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Abstract
Purpose—Aberrant plastic changes among adult-generated hippocampal dentate granule cells
are hypothesized to contribute to the development of temporal lobe epilepsy. Changes include
formation of basal dendrites projecting into the dentate hilus. Innervation of these processes by
granule cell mossy fiber axons leads to the creation of recurrent excitatory circuits within the
dentate. The destabilizing effect of these recurrent circuits may contribute to hyperexcitability and
seizures. While basal dendrites have been identified in status epilepticus models of epilepsy
associated with increased neurogenesis, whether similar changes are present in the
intrahippocampal kainic acid model of epilepsy – which is associated with reduced neurogenesis –
is not known.

Methods—In the present study, we used Thy1-YFP-expressing transgenic mice to determine
whether hippocampal dentate granule cells develop hilar-projecting basal dendrites in the
intrahippocampal kainic acid model. Brain sections were examined two weeks after treatment.
Tissue was also examined using ZnT-3 immunostaining for granule cell mossy fiber terminals to
assess recurrent connectivity. Adult-neurogenesis was assessed using the proliferative marker
Ki-67 and the immature granule cell marker calretinin.

Key Findings—Significant numbers of cells with basal dendrites were found in this model, but
their structure was distinct from basal dendrites seen in other epilepsy models, often ending in
complex tufts of short branches and spines. Even more unusual, a subset of cells with basal
dendrites had an inverted appearance, completely lacking apical dendrites. Spines on basal
dendrites were found to be apposed to ZnT-3 immunoreactive puncta, suggestive of recurrent
mossy fiber input. Finally, YFP-expressing abnormal granule cells did not colocalize Ki-67 or
calretinin, indicating that these cells were more than a few weeks old, but were found almost
exclusively in close proximity to the neurogenic subgranular zone, where the youngest granule
cells are located.
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Significance—Recent studies have demonstrated in other models of epilepsy that dentate
pathology develops following the aberrant integration of immature, adult-generated granule cells.
Given these findings, one might predict that the intrahippocampal kainic acid model of epilepsy,
which is associated with a dramatic reduction in adult neurogenesis, would not exhibit these
changes. Here, we demonstrate that hilar basal dendrites are a common feature of this model, with
the abnormal cells likely resulting from the disruption of juvenile granule cell born in the weeks
prior to the insult. These studies demonstrate that post-injury neurogenesis is not required for the
accumulation of large numbers of abnormal granule cells.

Introduction
A little over a decade ago, hippocampal granule cells with basal dendrites projecting into the
dentate hilus were identified in rodents with temporal lobe epilepsy (Spigelman et al., 1998;
Buckmaster and Dudek, 1999) and more recently following hypoxia-ischemia (Díaz-Cintra
et al., 2009). Granule cell basal dendrites have also been observed in genetic epilepsy
models (Stanfield and Cowan, 1979; Wenzel et al., 2001; Kwon et al., 2006; Ogawa et al.,
2007). Granule cells in rodents typically possess only apical dendrites, so these basal
processes are unusual. Of greater significance, however, by projecting into the hilus – which
comprises part of the terminal field of granule cell mossy fiber axons – granule cell basal
dendrites become potential targets for innervation by granule cell axons. Subsequent
anatomical and electrophysiological studies have confirmed that hilar basal dendrites are
innervated by mossy fiber axons (Ribak et al., 2000). Indeed, the majority of input to basal
dendrites appears to come from other granule cells (Thind et al., 2008). This de novo
creation of a recurrent excitatory pathway among granule cells is highly reminiscent of the
better-characterized phenomenon of mossy fiber sprouting, in which granule cell axons
project into the dentate inner molecular layer and form synapses with granule cell apical
dendrites. The potential destabilizing effect of the recurrent mossy fiber pathway has long
been hypothesized to contribute to epileptogenesis (for review see Sutula and Dudek, 2007),
and the formation of a second recurrent excitatory pathway – via basal dendrites – could
have significant implications for the development and manifestation of seizures in epilepsy
as well (Morgan and Soltesz, 2008). Mossy fiber sprouting has been identified in almost all
models of temporal lobe epilepsy, and is a hallmark for humans with the disease (Sutula and
Dudek, 2007). Basal dendrite formation, on the other hand, has only been assessed in a
handful of animal models, and the incidence of basal dendrites in humans with temporal
lobe epilepsy has yet to be fully explored (Danzer, 2011).

