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Neurobiology of Disease
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The functional impact of adult-generated granule cells in the epileptic brain is unclear, with data supporting both protective and
maladaptive roles. These conflicting findings could be explained if new granule cells integrate heterogeneously, with some cells
taking neutral or adaptive roles and others contributing to recurrent circuitry supporting seizures. Here, we tested this hypothesis
by completing detailed morphological characterizations of age- and experience-defined cohorts of adult-generated granule cells
from transgenic mice. The majority of newborn cells exposed to an epileptogenic insult exhibited reductions in dendritic spine
number, suggesting reduced excitatory input to these cells. A significant subset, however, exhibited higher spine numbers. These
latter cells tended to have enlarged cell bodies, long basal dendrites, or both. Moreover, cells with basal dendrites received
significantly more recurrent mossy fiber input through their apical dendrites, indicating that these cells are robustly integrated
into the pathological circuitry of the epileptic brain. These data imply that newborn cells play complex—and potentially conflicting—roles in epilepsy.

Introduction
Adult-generated hippocampal granule cells undergo a stereotypical developmental pattern, culminating in mature neurons with
characteristic dendritic structures, axonal projection patterns, afferent inputs, and efferent targets (Markakis and Gage, 1999;
Ambrogini et al., 2004; Overstreet et al., 2004; Laplagne et al.,
2006; Toni et al., 2007, 2008). In the normal brain, this process is
remarkable for its consistency, producing neurons that bear the
key features of granule cells generated early in development (van
Praag et al., 2002; Espósito et al., 2005; Zhao et al., 2006; Rahimi
and Claiborne, 2007; Toni et al., 2008). By contrast, in the epileptic brain, granule cell integration is profoundly disrupted (Parent,
2007). In particular, immature granule cells exposed to seizures
exhibit migration defects (Scharfman et al., 2000; McCloskey et
al., 2006; Parent et al., 2006; Jessberger et al., 2007; Scharfman et
al., 2007; Walter et al., 2007), develop aberrant basal dendrites
(Ribak et al., 2000; Shapiro and Ribak, 2006; Jessberger et al.,
2007; Walter et al., 2007), and contribute to mossy fiber sprouting (Parent et al., 1997; Danzer, 2008; Kron et al., 2010). Although the nature of these morphologic abnormalities suggests
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that the affected cells might contribute to the development of
epilepsy (Parent and Lowenstein, 2002), only a subset of newborn
cells are disrupted (Jessberger et al., 2007; Walter et al., 2007), and
whether these cells exhibit other, potentially compensatory,
changes is not known. Further confusing the matter, physiologic
studies suggest that newborn cells in the epileptic brain receive
less excitatory synaptic input than age-matched cells from control animals (Jakubs et al., 2006). The net effect of adult neurogenesis in epilepsy, therefore, remains controversial.
This controversy could be explained, in part, if adultgenerated granule cells are not homogeneous. Indeed, the existence of new cells with and without basal dendrites is already an
indication of significant heterogeneity. Lacking, however, is a detailed characterization of newborn granule cells in the epileptic
brain. This information is essential for determining whether distinct
subpopulations of newborn granule cells are present, and to identify
which, if any, newborn cells are likely to contribute to epilepsy.
Here, two transgenic mouse model approaches were used to
characterize the morphological development of granule cells
maturing under control and epileptogenic conditions. BrdUtreated, Thy1-GFP-expressing mice were used to reveal populations of 12-week-old adult-generated cells, and complementary
data were generated using conditional, inducible Gli1-CreER T2 ⫻
GFP reporter mice. Morphological approaches were selected
because they provide robust information that can be used to
predict cellular function, without the need for substantial a priori
knowledge about how cell function might be altered. Three key
parameters were examined. First, newborn granule cells were reconstructed to assess dendritic structure and branching patterns.
Second, dendritic spine number was quantified in the middle and
outer molecular layers to assess the relative strength of excitatory
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inputs from medial and lateral entorhinal
cortex, respectively, and inner molecular
layer spine number was quantified to assess the impact of mossy cell and interneuron loss—populations that normally
innervate this layer and degenerate in epilepsy. Third, innervation by sprouted
mossy fiber axons was quantified to gauge
the recruitment of newborn cells into the
recurrent circuitry of the epileptic brain.
These morphological features were systematically analyzed to identify traits
common to granule cells likely receiving
high levels of afferent and recurrent excitatory input.

