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Abstract

Previous research has shown that /n vivo on-demand optogenetic stimulation of inhibitory
interneurons expressing parvalbumin (PV) is sufficient to suppress seizures in a mouse model of
temporal lobe epilepsy (TLE; Krook-Magnuson et al., 2013). Surprisingly, this intervention was
capable of suppressing seizures when PV-expressing interneurons were stimulated ipsilateral or
contralateral to the presumed seizure focus, raising the possibility of commissural inhibition in
TLE. There are mixed reports regarding commissural PV interneuron projections in the healthy
hippocampus, and it was previously unknown whether these connections would be maintained or
modified following the network reorganization associated with TLE. Using retrograde labeling and
viral vector technology in both sexes and the intrahippocampal kainate mouse model of TLE, we
therefore examined these issues. Our results reveal that healthy controls possess a population of
commissurally projecting hippocampal PV interneurons. Two weeks post-kainate injection, we see
a slight, but not statistically significant decrease in retrogradely labeled PV interneurons in the
hippocampus contralateral to kainate and tracer injection. By 6 months post-kainate, however,
there is a significant increase in retrogradely labeled PV interneurons, suggesting commissural
inhibitory axonal sprouting. Using viral GFP expression selectively in PV neurons, we
demonstrate sprouting of commissural PV projections in the dentate gyrus of the kainate-injected
hippocampus 6 months post-kainate. These findings indicate that PV interneurons supply direct
inhibition to the contralateral hippocampus, and undergo sprouting in a mouse model of TLE.
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Axonal sprouting of commissurally projecting
PV interneurons in a model of chronic temporal lobe epilepsy

Parvalbumin-expressing interneurons sparsely innervate the contralateral hippocampus in saline-
injected control mice. 6 months following intrahippocampal kainate injection (to model temporal
lobe epilepsy), axonal sprouting of commissurally projecting parvalbumin-expressing interneurons
occurs, primarily targeting the dentate gyrus. This illustrates long-range reorganization of the
inhibitory hippocampal network in temporal lobe epilepsy.
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INTRODUCTION

Temporal lobe epilepsy (TLE) is the most common form of partial epilepsy in adults. In
TLE, spontaneous seizures originate from areas within the temporal lobe, often the
hippocampus. Unfortunately, for many individuals with TLE, currently available anti-
epileptic medications are ineffective. Further understanding of the disorder and the
associated network reorganization may uncover new targets for more effective therapies. It
was previously shown that /» vivo on-demand optogenetic excitation of parvalbumin (PV)-
expressing GABAergic interneurons suppresses spontaneous seizures in the
intrahippocampal kainate (IHKA) mouse model of TLE (Krook-Magnuson et al., 2013).
Surprisingly, this remained true irrespective of whether PV interneurons were excited
ipsilaterally or contralaterally to the kainate (KA) injected hippocampus and presumed
seizure focus. While it is well-established that PV interneurons powerfully affect principal
cell activity ipsilaterally (Cobb et al., 1995; Hajos and Paulsen, 2009; Sohal et al., 2009), it
is unclear how PV interneuron activity might suppress contralateral seizures. One possible
explanation for PV interneuron-mediated contralateral seizure suppression is that the
powerful inhibition which PV interneurons supply to excitatory cells at the local level is
sufficient to suppress seizures in the contralateral hippocampus. This explanation is
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unsupported, however, because direct optogenetic inhibition of granule cells contralateral to
the site of KA injection is not sufficient to suppress seizures (Krook-Magnuson et al., 2015).
While this does not rule out the possibility of PV interneurons inhibiting seizures through
local inhibition to commissurally projecting CA3 pyramidal cells and mossy cells, there may
be an alternative mechanism at play.

