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Abstract

GABAergic activation in the dorsal hippocampus in an acute pentylenetetrazol
seizure model in adult rats
By Zoe Weiss

The pattern of activation of GABAergic and parvalbumin (PV)-containing
interneurons over time was investigated in the dentate gyrus and CA3 region of the
dorsal hippocampus following pentylenetetrazol (PTZ)-induced seizures in adult
rats. Sections though the dorsal hippocampus were immunostaining for c-fos,
GADG67 and parvalbumin and colocalization analyzed using semi-quantitative cell
counts. Overall, the expression of c-fos in the dentate gyrus and CA3 increased over
time in the PTZ-treated animals. There was a significant difference between
activation of GABAergic interneurons of PTZ-treated animals and controls, however,
in both the dentate gyrus and CA3 GABAergic activation did not change over time.
Activation of PV-containing interneurons was significantly greater in PTZ-treated
animals compared to controls. However, the activation of PV-containing
interneurons changed in an unexpected time-dependent manner. In the dentate
gyrus, activation of PV-containing neurons was greatest at the earliest time point
from the onset of behavioral seizures, and in the CA3 activation was greatest at the
latest time point from the onset of behavioral seizures. At least 70% of activated
neurons in the hippocampus did not express PV or GAD67, thus a majority of the
activation during the induced seizures takes place in the glutamatergic neurons.
These data suggest that in an acute PTZ model, targeted inhibition of the
glutamatergic populations in the hippocampus would be more effective for limiting

seizure propagation.
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Introduction

Epilepsy and its Current Treatments

An estimated 3 million individuals in the United States are burdened by the neurological
disorder, epilepsy (Kobau et al., 2012; Russ et al., 2012). Epilepsy is characterized by
recurrent, spontaneous seizures unprovoked by an acute systemic or neurologic insult
(Bromfield et al., 2006). These spontaneous seizures arise from the sudden and
temporary synchronization of neural activity, which occurs in response to an imbalance
between excitatory and inhibitory neurotransmission in the brain (Cloix and Hévor,
2009). Individuals with epilepsy deal with more than just unwanted seizures. A study
based on responses to the Behavioral Risk Factor Surveillance System (BFSS) found
individuals with active epilepsy to be more susceptible to comorbid illnesses, low
employment rates, and poor social relationships (Chong et al., 2010). This presents a high
demand for adequate treatments that can improve both the physiological symptoms and
the burdens on quality of life in epilepsy patients. The majority of epilepsy patients obtain
pharmacological treatment in the form of antiepileptic drugs (AEDs) (Sander, 2004).
These drugs work by altering the excitability of the neural networks through effects on
ion channels, neurotransmitter receptors or neurotransmitter metabolism (White et al.,
2007). AEDs, however, may come with a myriad of unwanted side effects such as
drowsiness, behavioral changes and weight gain (Kowski, 2016). About 70% of epilepsy
patients respond to AEDs, leaving one third of patients living with uncontrollable seizures
(Kwan and Brodie, 2000). Drug-resistant epilepsy patients have other surgical options

such as deep brain stimulation and hippocampal resection. However, these methods are



invasive and carry their own risks (Tykocki et al., 2012; Rohn et al., 2014). Thus, there is a

need for less invasive treatment strategies for drug-resistant epilepsy patients.

Optogenetics and Luminopsins

While promising treatments do exist, scientists have been exploring other possibilities
with more precision in the field of optogenetics. Optogenetics involves the use of light-
gated ion channels naturally produced bacteria to selectively regulate the activity of
specific populations of neurons, while leaving others unaffected (Bentley et al., 2013).
These channels, or opsins, regulate the flow of ions across the membrane of a cell in
response to specific wavelengths of light (Bentley et al., 2013). They can either lead to
depolarization or hyperpolarization, allowing for control of either excitation or inhibition
respectively (Kokaia et al., 2013). Optogenetics allows one to target the activity of specific
cell-type populations, an element lacking in other neural interface technology (Aravanis et
al,, 2007).

