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Abstract

Altered granule cell>>CA3 pyramidal cell synaptic connectivity may contribute to the development
of limbic epilepsy. To explore this possibility, granule cell giant mossy fiber bouton plasticity was
examined in the kindling and pilocarpine models of epilepsy using green fluorescent protein-
expressing transgenic mice. These studies revealed significant increases in the frequency of giant
boutons with satellite boutons 2 days and 1 month after pilocarpine status epilepticus, and increases
in giant bouton area at 1 month. Similar increases in giant bouton area were observed shortly after
kindling. Finally, both models exhibited plasticity of mossy fiber giant bouton filopodia, which
contact GABAergic interneurons mediating feedforward inhibition of CA3 pyramids. In the kindling
model, however, all changes were fleeting, having resolved by 1 month after the last evoked seizure.
Together, these findings demonstrate striking structural plasticity of granule cell mossy fiber synaptic
terminal structure in two distinct models of adult limbic epileptogenesis. We suggest that these
plasticities modify local connectivities between individual mossy fiber terminals and their targets,
inhibitory interneurons, and CA3 pyramidal cells potentially altering the balance of excitation and
inhibition during the development of epilepsy.

Keywords
CA3; giant bouton; pilocarpine; kindling; dentate gate

INTRODUCTION

The entorhinal>>dentate>>hippocampal trisynaptic pathway is thought to play a central role in
limbic epilepsy. Efforts to understand this role have produced the “dentate gate” hypothesis,
which states that the granule cells of a normal brain block throughput of excess excitation from
entorhinal cortex (EC) to downstream CA3 pyramids (Hsu, 2007). The discovery of limbic
epilepsy-associated neuroplasticity of granule cells has fueled interest in this hypothesis. In
particular, sprouting of granule cell mossy fiber axons into the dentate molecular layer (Nadler,
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2003), together with the accumulation of granule cells with basal dendrites (Spigelman et al.,
1998; Ribak et al., 2000; Ribak and Dashtipour, 2002) contribute to the formation of aberrant
recurrent excitatory connectivity among granule cells, essentially creating de novo
dentate>>dentate circuits. These recurrent circuits are thought to disrupt the dentate gate.

In contrast to the extensive study of these examples of neuroplasticity within the dentate gyrus
(DG) and hilus, however, plasticity within the primary mossy fiber projection into stratum
lucidum of CA3, wherein mossy fibers innervate the apical dendrites of CA3 pyramids, has
received less attention. Intriguingly, kindling and neonatal seizure-induced sprouting of mossy
fiber axons into CA3 stratum oriens has been described (Represa and Ben-Ari, 1992; Holmes
etal., 1999). Although it is likely that this sprouting originates from fibers in stratum lucidum,
the extent to which these parent fibers also exhibit plastic changes is not known. Naturally,
output of excessive excitation to the next component of the trisynaptic circuit is a critical aspect
of the dentate gate hypothesis. Indeed, modeling studies suggest that for recurrent circuitry
within the DG to disrupt the dentate gate, it must occur in combination with an enhancement
of dentate output (Morgan and Soltesz, 2008). This finding suggests that pro-epileptogenic
structural changes may manifest as alterations in dentate>>CA3 connectivity, underscoring the
importance of determining whether the mossy fiber axons within stratum lucidum undergo
structural neuroplasticity in limbic epileptogenesis.

Dentate granule cells directly excite CA3 pyramidal cells via their giant mossy fiber boutons,
and indirectly inhibit CA3 pyramids by activating GABAergic inter-neurons through filopodial
extensions arising from the giant boutons (Lawrence and McBain, 2003). In the adult
mammalian brain, this connectivity is remarkably plastic (Galimberti et al., 2006). Local
terminal arborization complexes formed by mossy fiber giant boutons with CA3 pyramids
undergo striking increases in size and complexity as a function of environmental enrichment
in the adult. Parallel studies in vitro reveal that these increases are dependent on neuronal
activity and release of transmitters from mossy fiber terminals. Notably, enhanced firing of
dentate granule cells occurs during limbic epileptogenesis (Labiner et al., 1993; Peng and
Houser, 2005; Bower and Buckmaster, 2008). We therefore hypothesized that limbic
epileptogenesis would be associated with increased size and complexity of giant mossy fiber
boutons. To test this hypothesis, we used Thy1l-GFP expressing transgenic mice to examine
the structure of granule cell mossy fiber terminals in two animal models of limbic
epileptogenesis, kindling, and pilocarpine-status epilepticus.

MATERIALS AND METHODS

All procedures conformed to NIH and institutional guidelines for the care and use of animals.

Thy1-GFP Expressing Mice

Mice expressing green fluorescent protein (GFP) under control of the Thyl promoter were
obtained as a generous gift from Dr. Guoping Feng (Duke University). The mice used in the
present study were bred from the M line on a C57BL/6 background, and have been described
previously (Feng et al., 2000; Danzer and McNamara, 2004; Walter et al., 2007; Danzer et al.,
2008). Importantly, the subset of granule cells (~11%) that express GFP in this mouse line is
morphologically and physiologically indistinguishable from unlabeled granule cells (Vuksic
et al., 2008), and therefore is likely representative of the entire population.

