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Repair of the Injured Adult Hippocampus through Graft-
Mediated Modulation of the Plasticity of the Dentate Gyrus
in a Rat Model of Temporal Lobe Epilepsy
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Intracerebroventricular kainate administration in rat, a model of temporal lobe epilepsy (TLE), causes degeneration of the hippocampal
CA3 pyramidal and dentate hilar neurons. This leads to a robust but aberrant sprouting of the granule cell axons (mossy fibers) into the
dentate supragranular layer and the CA3 stratum oriens. Because this plasticity is linked to an increased seizure susceptibility in TLE,
strategies that restrain the aberrant mossy fiber sprouting (MFS) are perceived to be important for preventing the TLE development after
the hippocampal injury. We ascertained the efficacy of fetal hippocampal CA3 or CA1 cell grafting into the kainate-lesioned CA3 region of
the adult rat hippocampus at early post-kainic acid injury for providing a lasting inhibition of the aberrant MFS. Analyses at 12 months
after grafting revealed that host mossy fibers project vigorously into CA3 cell grafts but avoid CA1 cell grafts. Consequently, in animals
receiving CA3 cell grafts, the extent of aberrant MFS was minimal, in comparison with the robust MFS observed in both “lesion-only”
animals and animals receiving CA1 cell grafts. Analyses of the graft axon growth revealed strong graft efferent projections into the dentate
supragranular layer with CA3 cell grafting but not with CA1 cell grafting. Thus, the formation of reciprocal circuitry between the dentate
granule cells and the grafted CA3 pyramidal neurons is likely the basis of inhibition of the aberrant MFS by CA3 cell grafts. The results also
underscore that grafting of cells capable of differentiating into CA3 pyramidal neurons is highly efficacious for a lasting inhibition of the
abnormal mossy fiber circuitry development in the injured hippocampus.
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Introduction
Cell transplantation into the adult rat hippocampus after injury is
an ideal prototype to study the prospective restorative effects of
distinct cell grafts in conditions such as the temporal lobe epi-
lepsy (TLE), stroke, and head injury (Shetty and Turner, 1996;
Turner and Shetty, 2003). Intracerebroventricular kainic acid
(KA) administration in rat, a model of TLE, causes degeneration
of CA3 pyramidal neurons and dentate hilar cells, the target cells
of granule cell axons (mossy fibers). This leads to the formation of
aberrant hippocampal circuitry characterized by the mossy fiber
sprouting (MFS) into the dentate supragranular layer (DSGL),
akin to the change seen in the human TLE (Babb et al., 1991;
Mathern et al., 1996). The mossy fibers also sprout into the CA3
stratum oriens in the injured hippocampus (Represa and Ben-
Ari, 1992). The sprouted mossy fibers in the dentate gyrus (DG)
form new synapses on granule cell dendrites, which increase the
excitatory connections between granule cells (Buckmaster et al.,

2002; Scharfman et al., 2003). The aberrant MFS after KA admin-
istration is likely a consequence of the degeneration of a large
number of their postsynaptic target cells (CA3 pyramidal neu-
rons) and afferent neurons (hilar mossy cells). Studies have
shown that the degree of aberrant MFS correlates with both an-
tidromically evoked burst firing and spontaneous seizures in kai-
nate models of TLE (Mathern et al., 1993; Dudek et al., 1994;
Wuarin and Dudek, 2001; Nadler, 2003).

Thus, the aberrant MFS in the DG is likely one of the major
causes of increased seizure susceptibility in both TLE and animal
models of TLE (Santhakumar et al., 2005). Therefore, treatment
strategies that restrain the aberrant MFS after hippocampal in-
jury have considerable significance for the development of apt
therapy for TLE. Previously, we showed that mixed fetal hip-
pocampal cell grafting into the lesioned CA3 region can suppress
MFS into the DSGL (Shetty and Turner, 1997). Nevertheless, it is
unknown whether the graft-mediated suppression of aberrant
MFS depends on the presence of particular types of hippocampal
cells within grafts and/or the establishment of precise graft– host
connectivity. Additionally, the efficacy of grafts for providing an
enduring suppression of the abnormal sprouting has not been
studied. We hypothesize that a lasting graft-mediated suppres-
sion of the abnormal MFS in the injured hippocampus is critically
dependent on the presence of CA3 pyramidal neurons in grafts.