The most common mode of light delivery for optogenetics in the brain is surgically
implanted, thin optical fibers coupled to an external bright light source (Zhang et al.,
2007). Successful modulation of behavior has been achieved with this method, however
challenges exist, such as potential for infection or tissue damage. In addition, differences
in the light scattering properties of different brain regions make it difficult to target
multiple structures with one fiber (Al-Juboori et al.,, 2013). One fiber can actually only
reach so many cells, creating a need for implantation of several LEDs to activate larger
structures, such as the hippocampus, thus increasing risk. As a way to overcome this

obstacle several laboratories, including ours, have coupled a bioluminescent light source



with an opsin, to degenerate luminopsins. These luminopsins can be either inhibitory
(iLMOZ2) or excitatory (LMO3) depending on the channel used in order to modulate
different neural circuitry (Berglund et al., 2016; Tung et al., 2015). iLMO2 combines
Renilla luciferase (RLuc), a bioluminescent protein, and Natronomonas halorhodopsin, a
light-driven chloride pump that hyperpolarizes the cell membrane (Tung et al., 2015).
Application of the RLuc substrate, coelenterazine (CTZ), to neurons expressing iLMO2
leads to production of bioluminescence and thus activation of the halorhodopsin (Tung et
al,, 2015). iLMOZ2 suppressed single-unit firing rate and local field potential in the
hippocampus of anesthetized rats, demonstrating its capability to inhibit neural activity in
vivo (Tung et al,, 2015). In contrast, LMO3 combines Gaussia luciferase with
channelrhodopsin in order to depolarize neuronal membranes and activate neurons
(Berglund et al., 2016). Application of CTZ to neurons expressing LMO3 in the substantia
nigra led to increased firing rate in vivo (Berglund et al., 2016). Thus, both iLMO2 and
LMO3 possess the potential to regulate epileptiform activity through modulation of

relevant cell populations.

The Hippocampus and Temporal Lobe Epilepsy

Human temporal lobe epilepsy (TLE) is characterized by spontaneous seizures that
originate focally and spread within the limbic system and beyond (Collins et al., 1983).
Alterations in several cell populations contribute to the development of TLE, especially in
the dentate gyrus of the hippocampus. The normal circuitry of the dentate gyrus involves
both feed-forward and feedback inhibition (Sloviter, 1991; Zipp et al., 1989). Projections

from the entorhinal cortex either directly innervate inhibitory interneurons, thus



inhibiting excitatory granule cells; or entorhinal projections can innervate the excitatory
granule cells which activate interneurons that will inhibit granule cells (Bromfield et al.,

2006). Experimental models of TLE have demonstrated mossy fiber sprouting within the
dentate gyrus, increased excitability, and neuronal degeneration disrupt normal activity
and give rise to seizures (Matzen et al., 2007; Sutula and Dudek, 2007).

The dentate gyrus has an essential role in seizure propagation. It acts as a filter
that initially restricts the entry of seizures from the entorhinal cortex into the rest of the
hippocampus (Heinemann et al., 1992). The granule cells have a relatively high activation
potential, allowing for limitation of their response to synchronous activity (Fricke and
Prince, 1984; Scharfman, 1992). Impairment of inhibition or enhanced excitation of the
granule cells can cause the breakdown of this filter function and thus, an increase of
hypersynchronous activity of dentate granule cells (Peng and Houser, 2005, Wittner et al.,
2001).

Cell populations within the dentate gyrus include mostly glutamatergic and
GABAergic neurons (Amaral et al., 2007; Houser, 2007) and these populations have
distinct roles in carrying out the activity of the hippocampus. Two populations of
principal glutamatergic cells reside in the dentate, hilar mossy cells and granule cells
(Scharfman and Myers, 2013). The hilar mossy cells send excitatory projections to
granule cells and GABAergic interneurons in the hilus as well (Ascady et al., 1998; Jackson
and Scharfman, 1996). Evidence from human post-mortem tissue implicates loss of mossy
cells as a characteristic of human TLE (Henze and Buzsaki, 2007). Two hypotheses have
been proposed in regards to how mossy cell loss contributes to TLE. First, “the dormant

basket cell” hypothesis holds that the degeneration of mossy cells removes excitatory