Pilocarpine Model

Two to three-month-old GFP-expressing male and female mice were injected with 1 mg/kg
methyl scopolamine nitrate intraperitoneally (i.p.). Fifteen minutes later, mice were injected
i.p. with either 340 mg/kg pilocarpine or saline (control mice). All treatments occurred between
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10 a.m. and noon. Mice were observed following the injections for the onset of status
epilepticus, which typically occurred within 1 h. Status epilepticus was defined behaviorally
by continuous tonic/clonic convulsions. Mice received 10 mg/kg diazepam 3 h after the onset
of status epilepticus. Control mice received diazepam 4 h after saline injections. Pilocarpine-
treated animals that failed to develop or did not survive status epilepticus were excluded from
the study. Following status epilepticus, and for the next 2 days (once per day), animals were
weighed and given Ringers solution as needed to maintain pre-seizure body weight. Each
pilocarpine-treated animal was paired to a control animal, and the control animal received 0.5
ml Ringers if the pilocarpine-treated animal received an injection. Mice were perfused with
paraformaldehyde 2 days (control, N = 4; status epilepticus, N = 6) or 1 month (control, N =
7, status epilepticus, N = 12) after treatment.

Kindling Model

Perfusions

Two to three-month-old GFP-expressing mice underwent stereotaxic implantation of a bipolar
stimulation-recording electrode in the right amygdala under pentobarbital anesthesia (60 mg/
kg, i.p.). The following coordinates were used, with bregma as reference: 1.0 mm posterior,

2.9 mm lateral, and 4.6 mm below dura. A wire secured to the skull overlying the left frontal
cortex was used as a ground electrode. Electrographic seizure threshold was determined 1 week
after surgery by application of a 1 s train of 1 ms biphasic rectangular pulses at 60 Hz beginning
at 60 pA. Additional stimulations increasing by 20 pA were delivered at 1 min intervals until
an electrographic seizure lasting at least 5 s was detected. Subsequently, experimental animals
were stimulated twice a day at stimulus intensities 100 pA above the electrographic seizure

threshold. Interstimulus interval was at least 4 h, and animals were stimulated each day until
five consecutive seizures involving at least 12 s of limb clonus and/or tonus were evoked. Sham
kindled animals were connected twice daily to the stimulation apparatus, but did not receive

stimulations. Mice were perfused with paraformaldehyde 1 day (control, N = 7; kindled, N =
7) or 1 month (control, N = 8; kindled, N = 7) after the last kindled seizure or sham stimulation.

Animals were overdosed with 100 mg/kg pentobarbital administered i.p. and perfused through
the ascending aorta at 10 ml/min for 30 s with ice-cold phosphate-buffered saline [phosphate
buffered saline (PBS)] with 1 mM sodium orthovanadate (NaOV) and 1 U/ml heparin. Mice
were then perfused for 10 min with 25°C, 2.5% paraformaldehyde, 4% sucrose, and 1 mM
NaOV, pH 7.4. The brains were removed and post-fixed in the same fixative for 1 h at 4°C.
Brains were cryoprotected in an ascending sucrose series (10%, 20%, 30%) in 1 mM NaOV
in PBS, snap-frozen in isopentane cooled to —25°C with dry ice and stored at —80°C until
cryosectioning. Forty micron coronal sections corresponding roughly to figure 46-48 of
Paxinos and Franklin’s mouse brain atlas (2001) were used for GFP, Nissl, and Fluoro-Jade B
staining.

Microscopy and Data Collection

The following general guidelines were used for all image collection and data analysis. All
images and analysis were collected with the investigator blinded to treatment group. Only
bright GFP-labeled granule cells, in which processes could be followed to their natural
terminations, were selected for analysis. GFP-expressing dentate granule cells were imaged
using a Leica TCS SL confocal system set up on a Leica DMIREZ2 inverted microscope
equipped with epifluorescent illumination and a 63X oil immersion objective (NA 1.4). Using
this system, three-dimensional Z-series stacks were captured at 0.2 um increments with two
to six times optical zoom. No corrections were made for shrinkage of the tissue. To avoid
pseudoreplication, multiple measurements from individual animals were averaged and used as
a single data point for statistical analysis. Significance was determined by Student’s t-test.
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Nonparametric versions of tests and medians and ranges are reported, as noted, for data that
was not normally distributed. Finally, all comparisons were made between an experimental
group and an age and condition-matched littermate control group. Control groups for the
kindling and pilocarpine models differ by a number of variables (surgery, handling, etc.), so
comparisons between controls should be avoided.

Mossy Fiber Axons

Confocal microscopy was used to image mossy fiber axons of dentate granule cells in stratum
lucidum of CA3b (as defined by Lorente de N6, 1934). Mossy fiber axons are decorated with
three morphologically distinct types of presynaptic terminals; giant mossy fiber boutons,
filopodial extensions arising from these giant boutons, and en passant terminals. Mossy fiber
terminal structure was quantified by importing confocal image stacks into Neurolucida
(Microbrightfield, Williston, VT) or Metamorph (Universal Imaging Corporation, West
Chester, PA, version 4.5r6) imaging software. For this analysis, giant mossy fiber boutons were
defined as expansions of the mossy fiber axon with a cross-sectional area that exceeded 4
um? (Claiborne et al., 1986; Acsady et al., 1998). Electron microscopy studies indicate that
these larger expansions are giant mossy fiber boutons, whereas expansions with a cross-
sectional area of less than 4 um? are en passant terminals, accumulations of mitochondria, or
tissue artifacts (Acsady et al., 1998). Given the ambiguity about the identity of these smaller
structures, only the larger giant mossy fiber boutons were examined here. Filopodia were
defined as extensions arising from a giant mossy fiber bouton, but distinct from the main mossy
fiber axon, that were less than 1 um in diameter and greater than 1 um in length (Amaral,
1979; Amaral and Dent, 1981). Filopodia were not included as part of the giant mossy fiber
boutons cross sectional area. Recent data also demonstrate that giant mossy fiber boutons can
be arranged into local terminal arborization complexes, consisting of a core mossy fiber giant
bouton connected to one or more satellite boutons by axonal fibers originating from the core
bouton (Galimberti et al., 2006). For the present study, satellites were defined as mossy fiber
expansions connected to a core giant bouton by thin axonal processes. A profile area greater
than 4 um? was required for an expansion to qualify as a satellite, thereby distinguishing
satellites from filopodia. Furthermore, only giant boutons in which all the emanating processes
could be identified as either the primary axon, or followed to a natural termination as either a
filopodium or satellite, were scored for determining the frequency of complexes. Because
larger complexes, with more distant satellites, are more likely to be truncated in brain tissue
sections, this conservative approach likely underestimates the frequency of complexes with
satellites. Conservative criteria are necessary, however, since giant boutons are frequently
penetrated by other axons (Rollenhagen et al., 2007), which could lead to overestimates of
complex frequency.