Materials and Methods
All procedures conformed to the National Institutes of Health’s and institutional guidelines
for the care and use of animals.
Thy1-GFP mice. Thy1-GFP-expressing mice Figure 1. Neurolucida reconstruction of a BrdU-labeled, GFP-expressing, adult-generated hippocampal granule cell exposed to
were kindly provided by Dr. Guoping Feng status epilepticus when the cell was 1-week-old. The general locations of the dentate granule cell layer, IML, middle molecular
(Duke University, Durham, NC) (Feng et al., layer (MML), and outer molecular layer (OML) are shown. Left, Confocal reconstructions of portions of the dendritic tree from each
2000). All Thy1-GFP mice in the present study of the three molecular layers regions. Right, Afferent input to the three layers. Scale bar: reconstruction, 20 m; confocal images,
were hemizygous for the Thy1-GFP transgene 10 m.
and were maintained on a C57BL/6 background. For BrdU/GFP double-labeling expertwo 700 mg/kg subcutaneous doses of tamoxifen (Sigma) dissolved in
iments, a total of seven male control and seven male pilocarpine-treated
corn oil 8 and 9 d after pilocarpine treatment (one dose per day).
mice were used.
Three months after tamoxifen treatment, mice were perfused and
Starting at 11 weeks of age, mice were given once-daily subcutanetissue collected and processed as described for Thy1-GFP mice.
ous injections of BrdU (100 mg/kg in Ringers solution) for 3 d. At 12
Immunohistochemistry. BrdU and GFP double-immunostaining was
weeks of age, mice were injected with 1 mg/kg methyl scopolamine
conducted using the following protocol: slide-mounted sections were
nitrate subcutaneous in saline solution. Fifteen minutes later, mice
thawed in Tris buffer (0.02 M Tris-HCl, pH 7.6), incubated for 1 h in
were injected subcutaneous with 380 mg/kg pilocarpine in saline. All
0.5% Igepal in Tris buffer and for 30 min in 3 g/ml protease (P6911;
pilocarpine treatments were conducted between 10 A.M. and noon to
Sigma) with 20 mM CaCl2 at 37°C in Tris buffer. Sections were then
control for diurnal variations. Mice were observed following the inincubated for 10 min in ice-cold 0.1 M HCl in dH2O, for 20 min in 2 M
jections for the development of status epilepticus, defined behaviorHCl in 0.05 M PBS at 37°C, and for 10 min in 0.1 M borate buffer, pH
ally by continuous tonic/clonic convulsions. Three hours after the
8.5. Sections were incubated for 1 h in blocker [5% normal goat serum
onset of status epilepticus, mice were given two doses of 10 mg/kg
(Invitrogen) plus 0.5% Igepal in 0.1 M PBS, pH 7.4]. Sections were
diazepam at 15 min intervals. Mice were housed in a 32°C incubator
then incubated overnight at 4°C in 1:200 mouse monoclonal antifor the next 48 h and given subcutaneous saline warmed to 37°C to
BrdU (Becton Dickinson) and 5 g/ml rabbit polyclonal anti-GFP
maintain pretreatment weight and improve recovery. Control aniantibody (AB3080; Millipore Bioscience Research Reagents) in
mals received all drugs and treatments except they were given saline
blocker. Sections were then rinsed in blocker and incubated for 4 h at
injections instead of pilocarpine. Litters were divided so that litterroom temperature in 1:750 Alexa Fluor 594 goat anti-mouse and
mates were represented in both control and experimental groups. At
1:750 Alexa Fluor 488 goat anti-rabbit antibodies (Invitrogen). After
23 weeks of age, mice were overdosed with pentobarbital (100 mg/kg)
rinsing in PBS, sections were dehydrated in alcohols, cleared in xyand perfused with 0.1 M PBS plus 1 U/ml heparin, followed by 2.5%
lenes, and mounted with Cytoseal.
paraformaldehyde and 4% sucrose in PBS, pH 7.4. Brains were postImmunolabeling for GFP and zinc transporter 3 (ZnT-3) was confixed for 12 h, cryoprotected in sucrose (10, 20, or 30%), and coronal
ducted on slide-mounted sections (McAuliffe et al., 2010). Sections
sections were cut on a cryostat at 60 m. Slide mounted sections were
were thawed in PBS, blocked for 1 h with 0.5% Igepal plus 5% normal
stored at ⫺80°C until use.
goat serum in PBS, and incubated overnight in chicken anti-GFP
Gli1-CreERT2 ⫻ GFP reporter mice. Gli1-CreER T2 mice were gen(1:3000, ab13970; Abcam) and rabbit anti-ZnT-3 (1:3000; Synaptic
erously provided by Dr. Alexandra Joyner (Sloan-Kettering Institute,
Systems) antibodies in blocker at 4°C. Sections were then rinsed in
New York, NY). These animals express tamoxifen-inducible Cre reblocker and incubated for 2 h in 1:750 Alexa Fluor 488 goat anticombinase under the control of the Gli1 promoter (GLI–Kruppel
chicken and 1:750 Alexa Fluor 594 goat anti-rabbit secondary antifamily member), which drives expression in sonic hedgehog-resbodies (Invitrogen).
ponding progenitor cells (Ahn and Joyner, 2004, 2005). GFP reporter
Confocal microscopy of newborn granule cells. In all cases, neuron selecmice (Nakamura et al., 2006) were graciously provided by Dr. Jeffrey
tion and imaging were conducted with the investigator blinded to treatRobbins (Cincinnati Children’s Research Foundation, Cincinnati,
ment group. BrdU-positive, GFP-expressing dentate granule cells were
OH). Mice were maintained on a C57BL/6 background and eight male
identified by screening immunostained sections from Thy1-GFP mice
and female mice (control, 3 male, 1 female; pilocarpine-treated, 1
under epifluorescent illumination. GFP-labeled cells (with dendrites that
male, 3 female; no effect of sex was found for any of the measures
could be followed to their endings and clearly visible dendritic spines),
reported here; data not shown) hemizygous for the Gli1-CreER T2
with their somas contained within the tissue section and within the grantransgene and heterozygous for the GFP reporter transgene were used
ule cell body layer, were used for reconstructions. All granule cells sefor experiments. Mice were treated with 425 mg/kg pilocarpine when
lected for analyses needed to possess at least one dendritic branch that
the animals were between 4 and 6 weeks of age using a protocol
terminated naturally (i.e., not cut at the tissue surface). Hilar ectopic
granule cells were not examined in the present study because, based on
otherwise identical to that used for Thy1-GFP mice. Mice were given
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negative, GFP-expressing dentate granule cells
with their somas located on the granule cell
body layer–molecular layer border (MLB).
MLB granule cells were selected using the same
criteria as for BrdU-labeled, GFP-expressing
cells, with the exceptions that all cells were
BrdU-negative and only cells with their somas located on or within one cell body diameter of the molecular layer border were used.
To minimize variability, cell selection was restricted to the upper blade of the dentate and
all cells meeting selection criteria were used
until a predetermined target sample size was
met (three to six neurons per animal). Confocal imaging and neuronal reconstruction
was performed as described for BrdU-positive, GFP-expressing (newborn) cells. Finally, we note that MLB granule cells occupy
a unique position in the granule cell body
layer and exhibit distinct morphological features (Claiborne et al., 1990; Dashtipour et
al., 2002). Comparisons between MLB granule cells from control and epileptic animals
are valid; however, comparing these cells to
cells with their somas located in other regions of granule cell body layer should be
done with caution. Granule cells in different
regions of the dentate may exhibit distinct
morphological, physiological, and plastic
capabilities.
Analysis of sprouted mossy fiber axons. ZnT-3
immunolabeling of presumptive mossy fiber
presynaptic terminals apposed to GFP-expressing dendritic spines were imaged by confocal
microscopy using a 63⫻ objective at 6⫻ optical
zoom. Z-series stacks were captured at 0.2 m
increments. Two-channel sequential scans
were captured using 488 and 543 nm laser excitation and emissions between 500 and 550
nm (AF488 secondary) and 600 and 660 nm
Figure 2. Neurolucida reconstructions of newborn granule cells from Thy1-GFP-expressing control animals (top row) (AF594 secondary) were captured. To ensure
and animals treated with pilocarpine to induce status epilepticus. All cells are 12-weeks-old, and cells from epileptic that differences in antibody penetration did
animals were exposed to status when these cells were 1-week-old. Black, Apical dendrites (AD); blue, basal dendrites; not create a bias, only dendritic segments logreen, axons. Yellow lines, Borders of the granule cell body layer and the hippocampal fissure. Although many granule cells cated 10 m or less from the tissue surface were
from epileptic animals exhibited the normal fanlike dendrite trees (box) typical of cells from control animals, a subset of used. Three populations of granule cells were
cells exhibited trees that were heavily lateralized (windswept appearance) or trees that failed to spread within the imaged from Gli1-CreER T2 ⫻ GFP reporter
molecular layer (closed-parasol deformation). Finally, several cells exhibited irregular dendritic trees (a) that were difficult mice, as follows: group 1, GFP-expressing
to characterize, but included abnormalities such as recurrent basal dendrites (arrowheads), crossing dendrites (blue granule cells from control animals; group 2,
arrow), and dendrites that projected outside of the molecular layer (red arrow). Red asterisks, Granule cells with high spine GFP-expressing granule cells from epileptic
densities. Scale bar, 100 m.
animals possessing a basal dendrite projecting
at least to the midpoint of the hilus; and group
3, the nearest GFP-expressing neighbor to each
location alone, 100% of these cells are abnormal (Scharfman et al., 2000,
group 2 cell that lacked a basal dendrite. Restated, each group 2 cell is
2003; Pierce et al., 2005). Rather, the present study focuses on the majorpaired with a group 3 cell from the identical location, thus controlling for
ity population of newborn cells correctly located in the granule cell layer.
regional differences in cell loss, mossy fiber sprouting, et cetera. MorphoThe extent to which abnormalities are present in this population is unlogically immature granule cells, which could be easily identified because
certain, and indeed, it has been suggested that these cells may be nonepitheir apical dendrites terminate well short of the hippocampal fissure
leptogenic (Scharfman and McCloskey, 2009). Double-labeled granule
(Jones et al., 2003), were excluded from analysis.
cells were imaged using a Leica SP5 confocal microscope set up on a
Neuronal reconstructions. Neurons were digitally reconstructed
DMI6000 inverted microscope equipped with a 63⫻ oil-immersion obfrom confocal image stacks using Neurolucida software (Microjective (numerical aperture, 1.4). For dendritic reconstructions, threebrightfield) by an observer unaware of treatment group. Multiple
dimensional Z-series stacks were captured at 0.5 m increments at 2⫻
image stacks were required to capture neurons with sufficient resoluoptical zoom (field size, 120 ⫻ 120 m). For analyses of the dendritic
tion, so overlapped image stacks were three-dimensionally montaged
spines of BrdU-positive, GFP-expressing dentate granule cells, Z-series
into a single image using Neurolucida software. Reconstructions enstacks were captured at 0.2 m increments at 6⫻ optical zoom (field size,
coded soma area, apical and basal dendrite length, and dendritic
40 ⫻ 40 m). Stacks were obtained of dendritic segments located in the
branch points. Dendritic endings were encoded as either “natural,”
dentate granule cell layer and the inner, middle, and outer molecular
meaning the natural termination of dendrite was contained within
layers (Fig. 1).
the tissue section, or as “cut” if the ending was truncated at the upper
Molecular layer border granule cells. Sections used for identifying
or lower surface of the slice. To control for regional differences, the
BrdU-labeled, GFP-expressing cells were screened to find BrdU-
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Table 1. Dendritic structure of newborn cells exposed to status epilepticus versus control cells
AD length
AD
AD branch
No. of BD length
Soma area
number points
DGC-L layer IML
cells (m)
(m 2)
Newborn control 18
Newborn SE
44