input to inhibitory basket cells, resulting in disinhibition of the granule cells (Slotviter,
1994; Sloviter et al., 2003). In contrast, the “irritable mossy cell” hypothesis proposes the
remaining mossy cells have higher firing rates and enhance excitatory feedback to granule
cells (Henze and Buzsaki, 2007). The dentate granule cells are more resistant to damage,
and in TLE they sprout new axon collaterals, creating recurrent excitatory connections
with other granule cells (Cronin, 1992; Magl6czky and Freund, 1993) GABAergic
interneurons provide integral inhibitory inputs to granule and mossy cell networks that
are often compromised in TLE (Amaral et al., 2007; Patrylo et al., 2000). A subpopulation
of GABAergic neurons, present in the granule cell layer and hilus of the dentate, produces
the calcium-binding protein parvalbumin (PV) (Kosaka et al., 1987). PV-containing
interneurons provide powerful inhibitory input to granule cells and can control network
excitability (Nitsch et al., 1990; Sesselo et al.,, 2015). Loss of these neurons in the hilus is
often seen in human TLE (Buckmaster and Dudek, 1997). Other research has found
increased amounts of PV-containing cells in the granule cell layer of affected brain tissue
(Wittner et al., 2001). In vivo studies demonstrate that optogenetic activation of PV
interneurons curtails spontaneous seizures (Krook-Magnuson et al., 2013; Paz). However
other research suggests PV cell activation provokes seizure-like activity in the entorhinal
cortex (Yekhlef et al.,, 2014). Wittner et al. (2001) indicate that increased excitability in
the dentate granule cells in TLE could be due to loss of inhibition or more effective

synchronization of granule cells due to alterations in PV neurons.



Pentylentetrazol Epilepsy Model and Cellular Activation

In the present study, we aimed to identify the hippocampal cell-types activated at the
onset of acutely induced behavioral seizures to provide a better understanding of the
pattern of activation during seizures. This information can later be used to target
luminopsin expression in a cell type specific manner, and prevent the spread of seizures.
We investigated this cell-type specific activation within the hippocampus using a
pentylenetetrazol (PTZ) model of acute induced seizures in rats. PTZ is a chemical
convulsant widely used in animal models of epilepsy and mimics the effects of generalized
tonic-clonic seizures (Rubio et al., 2010). It is a known GABAa receptor antagonist that
causes a loss of the inhibitory function of GABAergic neurons (Huang et al., 2001).
Activation of neurons in response to PTZ-induced seizures can be examined using the
immediate early gene, c-fos, since c-fos proto-oncogene levels increase rapidly in response
to activation of nerve cells (Dragunow and Roberston, 1987). In a pilocarpine mouse
model of TLE, c-fos labeling was observed in the dentate granule cells as early as 15
minutes from the onset of behavioral seizures. C-fos activation appeared in the different
subtypes of GABAergic interneurons at later time points, including PV-containing
GABAergic interneurons (Peng and Houser, 2005). Morgan et al. found increased c-fos
mRNA levels in hippocampal neurons, with levels beginning to rise at 15 minutes after
seizures induced by PTZ, and reaching a maximum 1 hour after the onset of seizures
(Morgan et al., 1987). While studies have shown increases of c-fos expression in the
hippocampus after acute PTZ-induced seizures, they do not investigate the patterns of
activation in the specific cell-type populations for this particular model. We hypothesize

that since the hippocampus contains populations of glutamatergic, GABAergic and



cholinergic neurons, the increase in c-fos or other immediate early genes might show a
temporal pattern of activation during the propagation of seizures (Amaral et al., 2007;
Frotscher et al., 1986; Yount et al., 1993). In the present study immunocytochemistry was
used to evaluate activation, based on c-fos expression, of GABAergic interneurons and PV-
containing interneurons over time throughout the dentate gyrus and CA3 pyramidal cell

layer during the course of acute induced seizures.

Methods

Animals

Adult male Sprague-Dawley rats (200-250 grs) were obtained from Charles River
(Wilmington, MA). All animals were maintained in a 12/12 light/dark cycle with ad
libitum access to food and water. All protocols involving animals were approved by the
Emory University Institutional Animal Care and Use Committee (IACUC) and conform to

NIH guidelines. At the time of the experiments the rats weighed between 276-512 g.