Approximately 15-30 randomly-selected giant mossy fiber boutons from each animal were
examined to determine mean cross sectional area, the percentage of giant mossy fiber boutons
with satellites, filopodia number, and length. Two to four adjacent brain sections from each
animal were used. To be selected for analysis, giant mossy fiber boutons had to be contained
within the tissue section examined. The density of giant mossy fiber boutons per length of axon
was determined from five to six axonal segments per animal, with a combined length of ~500-
1,000 pm.

GFP Positive Cell Counts

The number and location of GFP-expressing granule cells in kindled and control mice was
determined using Neurolucida software to analyze confocal image stacks. Images were
collected with a Leica SP5 confocal microscope set up on a DMI6000 stand equipped with
10X objective (NA 0.3). Images were collected at 2 um increments through the Z-depth of the
DG. Neurolucida software was used to generate 3-dimensional reconstructions encoding the
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number of GFP-expressing granule cells in the upper blade of the dentate in each section, the
distance of each cell from the granule cell layer-hilar border and the distance of each cell from
the crest of the DG. Importantly, measurements of GFP cell number and position were
conducted in the same sections used for morphological studies. Finally, measurements
presented here should not be construed as being representative of regions of the dentate not
examined.

Cell Loss Scoring

Sections adjacent to those used for morphological studies were stained for Nissl substance with
cresyl violet and cell loss was scored under 10x magnification in four regions: the hilus, dentate
granule cell layer, CA3 pyramidal cell layer, and CA1 pyramidal cell layer. Regions were
scored using a semiquantitative system as follows: 0: no obvious cell loss. 1: less than 25%
cell loss. 2: ~50% cell loss. 3: greater than 90% cell loss. Two adjacent hippocampal sections
per animal were scored, the scores for each region averaged and a cumulative cell loss score
given to the animal (cumulative cell loss = hilus + dentate + CA3 + CAL; minimum possible
score = 0, maximum = 12).

Fluoro-Jade B Staining

Fluoro-Jade B is a sensitive marker for dead and dying neurons (Schmued and Hopkins,
2000). To stain sections with Fluoro-Jade B, slides were immersed in 100% EtOH for 3 min,
70% EtOH for 1 min, dH20 for 1 min, 0.06% potassium permanganate for 15 min, dH20 for
1 min, 0.001% Fluoro-Jade B + 0.1% acetic acid for 30 min, rinsed in dH20, air dried, and
coverslipped with Crystalon. For each time point and epilepsy model, sections from control
and experimental animals were stained simultaneously in the same containers. Sections from
animals previously demonstrated to exhibit extensive cell loss, and sections from untreated
animals were included with each reaction as positive and negative controls, respectively.

Figure Preparation

RESULTS

Confocal image stacks representing the z-depth of a neuronal structure were captured using a
Leica TCS SL confocal microscope. Image stacks were used to generate maximum projections
in Leica’s LCS Lite Confocal software (version 2.61). In some cases, images are montages
generated from the confocal z-series of a structure. This processing was done to remove
adjacent structures located above or below the observed structure, which would obscure the
two-dimensional representation. Montages, contrast, and brightness adjustments and figure
preparation were conducted using Adobe Photoshop (version 7.0). Contrast and brightness
were adjusted identically for images meant for comparison.

Part I: Dentate Granule Cell Structural Changes Following Pilocarpine-Induced Status

Epilepticus

Increased giant mossy fiber bouton area and complexity following status
epilepticus—Each dentate granule cell contacts ~15-20 CA3 pyramidal cells via giant mossy
fiber boutons spaced along their mossy fiber axons (Amaral et al., 2007). At each contact point,
either a single giant mossy fiber bouton or a complex of giant boutons is present. Changes in
granule cell>>CA3 pyramidal cell connectivity may be reflected by altered density of giant
mossy fiber boutons, by altered giant bouton area, or by the conversion of individual giant
boutons into mossy fiber boutons with satellites. Strikingly, in the present study two of these
three measures were significantly increased following status epilepticus. Two days after status,
the percentage of giant boutons connected to satellite boutons was increased almost 3-fold over
control values (Fig. 1, Table 1; P =0.049); and 1 month after status, a more than 5-fold increase
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was observed (Fig. 1, Table 1; P = 0.009). Moreover, giant mossy fiber bouton cross-sectional
area was increased 37% relative to controls 1 month after status (Fig. 2; Table 1; P = 0.010).
In contrast, the density of giant boutons along the mossy fiber axon was not altered at either
time following status epilepticus (Table 1; single giant mossy fiber boutons and complexes
were counted as one for this analysis).