One such possibility is that there may exist long-range, commissural, projections from PV
interneurons which directly inhibit the KA injected hippocampus. Some interneurons are
known to have long-range projections connecting the hippocampus to extra-hippocampal
areas, including the medial septum (Freund and Antal, 1988; Takacs et al., 2008) and the
medial entorhinal cortex (Melzer et al., 2012). However, there exist discrepancies in the
literature regarding the extent to which hippocampal PV interneurons project contralaterally
(Goodman and Sloviter, 1992; Zappone and Sloviter, 2001; Ratzliff et al., 2004; Sun et al.,
2014). Furthermore, it was unknown whether such commissural projections from PV
neurons would be preserved or modified during the network reorganization associated with
TLE. Studies analyzing epileptic tissue show that there can be massive reorganization of the
hippocampal network including cell death, granule cell dispersion, and axonal sprouting
(Babb et al., 1984; Houser, 1990; Sutula et al., 1989; Santhakumar et al., 2005; Ang et al.,
2006; Scharfman and Pierce, 2012; Hester and Danzer, 2014).

While axonal sprouting in epilepsy is typically associated with excitatory cells (e.g., mossy
fiber sprouting; Laurberg and Zimmer, 1981; Tauck and Nadler, 1985; Sutula et al., 1989;
Buckmaster and Dudek, 1997; Althaus et al., 2016), there are also reports of inhibitory
axonal sprouting (Zhang et al., 2009; Peng et al., 2013; Soussi et al., 2015). In this vein, we
set out to answer the following questions: 1) do PV interneurons have commissural
projections in healthy mice? 2) do PV interneurons have commissural projections following
IHKA injection? and 3) if these commissural projections exist, which subfields of the
contralateral hippocampus do they target? In addressing these questions, we found a small
percentage of PV interneurons labeled with retrograde tracer in saline injected controls. By 6
months post-KA, the number of retrogradely labeled PV interneurons had significantly
increased, suggesting long-range axonal sprouting. Using viral expression of GFP in PV
neurons, we found commissural fibers in CA subfields and the dentate gyrus (DG).
Complementing the retrograde tracing experiments, 6 months post-KA injection there was a
significant increase in GFP fibers in the dentate (more than 100x increase), indicating axonal
sprouting of commissural axons from PV interneurons.

MATERIALS & METHODS

Animals

All experimental protocols were approved by the Institutional Animal Care and Use
Committee of the University of Minnesota.

For Fluorogold experiments, C57BL/6J mice were obtained from Jackson Laboratories
(stock 000664). For AAV experiments, mice expressing Cre in PV-containing interneurons,
including bistratified cells, fast-spiking basket cells, and chandelier cells (Freund and
Buzséaki, 1996), were bred in-house after obtaining founders from Jackson labs (PV-Cre;
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B6;129P2-Pvalbtm1(cre)Arbr/J; stock 008069; Hippenmeyer et al., 2005). Both male and
female mice were used. Animals were housed in standard housing conditions with 12-hour
light, 12-hour dark cycles in the animal facility at the University of Minnesota.

Stereotaxic Surgeries

Surgical procedures were performed stereotaxically under isoflurane anesthesia and 0.5%
bupivacaine to induce local nerve block (as in Krook-Magnuson et al., 2013; Armstrong et
al., 2013).

Intrahippocampal Kainate & Saline Injections—Kainic acid (KA; 100nL, 20mM in
saline; Fisher Scientific, stock 22210) was injected using a Hamilton syringe into the left
dorsal hippocampus (2.0mm posterior, 1.25mm left, and 1.6mm ventral to bregma; similar to
Krook-Magnuson et al., 2013) of mice after postnatal day 46. Saline (100nL) was injected in
the same manner in littermate controls. Animals were removed from isoflurane anesthesia
less than 10 minutes after injection of kainate or saline (as done previously in Krook-
Magnuson et al., 2013, 2014, 2015). After recovery, animals were returned to the animal
housing facility until subsequent Fluorogold or virus injections.

Fluorogold Injections—C57BL/6J mice were then injected with the fluorescent
retrograde tracer Fluorogold (FG; 100nL, 4% in saline; Fluorochrome, LLC) into the left
dorsal hippocampus (2.6mm posterior, 1.75mm left, and 2.0mm ventral to bregma) 2 weeks,
1 month, 4 months, or 6 months after the date of KA or saline injection. We positioned the
FG injection in this location to match the light delivery in Krook-Magnuson et al., 2013. To
examine the acute extent of FG injection, the brain of one mouse was acutely dissected and
visualized for each day of FG injections. The brains of all other FG-injected mice were
dissected at least 1 week following FG injection to permit retrograde transport of FG.