Seizure Induction and Perfusion

In order to model acute induced seizures, rats in the experimental groups received an
intraperitoneal injection of 60 mg/kg of PTZ. We initially injected 70 mg/kg, which
resulted in a high mortality rate, thus we reduced the dose. The amount injected was
determined by the weight of the rat. After the PTZ injection the rats’ behavior was video

recorded and observed for length and severity of seizures. We sacrificed each rat at one of



three different time points, 20, 40 or 80 minutes from the onset of behavioral seizures.
There were three rats used for each time point. Two control rats received saline and were
sacrificed 20 and 40 min from injection of saline. The control animal for 80 minutes
received a PTZ injection, however no seizure, or freezing was observed. Each adult rat
was deeply anesthetized with a lethal dose of Euthasol (130 mg/kg), injected
intraperitoneally, and then perfused intracardially with 0.9% NacCl, followed by 4%
paraformaldehyde in 0.1 M phosphate buffer at pH 7.2 (PB) for 15 min at a rate of 20 ml
per min. After perfusion the brains were removed from the skull and fixed for 1 hr in PF,

then cryprotected in 30% sucrose.

Immunocytochemistry

All collected brains were sectioned using a cryostat. Each brain was sectioned into 10 and
20 um coronal sections collected on gelatin coated slides and 20 pum sections collected as
floating sections in 1% phosphate buffer solution (PBS). We collected sections at three
different antero-posterior levels (Level 1= Bregma -3.12 mm, Level 2= Bregma -3.96 mm,
Level 3= Bregma -4.68 mm based on other studies performed in the lab). Sections were
either collected on gelatin-coated slides (10 pum) and as floating sections (20 um) in PBS
in 24 well trays. Immunocytochemistry was performed on the 10 um sections
immediately after sectioning. Sections were warmed for 15 min on a slide warmer at 37°C
then a pap pen was used to draw boundaries around the sections. Sections were then
blocked with 4% donkey serum and 0.2% Triton X in PBS for 15 min at RT. The 20 uym
floating sections were rinsed in PBS for 10 min followed by blocking with 4% donkey

serum and 0.1% Triton X for 30 min. Rabbit anti-c-fos was used at a concentration of



1:100 as a marker of cell activation (sc52, Santa Cruz Biotechnology, Inc., Dallas TX).
GABAergic interneurons were identified using glutamate decarboxylase (anti-GAD67) at a
concentration of 1:250 (MAB5406, Millipore, Temacula, CA). Mouse anti-parvalbumin at a
concentration of 1:500 was used to stain a subtype of GABAergic cells (MAB1572,
Millipore, Temacula, CA). The sections were incubated in a combination of anti-c-fos and
one of the cell-type specific antibodies overnight. After incubation in primary antibody,
the sections were rinsed 3 times for 10 min in PBS, then stained with donkey anti-rabbit
AlexaFluor 594 (A21207, Life Technologies, Eugene, OR) and donkey anti mouse
AlexaFluro 488 (A21202, Invitrogen, Eugene, OR) conjugated secondary antibodies at a
concentration of 1:1000 for 1 hr. Sections were rinsed 3 times for 10 min in PBS and
mounted on slides and coverslipped using Vecta-Shield hard-set mounting medium with

DAPI nuclear stain (Vector Laboratories, Burlingame, CA).

Imaging

Brain sections were imaged using an inverted fluorescent microscope (Leica DM IRE2)
equipped with a QImaging CCD camera and Simple PCI Software. For each section,
several consecutive micrographs were captured so as cover the entire dentate gyrus and
CA3 region (5 to eight pictures per side). This was done on both the left and right sides of
the hippocampus. Using Adobe Photoshop® the pictures from each dentate gyrus were
merged using the photomerge function. The composite images were then used for