Received April 19, 2005; revised July 29, 2005; accepted July 31, 2005.
This work was supported by National Institute of Neurological Disorders and Stroke Grant RO1 NS 043507 (A.K.S.)

and a grant from the Department of Veterans Affairs (Veterans Affairs Merit Review Award) (A.K.S.).
Correspondence should be addressed to Dr. Ashok K. Shetty, Division of Neurosurgery, Duke University Medical

Center Box 3807, Duke University Medical Center, Durham, NC 27710. E-mail: ashok.shetty@duke.edu.
DOI:10.1523/JNEUROSCI.1538-05.2005

Copyright © 2005 Society for Neuroscience 0270-6474/05/258391-11$15.00/0

The Journal of Neuroscience, September 14, 2005 • 25(37):8391– 8401 • 8391



This is based on the premise that only CA3 pyramidal neurons
can both attract host mossy fibers and significantly innervate the
deafferented DSGL region leading to restoration of the disrupted
circuitry and suppression of the aberrant MFS. We grafted em-
bryonic day 19 (E19) hippocampal CA3 or CA1 cells into the
KA-lesioned CA3 region of the adult hippocampus at 4 or 45 d
after the intracerebroventricular KA administration, and ana-
lyzed the aberrant MFS into the DSGL and the CA3 stratum
oriens at 12 months after grafting. For comparison, the extent of
MFS was also evaluated from “lesion-only” animals. Further-
more, specific graft axon growth into the deafferented zones of
the injured hippocampus was determined using grafting of E15
mouse hippocampal cells into the KA-lesioned rat hippocampus
and M6 immunostaining.

Materials and Methods
The sequence of various experiments performed in this study is illus-
trated in the supplemental figure (available at www.jneurosci.org as sup-
plemental material). These include kainic acid lesions of host animals,
dissection and dissociation of fetal hippocampal CA3 and CA1 tissues
from donor fetuses, transplantation, perfusions, Timm’s histochemical
staining and analyses of the aberrant MFS, cross-species grafting, immu-
nostaining of the grafts for the mouse-specific antigen M6, and mapping
of graft axonal projections.

Kainic acid lesions. A unilateral intracerebroventricular KA adminis-
tration was performed on adult male Fischer 344 rats (4 months old;
Harlan Sprague Dawley, Indianapolis, IN), using methods detailed pre-
viously (Shetty and Turner, 1995a,b, 1997, 2000). These protocols have
been approved by the Duke University Institutional Animal Care and
Use Committee and the Animal Studies Subcommittee of the Durham
Veterans Affairs Medical Center. In brief, rats were anesthetized with a
mixture solution containing ketamine (50 mg/ml), xylazine (6 mg/ml),
and acepromazine (0.5 mg/ml) at a dose of 1.25 ml/kg body weight. After
this, each rat was fixed into a stereotaxic apparatus, the incisor bars were
set at 3.7 mm below the interaural line, and the dorsal surface of the skull
was exposed. A burr hole was drilled in the skull using the following
stereotaxic coordinates: anteroposterior (AP), 3.7 mm caudal to bregma;
lateral (L), 4.1 mm right lateral to the midline. A 10 �l Hamilton syringe
fitted with a 25-gauge needle and filled with KA solution in saline was
placed over the burr hole and lowered 4.5 mm below the surface of the
brain, and 1 �l of KA (0.5 �g) was injected at a rate of 0.2 �l/min. The
needle was left in place for 15 min before being retracted slowly.