Virus Delivery—4.5 months following KA or saline injection, P\/Cre mice were injected
with 2ul of a virus which would lead to expression of green fluorescent protein (GFP) in a
Cre-dependent manner (AAV8-CAGFLEX-GFP, UNC Vector Core, 6.2x1012 virus
molecules/mL) into the right dorsal hippocampus (2.6mm posterior, 1.75mm right, and
2.0mm ventral to bregma). Following recovery, animals were housed for 6 weeks to achieve
strong axonal expression. Brains were dissected and processed for PV
immunohistochemistry 6 months following KA or saline injection.

Antibody Characterization

See Table | for a description of the antibody used. The manufacturer (Swant) found that the
PV27 antiserum labeled only the expected subpopulation of neurons in the normal mouse
brain with high efficiency, and did not stain any neurons in the brain of PV knock-out mice.
In our sections, PV immunofluorescence labeling matched the expected pattern of PV
expression (Freund and Buzsaki, 1996).

Immunohistochemistry

Brains were fixed in 0.1M phosphate buffer containing 4% paraformaldehyde and 0.1%
picric acid. Using a vibratome (Leica VT1000S), 50um coronal (for FG animals) or sagittal
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(for virus animals) brain sections were then collected in 0.1M phosphate buffer at room
temperature. To locate PV-expressing cells, sections were incubated with the polyclonal
rabbit anti-PV primary antibody (Swant, Cat# PV27, RRID: AB_2631173, Table I) ata
1:1000 dilution ratio overnight in Tris-buffered saline containing 0.5% Triton X-100 at 4°C,
followed by Alexa Fluor 594-conjugated secondary goat antibody against rabbit (Jackson
ImmunoResearch) at a 1:500 dilution ratio incubated for 2 hours at room temperature.
Sections with FG and PV immunofluorescence were mounted with Vectashield mounting
media for fluorescence without DAPI. Sections with GFP and PV immunofluorescence were
mounted with Vectashield mounting media with DAPI.

Imaging, Cell Counting, & Neurite Tracing

Sections with FG and PV immunofluorescence were viewed and imaged on a Zeiss
Axioplan 2 Upright Microscope in the University of Minnesota Imaging Center. In every 4th
section, all subfields of the right hippocampus (contralateral to site of KA, saline, and FG
injections) spanning from 1.6mm to 3mm posterior to bregma were imaged for PV and FG
fluorescence (8 sections per animal). All PV-immunoreactive (PV+) cells in the
hippocampus (defined here as all CA subfields and the DG; cells in the subiculum were not
included in these analyses) in a single plane of focus per section were counted and examined
for FG signal colocalization. This provided a total number of counted PV+ cells per animal
and a percent of PV+ cells which were FG-positive for each animal. All statistical analysis
was then done at the group (animal) level.

Sections with GFP and DAPI fluorescence and PV immunofluorescence were viewed on a
Leica DM2500 microscope and imaged with an Olympus FluoView FVV1000 BX2 upright
confocal microscope. Every section was viewed to confirm the location of viral delivery, to
verify GFP expression in PV+ cells, and to establish the location of GFP-labeled cell bodies
and axons. GFP-labeled cells in one focal plane were counted at the virus injection site and
checked for PV immunofluorescence, and all (100%) were found to be PV+. Two mice (1
KA-injected, 1 saline-injected) showed drastically lower transfection of the GFP virus and
were therefore excluded from analysis.