Basal dendrites have been observed in animals rendered epileptic by perforant path
stimulation and systemic administration of pilocarpine and kainic acid, all of which induce
acute status epilepticus followed by the onset of spontaneous seizures weeks later. Here, we
examined the intrahippocampal kainic acid (IHpKA) model of epilepsy. This widely-used
model, in which nanomolar doses of kainic acid are injected unilaterally into the
hippocampus, also produces acute status epilepticus and later onset of spontaneous seizures
(Cavalheiro et al., 1982; Riban et al., 2002; Raedt et al., 2009). In addition, the IHpKA
model is unique in that it produces profound granule cell dispersion. Granule cell dispersion
occurs when the normal dense packing of granule cell somata is disrupted as granule cells
move away from each other. Granule cell dispersion is commonly observed in patients with
temporal lobe epilepsy (Houser, 1990; Mathern et al., 1997; Freiman et al., 2011), and thus
modeling this particular feature may have clinical relevance. While modest dispersion has
been described in other models of epilepsy (Shibley and Smith, 2002; Jessberger et al.,
2005), the IHpKA model produces a progressive spreading of the granule cell body layer,
first appearing at one-two weeks and increasing thereafter until the cell body layer is
several-fold larger a few months later (Bouilleret et al., 1999; 2000; Kralic et al., 2005;
Heinrich et al., 2006; Nitta et al., 2008). Determining whether basal dendrites are present
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under these conditions will help to assess whether they are a common feature of temporal
lobe epilepsy, or a feature that may only occur in specific animal models.

Neuronal structure in the present study was examined using Thy1-yellow fluorescent protein
(YFP) expressing mice. Within the hippocampus of these animals, subsets of dentate granule
cells, CA1 and CA3 pyramidal cells and small numbers of hilar mossy cells and glial cells
express YFP. These animals were used to determine whether granule cells develop aberrant
dendritic morphologies following intrahippocampal kainic acid injection.

Materials and Methods
Animals

Fourteen ten-to-eleven-week-old male (25–30g) Thy1-yellow fluorescent protein (YFP)-
expressing mice on a C57BL/6 background were used for the present study. Animals were
from the “H” line as described by Feng and colleagues (2000). All procedures conformed to
National Institutes of Health and institutional guidelines for the care and use of animals.

Intrahippocampal kainic acid injection
Mice were maintained under an inhaled anesthesia mixture containing 68.5% N2O, 30% O2
and 1.5% isoflurane during intrahippocampal administration of kainic acid (IHpKA, n=5) or
sodium chloride vehicle (IHpNaCl, n=3). An additional six mice received no injections and
served as naïve controls. Kainic acid was injected into right dorsal hippocampus using a 0.5
ml Hamilton syringe with a 25-guage needle positioned 1.6 mm posterior and lateral to
bregma, and 2.0 mm below the dura. A total volume of 60–70 nL of a 20 mM solution of
kainic acid in 0.9% sterile NaCl (1.0–1.4 nmol kainic acid) or 0.9% sterile NaCl (vehicle)
was injected over a period of one minute. After the injection, the needle was left in the
hippocampus for an additional five minutes to avoid reflux along the needle track. The
needle was then removed, and the scalp resealed with TissueMend II (Veterinary Products
Laboratories, Phoenix, AZ). Upon recovering from anesthesia, mice were monitored for 8–
10 hours for behavioral seizure activity. During this time, animals experienced mild clonic
movements of the forelimbs, rotations and immobility as previously described (Bouilleret et
al., 1999). These behavioral manifestations of seizures are associated with seizure activity
within the hippocampus and cortex. At the end of the 8–10 hour observation period, mice
were weighed and given sufficient lactated Ringers+5% dextrose (Hospira Inc, NDC No.
0409-7929-09) to return them to pre-treatment weight. Animals recovered in a 31.5°C
incubator with food and water ad libitum for two days. Additional injections of lactated
Ringers+5% dextrose were given as needed to maintain pre-treatment weight.

Two weeks after intrahippocampal kainic acid or vehicle administration, mice were
overdosed with pentobarbital (100 mg/kg) and perfused with 0.1 M PBS+1U/ml heparin
followed by 2.5% paraformaldehyde and 4% sucrose in PBS, pH 7.4. Naïve controls were
perfused in an identical fashion. Brains were removed and post-fixed in the same fixative for
12 hours, cryoprotected in sucrose (10, 20, 30%) and snap frozen in 2-methyl-pentane
cooled to −25°C. Coronal sections were cut on a cryostat at 60 μm, slide mounted and
stored at −80°C.