MML

OML

Total

EST. total

0.0 (0 – 0) 55.5 (35.7–94.3) 1.0 (1–2) 6.0 (4 –10) 75.3 (22–121) 130.2 (93–226) 315.4 (96 –525) 204.5 (79 –353) 786.0 (432.9 –956.2) 1277 (923–1793)
0.0* (0 –232)a 65.3 (38.7–127.7) 1.0 (1– 4) 6.5 (2–19) 79.0 (34 –222) 152.5 (48 – 405) 338.0 (45–798) 215.1 (0 –508) 831.0 (210.9 –1282.5) 1350 (574 –2104)

AD, Apical dendrite; DGC-L, DGC layer; MML, middle molecular layer; OML, outer molecular layer. Values are medians (range). *p ⬍ 0.001, Mann–Whitney RST. Significant values are in bold.
a
The median value of zero reflects the fact that 23 of 44 cells had no basal dendrites (thus BD length ⫽ 0 for these cells).

position of each cell’s soma was determined, including its location in
the upper or lower blade of the dentate and its distance from the
dentate granule cell layer– hilar border. The anterior–posterior position (relative to bregma) of the brain section that each cell was obtained from was determined using Paxinos and Franklin’s mouse
brain atlas (2001). These three measures of cell position were all
statistically equivalent among groups (supplemental Table 1, available at www.jneurosci.org as supplemental material). Finally, borders
between the granule cell layer and the hilus, the granule cell layer and
the molecular layer, and the molecular layer and the hippocampal
fissure were encoded. The molecular layer was then subdivided into
three regions, as follows: the innermost 17% of the layer was identified and defined as the inner molecular layer (West and Andersen,
1980; Deller et al., 1999; van Groen et al., 2003; Danzer et al., 2004),
and the remaining 83% was subdivided equally into middle and outer
molecular layer regions (Fig. 1). Notably, however, the exact borders
between the layers are not always clearly discernable and vary slightly
in different regions of the dentate, so values should be interpreted
only as estimates.
The dendritic spread of granule cells exceeds the thickness of the 60
m sections used in the present study, so all of the cells examined possessed artificially truncated dendritic branches. Since all groups were
treated identically, comparisons are valid; indeed, the number of truncated processes was equivalent among groups (supplemental Table 1,
available at www.jneurosci.org as supplemental material); however,
truncation effects would introduce a bias against larger cells. To compensate for this bias, the terminal branch order of dendrites with natural
endings was used as an additional measure (supplemental Fig. 1, available at www.jneurosci.org as supplemental material). Terminal branch
order is directly related to the number of branches along the dendrite
(terminal branch order ⫽ number of branches ⫹ 1) and since only
natural endings were used, the resulting average terminal branch order
for each cell provides a measure of dendritic branching that is more
resistant to truncation effects. In addition, estimates of total apical dendrite length were generated to further mitigate truncation effects. Estimates were generated taking advantage of the fact that, with infrequent
exceptions, the dendrites of mature granule cells are self-similar and tend
to follow a predictable trajectory with processes terminating at the hippocampal fissure. Using Neurolucida software, therefore, truncated endings were identified and then drawn out to the hippocampal fissure along
the same trajectory as the truncated process (supplemental Fig. 1, available at www.jneurosci.org as supplemental material). This approach still
tends to underestimate total dendritic length, as we did not attempt to
predict the number of missing branches (some truncated processes
surely branch after the truncation). It almost certainly, however, improves the dataset, as it follows the reasonable assumption that the more
truncated processes a cell has, and the closer these truncations are to the
soma, the more length is missing. With this approach, estimates will be
most accurate close to the cell body and least accurate with greater distance from the truncated process. Both raw and estimated data are presented in the results, with estimates indicated by the prefix “EST” for
clarity. Finally, although these solutions are helpful, they are still imperfect, so measures of dendritic structure and spine number should be
interpreted with this caveat in mind.
Spine counts. Dendritic spines were counted by a blinded observer
from confocal image stacks using Neurolucida software (Danzer et al.,
2008). Spines were defined as protrusions from the main dendritic
shaft exceeding 0.25 m in length. Only dendritic segments fully
contained within the Z-depth of the image stack (such that regions

above and below the dendrite were visible) were used for spine-count
analyses. Since spines were counted from confocal images, it was
possible to identify spines both above and below the dendrite in addition to spines projecting perpendicular to the z axis, although it is
likely that smaller Z-projecting spines could still be missed. This applies equally to all groups, however, so relative differences in spine
density reported here are comparable among groups, although these
values may underestimate true spine numbers. Finally, for determining the number of spines receiving putative mossy fiber terminal
input in Gli1-CreER T2 ⫻ GFP reporter mice, GFP-labeled spines
were counted from confocal image stacks, as described above. Spines
directly apposed to ZnT-3-immunoreactive puncta were scored as
positive for receiving mossy fiber input. Puncta were defined as accumulations of ZnT-3 immunoreactivity with a diameter ⬎0.5 m.
Statistics. All statistical tests were performed using SigmaStat (version
11.0; SPSS). Parametric tests were used for data that met assumptions for
normality and equal variance. Data that violated these assumptions were
either normalized before running a parametric test, or a nonparametric
version of the test was run. Specific tests were used as noted in the results.
Data are presented as either means ⫾ SEM or as median (range). Statistical significance was accepted for p ⬍ 0.05.
Figure preparation. Images presented in the figures are confocal
maximum projections and were prepared using Leica’s LAS-AF Confocal software (1.3.1 build 525). These images were processed using an
erosion filter run for one iteration with a three pixel radius (Leica
software) to reduce background artifact. Images were also cropped in
the z axis, as needed, to remove structures belonging to other cells.
Although these adjacent cells can be readily distinguished in threedimensional image stacks, they would obscure the cell of interest in
the two-dimensional format presented here. These images are rightly
viewed as neuronal reconstructions, therefore, rather than standard
micrographs (Walter et al., 2007). Brightness and contrast of digital
images were adjusted using Adobe Photoshop (version 7.0) to maximize detail. In all cases, identical adjustments were made to images
meant for comparison.