Some axonal uptake of the virus occurred (in addition to dendritic/somatic infection) as
illustrated by GFP-labeled cell bodies located in areas projecting to the hippocampus
including the posterior subiculum, and septum. Perhaps due to the sparse nature of
commissural PV+ fibers and cell loss ipsilateral to KA, GFP-labeled cell bodies were not
found in the hippocampus contralateral to viral injection in most mice: all hippocampal
subfields and the subiculum of every section contralateral to virus injection were examined
for GFP-labeled cell bodies at 20x. GFP-labeled cell bodies were found in the KA/saline-
injected hippocampus of two mice (1 KA-injected, 1 saline-injected), and those mice were
therefore excluded from analysis. The left hippocampus (ipsilateral to KA/saline injection)
was then viewed for GFP-labeled fibers to determine whether PV+ cells expressing the Cre-
dependent GFP virus had processes in the left hippocampus (contralateral to viral injection)
of healthy controls and mice 6 months following KA injection. Confocal images of GFP-
labeled fibers in the left (KA/saline-injected) hippocampus (0.84mm left of the sagittal
sinus) were taken and neurites within the CA subfields and DG were measured using Fiji’s
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Simple Neurite Tracer. Images in figures were adjusted for brightness and contrast, with all
adjustments applied to the entire image.

Statistical Analysis

The percentage of PV+ cells co-labeled with FG at different time-points was compared
between KA- and saline-injected animals using two-tailed Mann-Whitney tests with
Bonferonni correction for multiple comparisons. Length of neurites measured in the DG was
compared between KA- and saline-injected animals using a two-tailed Mann-Whitney test.
Correlations between percent of PV+ cells co-labeled with FG and age or time since KA/
saline injection were tested with Spearman’s rho. Values are presented as mean + standard
error of the mean (SEM). A p-value of less than 0.05 was considered significant. Statistical
analysis was done using OriginPro 2016.

RESULTS

PV+ cells project commissurally

To examine inhibitory commissural connections, we injected the retrograde tracer
Fluorogold (FG) into the left dorsal hippocampus and investigated the cells retrogradely
labeled with FG in the right hippocampus. In order to first ensure that the FG signal in the
right hippocampus (contralateral to KA/saline/FG injection) was due entirely to retrograde
labeling, one brain was dissected on each day of FG injections and examined for the acute
extent of FG. At the acute time-point, FG was seen in the left hippocampus and along the
injection tract running through the retrosplenial cortex (Fig. 1A). FG was also seen in the
most dorsal aspect of the left thalamus in 4 of 9 mice. No FG invaded the right hippocampus
of any animals at the acute time-point (Fig. 1A), indicating that any FG seen in the right
hippocampus at later time-points was indeed due to retrograde labeling.

As a positive control, we examined the right hippocampus (contralateral to KA/saline/FG
injection) 1 week following FG injection and confirmed that somata labeled with FG were
located in areas known to provide commissural projections including the DG hilus (Fig. 1B,
left panel) and CA3 pyramidal layer (Fig. 1B, right panel; Ribak et al., 1985, 1986;
Goodman and Sloviter, 1992). In contrast and as expected, FG was absent from granule cells
in the DG, a population of cells which do not have commissural projections (Fig. 1B, left
panel). Taken together, the absence of observed FG in the right hippocampus immediately
following FG injection, the absence of FG in granule cells, and FG-labeling in cells with
known commissural projections suggest that the retrograde transport of FG occurred as
expected and that FG seen in the right hippocampus (contralateral to KA/saline/FG
injection) was a result of retrograde labeling.

To test whether hippocampal PV+ cells have commissural projections, immunofluorescent
PV+ cells were counted in all subfields of the right hippocampus (contralateral to KA/
saline/FG injections) and examined for co-labeling with FG. Across animals, PV+ cells co-
labeled with FG were found in CA1, CA3, and the DG (Fig. 1D-F, Fig. 2). While present,
they made up a very small fraction of the population of PV+ cells in saline-injected control
mice (Fig. 1C; 0.51% + 0.14 PV+ cells labeled with FG) and were most often seen in the
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stratum oriens of CAL (Fig. 2C). There was a negative correlation between percent of PV+
cells co-labeled with FG and time since saline injection (Spearman’s p = —0.58, n = 24
animals, p < 0.05). However, this relationship was better explained by age; the correlation
between percent of PV+ cells co-labeled with FG and the age of the mouse was greater
(Spearman’s p = —0.75, n = 24 animals, p < 0.001). These findings suggest that a population
of hippocampal PV+ cells do in fact have commissurally projecting axons in saline-injected
mice, though this may be very sparse in adult mice.