Immunohistochemistry
Slides with up to four brain sections corresponding to bregma coordinates between – 1.82
mm to –2.30 mm (Paxinos and Franklin, 2001) were used for analysis. These coordinates are
just outside the needle track (−1.60) so as to minimize any effects of surgical tissue damage.
Sections were thawed in 0.1 M PBS, pH 7.4, and then incubated for one hour in blocking
solution [5% normal donkey serum (Millipore, S30) or 5% normal goat serum (Invitrogen,
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16210-072) plus 1% Igepal (Sigma-Aldrich, I3021) in 0.1 M PBS, and then overnight at 4°C
in primary antibodies diluted in blocking solution. The following primary antibodies were
used: rabbit anti-Prox1 (1:2000; Chemicon, AB5475); mouse anti-NeuN (1:100; Millipore,
MAB377), rabbit anti- ZnT-3 (1:500; Synaptic Systems, 197 002); mouse anti-calretinin
(1:1500; Millipore, Temecula, CA; MAB1568), rabbit anti-Ki-67 (1:100; Vector
Laboratories, Burlingame, CA, VP-RM04). Slides were then rinsed in blocker and incubated
for four hours at room temperature in secondary antibodies diluted in blocking solution. The
following secondary antibodies were used: goat anti-rabbit AlexaFluor 594; donkey anti-
rabbit AlexaFluor 647; goat anti-mouse AlexaFluor 647. All secondary antibodies were used
at 1:750 and are from Invitrogen. Slides were cover-slipped using Gel/Mount (Biomeda,
M01) and sealed with clear nail polish.

Confocal microscopy and data collection
All images were acquired with a Leica SP5 confocal system set up on a DMI 6000 inverted
microscope equipped with 10X (NA 0.3) and 63X (NA 1.4) objectives. Neuron selection
and analysis was conducted by an investigator blinded to treatment group.

Quantification of granule cell layer area
Granule cell layer area was quantified to assess granule cell layer dispersion. Area was
quantified from confocal image stacks of Prox1 immunoreactivity. Image stacks were
captured at 3 μm steps through the z-depth of the tissue using a 10X objective. The borders
of the granule cell layer (defined by Prox1 immunolabeling of granule cells) were digitally
encoded from the image files using Leica Application Suite software (2.0.0 build 1934) to
generate area measurements.

Quantification of granule cell soma area and basal dendrite number
Granule cell soma area was quantified from confocal image stacks of YFP-expressing,
Prox1 immunoreactive cells. Image stacks were captured at 1 μm steps through the z-depth
of the tissue using a 63X oil objective. These confocal z-stacks were collected from the
midpoint of the upper blade of the dentate from the left (contralateral, non-injected) and
right (ipsilateral, injected) hemispheres of each IHpKA animal, and from the right
hemisphere of each control. Z-stacks were then imported into Neurolucida software (version
9.10.2; Microbrightfield, Williston, VT) for quantification of granule cell soma maximum
profile area. YFP expression was used to define the cell perimeter, while Prox1
immunoreactivity was used to confirm granule cell identity. A minimum of 20 brightly
labeled YFP-expressing, Prox1-immunoreactive granule cells were randomly selected for
reconstruction from each animal (IHpKA, 300 cells; IHpNaCl, 60 cells; Naïve, 240 cells;
roughly equal splits between left and right hemispheres for each group). Z-stacks of YFP-
expressing granule cells from the upper blade of the dentate gyrus were also used to
determine the number of cells with basal dendrites. Randomly selected cells were scored for
the presence of hilar projecting basal dendrites using Neurolucida software (IHpKA, 347
cells; IHpNaCl, 60 cells; Naïve, 240 cells). The distance between the soma of each cell and
the granule cell body layer – hilar border was also determined. To avoid pseudoreplication,
measures from each brain hemisphere (from each animal) were averaged to generate means
for statistical analysis.

Statistics and data analysis
For all analyses, statistical significance was determined using SigmaPlot software (version
11.0) with an α of 0.05. Comparisons between two groups were determined using a t-test.
Multiple group comparisons were made using a two-way ANOVA with treatment group and
hemisphere as factors. A Holm-Sidak post-test was used to identify factors which differed
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significantly. Specific statistical tests and P-values are noted in the results. Non-parametric
analyses were used if the data failed normality or equal variance tests. Mean values ±SEM
are reported.

Figure Preparation
Unless otherwise stated, all images are maximum projections exported as TIFF files and
imported into Adobe Photoshop. Images were adjusted using Leica morphological erosion
filter (radius=3; iterations=1). Brightness and contrast of digital images were adjusted to
optimize cellular detail using Adobe Photoshop. Identical adjustments were made to all
images meant for comparison.

Results
Unilateral injection of kainic acid into the dorsal hippocampus induces granule cell
dispersion