Collection of hippocampal CA3 and CA1 tissues from E19 rat fetuses.
Fetuses were removed from deeply anesthetized pregnant rats by cesar-
ean section and collected in a Petri plate containing calcium and magne-
sium free HBSS (Sigma, St. Louis, MO) with 0.6% glucose, 10 mM

HEPES, and 1% penicillin–streptomycin, and brains were dissected un-
der an operating microscope. For dissection of CA3 and CA1 tissues, each
cerebral hemisphere was separated from the brainstem and cut coronally
into four slices of equal size, and slices containing hippocampal tissue
were identified under a dissection microscope. The middle two slices
from each hemisphere were consistently found to contain hippocampal
tissues. From each of these pieces, the hippocampal tissue was unfolded,
and subfields CA3 (the lateral-most part of the hippocampus with the
choroid plexus) and CA1 (the medial part of the hippocampus adjoining
the subiculum) were separated by sharp cuts using a scalpel blade and
collected separately in fresh HBSS (Shetty and Turner, 2000; Zaman et
al., 2000, 2001). The CA1 tissue collected this way also contained the
primordial DG (supplemental figure, available at www.jneurosci.org as
supplemental material), because the tiny area of the primordial DG could
not be separated by the above procedure.

Preparation of cell suspension from hippocampal CA3 and CA1 tissues.
After dissection, the hippocampal CA3 and CA1 tissues were processed
separately for dissociation and preparation of a single-cell suspension
using mechanical trituration (supplemental figure, available at www.
jneurosci.org as supplemental material). Using a fine polished Pasteur
pipette, tissue pieces were triturated 30 times in 2 ml of HBSS, and the

resulting cell suspension was diluted with 10 ml of fresh HBSS. The
diluted cell suspension was then sieved through a steel mesh (pore size,
175 �m) and centrifuged at 800 rpm for 8 min, and the pellet was resus-
pended in HBSS. Cells were washed twice by resuspension in HBSS and
centrifugation. The final pellet was resuspended in 30 �l of HBSS, and
viability was assessed using the trypan blue exclusion method. The den-
sity of cells was then adjusted to 1 � 10 5 viable cells/�l and stored on ice.

Transplantation. Kainic acid-treated rats (at 4 and 45 d after KA) were
anesthetized and fixed into a stereotaxic apparatus. The plane of the
incisor bar was set at 3.3 � 0.3 mm below the interaural line. The detailed
transplantation procedure has been described previously (Shetty and
Turner, 1995a, 1997). One microliter of the cell suspension, containing
�100,000 live cells, was injected into each of the following three locations
in the hippocampus ipsilateral to the KA lesion: (1) AP, 3.0 mm posterior
to bregma; L, 2.2 mm right lateral to midline; and ventral (V), 3.5 mm
from the surface of brain; (2) AP, 3.8 mm; L, 3.0 mm right lateral; V, 3.5
mm; and (3) AP, 4.6 mm; L, 4.0 mm; and V, 3.5 mm. These locations
were chosen to place the grafts close to the degenerated CA3 pyramidal
cell layer.

Analysis of KA lesions and the extent of mossy fiber sprouting. The MFS
was analyzed in intact control (naive) rats; KA-treated rats at 1.5, 4, and
12 months after KA (lesion-only rats); KA-treated rats receiving CA3 or
CA1 cell grafts at 4 d after KA and killed at 12 months after grafting; and
KA-treated rats receiving CA3 cell grafts at 45 d after KA and killed at 12
months after grafting. The control (naive) animals used in this study did
not undergo sham intracerebroventricular KA injection surgery, because
our previous study showed that sham intracerebroventricular KA injec-
tion surgery leads to no changes in hippocampal cytoarchitecture (Shetty
and Turner, 1995b). Similarly, the lesion-only rats used in this study did
not undergo sham-grafting surgery, because our pilot studies have shown
that sham grafting surgery into the hippocampus of KA-treated rats does
not prevent the development of aberrant MFS. All animals were deeply
anesthetized with halothane and perfused transcardially with the modi-
fied fixation procedure for Timm’s histochemical staining (Mitchell et
al., 1993). Briefly, after a rinse in the physiological saline (150 ml; 5– 8
min), animals were perfused with 100 ml of 1% sodium sulfide solution
followed by 100 ml of 4% paraformaldehyde and finally with an addi-
tional 50 ml of 1% sodium sulfide. The brains were removed, postfixed in
4% paraformaldehyde for 3 h at 4°C, and cryoprotected in 30% sucrose
solution in phosphate buffer (PB). Twenty-micrometer-thick cryostat
sections were cut coronally through the hippocampus and collected se-
rially in PB. Every 12th section through the hippocampus was stained for
Nissl. Nissl staining confirmed the completeness of the KA-induced le-
sion in lesion-only animals. However, in “lesioned and grafted” animals,
Nissl staining showed both cell loss induced by the KA lesion and the
location of the transplant in relation to the degenerated CA3 cell layer. In
all KA-treated groups, only the animals that exhibited classic intracere-
broventricular KA lesion were chosen for additional analyses. The classic
intracerebroventricular KA lesion is characterized by significant loss of
dentate hilar neurons throughout the hippocampus, complete loss of
CA3 pyramidal neurons except in a small region of CA3a cell layer ad-
joining the CA2, and partial loss of CA1 pyramidal neurons in the pos-
terior one-half of the hippocampus. Furthermore, throughout the hip-
pocampus, animals with classic intracerebroventricular KA lesion do not
exhibit loss of neurons in the granule cell layer.