Commissural PV+ projections increase following IHKA

We next determined whether the population of commissurally projecting PV+ cells found in
saline-injected mice was maintained following the network reorganization that accompanies
IHKA injections acutely and chronically. As in saline-injected mice, PV+ cells co-labeled
with FG were found in CA1, CA3, and the DG of the right hippocampus in KA-injected
mice (Fig. 2B). However, in contrast to the negative correlation seen in saline mice, there
was a strong positive correlation between percent of PV+ cells co-labeled with FG and time
since KA injection (Spearman’s p = 0.79, n = 22 animals, p < 0.001). This relationship was
better explained by time since KA injection than by age (Spearman’s p = 0.59, n = 22
animals, p < 0.05).

Two weeks following KA injection there was a modest, but not statistically significant,
decrease in PV+ cells co-labeled with FG when compared to saline controls (Fig. 1C; 0.14%
+0.07, n = 6 animals, vs 0.51% in saline controls as discussed above, uncorrected p = 0.22).
However, 6 months post-KA, the percentage of FG labeled PV+ cells rebounded (1.67%
+0.19, n = 5 animals), and was actually significantly increased (Fig. 1C; Mann-Whitney, vs.
saline-injected controls, p < 0.01, corrected for multiple comparisons). This remained true
whether the percentage of FG labeled PV+ cells was compared to all saline controls (n = 24)
or to just 6 month saline controls (n = 7). Additionally, there were no apparent sex
differences in percentage of FG labeled PV+ cells between male and female mice (Fig. 1C,
inset). Importantly, in the right hippocampus (contralateral to KA/saline/FG injection), no
change in the total number of PV+ interneurons was observed between saline- and KA-
injected mice, nor was there any effect of time since injection on P+ interneuron number (p
> 0.05 for all comparisons, n = 24 saline, 23 KA animals). This suggests that the significant
increase in FG-labeled PV+ cells seen at 6 months post-KA (Fig. 1C) may be caused by
long-range axonal sprouting in the KA-injected hippocampus.

Sprouting of commissural PV+ cell projections into the DG following IHKA

To confirm that the co-labeling of PV+ cells with FG was a result of PV+ cell axons located
within the left (KA/saline-injected) hippocampus and to determine which subfields are
targeted by these commissurally projecting neurons, we injected the right hippocampus
(contralateral to KA/saline-injected) with a virus to express GFP in a Cre-dependent manner
in mice expressing Cre recombinase selectively in PV-containing cells and examined
expression 6 months following KA/saline injection. In the right (virus-injected)
hippocampus, we saw successful expression of the GFP virus in PV+ cells (Fig. 3B, 3C).
There was no difference in the number of GFP-labeled cells between KA- and saline-
injected mice (counted at virus injection site, p=0.33, n = 5 saline, 4 KA animals). GFP-
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labeled fibers were seen crossing the midline in the dorsal hippocampal commissure (data
not shown), and GFP-labeled fibers were found in the left (KA/saline-injected) hippocampus
in CA1, CA3, and the DG of both saline- and KA-injected mice (Fig. 3). This shows that
commissurally projecting PV interneurons are capable of targeting several subfields of the
contralateral hippocampus. While CA1, CA3, and the DG were all targeted in both saline
and KA treated animals, the length of GFP-labeled neurites located within the DG
specifically was drastically increased 6 months post-KA (by more than 100 times; Fig. 3A;
vs. 6 months post-saline, p< 0.05, n = 5 saline, 4 KA animals). Taken together, our results
indicate that PV+ cells can indeed project commissurally in healthy controls and that this
innervation is not only maintained, but significantly increased 6 months following IHKA
injection (Fig. 1C), with axonal sprouting primarily targeting the DG (Fig. 3A).