Increased giant mossy fiber bouton filopodia number and length following
status epilepticus—Filopodia exhibited substantial plasticity following status epilepticus.
The number of filopodia emerging from a given giant mossy fiber bouton was increased 115%
(P =0.049) 2 days after status epilepticus, and 121% (P = 0.006) 1 month after status (Fig. 2;
Table 1). Filopodia also tended to be longer following status epilepticus relative to control
animals, and this effect was significant at 1 month (Fig. 2; Table 1; P = 0.002). Interestingly,
changes in filopodia exhibited considerable heterogeneity throughout the population of giant
mossy fiber boutons; reported averages (values for 15-30 giant boutons/animal were averaged
for statistical analysis) tend to underestimate the dramatic changes among a subset of boutons.
In control animals, for example, the longest filopodium observed was 5.64 and 5.50 um at 2
days and 1 month, respectively. In contrast, after status, the longest filopodium observed was
24.1 and 31.9 um at 2 days and 1 month, respectively. This effect is depicted graphically in
Figure 3, which shows the length for each individual filopodium in each group.

Variable patterns of cell loss 1 month after status epilepticus—Because cell loss
may contribute to changes in granule cell morphology, cell loss was assessed by both Fluoro-
Jade B and Nissl stains. Two days after pilocarpine-status epilepticus, mice exhibited a
consistent pattern in which extensive loss was evident in the hilus, and scattered cell loss was
evident in the cortex and the CA1 and CA3 pyramidal cell layers (Fig. 4). This pattern of cell
loss was similar to that observed in previous studies (Shibley and Smith, 2002;Borges et al.,
2003). In contrast to the consistent pattern among animals at 2 days, striking variability in loss
of principal cells was evident among animals sacrificed 1 month after status epilepticus. Four
of the twelve pilocarpine-treated animals exhibited detectable cell loss only in the hilus 1 month
after status, as evidenced by damage scores of 2 (see Fig. 5, middle column, for GFP, Fluoro-
Jade B and Nissl staining from a representative animal). The remaining eight animals exhibited
25% or greater loss of cells in at least one principal cell layer in addition to loss of hilar cells
(Fig. 5, right column). Cumulative damage scores for these animals ranged from 2.5 to 11. Five
of the eight animals with principal cell loss exhibited increased Fluoro-Jade B labeling of
hippocampal molecular layers [CAL and CA3 stratum radiatum (SR) and oriens (SO)], (Fig.
5, right column, FJB row). Increased Fluoro-Jade B labeling was not evident in control animals
or pilocarpine-treated animals exhibiting intact principal cell layers 1 month after status
epilepticus (Fig. 5, left and middle columns, FIB row). Together, these findings suggest that
neuronal degeneration continues in some animals in the days and weeks following status
epilepticus, consistent with previous studies (Peredery et al., 2000;Poirier et al.,
2000;Nairismégi et al., 2004).

Cell loss is correlated with changes in granule cell morphology—The striking
heterogeneity in the extent of principal cell loss among animals studied 1 month after status
epilepticus led us to query whether there may be a correlation between the structural
modifications of the granule cells and the extent of cell death. These analyses revealed that cell
loss was indeed correlated with some, but not all, changes in granule cell synaptic terminal
structure. That is, cumulative damage scores for each animal were significantly correlated with
the percentage of giant mossy fiber boutons connected to satellite boutons (MFB complexes)
and with giant mossy fiber bouton area. Correlation coefficients (R) and respective P-values
for each variable are presented in supplemental Table 1 (top row). By contrast, cumulative
damage scores were not significantly correlated with giant mossy fiber bouton density,
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filopodia number, or filopodia length. Importantly, only pilocarpine-treated animals were
included in these analyses, so positive correlations reflect differences in the amount of cell
death following status epilepticus rather than differences between control animals (with no cell
death) and pilocarpine-treated groups.

The relationship between cell loss and granule cell morphology was complex. The percentage
of giant boutons with satellites increased with greater cell loss, whereas giant mossy fiber
bouton area decreased with greater cell loss (Fig. 6). With respect to giant mossy fiber bouton
area in particular, inclusion of control animals in the analysis (controls denoted by asterisks in
Fig. 6) revealed a bimodal relationship, in that the largest giant boutons were present in
pilocarpine-treated animals with minimal cell loss when compared with control animals or
pilocarpine-treated animals with more extensive cell loss. A post hoc analysis comparing
pilocarpine-treated animals with no obvious loss of principal cells (N = 4) to control animals
(N =7) and to pilocarpine-treated animals with obvious loss of principal cells (N = 8) revealed
that giant mossy fiber bouton profile area was significantly increased relative to these latter
groups (SE, minimal cell loss, 12.8 + 0.7 um?; control, 7.9 + 0.4; SE, extensive cell loss, 9.9
+ 0.9; analysis of variance (ANOVA) with Tukey post test, P = 0.002 vs. control, P = 0.04 vs.
SE with extensive loss). Mossy fiber axons and giant boutons (denoted by asterisks) from
animals with either no overt or obvious loss of principal cells are shown in Figure 7 (top and
bottom, respectively). The smaller giant boutons evident in the animal with obvious cell loss
are associated with “beaded” axons; an appearance likely reflecting degenerative changes
following target cell loss (Nadler et al., 1981).

Finally, although it seems likely that loss of particular principal cell layers would be associated
with specific changes in granule cell morphology, it was not possible to draw any clear
conclusions from the present data. This was because cell loss in any one layer was highly
correlated with cell loss in almost all other layers (see supplemental Table 2). Dissociating the
impact of loss of CA3 pyramidal cells from loss of CA1 pyramidal cells, for example, was thus
not possible in these animals. Nevertheless, positive correlations between loss of specific cell
layers and changes in granule cell morphology are presented in supplemental Table 1. Given
the above caveats, however, these findings should be interpreted with caution.

