2002a; Loscher et al., 1993). We
did find that responders exhibited fewer high-grade seizures than
eGFP-treated controls and non-responders during kindling sessions
prior to treatment (Fig. 5), but this difference was insufficiently
powered to achieve statistical significance. Interestingly, individ-
uals with epilepsy who exhibit fewer seizures prior to the onset
of antiepileptic drug treatment are more likely to respond to the
treatment (Brodie, 2005; Kwan and Brodie, 2000; Sillanpdd, 1993).
Consistent with this idea, response rates were higher in our pre-
vious study that treated rats with AAV-preproSST before kindling
sessions (Zafar et al., 2012) than in the current study that treated
rats after they exhibited 3 consecutive Grade 5 seizures.

A number of factors could have varied between the respon-
der and non-responder groups. It is possible that responders and
non-responders exhibited overall differences in levels of mature
SST or neuronostatin. Mass spectrometric analyses in progress will
compare inter-rat and regional transgene peptide content differ-
ences, although qualititative comparison could not discriminate
explanatory variations. Apart from potential differences in tran-
scription, translation and derivation of transgene peptides, the
expression of catabolic proteases cleaving SST or even neurono-
statin in cells transduced to express preproSST (Billova et al., 2007;
Brakch et al., 1995) could have varied across subregions within
the hippocampus. Natural variation in SSTR expression changes
related to kindling or gene transfer could also be linked to respon-
der rates. Kindled seizures transiently upregulate SST peptide
immunoreactivity, which is followed by the transient downregu-
lation of SSTR; immunoreactivity in the rat hippocampus (Csaba
etal., 2004; Tallent and Qiu, 2008; Vezzani and Hoyer, 1999). How-
ever, rats in the current study were perfused weeks after transient
kindling-induced changes in SST and SSTR, would be observable.
Importantly, the onset of our treatment may have been initiated
after the critical period for modulating this or other transient mech-
anisms in some rats. Consistent with this idea, response rates were
higher in our previous study that treated rats with AAV-preproSST
before kindling sessions.

There may also be time points after which reversing more per-
manent changes hypothesized to underlie seizure development
and maintenance becomes more difficult. For example, early SST
treatment could prevent the seizure-induced neuronal loss and
sprouting of SST-containing neurons in TLE models (Buckmaster
and Dudek, 1997; Peng et al., 2013; Sloviter, 1987; Sun et al., 2007;
Zhang et al., 2009). Kindling drastically increases neural progenitor
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cell division that leads to the accumulation of young hyperplas-
tic neurons with aberrant morphologies and connectivity that are
hypothesized to contribute to seizure maintenance (Botterill et al.,
2015; Parent et al., 2007). SST could prevent the accumulation
of aberrant neurons through anti-proliferative effects on neural
progenitor cells (Lamberts et al., 1991). The ability of SST to poten-
tially reverse the chronic inflammatory response that accompanies
TLE (Basivireddy et al., 2013; Vezzani et al.,, 2011) is likely less
time sensitive. The anticonvulsant properties of preproSST could
be byproducts of its modulatory effects on seizure-associated cell
death, aberrant neurogenesis or neuroinflammation but the effi-
cacy of SST treatment on these factors could be time sensitive.

Here we show the first preclinical evidence that sustained pre-
proSST expression initiated after stable seizures are evoked in
experimental TLE is anticonvulsant in a subset of rats. The oppor-
tunity to achieve a seizure-free state with superior responder rates
in epilepsy gene therapy intervention also supports development
and optimization of better gene delivery strategies like AAV capsid
shuffling (Gray et al., 2010), the use of capsid mutated (Petrs-Silva
et al., 2009; Zhong et al., 2008; Zhong et al., 2007) and self-
complementary AAV vectors (McCarty et al., 2003; McCarty et al.,
2001) that can possibly enhance transgene expression and provide
superior transduction (Srivastava, 2016). Future studies might also
test whether the use of promoters to drive expression selectively
in specific cell types might improve responder rates (Nathanson
et al., 2009). Nevertheless, our findings demonstrated that sus-
tained preproSST expression treated induced seizures in kindled
rats and advance a novel gene therapy intervention using this neu-
ropeptide. Testing therapeutic efficacy in chronic TLE models that
exhibit spontaneous recurrent seizures will be an important step
forward for translational advancement.
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