analysis.
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Data Analysis

In order to analyze the immunoreactivity within the dentate gyrus the composite images
were first divided into 6 groups: parvalbumin levels 1, 2 and 3, and GAD67 levels 1, 2, and
3. The names of each composite image were entered into Microsoft Excel and assigned a
number randomly generated using the sorting function. Images were renamed using
those assigned numbers so as to blind the counter. All cells in all sections were counted in
a semi-quantitative manner to include: the number of c-fos positive cells, the number of
cells positive for either GAD67 or parvalbumin, and the number of cells with
colocalization of GAD67 or parvalbumin and c-fos within the dentate gyrus (Outer layer,
granule cell layer and hilus) and the CA3 layer. Cell counts were done manually with the
aid of the cell counter plug-in in the program FIJI. Only cells with nuclear c-fos were
counted since c-fos is synthesized in the cytoplasm and upon activation, translocates into
the nucleus. From the cell counts, cellular activation was determined by calculating the
percentage of c-fos positive nuclei that expressed both c-fos and GAD67 or PV, or by
calculating the percentage of GAD67 or PV positive neurons that expressed both c-fos and
GADG67 or PV. For the statistical analysis we used a nonparametric Wilcoxon/Kruskal-
Wallis Test (alpha=.05) and all pairs were compared using the Wilcoxon Method due to
the differences in variances between the groups and the non-normal distribution of the

data.
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Results

PTZ induced seizures

A total of 32 rats were used in this study. Of those, 27 received PTZ injections and 5
received saline injections. Following PTZ injection, 14 of the rats experienced behavioral
seizures and survived, 7 experienced seizures and died of status, and 6 shown no
behavioral sign of seizure (Table 1). The typical seizure started approximately 1 min and
30 s from the time of injection. The seizures were characterized by myoclonic jerks
throughout the body and lasted about 3 min. The rats that survived the induced seizures
displayed normal and calm behavior after recovery from the seizure. We observed that
the environment and the state of the rat might have impacted the severity of the seizures.
Rats that struggled during the injection tended to have more severe seizures resulting in
death. The same was observed for rats in the rooms during the injection of another

animal. Changes were made in our protocol to minimize stress.

Seizure induced c-fos expression

Using immunocytochemistry we determined the difference in c-fos expression over time
in the dentate gyrus and CA3 of the dorsal rat hippocampus after acute, PTZ-induced
seizures. Little to no c-fos immunostaining was detected in the dentate gyrus (Figure 1A)
and CA3 (Figure 1B) of the control animals. In contrast c-fos immunostained neurons
were present in the dentate gyrus and the CA3 of all the PTZ-treated animals (Figure 1A
and B). In the dentate gyrus, c-fos positive neurons were present in the hilus, the outer

layer and within the granule cell layer. Of note, neurons of the 20 min animals expressed
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mostly cytoplasmis c-fos, suggesting initiation of activation in those neurons (Figure 1A
and B). At 40 min and 80 min there was an increase in the amount of nuclear c-fos in the
dentate gyrus, with comparable intensity at both time points (Figure 1A). A similar trend
was seen within the CA3 layer (Figure 1B).

According to semi-quantitative analysis, the average number of neurons expressing c-
fos, increased in the dentate gyrus over time (Figure 2A). The average number of c-fos
positive neurons at each time point was significantly greater than the controls (p<.05).
The average number of c-fos positive nuclei of control animals was 0.6 + 0.2 (Mean + SEM)
compared to 14.9 + 2.7,55.0 + 13.8, and 73.5 + 12.5 at 20, 40 and 80 min following onset
of seizure respectively (Figure 2A). The differences in average number of c-fos positive
nuclei in the dentate gyrus at 80 min was also significantly greater than the average
number at 20 min (p<.05).

An overall increase in c-fos expression over time was also found in the CA3 region
of the dorsal hippocampus. The c-fos expression at each time point was significantly
greater than the expression in controls (p<.05). Specifically, the average number nuclei
expressing c-fos was 0.2 £ 0.1 in control animals and 2.3 £ 0.6, 3.5 £ 0.9 and 4.3 + 0.5 at 20,
40 and 80 min post seizure onset respectively (Figure 2B). The change in c-fos expression

from 20 min to 80 min in the CA3 was also statistically significant (p<.05).

Activation pattern in GABAergic Interneurons
Activation of the GABAergic interneurons within the dentate gyrus and CA3 layer of the
hippocampus was determined by quantifying the colocalization of c-fos and GAD67

antibodies. GAD67 showed a similar pattern of expression in the dentate gyrus across the
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control and treated groups (Figure 3 b, e, h and k). GAD67 positive neurons were present
in the hilus, and the outer layer with a few cells also seen embedded in the granule cell
layer (Figure 3 b, e, h and k). GA67 was mostly cytoplasmic with staining extending into
processes.