Part 2: Dentate Granule Cell Structural Changes Following Kindling-Epileptogenesis

Mice in the kindling protocol received two stimulations per day until five consecutive seizures
of class four or five were evoked, requiring an average of 22 + 3.4 stimulations for animals
sacrificed 1 day after the last evoked seizure, and 17 + 2.2 stimulations for animals taken 1
month after the last evoked seizure (groups did not differ; P = 0.242, t-test). Cumulative mean
afterdischarge duration was 527 + 101 and 397 £ 69 s for 1 day and 1 month animals,
respectively (P = 0.308, t-test). The kindling paradigm used in the present study produces a
lifelong enhanced response to the stimulation and also hyperexcitability in the hippocampus
evident 1 month after the last stimulation (King et al., 1985). Importantly, this paradigm does
not lead to recurrent seizures or produce widespread neuronal loss as occurs in the pilocarpine
model; qualitative examination of Nissl and Fluoro-Jade B stains revealed no evidence of
neuronal loss either 1 day or 1 month after the last kindled seizure (not shown). Notably, small
numbers of TUNEL-reactive neurons have been described in the dentate hilus of animals
undergoing few kindled seizures (Bengzon et al., 1997; Pretel et al., 1997; Umeoka et al.,
2000; Gawtowicz et al., 2006); however, no reductions of hilar neuron number were detected
following kindled seizures evoked by stimulation of amygdala (Watanabe et al., 1996;
Tuunanen and Pitkanen, 2000) although an increase of hilar volume was detected by Watanabe
etal. (1996).
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Increased giant mossy fiber bouton area following kindling—Reminiscent of
animals following status epilepticus, 1 day after the last evoked seizure giant mossy fiber
bouton area was increased by 48% relative to controls (Table 2, PFig. 8; = 0.013). In contrast
to pilocarpine-treated animals, this change was transient. One month after the last kindled
seizure, giant mossy fiber bouton area did not differ from controls (Table 2). Neither the density
of giant boutons per length of axon, nor the percentage of giant boutons connected to satellite
boutons was significantly altered in kindled animals at either time point.

Increased giant mossy fiber bouton filopodia number and length following
kindling—The number of filopodia possessed by a given giant mossy fiber bouton was
increased by 61%, 1 day after the last kindled seizure (Fig. 8; Table 2; P = 0.044). Filopodia
were also significantly longer 1 day after the last kindled seizure (P = 0.014). Again, however,
these changes were transient, and 1 month after the last kindled seizure, filopodia number and
length were indistinguishable from controls (Fig. 8; Table 2). Interestingly, although mean
filopodia length was increased after kindling, the incidence of very long filopodia was low
(Fig. 9) compared with pilocarpine-treated animals. Indeed, the longest filopodium from a
kindled animal was only 15.75 um, half the length of the longest filopodium (31.9 um) from
a poststatus animal.

The number and distribution of GFP-labeled granule cells was equivalent in
control and kindled mice—In the present study, care was taken to confirm that similar
populations of dentate granule cells were labeled with GFP in control and kindled mice. GFP
expression in these animals is driven by the Thyl promoter, a member of the 1g superfamily,
and it is possible that kindling stimulations might alter the activity of the Thy1 promoter. To
examine this possibility, the number and position of GFP-labeled dentate granule cells in
control and kindled mice was determined. One day after the completion of kindling or sham
kindling, 30.4 + 9.1 (control, mean + sem) and 31.1 £ 6.0 (kindled) granule cells were labeled
with GFP in the superior blade of the dentate. These neurons were on average 37.7 + 3.5 and
41.1 + 2.5 um from the granule cell layer/hilar border, and 598 + 52 and 650 + 40 pum,
respectively, from the crest of the dentate. Granule cell number and location was also similar
1 month after the completion of kindling or sham kindling (control, 12.9 + 5.6 granule cells/
superior blade, 37.8 + 2.1 um from hilar border, 714 + 56 um from crest; kindled, 16.4 + 6.9,
34.6 £ 3.6 um, 714 + 50 um). These findings indicate that similar populations of granule cells
were labeled with GFP in kindled mice and their respective control groups, and that
morphological differences between groups reflect real changes in neuronal structure.

DISCUSSION

Here, we tested the hypothesis that limbic epileptogenesis would increase the size and
complexity of granule cell giant mossy fiber boutons. Consistent with this hypothesis, the
frequency of giant boutons with satellite boutons was increased 2 days and 1 month after status
epilepticus, and giant bouton area was increased 1 month after status. Similarly, increases in
giant bouton area were observed shortly after kindling. In the kindling model, however, all
changes were fleeting, having resolved by 1 month after the last evoked seizure. Together,
these findings demonstrate striking mossy fiber giant bouton plasticity in two distinct models
of adult limbic epileptogenesis. We suggest that these changes modify local connectivities
between individual giant boutons and CA3 pyramidal cells, thereby facilitating synaptic
activation of CA3 pyramids in these models.

Giant mossy fiber bouton filopodia, which contact inhibitory interneurons in stratum lucidum,
also exhibit plastic changes in both models of epilepsy. In the pilocarpine model, the number
of filopodia per giant mossy fiber bouton was increased 2 days after status, and number and

length were increased 1 month after status. Filopodia number and length were also increased
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in the kindling model, but again, changes were only evident 1 day after the last seizure.
Although the functional significance of filopodial neuroplasticity is less clear, it could reflect
homeostatic mechanisms aimed at maintaining network stability.