Results
Altered apical dendritic structure among newly generated
granule cells exposed to status epilepticus
Brain sections from Thy1-GFP-expressing control animals and
animals that underwent pilocarpine-induced status epilepticus
(SE) were screened to identify BrdU-labeled, GFP-expressing
dentate granule cells (DGCs). Eighteen cells from seven control
animals and 44 cells from seven epileptic animals were identified
for reconstruction. Cells were selected from dorsal hippocampus,
so findings are limited to this region. BrdU-labeled, GFP-expressing granule cells from control animals exhibited the typical
morphology of mature granule cells (Claiborne et al., 1990), with
round cell bodies located in the granule cell layer, fanlike dendritic trees extending to the hippocampal fissure, and an absence
of basal dendrites (Fig. 2). By contrast, half of the granule cells
born just before status epilepticus exhibited aberrant hilar basal
dendrites, consistent with previous studies (Walter et al., 2007).
Obvious qualitative apical dendrite abnormalities were evident among 27% (12 of 44) of granule cells born just before
status. By contrast, gross abnormalities were absent among cells
from control animals (0 of 18; p ⫽ 0.013, Fisher exact test). Ab-
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Table 2. Structure of naturally terminating dendrites from newborn cells exposed to status epilepticus versus control cells

Newborn control
Newborn SE

AD length
to natural
ending

Terminal branch
order of natural
endings

1st order
segment
length

2nd order
segment
length

3rd order
segment
length

4th order
segment
length

5th order
segment
length

Terminal
segment
length

228.8 (178 –268)
238.9 (126 –281)

4.6 (3– 8)
4.0 (2–7)

15.3 (2.2– 46.3)
23.3 (1.9 – 85.5)

11.1 (1.3–103.9)
23.9 (2.3–134.8)**

25.3 (10.6 –126.6)
42.6 (4.5–151.3)*

82.4 (0.5–193.3)
63.4 (6.8 –205.6)

75.0 (10.7–202.8)
75.4 (5.4 –191.8)

121.9 (49.8 –202.8)
109.9 (33.1–223.2)

AD, Apical dendrite. Values are medians (range). *p ⫽ 0.045, **p ⫽ 0.009, Mann–Whitney rank sum test. Significant values are in bold. Only naturally terminating (or branching) segments are presented here.

Table 3. Dendritic structure of molecular layer border granule cells exposed to status epilepticus versus control cells
AD length
AD
AD branch
No. of BD length Soma area
2
number points
DGC-L layer IML
MML
OML
cells (m)
(m )
MLB Control 21
MLB SE
20

Total

EST. total

0.0 (0 – 0) 69.7 (36.8 –119.6) 2.0 (1–5) 7.0 (3–11) 18.3 (0 –78) 173.5 (112–304) 431.4 (252–772) 290.8 (159 – 681) 926.2 (670 –1657) 1658.0 (1157–2194)
0.0 (0 – 0) 59.5 (40.9 –103.2) 2.0 (1–3) 7.5 (4 –10) 20.7 (0 –96) 183.5 (82–286) 373.1 (189 – 652) 314.0 (132– 696) 891.7 (621–1441) 1608.3 (1196 –1963)

AD, Apical dendrite; DGC-L, DGC layer; MML, middle molecular layer; OML, outer molecular layer. Values are medians (range). No significant differences were found between groups.

Table 4. Structure of naturally terminating dendrites from molecular layer border granule cells exposed to status epilepticus versus control cells

MLB Control
MLB SE

AD length
to natural
ending

Terminal branch
order of natural
endings

1st order
segment
length

2nd order
segment
length

3rd order
segment
length

4th order
segment
length

5 th order
segment
lengtha

Terminal
segment
length

216.1 (168 –238)
200.3* (170 –258)

4.0 (2.0 –5.6)
3.8 (2.8 – 6.0)

11.3 (1.4 –109.3)
14.4 (2.3–33.1)

33.7 (3.3–123.2)
40.8 (3.0 –97.1)

59.7 (10.8 –103.9)
67.2 (9.9 –143.5)

86.7 (6.3–154.9)
72.8 (26.3–179.5)

63.4 (43.2–145.0)
106.7 (8.1–156.2)

133.5 (45.4 –218.2)
100.5* (49.3–176.0)

AD, Apical dendrite. Values are medians (range). *p ⬍ 0.05, Mann–Whitney RST. Significant values are in bold.
Only naturally terminating (or branching) segments are presented here.
a
Only seven control and nine SE cells possessed any 5th order segments.

dentate molecular layer (Fig. 2, red arrow), and a cell with a corkscrewed primary apical dendrite (data not shown).
Finally, although not included among the
features scored definitively as abnormal,
two cells possessed unusually large somas,
giving them a hypertrophied appearance.
To confirm qualitative impressions of
altered dendritic trajectory among newborn cells from epileptic animals (e.g.,
windswept cells), the angle of each apical
dendrite initial segment was measured
relative to a line drawn perpendicular to
the granule cell body layer (such that
greater angles reflected more oblique trajectories). Angles were significantly greater for
cells from epileptic animals relative to conFigure 3. Neurolucida reconstructions of MLB granule cells from Thy1-GFP-expressing control animals (top) and animals
trols [newborn control, 13.4° (0.8 –33.5°);
treated with pilocarpine to induce status epilepticus (bottom). Black, Apical dendrites; yellow lines, molecular layer– granule cell
newborn SE, 21.9° (1.0 – 87.5°); p ⫽ 0.034,
body layer border and the hippocampal fissure. Cells from epileptic animals are grossly normal, lacking the overt structural
Mann–Whitney rank sum test (RST)].
abnormalities evident among newborn cells exposed to status. Scale bar, 100 m.
Cells with the greatest angles appeared
windswept.
normalities among cells from epileptic animals did not follow a
The
reduction
in
dendritic
spread evident among cells with
consistent pattern; rather, they manifested primarily as a failure
the
closed-parasol
deformation
tended to increase the number
to develop typical fanlike apical dendritic trees, and were present
of
self-crossing
dendritic
branches
(defined as dendrites that
equally among cells with and without basal dendrites. Cells with
intersected
in
two-dimensional
neuronal
projections, so
obvious abnormalities included three with dendrites that probranches
need
not
make
physical
contact
to
be
scored as crossjected obliquely rather than directly into the molecular layer and
ing). The number of crossing dendritic branches significantly
four with collapsed, rather than spreading, apical dendritic trees.
increased among newborn cells exposed to SE [newborn conThe former abnormality gave the affected cells a windswept aptrol, 2.5 crossings/DGC (range, 0 –7); newborn SE, 4.0/DGC
pearance, whereas the latter cells resembled a closed parasol (Fig.
(range, 0 –17); p ⫽ 0.032; t test on data normalized by square
2). Both abnormalities are reminiscent of pathologies described
root transformation]. This finding confirms qualitative imby Scheibel and Scheibel (1973) from human epileptic material.
pressions that the apical dendrites of newborn granule cells
The remaining five cells exhibited generally disorganized apical
exposed to SE tend to overlap and project into the same region
dendritic trees (Fig. 2, bottom row) and included abnormalities
of neuropil, rather than spreading evenly throughout the mosuch as crossing dendrites (Fig. 2, blue arrow), recurrent basal
dendrites (Fig. 2, blue arrowheads), a projection that exited the
lecular layer.
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Table 5. Spine density and number of newborn cells exposed to status epilepticus versus control cells