DISCUSSION

We demonstrate that PV+ interneurons have commissural projections that undergo plasticity
in a mouse model of TLE. Specifically, following a modest, but non-significant, acute
decrease in FG labeling of contralateral PV+ neurons, by 6 months post-KA injection, there
was a significant increase in FG labeling of contralateral P\V+ neurons. This increase in FG+
labeling 6 months after KA injection was paralleled by an increase in virally labeled fibers
in the dentate ipsilateral to KA injection, indicating sprouting of P+ interneurons’ long-
range commissural axons.

TLE is associated with significant network reorganization, including axonal sprouting.
While this is typically considered in the context of excitatory connections (including mossy
fiber sprouting; Laurberg and Zimmer, 1981; Tauck and Nadler, 1985; Sutula et al., 1989;
Buckmaster and Dudek, 1997; Althaus et al., 2016), GABAergic sprouting has also been
long suggested in the literature, including in human tissue (Babb et al., 1989; Davenport et
al., 1990; Arellano et al., 2004; Bausch, 2005). Additionally, recent studies have clearly
demonstrated inhibitory axonal sprouting. Using GIN mice, which express GFP in
somatostatin-expressing interneurons, and the pilocarpine model of TLE, Buckmaster and
colleagues demonstrated that surviving hilar somatostatin cells undergo extensive axonal
sprouting (Zhang et al., 2009; Buckmaster and Wen, 2011). After an initial decrease in
somatostatin fibers (visualized through GFP expression), there is a marked increase,
resulting in over twice the GFP-positive axon length per DG compared to control animals
(Buckmaster and Wen, 2011). An additional study by Houser and colleagues (Peng et al.,
2013) found sprouting of somatostatin CA1 interneurons — axons from these CA1
interneurons invaded the DG, contributing to an increase in somatostatin labeling in the
dentate observed at 1-3 months post-status epilepticus.

Similar to these previous studies reporting sprouting of inhibitory axons in temporal lobe
epilepsy, we report that after a slight initial decrease, there is significant inhibitory axon
sprouting months after the initial insult. Clearly, however, our findings illustrate axonal
sprouting of parvalbumin (rather than somatostatin) expressing interneurons. More
importantly, this sprouting is done by commissurally projecting interneurons, with an
impressive distance between the inhibitory cells’ somata and the area targeted by axonal
sprouting. Also similar to the findings from Houser and colleagues, the sprouting we report
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increases inhibition to the DG from outside sources (in our case, from the contralateral
hippocampal formation) in epileptic animals. Previously, following transection of entorhinal
input, increased branching of commissural inhibitory fibers to the dentate was reported using
Phaseolus vulgaris leucoagglutinin (PHAL) anterograde tracing and GABA
immunocytochemistry (Deller et al., 1995). Additionally, long-range axonal remodeling of
supramammillary input to the dentate in a model of temporal lobe epilepsy was recently
reported (Soussi et al., 2015), indicating that commissural inhibitory axonal sprouting may
not be unique in regards to the distance at which axonal remodeling can occur.

GABAergic projection neurons, both projecting into the hippocampus and from the
hippocampus to other areas, are well established (Jinno et al., 2007; Téth et al., 1993;
Ceranik et al., 1997; Takacs et al., 2008; Melzer et al., 2012; Mattis et al., 2014; Lubkemann
et al., 2015). Commissurally projecting GABAergic interneurons in particular have also been
suggested for some time (Bakst et al., 1986; Ribak et al., 1986), with high percentages (up to
84% in some sections) of PV+ cells reported to have commissural projections in some
studies (Goodman and Sloviter, 1992; Zappone and Sloviter, 2001). Other studies, like ours,
have reported at most only scarce retrograde labeling of contralateral interneurons following
hippocampal injections of tracers or rabies virus (Bakst et al., 1986; Ribak et al., 1986;
Deller and Leranth, 1990; Ratzliff et al., 2004; Sun et al., 2014). This discrepancy may in
part be due to differences in methods and inhibitory cell populations examined, including,
importantly, the area targeted with initial tracer/virus. For example, in animals injected with
FG into the dorsal hippocampus, Zappone and Sloviter report up to 26% of PV cells in the
dorsal dentate being labeled with FG, but zero ventral dentate PV cells were found to be FG-
labeled. Additionally, the number of FG-labeled cells was dependent on the size of the FG
spread in the injected hippocampus (Zappone and Sloviter, 2001). In the same study, they
report an absence of FG-labeled interneurons in the granule cell layer after ventral FG
injections (Zappone and Sloviter, 2001). Therefore, the size and site of the FG injection may
be a critical factor. However, while our study is in mouse instead of rat, the relative area of
hippocampus injected in our current study appears to be fairly similar to the dorsal injections
in Zappone and Sloviter (2001). Therefore, the injection location may not be the major
contributor to the difference in percent of PV cells labeled in our study. Another possible
explanation is the age related decline in FG labeled cells we find in control animals. Based
on the reported weights of the animals, the rats used in the study by Zappone and Sloviter
(2001) may have been relatively young (perhaps only a couple of months old). Future work
can clarify the percentage of PV cells which have commissural projections in juvenile
animals.