Kainic acid injection produced acute behavioral seizures (repetitive unidirectional rotations,
mild clonic movements of the forelimbs and occasional whole body convulsions) lasting
from 8–10 hours in all five Thy1-YFP-expressing mice. Two weeks after kainic acid
injection, granule cell body layer area was measured in the hemispheres ipsilateral and
contralateral to the injection site from sections immunostained with the granule cell specific
marker Prox1. A two-way ANOVA was conducted with treatment and hemisphere as
factors. A significant interaction between factors was found (n=6 naïve control, 3 IHpNaCl
and 5 IHpKA mice, F=28.203, total degrees of freedom [DF]=27, p<0.001). A Holm-Sidak
post-test revealed a significant difference between hemispheres in the IHpKA group
(p<0.001), with the ipsilateral (injected) hemisphere having a greater area (Fig.1).
Contralateral and ipsilateral hemispheres were statistically identical in the naïve control
(p=0.803) and IHpNaCl groups (p=0.694). Analyses of treatment group within hemisphere
revealed that the ipsilateral hemisphere of IHpKA animals was significantly larger than the
same hemisphere in all other groups (IHpKA vs. naïve, p<0.001; IHpKA vs. IHpNaCl,
p<0.001). By contrast, the contralateral hemisphere of IHpKA animals was statistically
identical to the contralateral hemisphere in naïve (p=0.122) and IHpNaCl groups (p=0.116).
No differences among either hemisphere was found between naïve control and IHpNaCl
groups (ipsilateral, p=0.576; contralateral, p=0.757). Finally, granule cell layer dispersion
was also absent from the ventral hippocampus of the injected hemisphere (data not shown),
indicating that this change is restricted to regions proximal to the injection site. This latter
observation is consistent with previous studies (Kralic et al., 2005).

IHpKA induced somatic hypertrophy of Thy1-YFP-expressing dentate granule cells
Quantification of the cell body area of YFP-labeled granule cells in regions of the dentate
exhibiting granule cell layer dispersion revealed a profound somatic hypertrophy (Fig.2). A
two-way ANOVA examining treatment condition and hemisphere found a significant
interaction between these factors (n=3 IHpNaCl and 5 IHpKA mice, F=54.849, DF=15,
p<0.001). Further analysis with a Holm-Sidak post-test revealed a significant difference
between hemispheres in the IHpKA group (p<0.001), with cells in the ipsilateral (injected)
hemisphere being almost twice the size of their contralateral neighbors (Fig.2). Contralateral
and ipsilateral hemispheres were statistically identical in the IHpNaCl group (p=0.361).
Analyses of treatment group within hemisphere revealed that the ipsilateral hemisphere of
IHpKA animals was significantly larger than the same hemisphere in the IHpNaCl group
(p<0.001). By contrast, soma area in the contralateral hemisphere of IHpKA animals was
statistically identical to the contralateral hemisphere in the IHpNaCl group (p=0.206).
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Granule cell mossy fiber axons invade the dentate granule cell layer
Labeling of granule cell mossy fiber axons with ZnT-3 revealed axon fibers in the
hippocampal granule cell layer of IHpKA mice (Fig.3). Immunoreactive terminals were also
present in the inner molecular layer, although the clear band of mossy fiber axon staining in
this region, which is characteristic of other models of epilepsy (Nadler, 2003), was absent at
this time point. Notably, the dense accumulation of labeled terminals surrounding granule
cell somata (Fig.4) suggests they may make perisomatic contacts with these cells.

Appearance of inverted granule cells with “tufted” basal dendrites
Significant numbers of YFP-expressing granule cells from the kainic acid-injected animals
possessed basal dendrites projecting into the dentate hilus (Fig.5). As with granule cell
dispersion and soma area, the effect of treatment was hemisphere dependent (two-way
ANOVA with treatment and hemisphere as factors revealed a significant interaction, n=6
naïve control, 3 IHpNaCl and 5 IHpKA mice, F=53.134, DF=27, p<0.001). Basal dendrites
were only found in the injected hemisphere of IHpKA animals, where 19.5±3.9% of granule
cells possessed them. Basal dendrites were absent from the contralateral hemisphere in the
same animals (Holm-Sidak post-test for hemisphere within IHpKA, p<0.001). The
ipsilateral hemisphere of IHpKA animals also differed significantly from the ipsilateral
hemisphere of naïve (p<0.001) and IHpNaCl (p<0.001) mice. By contrast, the contralateral
hemispheres of IHpKA mice, which lacked basal dendrites, were statistically
indistinguishable from the contralateral hemispheres of naïve and IHpNaCl mice (Holm-
Sidak post-test, p=1 for all comparisons). Similarly, naïve and IHpNaCl mice were
indistinguishable from each other, suggesting that anesthesia and sham surgery is not
sufficient to promote basal dendrite formation, at least in the region examined.