To place these instances of mossy fiber synaptic neuroplasticity in a broader context, cell death
was also examined in these animals. This led to the important finding that several components
of mossy fiber terminal plasticity were highly correlated with the extent of hippocampal cell
loss. This finding underscores the value of assessing cell loss in these models, and suggests
that the dentate may play very different roles—even within an epilepsy model—depending on
the integrity of surrounding tissues.

Neuronal Activity Regulates Mossy Fiber Terminal Plasticity

Recent time-lapse imaging studies of organotypic explant cultures have revealed that neuronal
activity regulates the structure of mossy fiber terminals. Inclusion of either tetrodotoxin (which
blocks action potentials) or DCG-IV (which blocks glutamate release from mossy fiber
terminals) reduces the number of giant mossy fiber boutons with satellites in a reversible
manner (Galimberti et al., 2006), whereas neuronal activity regulates filopodia dynamics in a
glutamate-dependent fashion (De Paola et al., 2003; Tashiro et al., 2003). Because limbic
seizures in both the kindling and status epilepticus models are accompanied by increased firing
of granule cells (Labiner et al., 1993; Bragin et al., 1997; Peng and Houser, 2005; Bower and
Buckmaster, 2008), it is likely that increased neuronal activity contributes to the instances of
mossy fiber neuroplasticity described here. This proposal is consistent with the time courses
observed. That is, increased neuronal activity occurs during the seizures evoked during
development of kindling but remits thereafter because spontaneous seizures are not evident in
this model; this correlates with the presence of structural changes 2 days but not 1 month after
kindling. By contrast, increased neuronal activity would be expected to persist in the
pilocarpine status epilepticus model because recurrent spontaneous seizures uniformly arise in
C57BL/6 mice so treated (Shibley and Smith, 2002). Such increased activity may contribute
to the persistent structural changes evident in these animals 1 month after status epilepticus.
Importantly, the possibility that death of CA3 pyramids in the pilocarpine model also
contributed to these instances of neuroplasticity seems plausible because of the excellent
correlation between cell death and the appearance of satellites 1 month after status (Fig. 6).
However, cell death is not required because simply exposing adult mice to an enriched
environment increased the incidence of satellites (Galimberti et al., 2006).

Epileptogenesis Enhances Granule Cell>CA3 Pyramidal Cell Connectivity

The dentate gate hypothesis holds that the development of limbic epilepsy is promoted by a
failure of the dentate to limit throughput of excitatory activity from EC to the hippocampal
pyramidal cells, thereby facilitating recruitment of the hippocampus into seizure activity (Hsu,
2007). Whether regulation of dentate granule cell>>CA3 pyramidal cell connectivity
contributes to impaired gating is unclear. Giant mossy fiber boutons are the presynaptic
structural component of the dentate granule cell>>CA3 pyramidal cell connection. Even under
normal conditions, the giant mossy fiber bouton synapses with spines of CA3 pyramids are
among the most potent synapses in the CNS, dubbed the “detonator” synapse for their ability
to single-handedly fire target pyramidal cells (Henze et al., 2002). The present findings of
increased giant bouton area and satellite frequency raise the possibility that this synapse is even
more potent following epileptogenesis. Specifically, electron microscopy studies reveal that
larger giant boutons contain larger active zones (Pierce and Milner, 2001), suggesting that these
larger boutons will release more transmitter. Indeed, paired recordings of granule cells and
CA3 pyramids in organotypic explant cultures reveal that activation of larger giant boutons
produces larger amplitude EPSCs compared with smaller boutons (Galimberti et al., 2006). In
addition to the potential of increased release of neurotransmitter at pre-existing synapses, the
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formation of giant mossy fiber boutons with satellites in the pilocarpine model may increase
the degree of divergence onto CA3 pyramidal cell dendrites and sharply focus information
flow from individual spiking mossy fibers, selectively activating a subset of CA3 pyramids.
The net result may be the emergence of microcircuits of preferentially interconnected dentate
granule and CA3 pyramidal cells.

Electrophysiological studies of the mossy fiber>>CA3 pyramid synapse have begun to probe
its functional status in hippocampal slices isolated after status epilepticus induced by kainic
acid. Field potential recordings revealed decreased paired-pulse facilitation in slices isolated
following status epilepticus compared with controls; the occlusion suggesting that this synapse
had undergone long-term potentiation (LTP) in vivo (Goussakov et al., 2000). Notably,
expression of LTP at this synapse is thought to be due to increased release of glutamate from
mossy fiber terminals (Nicoll and Schmitz, 2005), implying a presynaptic locale for expression
of this plasticity (but see also Kwon and Castillo, 2008; Rebola et al., 2008). The finding of
enhanced glutamate release from synaptosomes prepared from the mossy fiber region of status
epilepticus-treated animals further supports this assertion (Goussakov et al., 2000). Thus the
efficacy of granule cell>>CA3 pyramidal cell synapses in this model appears to be enhanced
and plasticity intrinsic to mossy fiber terminals is an important contributor to the enhancement.
The increased giant bouton area and complexity described here may reflect structural
underpinnings of these physiological changes. Our findings provide a strong rationale for
correlative electrophysiological studies in the present models.