The average number of GAD67 positive neurons within the dentate gyrus was
similar amongst all groups; 15.7 + 2.2 in controls, 8.8 + 1.8 at 20 min, 13.9 * 1.9 at 40 min,
and 13.6 + 1.8 at 80 min (Figure 5A). We found no statistically significant differences in
GADG67 expression over time, which is consistent with our micrographs observation and
confirms the binding of the antibody to our desired target protein.

In the dentate gyrus, the percent of c-fos neurons expressing GAD was significantly
higher in all the PTZ-treated groups compared to controls (p<.05) with no colocalization
detected in the control animals. The average percentage of c-fos positive cells colocalized
with GAD67 in the dentate gyrus remained somewhat the same throughout all three time
points with 13.9% * 2.4% at 20 min, 12.1% * 2.8% at 40 min, and 13.4% *2.1% at 80 min
(Figure 5B). The average percent of GAD67 positive neurons colocalized with c-fos was
30.4% + 9.8% at 20 min, 38.1% + 10.0% at 40 min, and 43.8% + 5.9% at 80 min (Figure
5C). At all time points the average percent of activated GAD67 expressing neurons was
significantly greater than controls (p<.05).

Expression of the GAD67 antibody in the CA3 was consistent amongst animals in
all groups. The average number of GAD67 positive neurons was 2.4 + 0.3 in controls, 1.5
+ 0.4 at 20 min, 2.6 + 0.4 at 40 min, and 2.4 + 0.5 at 80 min (Figure 5D). Similar to what
was seen in the dentate gyrus, we found an overall difference in colocalization of GAD67

and c-fos expression in the CA3 between PTZ-treated animals and controls (p<.05). The
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average percent of colocalized c-fos nuclei with GAD67 in the CA3 was 0 in the controls,
9.9% * 4.3% at 20 min, 8.8% * 3.7% at 40 min, and 22.6% * 8.0% at 80 min (Figure 5E).
None of the differences between each time point showed statistical significance. There
was no significant difference in the amount of GAD67 positive neurons colocalized with c-
fos in the CA3. No GAD67 positive neurons in the control animals expressed c-fos. The
average percent of GAD67 positive neurons also expressing c-fos was 10.9% + 3.9% at 20

min, 17.7% * 8.1% at 40 min, and 30.1% * 9.7% at 80 min (Figure 5F).

Activation pattern of parvalbumin-containing GABAergic Interneurons

Parvalbumin positive neurons were found in the dentate gyrus of all animals (Figure 6 b,
e, h, and k). Staining was evident in neuronal cell bodies in the hilus, the outer layer and
the granule cell layer and was mostly cytoplasmic.

There was a significant overall difference in the amount of PV positive neurons in
the dentate gyrus. The average number of PV positive neurons was 5.7 + 1.8 in controls,
14.2 + 2.1 at 20 min, 5.8 + 1.1 at 40 min, and 14.9 + 2.0 at 80 min (Figure 8A). PV
expression at 20 min and 80 min was significantly greater than expression in controls and
expression at 40 min (p<.05).

Overall, there was a significant difference in the colocalization of c-fos and PV
expression. The average percent of c-fos positive nuclei with PV was 5.5% + 2.6% in
controls, 28% * 5.2% at 20 min, 6.8% * 2.7% at 40 min, and 13.2% + 2.9% at 80 min
(Figure 8B). The average percent colocalization at 20 min and 80 min was significantly
greater than controls (p<.05). In addition, we found that colocalization at 20 min was

significantly greater than colocalization at both 40 min and 80 min (p<.05). The average
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percent of PV positive neurons colocalized with c-fos was significantly greater in PTZ-
treated animals than in controls, and colocalization at 80 min was significantly greater
than at 20 min (p<.05). The average percent of PV positive neurons colocalized with c-fos
was 1.0% = 0.4% in controls animals, 25.5% * 6.4% at 20 min, 37.2% * 12.7% at 40 min,
and 52.2% * 3.9% at 80 min (Figure 8C).

PV expression within the CA3 layer remained relatively consistent across all
groups, with no significant differences in the average number of PV positive neurons over
time. The average number of PV positive neurons in the CA3 was 2.3 + 0.7 in controls, 3.7
+ 0.5 at 20 min, 2.6 + 0.5 at 40 min, and 4.4 + 0.4 at 80 min (Figure 8D).