A subset of basal dendrites in the IHpKA model of epilepsy were morphologically distinct
from basal dendrites observed in other models of epilepsy. Basal dendrites in other models
tend to be long and very spiny with relatively sparse branching patterns (Walter et al., 2007;
Thind et al., 2008), and basal dendrites with this structure were observed in IHpKA animals
(Fig. 5, A–C). In addition, however, a subset of basal dendrites from IHpKA animals ended
in extremely complex “tufts” of short branches and dendritic spines (Figs.5d&6). These
structures proved so complex that we did not attempt to reconstruct them. The elaborate and
overlapping accumulations of short spines and branches precluded efforts to make accurate
measures. Even more unusual, the apical dendritic trees of some granule cells with “tufted”
basal dendrites were wholly lacking; the entire dendritic tree was constituted solely by the
basal dendrite. The somata of these “inverted” granule cells, however, were still contained
with the granule cell body layer, distinguishing them from hilar ectopic granule cells, which
also tend to have unusual dendritic morphologies (Cameron et al., 2011; Pierce et al., 2011)
and contribute to mossy fiber sprouting (Scharfman et al., 2000; Pierce et al., 2011). Among
cells with basal dendrites, 27.8±9.1% exhibited this inverted phenotype, and these cells
made up 5.9±3.0% of the entire granule cell population (depicted graphically for each
IHpKA animal in figure 7). Three-dimensional reconstructions from z-series scans were
used to confirm the absence of apical dendrites on these cells (see supplemental movie 1).
While even detailed scans failed to reveal any apical dendrites on many cells with inverted
morphologies (Fig.6, A–B), roughly half possessed thin apical processes that could be
followed for short distances (<50μm) before disappearing completely (Fig.6, C–D).
Whether these structures reflect leading growth process, vestigial apical dendrites or
something else is not clear. Finally, given their unusual morphology, the neuronal and
granule cell identity of cells with tufted basal dendrites and inverted dendritic trees was
confirmed by colocalization with the neuron specific marker NeuN and the granule cell-
specific marker Prox1, respectively (data not shown; Fig.5, D).
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Spines on tufted basal dendrites are apposed to granule cell mossy fiber terminals
Basal dendrites identified in other models of epilepsy are innervated by mossy fiber axons
(Ribak et al., 2000; Shapiro and Ribak, 2006; Thind et al., 2008; Murphy et al., 2011). To
begin to determine whether the tufted basal dendrites described here receive similar input,
sections were immunostained for ZnT-3, a zinc transporter enriched in hippocampal dentate
granule cell mossy fiber terminals (Palmiter et al., 1996; Wenzel et al. 1997; McAuliffe et
al., 2011). This approach led to two key observations. Firstly, ZnT-3 immunoreactive puncta
clearly tracked the projection path of basal dendrites entering the hilus (Fig.8, A), such that
more immunoreactive puncta were found in close proximity to the basal process relative to
immediately adjacent regions. Secondly, high resolution imaging of ZnT-3 immunoreactive
puncta revealed that they were apposed to YFP-expressing spines on “tufted” basal dendrites
(Fig. 8, B–C), suggesting that these basal dendrites are innervated by neighboring granule
cell mossy fiber axons.

Inverted granule cells and granule cells with basal dendrites are found close to the hilar
border

Confocal z-series image stacks were used to determine the position of 347 randomly
selected YFP-expressing granule cells from five IHpKA animals. For each cell, the distance
between the soma and the granule cell layer – hilar border was determined. Granule cells
that possessed apical dendrites and lacked basal dendrites were found on average 63.9±9.5
μm from the hilar border. Inverted granule cells and granule cells with both apical and basal
dendrites, on the other hand, were found much closer to the hilar border, being on average
19.5±3.7 μm away (p=0.002, t-test on individual animal means, n=5 for each group).

YFP-expressing granule cells do not colocalize calretinin or Ki67
Prior studies indicate that the Thy1 promoter used to drive YFP expression does not become
active until the cells are about 5 weeks old (Walter et al., 2007; Vuksic et al., 2008; Murphy
and Danzer, 2011), implying that all of the YFP-expressing cells examined here are at least
of this age. Co-labeling of YFP expressing granule cells with NeuN (Fig.4) and Prox1 (Fig.
5, D), which mark more mature granule cells, further suggests that YFP-expressing cells
were not born after the insult. To generate additional evidence in support of this conclusion,
sections from control and IHpKA-injected animals were immunostained with calretinin and
Ki-67 (Fig.9). Ki-67 labels proliferating cells, while calretinin labels immature granule cells
(<4 weeks). No colocalization was found between these markers and YFP under any of the
experimental conditions examined (control tissue, ipsilateral and contralateral hemispheres
of IHpKA mice). Thus, it is unlikely that the YFP expressing granule cells examined here
were generated in the weeks following kainic acid injection. Furthermore, the number of
calretinin and Ki-67 immunopositive cells was qualitatively reduced in the injected
hemisphere of IHpKA mice relative to the contralateral hemisphere in the same animals and
both hemispheres from control animals (Fig.9). This confirms that the overall rate of
neurogenesis was decreased following kainic acid injection in this model, consistent with the
findings of other investigators (Kralic et al., 2005; Heinrich et al., 2006; Ledergerber et al.,
2006).