Newborn Control
Newborn SE

DGC-L spine
density

DGC-L spine
number

IML spine
density

IML spine
number

MML spine
density

MML spine
number

OML spine
density

OML spine
number

Total spine
number

0.4 (0.1–2.4)
0.5 (0.2–2.9)

28.5 (2–165)
40.3 (12–133)

2.0 (0.8 – 6.0)
1.3* (0.3– 4.5), p ⴝ 0.019

275.8 (106 –1326)
185.5 (24 –1504)

3.0 (1.3–5.2)
1.7* (0.5– 6.5), p ⴝ 0.030

849.6 (372–1668)
569.8 (102–3198)

2.7 (0.8 – 6.6)
1.8* (0.4 –5.6), p ⴝ 0.046

583.7 (67–1622)
328.3 (52–1674)

1885.7 (704 – 4431)
1232.5 (296 – 6440), p ⫽ 0.070

DGC-L, DGC layer; MML, middle molecular layer; OML, outer molecular layer. Values are medians (range). *p ⬍ 0.05, Mann–Whitney RST. Significant values are in bold.

In contrast to these changes, typical
measures of apical dendritic structure, including apical dendrite number, total apical dendrite length, apical dendrite length
by layer, and total number of branch
points, revealed similar values for both
groups (Table 1). Sholl analysis, a measure
of dendritic nodes and terminations by
layer, also revealed no significant differences (data not shown). Since dendritic
truncation could minimize any real differences in these values, however, we took
the additional step of generating estimates
(see Materials and Methods) to compensate for truncation effects. As with the raw
data, estimated measures of total dendritic length ( p ⫽ 0.443, RST) (Table 1)
and dendritic length by layer (data not
shown) were statistically similar between
groups. As another means of controlling
for truncation effects, we examined several parameters that tend to be less affected by artificial truncation. Specifically,
dendritic branches and branch segments
(first through fifth order) with intact terminations were examined. The length
(apical dendrite length from the cell body
to its natural ending) and terminal branch
order for intact dendrites did not differ
between groups (Table 2). The median
length of second and third order dendritic
segments, however, was significantly increased for cells exposed to status (Table
2). Together, these findings suggest a relative preservation of typical measures of
dendritic structure; however, there are
clearly subtle changes present, and since
the impact of dendritic truncation cannot
be entirely obviated, the possibility that
other subtle changes remain undetected
cannot be excluded.

Figure 4. Confocal reconstructions of dentate granule cell layer (DGCL) and IML, middle (MML), and outer (OML) molecular layer
dendrites of 12-week-old BrdU-labeled, GFP-expressing granule cells from control and SE animals. Cells from epileptic animals
exhibited lower spine densities in all regions except the granule cell layer. Scale bar, 5 m.

Figure 5. Estimated spine numbers (spine density ⫻ estimated apical dendrite length) for BrdU-labeled, GFP-expressing,
12-week-old granule cells from control animals (gray bars) and epileptic animals (SE, blue bars). A, Granule cells from epileptic
animals exhibited significant reductions in the spine number in the IML and middle molecular layer (MML) relative to controls. B,
Total spine number was also significantly reduced. Box plots shows fifth and 95th percentiles, median lines, and outliers. *p ⬍ 0.05
versus control.

The dendritic morphology of molecular layer border dentate
granule cells is only minimally altered by status epilepticus
To determine whether status epilepticus disrupts the dendritic
structure of granule cells already mature at the time of the insult,
BrdU-negative, GFP-expressing cells located on the granule cell
layer–molecular layer border were examined. A total of 21 MLB
granule cells were selected from six control mice and 20 MLB cells
were selected from six epileptic mice. In contrast to newborn
granule cells exposed to status, MLB cells exposed to status were
almost identical to MLB cells from control animals (Tables 3, 4).
None of the gross abnormalities evident among newborn cells
were present among MLB cells (Fig. 3) and evidence for somatic
hypertrophy was absent (Table 3). Changes in dendritic trajec-

tory [MLB control, 37.7 ° (range, 3.9 –75.9°); MLB SE, 39.8°
(range, 11.8 – 89.1°); p ⫽ 0.927, Mann–Whitney RST) and crossing branches [MLB control, 3.0 crossings/DGC (range, 0 –7);
MLB SE, 3.0/DGC (range, 1–12); p ⫽ 0.696; t test on data normalized by square root transformation] were also absent. Curiously, however, apical dendrite length to a natural ending was
slightly decreased among MLB SE cells (Table 4) ( p ⫽ 0.022, rank
sum test). A segment analysis revealed that first through fifth
order segments were similar in control and epileptic mice, but
terminal dendritic segments (which could be of any order), were
significantly shorter for MLB SE cells ( p ⫽ 0.015, rank sum test)
(Table 4). Together, these findings indicate that granule cells located
along the molecular layer border may exhibit a slight reduction in
growth at the dendritic tips following status but, overall, their structure is relatively resistant to seizure-induced disruption.
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Figure 6. A, B, Three-dimensional scatter plots showing relationships between EST.IML spine number, soma area, and basal
dendrite length. For 12-week-old granule cells from control animals (A), regression analyses indicated that soma area was not
predictive of spine number (and basal dendrites were absent, so all length values ⫽ 0). By contrast, both soma area and basal
dendrite length predicted IML spine density in epileptic animals, although, notably, the former two variables did not always
cosegregate. C, D, Two-dimensional scatter plots showing the relationships between estimated total spine number and soma area
indicate that the two variables are not correlated in control animals ( p ⫽ 0.548; Spearman rank order) and that the cells tend to
cluster together. Age-matched granule cells from epileptic animals, in contrast, show a significant positive correlation between
soma area and total spine number ( p ⫽ 0.029). The resulting pattern strongly suggests the existence of two distinct groups: the
majority with low spine densities and smaller somas and the minority (⬃10%) with higher spine densities and larger somas. Inset,
Confocal reconstruction showing a middle molecular layer segment from the highlighted cell in D. This cell, from an epileptic
animal, had the greatest number of spines of any cell in the study. Scale bar, 5 m.