There was however, an overall significant difference in the colocalization of c-fos
and PV expression (p<.05). Average percent of c-fos positive neurons colocalized with PV
was 1.7% + 1.2% in controls, 17.1% + 5.9% at 20 min, 12.4% % 5.6% at 40 min, and 39.6%
*4.9% at 80 min (Figure 8E). The average percent colocalization at 20 min and 80 min
was significantly greater than controls (p<.05). Furthermore, the average percent
colocalization at 80 min was also significantly greater than average percent colocalization
at 20 min and 40 min (p<.05). The average percent of PV positive neurons colocalized
with c-fos was 2.3% + 1.6% in controls, 11.5% + 4.3% at 20 min, 28.4% + 14.0% at 40
min, and 37.8% * 4.6% at 80 min (Figure 8F). The colocalization of PV positive neurons
with c-fos was significantly greater at 80 min than both colocalization in controls and at

20 min (p<.05).
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Discussion

The present findings regarding the change in c-fos expression over time in the dorsal rat
hippocampus are consistent with previous studies showing a time-dependent increase of
c-fos expression following PTZ injection (Jensen et al., 1993; Morgan et al., 1987). In adult
rats increased c-fos mRNA and protein levels were found to increase as early as 30
minutes post PTZ-induced seizure onset with maximum expression at 1 and 2 hr and
returning to baseline at 6 hr (Barros et al., 2015).

The percent of activated neurons that are GAD67 positive is increased from control
to 20 min after seizure onset but does not continue to increase over time thereafter. The
data therefore suggests that activation of GABAergic interneurons in the dentate gyrus
and CA3 layer is independent of time. When looking at the percent of GAD67 positive cells
colocalized with c-fos, the same trend is observed. This constant activation of GABAergic
neurons could arise because GABAergic neurons with cell bodies in the molecular layer of
the dentate gyrus receive excitatory input directly from the perforant-pathway, and those
with cell bodies in the hilus receive excitatory input from granule cells in the dentate
gyrus itself (Houser, 2007). Both of these excitatory populations contribute to the
progression of seizures. Since only about 13% of c-fos expression was found in GABAergic
cells, most of the activation likely takes place in the glutamatergic populations, including
hilar mossy cells and granule cells, which could lead to more activation of the GABAergic
cells. The observed activation of GAD67 positive neurons could also result from direct

disinhibition of GABAergic neurons caused by PTZ via GABAa receptors. Accordingly, an
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immunocytochemical study revealed a high density of GABAa receptor subunits on the
surface of a population of GABAergic neurons in the dentate gyrus (Nusser et al., 1995).

Our results regarding the number of PV-containing interneurons in the
hippocampus are somewhat puzzling. We would expect no difference in the number of
PV-containing neurons between groups because PTZ treatment or time should not have
an effect on the number of neurons expressing PV based on the data for GAD67
expression. The number of PV containing neurons in the hippocampus has been shown to
decrease with age in Wistar over a period of 2 years, which is far from the time course of
our study (Lolova and Davidoff, 1992). Without further investigation, the inconsistencies
in the number between the various groups remain elusive. Since PV expression at 40 min
differs from that of the other time points, addition of 40 min animals would be one way to
investigate this further.

Within the dentate gyrus PV activation appears to be greater at the earliest time
point of 20 min, while in the CA3, PV activation is highest at the latest time point of 80
min. Strong excitatory input from the entorhinal cortex to PV interneurons in the dentate
gyrus could account for the early activation of these cells (Zipp et al.,, 1989). Our study
differs from previous findings in a spontaneous pilocarpine model of epilepsy showing
that recruitment of PV and GAD positive neurons occurs at 1 hr post-spontaneous seizure
(Peng and Houser, 2005). The differences could stem from the different mechanism of the
chemical convulsant used to induce the seizure. While PTZ works through GABAa
receptors, pilocarpine is an agonist for muscarinic acetylecholine receptors (Rubio et el.,
2010). Alternatively, these discrepancies could be explained explanation by the distinct

seizure paradigm of each model. In a spontaneous pilocarpine model, the brain may
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undergo physiological changes that contribute to occurrence of seizures, whereas in an
acute PTZ model, seizures are a result of temporary changes in chemical transmission.
Furthermore, it is to be noted that the results of the pilocarpine spontaneous study are
not based on quantitative analysis but rather on qualitative co-localization in what
appears to be a small region within the dentate gyrus. When looking at PV activation in
terms of the percentage of PV positive cells colocalized with c-fos in the dentate gyrus and
CA3 there is an increase from 20 min to 80 min. This way of analyzing the data accounts
for the disproportionate increase of c-fos expressing neurons over time.