Our results suggest extremely limited connections in adult animals, with roughly one half of
one percent of contralateral hippocampal PV+ cells displaying uptake of FG overall.
However, despite an age-related decline in control animals, the percent of FG-labeled PV+
cells significantly /increases 6 months after KA injection. This could indicate completely de
novo commissural projections from interneurons which do not normally project
contralaterally or sprouting of already present, but extremely sparse, fibers. In this latter
scenario, the increase in contralateral fibers (and possible invasion of areas within the
contralateral hippocampus not normally targeted by those fibers) would allow greater uptake
of tracer, and a greater percentage of FG-labeled PV+ cells. Both scenarios are compatible
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with our current findings of an increased percent of FG-labeled PV+ cells 6 months
following KA injection, and either situation would result in increased inhibitory control over
the contralateral hippocampus.

Given the increase in contralateral inhibitory input, the question becomes: is this beneficial?
Increasing inhibition, even in the form of aberrant synapses, may be able to reduce over-
excitability and curtail seizures. However, this inhibitory axon sprouting would also act to
increase the coherence of the two hippocampi, and may introduce increased synchrony, with
potential detrimental impacts on cognition and disease progression. Of interest, when
sprouting of mossy fibers and somatostatin interneurons is experimentally blocked with
rapamycin administration, there is no observable change in seizure frequency or severity
(Buckmaster and Lew, 2011; Buckmaster and Wen, 2011). If axonal sprouting of
commissurally projecting PV interneurons is similarly sensitive to rapamycin treatment, then
the previous studies examining the effect of blocking sprouting would have also blocked
sprouting from PV interneurons. This would suggest that - at least when combined with
other axonal sprouting (including excitatory sprouting) - there is no net positive or negative
outcome with regards to seizures of PV interneuron axonal sprouting. Of course, if only
inhibitory sprouting were blocked, while excitatory axonal sprouting was maintained, a
different picture might emerge. Importantly, however, regardless of the native effects of
inhibitory axonal sprouting, recent studies indicate that interneurons can be harnessed to
provide seizure control. Specifically, on-demand optogenetic excitation of contralateral
hippocampal PV interneurons is able to significantly inhibit seizures (Krook-Magnuson et
al., 2013). Reexamination of the time point post-KA for this prior work showed that
contralateral light delivery to animals expressing channelrhodopsin in PV neurons occurred
on average 6 months (SD: 2.6 months; median: 5.6 months) after kainate injection, and
therefore at a time when sprouting would have occurred. While other potential mechanisms
for the inhibition of seizures with contralateral excitation of PV neurons are certainly
possible, our findings indicate that commissural projections are one possible mechanism.
Further investigation into the potential of long-range inhibitory projections for future seizure
control intervention strategies is warranted.
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SIGNIFICANCE STATEMENT

Temporal lobe epilepsy is a debilitating disorder for many individuals, too many of whom
do not experience seizure relief with currently available anti-epileptic therapies. One
hallmark of temporal lobe epilepsy is reorganization of the hippocampal network. In this
paper we report sprouting of long-range, commissural, inhibitory axons. Prior research
indicates that PV interneurons contralateral to the presumed seizure focus can inhibit
seizures; future anti-seizure therapies may be able to harness hippocampal reorganization
and long-range inhibitory projections to provide seizure control.
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Figure 1. Parvalbumin (PV)+ interneurons retrogradely labeled with Fluorogold (FG) in the
hippocampus increase by 6 months following KA injection