Although MLB cells were not birth-dated with BrdU, granule
cells located along the molecular layer border are among the first
generated during development (Schlessinger et al., 1975; Bayer,
1980a,b; Altman and Bayer, 1990a,b). It is likely, therefore, that
the majority of these cells were already mature at the time of the
insult. We further tested this assumption by measuring the distance between the soma of each cell and the hilar border. The
outside-in layering pattern of the dentate places the oldest cells
close to the molecular layer border and the youngest cells next to
the hilar border. There was almost no positional overlap between
the somas of birth-dated newborn granule cells and MLB cells
( p ⬍ 0.001 for both MLB groups vs both newborn groups,
ANOVA) (supplemental Tables 1, 2, available at www.jneurosci.
org as supplemental material). Thus, although the exact age of
MLB cells was not determined, they clearly represent a distinct
cell population likely generated around embryonic day 15
(Mathews et al., 2010).
Newborn granule cells in the epileptic brain have fewer spines
Dendritic spine density was measured along dendritic segments
located within the dentate granule cell layer and the inner, middle, and outer molecular layers (control, n ⫽ 16 cells; SE, n ⫽ 38),
providing a means to assess relative numbers of excitatory synaptic inputs to the apical dendritic trees of these newly generated
cells (Trommald and Hulleberg, 1997). In the case of the epileptic
brain, changes in the granule cell layer and the inner molecular
layer are of particular interest, as these regions are targeted by

sprouted mossy fiber axons. Spine density
was significantly lower in all three regions
of the molecular layer for granule cells exposed to status epilepticus relative to controls (Table 5; Fig. 4). The density of
spines in the granule cell layer was unchanged. Since the dendritic trees of these
cells were reconstructed, it was also possible to determine the total number of
spines present on a cell in each layer (spine
density per layer ⫻ apical dendrite length
in that layer). Spine number was determined using both raw length data and estimated length data (compensating for the
number and position of dendritic truncations). Although counts generated using
the former approach did not differ significantly (Table 5), significant reductions in
spine number were evident in the inner
( p ⫽ 0.035, RST) and middle ( p ⫽ 0.035,
RST) molecular layers using the latter approach (Fig. 5A). Estimated total spine
number was also reduced for cells from
epileptic animals relative to controls ( p ⫽
0.033, RST) (Fig. 5B). These findings suggest that input to newborn granule cells is
reduced in the epileptic brain.

Molecular layer border granule cells
exhibit reduced spine density after
status
To determine whether MLB granule cells
exhibit similar or disparate patterns of
spine loss in the same animals, inner molecular layer spine density was quantified
along dendritic segments belonging to
cells from this population. In the inner molecular layer, MLB cells
from epileptic animals (n ⫽ 33) exhibited reductions in spine
density relative to MLB cells from control animals (n ⫽ 20),
suggesting that both newborn and mature granule cells respond
similarly to status epilepticus with regard to inner molecular layer
spine changes (MLB control, 2.2 ⫾ 0.2 spines/m; MLB SE, 1.4 ⫾
0.1 spines/m; p ⬍ 0.001, t test).
Spine number among newborn granule cells exposed to status
is highly variable
Interestingly, whereas the majority of newborn granule cells exposed to status displayed reductions in spine density and number, the range was quite large and substantially overlapped the
control population (Fig. 5). Gross observations supported this
impression, with some newborn cells appearing almost aspiny
and others coated with spines. This was true even for cells from
the same epileptic animal, suggesting that inter-animal differences in seizure severity are unlikely to account for the variability.
Since high spine densities could be indicative of cellular hyperexcitability, we were quite intrigued by this subpopulation.
Therefore, we queried whether cells with large numbers of spines
exhibited other abnormal traits that might suggest a role in epileptogenesis. Qualitative observations were ambiguous. Both
morphologically normal and abnormal cells exhibited high spine
numbers (Fig. 2, asterisks). A more quantitative approach using a
forward stepwise regression was thus conducted to systematically
identify traits predictive of high spine density and number. The
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regression analysis used the dendritic measurements that differed
between cells from control and epileptic animals, including basal
dendrite length, primary dendrite trajectory, and number of
crossing branches. In addition, soma area was included based on
qualitative findings of a somatic hypertrophy. Regression analyses focused on inner molecular layer (IML) spine density and
number, as this is the region targeted by sprouted mossy fiber
axons. This approach identified basal dendrite length ( p ⫽
0.025) and soma area ( p ⬍ 0.041) as key variables predicting
inner molecular layer spine density, with cells having long basal
dendrites and large somas tending toward greater spine density. A
similar approach was used to determine which traits were predictive of spine numbers, although in this case, crossing branch
number was normalized by dividing by total dendrite length
(since spine number and crossing branch number are both dependent on dendrite length, the two values would automatically
be correlated otherwise). Both soma area ( p ⫽ 0.019) and basal
dendrite length ( p ⫽ 0.047) were predictive of inner molecular
layer spine numbers (Fig. 6 B), whereas only soma area was predictive of total spine numbers ( p ⫽ 0.002) (Fig. 6 D) among
neurons from epileptic animals. In contrast to these findings,
none of the traits examined predicted spine density or number
for control cells (Fig. 6 A, C).
Given that longer basal dendrites predict a greater spine number, we subdivided the cells from epileptic animals into groups
with and without basal dendrites and queried whether spine values (generated using length estimates) for the two subgroups
differed significantly. Interestingly, cells with basal dendrites
(BD) had significantly more spines in the granule cell body layer
[no BD, 37.5 (range, 12–133); BD, 64.0 (range, 18 –132); p ⫽
0.045]. Inner molecular layer values, on the other hand, did not
differ significantly [IML, no BD, 213 (range, 28 – 836); BD, 287
(range, 98 –1504)]. We interpreted this negative result cautiously, however, since the regression analyses only found
basal dendrite length—not the presence of a basal dendrite per
se—to be predictive.
Gli1-CreER T2 ⴛ GFP reporter double-transgenic mice
To further explore the association between spine density and
basal dendrites, and to confirm and quantify the level of somatic
hypertrophy among newborn cells, we used a conditional, inducible, bitransgenic mouse model that provides improved yields of
newborn granule cells for study. This new approach used Gli1CreER T2 ⫻ GFP reporter mice to fate-map adult-generated granule cells.
Fate-mapped newborn granule cells exhibit dendritic
abnormalities and somatic hypertrophy
Gli1-CreER T2 ⫻ GFP-expressing bitransgenic mice were dosed
with tamoxifen following pilocarpine or control treatment to
persistently label Gli1-expressing granule cell progenitors and all
their progeny with GFP. Although labeled progenitors could conceivably generate new cells throughout the 3 month survival period, morphologically immature granule cells were excluded
from the study (see Materials and Methods), so the cells examined here were likely born 0 –2 months after status. Consistent
with this interpretation, cells from Gli1 mice were qualitatively
similar to the 3-month-old cells labeled in the Thy1-GFPexpressing animals. Moreover, whereas cells from control Gli1
animals possessed normal morphologies (Fig. 7A), cells from epileptic animals exhibited all the key abnormalities described in
the present and previous works, including ectopic granule cells,
granule cells with basal dendrites, and granule cells with wind-
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Figure 7. A–F, Confocal reconstructions of GFP-expressing newborn granule cells from Gli1CreER T2 ⫻ GFP reporter mice. A, Confocal reconstruction of a newly generated granule cell from
a control animal with typical apical dendritic structure. B, Reconstruction of a windswept GFPexpressing granule cell (orange) from an epileptic animal. Adjacent GFP-expressing granule
cells are shown in green, whereas Nissl staining is shown in blue. C, Newly generated granule
cell from an epileptic animal exhibiting the closed parasol deformation. D, Hypertrophied granule cell (arrow) from an epileptic animal coimmunostained with GFP (orange) and the granule
cell-specific marker Prox1 (pink). The two unlabeled granule cells expressed Prox1 in a focal
plane not included in the image composite for clarity. Granule cells singly labeled for Prox1 are
shown in green. E, Coimmunostaining with GFP and ZnT3 (cyan) showing a hypertrophied
granule cell (arrow) and two typically sized neighbors. F, Example of numerous typically sized
granule cells adjacent to a hypertrophied granule cell (arrow). DCG-L, Dentate granule cell layer;
ML, molecular layer. Scale bars, 30 m.