Kainic acid injection disrupts granule cell dendritic growth
Although the number of immature granule cells labeled with calretinin was substantially
reduced in the injected hemisphere of IHpKA animals, small numbers of cells remained. A
subset of these were likely calretinin-expressing interneurons (Mátyás et al., 2004),
however, many appeared to be newborn granule cells – based on their small size, position in
the dentate subgranular zone and localization in clusters with Ki-67 immunoreactive cells
(Fig.9, C.2 and C.3, arrows). Active progenitors can produce many daughter cells, which are
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frequently found in close proximity to one another. Examination of the morphology of
remaining putative newborn granule cells revealed striking abnormalities relative to
calretinin immunoreactive granule cells from the uninjected contralateral hemisphere.
Specifically, while cells in the contralateral hemisphere consistently exhibited a prominent
apical process projecting into the dentate molecular layer – the presumptive future apical
dendrite – cells from the injected hemisphere exhibited very disorganized growth patterns,
with processes projecting in all directions (Fig.10). These findings suggest that although
neurogenesis is dramatically reduced following kainic acid injection, the small amount of
proliferation that does continue likely produces abnormal granule cells.

Discussion
In the present study, kainic acid was injected unilaterally into the hippocampus of Thy1-
YFP-expressing mice, producing behavioral seizures lasting up to 10 hours. Mice were
allowed to recover for a period of two weeks before sacrifice. This time point corresponds
roughly to the end of the latent period in this model, although animals can exhibit seizures
sooner (Riban et al., 2002; Bragin et al., 2005; Raedt et al., 2009). Gross histological
findings in the dentate gyrus were similar to previous studies, with animals exhibiting
profound somatic hypertrophy, mossy fiber sprouting and dispersion of the cell body layer
(Suzuki et al., 1995). Examination of YFP-expressing granule cells, however, revealed two
striking pathologies which have not been previously described. Firstly, significant numbers
of granule cells (20%) developed hilar basal dendrites. While basal dendrites are a feature of
other epilepsy models, however, the structure of many of the basal dendrites examined here
was unique. Basal dendrites in the IHpKA model frequently projected only a short distance
into the hilus before terminating in highly elaborate “tufts” of short dendritic branches and
spines. Spines in these tufts were observed in close apposition to large numbers of mossy
fiber terminals, implying robust recurrent input. Secondly, a subset of cells with basal
dendrites (here termed “inverted granule cells”) were found to lack apical dendritic trees:
apical dendrites were either absent, or consisted only of short, unbranched processes which
terminated within tens of microns from the soma. In addition to demonstrating that hilar
basal dendrites are a prominent feature of the IHpKA model of epilepsy, the present study
also reveals novel granule cell pathologies that may underlie a robust recurrent excitatory
pathway in these animals.

Adult neurogenesis and the development of aberrant neuronal morphologies
In the systemic (rather than intrahippocampal) kainic acid (Jessberger et al., 2007) and
pilocarpine (Walter et al., 2007; Kron et al., 2010; Murphy et al., 2011; Santos et al., 2011)
models of epilepsy, basal dendrite formation appears to be largely restricted to granule cells
born either shortly before (<5 weeks) or after the epileptogenic insult. Immature and
newborn granule cells also appear to underlie mossy fiber sprouting in these models (Kron
et al., 2010). Granule cells older than eight weeks, on the other hand, are resistant to
developing these pathologies. These observations across models indicate that there is a
critical period of granule cell development during which they are vulnerable to
morphological disruption.

The role of immature and newborn granule cells in other models of epilepsy raises some
interesting questions for the IHpKA model. While systemic kainic acid and pilocarpine
models are associated with increased neurogenesis (Parent et al., 1997), creating a large pool
of newborn cells vulnerable to disruption, the IHpKA model dramatically reduces
neurogenesis in the injected hippocampus (Kralic et al., 2005; Heinrich et al., 2006;
Ledergerber et al., 2006), presumably reducing the pool of vulnerable granule cells. The
present findings are notable, therefore, in that despite reduced neurogenesis,
morphologically abnormal granule cells were found in large numbers.
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Previous work has demonstrated that in the IHpKA model, granule cell dispersion and
changes in somatic morphology affect mature granule cells; adult neurogenesis is not
required (Heinrich et al., 2006; Nitta et al., 2008). The present observation that virtually
100% of granule cells exhibit somatic hypertrophy strongly supports this interpretation, as
the majority of cells in the dentate are generated in early development (Schlessinger et al.,
1975; Bayer 1980a, 1980b; Altman and Bayer 1990a, 1990b). Consistent with this
interpretation, the YFP-expressing cells examined here do not colocalize with the
proliferative marker Ki-67 or the early granule cell marker calretinin, but do express the
later neuronal markers NeuN and prox1 (for review of markers, see Hodge et al., 2008; Zhao
et al., 2008). YFP-expression is also significant as a cell-age determinant in the Thy1-YFP
mice used here because the Thy1 promoter does not become active in granule cells until
cells are about five-weeks-old (Walter et al., 2007; Vuksic et al., 2008; Murphy and Danzer,
2011). The YFP-expressing granule cells examined in the present study, therefore, were
likely at least three-weeks-old at the time of kainic acid injection.