A) Schematic coronal section of a mouse brain at 2.6mm posterior to bregma, the site of FG
injection, illustrating the extent of FG seen acutely following FG injection in 9 different
mice, including injection tracts through retrosplenial cortex and hippocampus. FG was also
seen in the most dorsal aspect of the thalamus in 4 of 9 mice. In all mice, FG did not invade
the contralateral hippocampus. B) Retrograde FG labeling in dentate hilar neurons (left
panel) and CA3 pyramidal layer neurons (right panel), verifying retrograde tracing. As
expected, no granule cells were labeled with FG (left panel). Molecular layer (m), granular
layer (@), hilus (h), stratum oriens (s.0.), stratum pyramidale (s.p.). Scale bars = 50um (left
panel), 100um (right panel). C) Percent of PVV+ interneurons co-labeled with FG in controls
(open bar) and KA-injected animals by time post KA injection. Asterisk indicates a p-value
of less than 0.01 (6 months post-KA vs. saline controls, Mann-Whitney test with Bonferonni
correction for multiple comparisons). Inset shows the percentage of PV+ interneurons co-
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labeled with FG in individual animals 6 month post-saline and 6 months post-KA. Female
mice denoted by circles, male mice denoted by squares. There is no apparent sex difference.
Overlapping points are offset. D-F) PV immunofluorescent cells (left panels) co-labeled
with FG (right panels) in CA3 (D), CA1 (E), and the dentate gyrus (DG) (F) of the
hippocampus contralateral to the site of kainate (KA), saline, and FG injections. Arrows
indicate PV+ cells co-labeled with FG. Scale bars = 25um (D-F).
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Figure 2. PV+ interneurons co-labeled with FG located throughout the hippocampus
A-B) PV+ interneurons co-labeled with FG collapsed onto a coronal view of 4 different

positions posterior from bregma in saline-injected (A) or KA-injected (B) animals (n =6
saling, 5 KA) at the 6 month time-point found in CA1, CA3, and the DG. Note the increased
number of retrogradely labeled cells following KA (B) compared to saline (A). C) PV+
interneurons co-labeled with FG from all saline-injected animals (n = 24). Each color
represents cells from an individual mouse. Dorsal subiculum (DS).
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Figure 3. Commissural projections sprout in the DG 6 months following KA injection
A) Mean length of GFP-labeled fibers located in CA1, CA3, and the DG 6 months post-KA

(closed, red bars) or saline (open bars) at 0.84mm left of the sagittal sinus. Asterisk indicates
p-value of less than 0.05 (Mann-Whitney, length of neurites located in DG 6 months post-
KA vs. 6 months post-saline). Inset shows the length of GFP-labeled fibers in the DG of
individual mice 6 months post-KA or saline. Female mice denoted by circles, male mice
denoted by squares. There is no apparent sex difference. Overlapping points are offset. B-C)
GFP-labeled cells (left panels) in the right (virus-injected) hippocampus are confirmed PV-
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immunoreactive (right panels) in DG (B) and CA1 (C). Scale bars = 20um. D-E) In the DG
there is significant sprouting of commissural fibers from PV neurons (GFP-labeled fibers)
six months after KA-injection (right panels) compared to after saline injection (left panels).
Fibers are seen entering the DG from the CA3 region (right panel D) and by crossing the
hippocampal fissure (right panel E). Granule cell dispersion is apparent in KA injected
animals. Shown with DAPI in blue. Scale bar = 50um.
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Table of primary antibody used

Antigen Description of Immunogen  Source, Host Species, Cat. #, Concentration Used
lot #, RRID
Parvalbumin  Calcium-binding albumin Swant, rabbit, Cat. # PV27, 0.001ug/ul

protein lot 2014, RRID: AB_2631173
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