swept, collapsed, and disorganized dendritic trees (Fig. 7 B, C).
Numerous striking examples of hypertrophied granule cells, with
enlarged somas and thick proximal dendrites, were also observed
in epileptic mice (Fig. 7D–F ). To quantify this effect, the somatic
area of 101 cells from control animals and 94 cells from epileptic
animals was determined. Mean areas ⫾ SD for control and epileptic cells were 63.6 ⫾ 12.5 and 67 ⫾ 17.3 m 2, respectively. For
each group, granule cells with soma areas 2 SDs or greater above
the control mean were defined as hypertrophied. In the epileptic
group, 14% of cells met this criterion, whereas only 4% of cells
were this large in controls. This difference was significant ( p ⫽
0.029,  2), confirming qualitative impressions from the BrdUlabeled, Thy1-GFP mice that a subset of newborn cells in epileptic
animals are hypertrophied. Finally, although there was no evidence that any neuron types other than granule cells expressed
GFP in the hippocampus of Gli1-CreER T2 mice, these hypertro-
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Figure 8. A, Hippocampus from a control Thy1-GFP-expressing mouse coimmunostained for ZnT-3 (A), which reveals mossy fiber terminals, and GFP (merged images, A.1). In control animals,
ZnT-3 staining is most prominent in the mossy fiber pathway (hilus and stratum lucidum). B, B.1, Three months after status epilepticus, staining is also present in the inner molecular layer, indicative
of mossy fiber sprouting (B, arrowheads). C, Control Gli1-CreER T2 ⫻ GFP reporter mouse coimmunostained with GFP and ZnT-3. Newly generated granule cells exhibit typical morphology and
positioning, and mossy fiber sprouting is absent. Layer denotations in C apply to D as well. MML, Middle molecular layer; DGC-L, dentate granule cell layer. D, Epileptic Gli1-CreER T2 ⫻ GFP reporter
mouse showing GFP-expressing granule cells generated after status. Note the appearance of cells with basal dendrites and ectopically located somata. ZnT-3 labeling further reveals mossy fiber
sprouting in the inner molecular layer. E, F, Examples of sprouted mossy fiber axons with terminals in the IML. Insets show double-labeling of the terminals with ZnT-3. Scale bars: A, B, 200 m; C,
D, 60 m; E, F, 10 m.

phied cells so dwarfed their neighbors that we colabeled some of
the more impressive examples with the granule cell-specific
marker Prox1 (Fig. 7D), confirming their identity as granule cells.
Newborn granule cells with long basal dendrites have more
spines and receive more recurrent input than adjacent
newborn cells without basal dendrites
We next queried whether newborn cells with basal dendrites exhibited greater spine density and number in the inner molecular
layer relative to adjacent newborn cells lacking basal dendrites. In
contrast to studies with Thy1-GFP mice, however, only granule
cells with basal dendrites projecting at least halfway across the
hilus were included to specifically address the question as to
whether cells with long basal dendrites possess more spines. In
addition, spines were assessed to determine whether or not they
were apposed to puncta immunoreactive for ZnT-3. Previous
studies have demonstrated that ZnT-3 antibodies label mossy
fiber terminals with high specificity (McAuliffe et al., 2010), and
immunostaining of control and epileptic mice confirmed the
utility of this antibody for revealing mossy fiber sprouting grossly
and at the level of individual mossy fiber terminals (Fig. 8). Spines
apposed to ZnT-3-immunoreactive puncta (Fig. 9), therefore,
are likely receiving mossy fiber input.
In epileptic Gli1 mice, inner molecular layer spine density was
significantly lower among newborn granule cells lacking basal
dendrites (no BD, n ⫽ 10) relative to cells from control animals
(n ⫽ 10). Critically, however, cells lacking basal dendrites also
differed significantly from neighboring newborn granule cells
(BD⫹, n ⫽ 10) with basal dendrites [control, 3.3 (range, 2.3–
6.6); no BD, 1.8 (range, 1.2–2.8); BD⫹, 3.4 (range, 2.1– 8.1);
Kruskal–Wallis ANOVA on ranks, p ⬍ 0.001]. Similarly, inner
molecular layer spine number (IML spine density ⫻ EST.IML
dendrite length) was reduced for cells lacking basal dendrites
relative to neighboring cells with basal dendrites and to cells from

control animals (Kruskal–Wallis, p ⫽ 0.004) (Fig. 10 A). These
findings confirm the prediction from Thy1-GFP-based regression data (Fig. 6 B) that cells with long basal dendrites will have
more spines than cells lacking basal dendrites.
Finally, the number of spines apposed to ZnT-3-immunoreactive puncta was determined for each group to assess the
degree of recurrent mossy fiber innervation. Whereas ZnT-3apposed spines were almost nonexistent in control animals,
nearly half of the spines on newborn cells from epileptic animals
were apposed to immunoreactive puncta. Moreover, although
the proportion of spines apposed to ZnT-3-immunoreactive
puncta was similar for cells from epileptic animals with and without basal dendrites (48 and 45%, respectively), since cells with
basal dendrites possessed more than twice the total spines, their
net input from ZnT-3-positive puncta was significantly greater
(ANOVA on ranked data with Holm–Sidak posttest, p ⬍ 0.001)
(Fig. 10 B).

Discussion
Aberrant integration of adult-generated granule cells has been
proposed to contribute to the development of epilepsy. This hypothesis, however, is not universally accepted, in light of important findings indicating that newborn cells may protect the brain
from excess excitability (Jakubs et al., 2006). Here, we explore the
idea that conflicting findings may reflect heterogeneity among
newborn granule cells in the epileptic brain. To test this hypothesis, we characterized the morphology of adult-generated granule
cells maturing in either control or epileptic animals. This approach produced several major findings. First, significant numbers of newborn granule cells from epileptic animals exhibited
grossly abnormal apical dendritic trees, indicating that abnormalities evident in structure and growth rates among 2- to
4-week-old cells (Heinrich et al., 2006; Overstreet-Wadiche et al.,
2006; Arisi and Garcia-Cairasco, 2007; Shapiro et al., 2007) lead
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to permanent distortions in neuronal
morphology. In contrast, MLB granule
cells, likely born months before the insult,
showed only slight reductions in growth
at the dendritic tips. Growth in distal regions of the dendritic tree has been observed following exercise (Eadie et al.,
2005) and the present findings imply that
this type of plasticity may be disrupted
among mature cells in epilepsy but, importantly, gross abnormalities were absent.
These findings increase the likelihood that
grossly abnormal granule cells observed
in human epilepsy are adult-generated
(Scheibel and Scheibel, 1973; Franck et al.,
1995; von Campe et al., 1997). Second,
status epilepticus led to a reduction in
spine density among the majority of
adult-generated granule cells exposed to
status early in their development. Approximately 10% of newborn granule cells, however, possessed large numbers of spines,
with a few cells exceeding even the spiniest
cells in controls (Fig. 6B,D). Moreover, cells
with the most spines tended to either have
long basal dendrites, large somas, or both.
Third, studies using bitransgenic mice Figure 9. Confocal images of GFP-expressing apical dendrite segments from the inner molecular layer. Sections are costained
confirmed a shift toward somatic hyper- for ZnT-3, which reveals mossy fiber sprouting in these epileptic animals. Dendrites pictured belong to granule cells with basal
trophy among a subset of new cells. Again, dendrites. Examples of dendritic spines apposed to ZnT-3-immunoreactive puncta are shown (arrows). Scale bar, 5 m.
⬃10% of newborn granule cells were affected. Fourth, cells with long basal dendrites were shown to have
significantly more contact with sprouted mossy fiber axons, relative both to newborn granule cells from control animals and to
adjacent newborn granule cells lacking basal dendrites. Together,
these studies demonstrate a striking heterogeneity among newborn granule cells in the epileptic brain, suggesting that new
cells— even cells similar in position and age— could play very
different roles in the epileptogenic process.
Complex roles for adult-generated granule cells in the
development of epilepsy
A role for adult-generated granule cells in epileptogenesis was
first proposed by Parent and Lowenstein (2002) and is the subject
of numerous reviews (Shapiro et al., 2008; Kuruba et al., 2009;
Scharfman and McCloskey, 2009). Briefly, morphological studies
demonstrate that granule cells born up to 5 weeks before and up
to 8 weeks after an epileptogenic insult underlie much of the
recurrent excitatory circuitry established within the epileptic
dentate gyrus, including hilar ectopic granule cells (Parent et al.,
2006), granule cells with basal dendrites (Jessberger et al., 2007;
Walter et al., 2007), and granule cells exhibiting mossy fiber
sprouting (Parent et al., 1997; Jessberger et al., 2007; Danzer,
2008; Kron et al., 2010). Despite this prominent role in the pathology of the epileptic dentate, however, attempts to prevent
epileptogenesis by reducing neurogenesis have produced mixed
results, with studies showing either no (Radley and Jacobs, 2003;
Pekcec et al., 2007; Pekcec et al., 2008; Pekcec et al., 2010) or only
partial efficacy (Jung et al., 2004, 2006; Sugaya et al., 2010). Moreover, newborn cells that follow the correct migration pattern to
the cell body layer have been shown to be less excitable in epileptic animals relative to controls (Jakubs et al., 2006). Although
hilar ectopic granule cells, which migrate the wrong direction
into the hilus, do exhibit hyperexcitability (Scharfman et al.,