Interestingly, cells as young as five weeks old have been shown to contribute to basal
dendrite formation and mossy fiber sprouting. While not newborn, inverted granule cells and
cells with tufted basal dendrites may have been in this “juvenile” stage at the time of the
insult. In support of this idea, we note that cells with these abnormalities were found almost
exclusively in the inner third of the granule cell body layer – close to the subgranular zone
where new cells are generated and within the region where the youngest cells are found
(Mathews et al., 2010). This provides circumstantial evidence that younger cells are more
vulnerable to developing basal dendrites in this model. Consistent with this interpretation,
small numbers of calretinin immunoreactive cells still present in the injected hippocampus
frequently exhibited abnormal morphologies, suggesting that like other epilepsy models,
immature cells are vulnerable to disruption in the IHpKA model. Ultimately, however,
neuronal birthdating studies will be required to determine whether the conditions induced by
the IHpKA model only induce young granule cells to exhibit basal dendrites and develop
inverted morphologies, or whether a wider age-range can be recruited.

Mossy fiber sprouting in the IHpKA model
In accordance with previous studies (Rougier et al., 2005; Mitsuya et al., 2009), ZnT-3
staining revealed robust sprouting of mossy fiber axons in treated animals. While the classic
pattern of mossy fiber sprouting targets granule cell dendrites in the inner molecular layer, at
the two-week time point examined here ZnT-3 immunoreactive puncta were overwhelming
found around granule cell somata. The expansion of the granule cell layer into and beyond
the original location of the inner molecular layer (Figs.1 & 2) may contribute to the more
irregular pattern of mossy fiber sprouting (Rougier et al., 2005). Mossy fiber sprouting can
take months to fully develop (Okazaki et al., 1995), so whether sprouting in these animals
would have assumed a more typical pattern at a later date is not clear. The presence of large
numbers of ZnT-3 immunoreactive terminals around granule cell somata observed here,
however, implies that recurrent activation via mossy fiber axons is primarily perisomatic at
this time point. This is potentially significant, as perisomatic synapses can exert greater
influence on neuronal firing than more distal synapses.

Summary
The implications of the present study are two-fold. Firstly, these studies add the IHpKA
model of temporal lobe epilepsy to the growing list of epilepsy models in which basal
dendrites are a prominent feature. Secondly, these studies reveal that the neuronal
restructuring evident in temporal lobe epilepsy models need not be stereotyped. While basal
dendrites are evident in both the IHpKA and pilocarpine models of epilepsy, for example,
the elaborate basal dendrite “tufts” and “inverted” granule cells have only been observed
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here. The extent to which these abnormal cells persist in this model, and/or whether these
features reflect transitional forms remains to be determined. Nonetheless, the present
findings broaden the range of abnormalities that can be exhibited by granule cells, and raise
intriguing questions regarding the specific mechanisms that mediate distinct cellular
changes.
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Figure 1.
Intrahippocampal injection of kainic acid leads to granule cell layer dispersion in the
injected hemisphere. Representative confocal optical sections of Prox1 immunoreactivity
within the dentate granule cell layer from the right hemisphere of a naïve mouse (A),
ipsilateral hemisphere of an IHpNaCl mouse (B), contralateral hemisphere of an IHpKA
mouse (C) and ipsilateral hemisphere of an IHpKA mouse (D). Scale bar = 100 μm. E:
Mean area of the dentate granule cell layer by treatment group and hemisphere. Bars are
means±SEM. ***P<0.001 relative to all other groups.