Epileptogenesis May Regulate Granule Cell>stratum Lucidum Interneuron Connectivity

An important mechanism by which enhanced granule cell>>CA3 pyramidal cell connectivity
could be blunted involves the filopodial extensions of the giant boutons. Filopodial extensions
make contact with inhibitory interneurons (Amaral, 1979; Acsady et al., 1998), one role of
which is to mediate feedforward inhibition of CA3 pyramidal cells (Frotscher, 1989; Vida and
Frotscher, 2000; Mori et al., 2004). Indeed, the dentate is unusual in that inhibitory
interneurons, rather than excitatory principal cells, are the major target of mossy fiber axons,
in that mossy fibers innervate about 10 times as many interneurons as CA3 pyramidal cells
(Acsédy at al., 1998). The unusual strength of the granule cell>>pyramidal cell synapse may
necessitate this ratio, and correspondingly, feedforward inhibition could play an important role
in epileptogenesis. In the present study, increased numbers of filopodia were found in both the
kindling and pilocarpine models; whether these form functional synapses with viable
interneurons within stratum lucidum is uncertain. Indeed, the loss of inhibitory interneurons
in the pilocarpine and lithium-pilocarpine models (Obenaus et al., 1993; Houser and Esclapez,
1996; Mello and Covolan, 1996; André et al., 2001; Covolan and Mello, 2006) raises the
possibility that newly produced filopodia fail to form functional synapses. Perhaps the
unusually long filopodia in the pilocarpine model simply reflect excess sprouting of afferent
terminals seeking targets. Indeed, cell loss-induced changes in free extracellular space may
promote increased filopodial motility (Tashiro et al., 2003). Electrophysiological studies of
mossy fiber-mediated feedforward inhibition will be required to understand the functional
significance of this structural plasticity.

Granule Cell Plasticity and the Development of Epilepsy

Inthe present study, granule cell plasticity was examined in the kindling and pilocarpine models
of epilepsy, the former being characterized by hyperexcitability alone, and the latter by
hyperexcitability and spontaneous seizures. In both models, giant boutons exhibited changes
consistent with enhanced pyramidal cell excitation. In the kindling model, however, changes
were fleeting, implying that structural plasticity of mossy fiber terminals does not underlie
persistent hyperexcitability—evident as evoked seizures—in these animals. In contrast,
changes were present both 2 days and 1 month after pilocarpine-status epilepticus, indicating
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that these changes persist in the epileptic brain. Importantly, these structural changes occur
within days, whereas spontaneous seizures take weeks to develop, does not exclude a pro-
epileptogenic role of these changes. In principal, rapid pro-epileptogenic changes could be
effectively offset in the short-term by compensatory changes aimed at maintaining homeostasis
(Sainsbury et al., 1978). Dissipation of compensatory changes over time could allow seizure
break-through. Indeed, previous studies suggest a morphological substrate for such a
phenomenon. Shortly after status epilepticus, granule cells exhibit a dramatic loss of dendritic
spines, a change predicted to inhibit seizures. Within weeks of the insult, however, spine
density recovers (Isokawa, 1998; Isokawa, 2000), potentially exposing covert pro-
epileptogenic changes. Finally, it is intriguing to note that previous studies using the pilocarpine
model indicate that CA3 pyramidal cell loss is negatively correlated with the onset of chronic
epilepsy (Mello et al., 1993); the implication being that preservation of this pathway, in
combination with the changes described here, promotes epileptogenesis. Animals in which the
CA3 pyramids are rapidly destroyed, and correspondingly, enhanced granule cell>>CA3
pyramidal cell connectivity is precluded, develop epilepsy by other, presumably less efficient,
pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Confocal reconstructions of granule cell giant mossy fiber bouton complexes, which are
comprised of a core giant bouton connected to one or more satellite boutons. A, An example
of a giant mossy fiber bouton complex from a control animal. In controls, these complexes
were rarely observed. B, Two days after status epilepticus, the incidence of giant mossy fiber
boutons with satellites was increased 153% over control values (P = 0.049). C—E, One month
after status, the percentage of giant mossy fiber boutons connected to satellite boutons was
increased 461% over control values (P = 0.009). Scale bar = 3 um. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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FIGURE 2.

Confocal reconstructions of granule cell giant mossy fiber boutons. Giant boutons are from
control animals and animals that underwent status epilepticus (SE) either 2 days or 1 month
earlier. The 1 month animals shown exhibited minimal loss of hippocampal principal neurons
after status epilepticus (Cumulative damage score = 2). Two days after status epilepticus, the
number of filopodia per giant mossy fiber bouton was significantly increased (arrowheads).
One month after status epilepticus, giant mossy fiber bouton area, the number of filopodia per
giant mossy fiber bouton (arrowheads), and filopodia length were significantly increased
relative to age-matched saline controls. Scale bar = 3 um. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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FIGURE 3.

Scatter plot depicting individual filopodia lengths from pilocarpine-treated animals killed 1
day and 1 month (1 M) after status epilepticus (SE). Corresponding control groups are shown
as well. Red bars depict the means for each group. Means were generated from the average
filopodia length for each animal rather than the raw data shown here (to avoid statistical
analyses of nonindependent variables). Although average filopodia length was statistically
increased only at the 1 month time point (P = 0.002), note the impressive increase in the number
of very long filopodia following status at both time points. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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FIGURE 4.

Fluoro-Jade B staining of hippocampal sections from a control animal and pilocarpine-treated
animal sacrificed 2 days after status epilepticus (SE). Fluoro-Jade B staining was absent from
control animals (top), whereas in pilocarpine-treated animals large numbers of labeled cells
were present in the dentate hilus (h) and scattered cells were labeled throughout the CA1 and
CAZ3 pyramidal cell layers. Scale bar = 300 um. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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FIGURE 5.