Figure 10. A, EST.IML spines possessed by GFP-expressing newborn granule cells from control and epileptic Gli1-CreER T2 ⫻ GFP-expressing mice treated with tamoxifen 3 months earlier. For epileptic animals (SE), cells were further subdivided into those with (BD⫹) and without
(no BD) basal dendrites. Spine density was significantly reduced for cells lacking basal dendrites
relative to all other groups, and cells with long basal dendrites were statistically equivalent to
controls. **p ⬍ 0.01 relative to all other groups. B, Cells lacking basal dendrites possessed
significantly more ZnT-3-apposed spines relative to control cells, and cells with basal dendrites
had significantly more spines relative to all other groups. ***p ⬍ 0.001 relative to all other
groups.

2000), most newborn cells migrate to the cell body layer (Walter
et al., 2007), leading to the suggestion that the majority of new
cells might actually be protective (Kempermann, 2006; Parent
and Murphy, 2008).
The present work, however, demonstrates a surprising complexity among newly generated cells correctly located in the cell
body layer. The majority of new cells possessed few dendritic
spines, suggesting they are minimally innervated—a conclusion
consistent with the physiological data indicating that newborn
cells are less excitable (Jakubs et al., 2006). Approximately 10% of
newborn cells examined here, however, possessed a large number
of spines, suggesting robust afferent input. Given the small percentage of cells exhibiting this morphological phenotype, however, it is likely that they are poorly represented in physiological
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studies. Since not all spines possess functional synapses, and not
all synapses occur at spines, physiological studies of these cells
will be needed to confirm predictions of robust innervation.
Newborn granule cells with large somas, long basal dendrites,
and abundant spines
A goal of the present study was to begin to elucidate which newborn granule cells might be most likely to participate in epileptogenesis. This question is important, since determining the role of
newborn cells in epilepsy could depend critically on which new
cells are examined.
Recurrent excitatory input is hypothesized to play an important role in epileptogenesis (Sutula et al., 1988; Sutula and Dudek,
2007), so cells receiving more recurrent input would be predicted
to play a greater role in epilepsy. For cells correctly positioned in
the granule cell body layer, two mechanisms support de novo
recurrent circuit formation during epileptogenesis: mossy fiber
sprouting into the inner molecular layer and basal dendrite formation. Mossy fiber sprouting is robust and widespread (Nadler,
2003) and, at least in principle, could involve all granule cells.
Granule cells with basal dendrites also receive recurrent input
following innervation by hilar mossy fiber axons (Austin and
Buckmaster, 2004; Thind et al., 2008); however, in this case, only
cells with basal dendrites are involved. In the present study, all
newborn cells examined in epileptic animals appeared to receive
some recurrent input through sprouted mossy fiber axons in the
inner molecular layer. Cells with long basal dendrites, however,
received twice the input of cells lacking basal dendrites (Fig. 10 B).
Although the combined effect of recurrent input through apical
and basal dendrites is not clear, the finding is intriguing as it
demonstrates that recurrent input within the inner molecular
layer is not equally distributed among granule cells. Some cells
receive more. Finally, with regard to basal dendrites, it is notable
that only long basal dendrites were predictive of increased spine
density. We found many examples of cells with shorter basal
dendrites that possessed few apical spines, so the mere presence of
a basal dendrite is not a reliable indicator of a highly innervated
cell. Conversely, not all cells with large numbers of spines possessed basal dendrites (two of the five spiniest cells had no basal
dendrites), so although the association between basal dendrite
length and spine density was significant, basal dendrites are not a
requirement for a spiny cell.
Perforant path input from entorhinal cortex is also implicated
in epileptogenesis (Behr et al., 1998; Hsu, 2007), so it follows that
cells with robust perforant path input might be more likely to
play a role in epileptogenesis. Middle and outer molecular layer
spine numbers provide an indication of perforant path input and,
in the present study, the five cells with large numbers of inner
molecular layer spines (Fig. 6 B) were similarly decorated in the
middle and outer molecular layers (Fig. 6 D). These cells, therefore, might reasonably be deemed the most likely to play a role in
epileptogenesis. Given the relatively infrequent nature of these
cells, testing this idea with physiological studies could prove challenging; thus it is noteworthy that these granule cells tended to
have particularly large somas. This feature might prove a useful
aid for future studies aimed at identifying and recording from
these cells.
In summary, the present study demonstrates significant heterogeneity among newly generated granule cells in the epileptic
brain. A majority of new cells possessed fewer dendritic spines,
consistent with speculation that these cells may act to reduce
excitability in the epileptic brain. On the other hand, most of
these new cells also appear to be innervated by sprouted mossy
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fiber axons, indicating that they are being incorporated into the
recurrent circuitry of the epileptic brain. The net effect of these
changes is unclear. Finally, a minority of new cells did not present
with fewer spines, instead exhibiting large somas, thick apical
dendrites, frequent large basal dendrites (Fig. 7D–F ), and impressive accumulations of spines (Fig. 6 F). These unusual, adultgenerated cells have not been previously described and likely
receive robust afferent and recurrent input. Whether their outputs are equally dense, however, is not known, and indeed, until
physiological studies can be conducted, the true role of these cells
remains uncertain. Nonetheless, establishing the role of these
hypertrophied newborn granule cells will clearly be an important
avenue to pursue in future studies.
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