Murphy et al. Page 14

Epilepsia. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Intrahippocampal injection of kainic acid induces ipsilateral granule cell somatic
hypertrophy. Representative confocal maximum projections of YFP-expressing granule cells
located in the upper blade of dentate gyrus from the ipsilateral hemisphere of an IHpNaCl
mouse (A), contralateral hemisphere of an IHpKA mouse (B) and ipsilateral hemisphere of
an IHpKA mouse (C). Note the hypertrophied granule cell somata within the ipsilateral
hemisphere of the IHpKA mouse. Scale bar = 40 μm. D: Mean area (± SEM) of YFP-
expressing granule cell somata by treatment group and hemisphere. ***P<0.001 vs. all other
groups.
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Figure 3.
The pattern of ZnT-3 immunoreactivity, a marker of mossy fiber axon terminals, is altered
following intrahippocampal injection of kainic acid. Representative confocal maximum
projections of YFP-expressing granule cells (yellow) and ZnT-3 immunoreactivity (cyan)
within the dentate granule cell layer from the right hemisphere of a naïve mouse (A–B),
ipsilateral hemisphere of an IHpNaCl mouse (C–D), contralateral hemisphere of an IHpKA
mouse (E–F) and ipsilateral hemisphere of an IHpKA mouse (G–H). Note the restriction of
ZnT-3 immunostaining to the hilus (H) in B, D and F, and the spread of staining into the
dentate granule cell layer (GCL) in H. Scale bar = 200 μm.
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Figure 4.
ZnT-3 staining of mossy fiber axons in IHpNaCl (A) and IHpKA mice (B). ZnT-3 staining
(column A.1-B.1) is shown merged with YFP (yellow) in column A.2-B.2, and NeuN
(magenta) in column A.3-B.3. In IHpNaCl mice, Znt-3 staining was restricted to the dentate
hilus (H), the typical projection field of mossy fiber axons. In IHpKA mice, ZnT-3
immunoreactive mossy fibers invade the dentate granule cell layer (GCL) and
immunoreactive puncta were found apposed to granule cell somata. IML, inner molecular
layer. Scale bar = 20 μm.
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Figure 5.
Intrahippocampal injection of kainic acid results in the formation of hilar basal dendrites
with structures similar to those observed in other models of epilepsy (A–C, red arrows) and
novel “tufted” hilar basal dendrites (D.1, red arrow) on YFP-expressing granule cells. To
confirm the granule cell identity of the cell shown in D.1, the section was co-labeled with
the granule cell specific marker Prox1 (D.2). Colocalization of YFP and Prox1 is shown in
D.3 (arrowhead). Images are confocal maximum projections. Scale bars = 20 μm.
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Figure 6.
Confocal maximum projections of “inverted” hippocampal granule cells from IHpKA
animals. All cells shown had their somata in the granule cell body layer (white lines denote
the granule cell layer – hilar border, with the former towards the top of the page). Colored
images (A,B and D) were processed using a depth filter, which assigns different colors to
portions of the cell located at different depths in the tissue (Leica Application Suite
software). Use of this filter facilitates distinguishing individual cell features in two-
dimensional projections. A–B: Inverted granule cells with tufted basal dendrites. Face on
(0°) and 90°rotations of the cell shown in B are shown in B.1 and B.2, respectively (arrows).
Rotations confirm that the soma is contained within the tissue section, and that apical
process weren’t missed due to artificial truncation of the soma at the slice surface. Scale bars
= 20 μm. C: Inverted granule cell with a short apical process (arrow). Scale bar = 10 μm. D:
Examples of three inverted granule cells with short, thin apical processes (arrows, D.1–D.3).
Scale bar = 10 μm.
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Figure 7.
Bars depict the percentage of dentate granule cells with both apical and basal dendrites
(DGC w/BD’s, black) and the percentage of inverted DGC (with basal dendrites only, red)
in each of the five IHpKA animals. Remaining granule cells (not depicted) possessed only
apical dendrites.
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Figure 8.
ZnT-3 immunoreactive puncta were found apposed to the dendritic spines of hilar basal
dendrites. A: Confocal maximum projections from an IHpKA animal showing a YFP-
expressing hippocampal granule cell with a hilar basal dendrite. YFP-expression is shown in
A.1, ZnT-3 immunoreactivity in A.2 and merged YFP expression and ZnT-3
immunoreactivity in A.3. Note the tracking of the basal process shown in A.1 by ZnT-3
immunoreactive puncta shown in A.2 (arrows). Scale bar = 20μm. B & C: Confocal optical
sections of hilar basal dendrites showing YFP labeled dendritic spines (B.1 & C.1) apposed
to ZnT-3 immunoreactive puncta (B.2 and C.2). Merged images are shown in B.3 and C.3.
Paired red and white arrows denote ZnT-3 puncta apposed to labeled spines, respectively.
Scale bar = 5μm.
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Figure 9.
The proliferative marker Ki-67 and the early granule cell marker calretinin do not colocalize
with YFP-expressing granule cells in the Thy1-YFP mouse. Images show sections from the
ipsilateral hemisphere of a IHpNaCl mouse (A), and the contralateral (B) and ispsilateral (C)
hemispheres of IHpKA mouse. YFP expression did not colocalize with either Ki-67 (column
A.2-C.2) or calretinin (column A.3-C.3) immunostaining. Merged images are shown in
column A.4-C.4. Also note the reduction in the number of Ki-67 and calretinin
immunoreactive cells (arrows) in the kainic acid injected hemisphere (C.2, C.3) relative to
control hemispheres. Scale bar = 50μm.
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Figure 10.
In the contralateral hemisphere of IHpKA mice (A–B), calretinin-immunoreactive newborn
dentate granule cells exhibited prominent apical processes projecting into the dentate
molecular layer. By contrast, remaining calretinin-immunoreactive granule cells in the
injected hemisphere (C–D) exhibit disorganized process projecting all directions, including
into the dentate hilus. All images are confocal maximum projections. Scale bar = 15 μm.
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