Green fluorescent protein (GFP), Fluoro-Jade B (FJB), and cresyl violet (Nissl) staining in a
1 month saline control mouse (left column) and mice 1 month after pilocarpine-induced status
epilepticus (SE). The middle column shows sections from an animal with no detectable loss
of dentate granule cells, CA3 pyramidal cells or CA1 pyramidal cells (cell loss score = 2 due
to hilar damage). The right column shows sections from an animal (cell loss score = 8) with
obvious loss of dentate granule cells (arrows) and CA3 pyramidal cells (arrowhead). Loss of
GFP labeling, reflecting granule cell death, is also evident in the DG of this animal (asterisk).
Fluoro-Jade B staining reveals degenerating fibers in stratum radiatum (SR) and stratum oriens
(SO) of CA1 in this animal. Staining on the lower edge of the dentate and upper edge of the
adjacent thalamus is artifactual (“edge artifact”). Scale bar = 500 um. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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FIGURE 6.

Scatter plots showing significant correlations between loss of hippocampal neurons and
changes in granule cell morphology. Cumulative damage score equals the combined semi-
quantitative cell loss scores for the DG, hilus, CA1, and CA3 pyramidal cell layers (no loss =
0; >90% loss in all four regions = 12). Among pilocarpine treated animals (black dots),
cumulative damage scores were significantly correlated with the percentage of giant mossy
fiber boutons with satellites (MFB complexes) and MFB area. Although control animals are
depicted in the scatter plots (asterisks), they were not included in the statistical analyses used
to generate significant correlations. In the case of MFB complexes, inclusion of control animals
produced even stronger correlations, as is evident in the plot. In the case of MFB area,
intriguingly, inclusion of control animals revealed a bimodal effect of cell loss. By way of
contrast, although giant mossy fiber bouton filopodia length was significantly increased 1
month after status relative to controls, this variable exhibited no correlation with cell loss
among pilocarpine-treated animals. Each symbol represents an individual animal.
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FIGURE 7.

Confocal reconstructions of dentate granule cell mossy fiber axons from animals collected 1
month after status epilepticus. Animals with minimal (top) and extensive (bottom) cell loss are
shown. Asterisks denote giant mossy fiber boutons. Note the smaller size of giant boutons from
the animal exhibiting extensive cell loss, and the beaded appearance of the attached axons.
Scale bar = 40 um. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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FIGURE 8.

Confocal reconstructions of granule cell giant mossy fiber boutons. Giant boutons are from
control animals and amygdala-kindled animals either 1 day or 1 month after the last evoked
seizure. One day after the last evoked seizure, giant mossy fiber bouton area, the number of
filopodia per giant mossy fiber bouton (arrowheads), and the length of these filopodia were
significantly increased relative to control animals. These changes, however, were transient.
One month after the last evoked seizure, giant mossy fiber boutons from kindled animals were
indistinguishable from controls. Scale bar = 3 um. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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FIGURE 9.

Scatter plot depicting individual filopodia lengths from control animals (C) and kindled animals
sacrificed 1 day and 1 month (1 M) after the last evoked seizure. Mean filopodia length (red
bar) was significantly increased 1 day, but not 1 month, after the last evoked seizure. Notably,
although mean filopodia length was increased, the longest filopodia were still only half the
length of the longest filopodia observed in animals exposed to status epilepticus (compared
with Fig. 3). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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TABLE 1
Pilocarpine-Status Epilepticus
2 Days control 2 Days post- 1 Month 1 Month post-

(N=4) status (N = 6) control (N=7) status (N = 12)
MFB density (MFB per 100 0.94£0.12 0.91+0.12 0.76 £ 0.06 0.61+0.09
pm)
MFB with satellites (%) 4.82+2.39 (3 12.19 + 2_05* 6.22+1.72 (16 34.92 + 7_27** (63

of 97)2 (12 of 102)2 of 239)2 of 254)2
MFB area (um?) 8.21+0.31 8.87+0.75 7.94+0.39 10.85 + 0.73™F
Filopodia No. per MFB 1.09+0.27 234+ 0.40* 1.54 +0.26 341+ 0.42**
Average filopodia length 2.35+0.17 3.16 £ 0.40 2.08+0.12 330+ 024

Page 24

Morphological measures from age-matched control and pilocarpine-treated mice examined 2 days and 1 month after status epilepticus. Values are

means + standard error.
Significant values are in bold.

MFB, giant mossy fiber bouton.
*
P <0.05.

*%
P <0.01 (t-test).

a . . . . . .
Number of giant boutons with satellites relative to the total number of boutons examined. Note that percentages calculated from these numbers will
differ slightly from percentages calculated from animal means.
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TABLE 2
Amygdala Kindling
1 Month post-
24 h Control 24 h Post- 1 Month kindling (N =

(N=7) kindling (N =7) control (N = 8) 7)
MPFB Density (MFB per 100 0.65+0.07 0.80 £ 0.06 0.70 £0.05 0.71+£0.04
pm)
MFB with satellites (%) 7.76 £2.04 (13 10.31+2.42 (21 of 5.63 +2.45 (10 10.25+2.16 (14

of 154)2 196)2 of 193)a of 193)2
MFB area (umz) 7.72+0.71 11.46 + 1.08* 9.33+£0.60 9.47 £0.77
Filopodia No. per MFB 1.11+0.19 1.79 + 0.23" 1.61+0.17 1.79+0.18
Average filopodia length 1.85+0.17 259 +0.19% 223+0.18 230+0.18

Morphological measures from control mice and age-matched kindled mice examined 24 h and 1 month after the last evoked seizure. Values are means

+ standard error. Significant values are in bold.

MFB, giant mossy fiber bouton.

*
P <0.05 (t-test).

a . . . . . .
number of giant boutons with satellites relative to the total number of boutons examined. Note that percentages calculated from these numbers will
differ slightly from percentages calculated from animal means.
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