We conducted the present study in order to determine the cell-type specific
pattern of activation in the hippocampus after acute, PTZ-induced seizures to potentially
target relevant populations with inhibitory luminopsin and inhibit the spread of seizures
within and from the hippocampus. Our data suggest, that in this particular model of
epilepsy, activation within the dentate gyrus and CA3 seems to occur in both the
glutamatergic and GABAergic neurons early on in the seizure, with a greater extent of
activation in glutamatergic populations. Thus, targeting either glutamatergic populations,
or targeting all cell-type populations of the hippocampus would be most effective in

inhibiting the spread of seizures.
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Figures and Tables
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Figure 1. A) Expression of c-fos (red) over time in the dentate gyrus. (scale bar: 300 pm)

B) Expression of c-fos (red) over time in the CA3 layer. (scale bar: 200 um)
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Figure 2. A) Time-dependent increase in c-fos expression in the dorsal rat dentate gyrus.
B) Time-dependent increase in c-fos expression in the dorsal rat CA3 layer. Animal
numbers were n=4 for controls, n=3 for all other groups. Statistics: *** p<.001 as

compared to controls; ## p<.01, ### p<.001 as indicated.
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Control

Figure 3. Expression of c-fosinred (a, d, g, j), GAD67 in green (b, e, h, k), and colocalization
of c-fos and GAD67 (c, f, i, 1) in the dentate gyrus of the dorsal hippocampus. (scale bar:

200 pm)
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Figure 4. Expression of c-fosinred (a, d, g, j), GAD67 in green (b, e, h, k), and colocalization
of c-fos and GAD67 (c, f, i,1) in the CA3 layer of the dorsal hippocampus. Arrows indicate

colocalized cells in panelsiand . (scale bar: 100 um)
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Figure 5. A) Overall expression of GAD67 in the dentate gyrus. B) Colocalization of c-fos
positive nuclei with GAD67 in the dentate gyrus. C) Colocalization of GAD67 positive
neurons with c-fos in the dentate gyrus. D) Overall expression of GAD67 in the CA3 layer.
E) Colocalization of c-fos positive nuclei with GAD67 in the CA3 layer. F) Colocalization of
GADG67 positive neurons with c-fos in the CA3 layer. Animal numbers were n=2 for

controls, and n=3 for all other groups. Statistics: * p<.05, ** p<.01 as compared to controls.
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Figure 6. Expression of c-fos in red (a, d, g, j), parvalbumin in green (b, e, h, k), and
colocalization of c-fos and parvalbumin (¢, f, i, 1) in the dentate gyrus of the dorsal

hippocampus. (scale bar: 200 um)
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Figure 7. Expression of c-fos in red (a, d, g, j), parvalbumin in green (b, e, h, k), and

colocalization of c-fos and parvalbumin (¢, f, i, 1) in the CA3 layer of the dorsal

hippocampus. Arrows indicate colocalized cells in f, i, and 1. (scale bar: 100 pum)
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Figure 8. A) Overall expression of parvalbumin in the dentate gyrus. B) Colocalization of c-

fos positive nuclei with paravalbumin in the dentate gyrus. C) Colocalization of

parvalbumin positive neurons with c-fos in the dentate gyrus. D) Overall expression of

parvalbumin in the CA3 layer. E) Colocalization of c-fos positive nuclei with parvalbumin

in the CA3 layer. F) Colocalization of parvalbumin positive neurons with c-fos in the CA3

layer. Animal numbers were 4 for controls, n=3 for PTZ 20, n=2 for PTZ 40, and n=3 for

PTZ80. Statistics: *

as indicated.

p<.05, ** p<.01, *** p<.001 as compared to controls; # p<.05, ## p<.01