In all intact control and lesion-only animals, every sixth section
through the hippocampus at levels corresponding to 3.0 –5.0 mm poste-
rior to bregma (Paxinos and Watson, 1998) was selected and processed
for Timm’s histochemical staining to demonstrate mossy fibers in the
hippocampus. This protocol ensured that selected sections were inde-
pendent from one another to clearly avoid analysis of MFS from adjacent
sections and hence replication of the findings of the first section. All
grafted brains had distinct transplants; however, only the brains with
intrahippocampal transplants were selected for additional analysis;
�80% of grafted brains reached this threshold. Every sixth section
through the grafted region from these brains (at levels corresponding to
3.0 –5.0 mm posterior to bregma) was processed for Timm’s histochem-
ical staining to demonstrate mossy fibers in the grafted hippocampus. In
lesioned, grafted animals, it was also ensured that the selected sections

8392 • J. Neurosci., September 14, 2005 • 25(37):8391– 8401 Shetty et al. • Repair of the Injured Hippocampus by Grafts



contained a transplant in the close vicinity of the degenerated CA3 cell
layer (i.e., predominantly in the CA3 subfield, or partly in the CA3 sub-
field and partly below the degenerated CA3 layer in the lateral ventricle).
Coronal sections through the hippocampus at levels specified above were
chosen, because the injected transplants were clearly located at these
levels. Timm’s histochemical staining was performed as detailed previ-
ously (Danscher, 1981). Briefly, sections were mounted on gelatin-
coated slides and air-dried. Then, the slides containing sections were
rinsed in distilled water, placed in jars, covered with the developer for
Timm’s staining, and immediately placed in the water bath at 26°C for
150 min. The jars were placed in a dark room to reduce the autocatalytic
staining of the solution. After development, the sections were rinsed
several times in distilled water, processed for light Nissl staining with
cresyl violet, dehydrated, cleared, and coverslipped with Permount.

Morphometric analysis of mossy fiber sprouting into the dentate supra-
granular layer. Kainic acid lesion-induced MFS into the DSGL was com-
pared between different groups of animals using two separate and inde-
pendent quantitative methods. These included measurement of the
average width of the MFS and the density of Timm’s granules in the
dentate inner molecular layer. The degree of sprouting was measured in
all regions of the DG (suprapyramidal and infrapyramidal blades and the
crest) with both quantitative methods. In each animal, four sections
through the hippocampus (separated by 240 �m distance) at levels men-
tioned previously were measured. Measurements in sections from vari-
ous groups were performed in a blinded manner using experimental
codes. The average width of the DSGL sprouting was measured using
Scion Image (Scion, Frederick, MD) based on NIH Image for Macintosh.
The length and area of the DSGL MFS in all three regions of the DG were
marked in every section, and the average width of DSGL sprouting for
each relevant region of the DG was calculated for every animal before
determining the group means and SEs. The densitometric analysis con-
sisted of measuring the optical density of the inner and outer molecular
layer in these representative sections (four per animal) using a com-
pound microscope under a 40� objective. Using a digital camera
(Optronics, Goleta, CA), representative areas of the suprapyramidal and
infrapyramidal blades and the dentate crest were imaged, digitized, and
stored. Then, the Scion Image was used to draw a region of interest in
both the DSGL region (inner molecular layer) and the middle and outer
molecular layers on the same image. The dimensions of these regions
were 70 � 70 �m, with an area of �4.9 � 10 3 �m 2 for each region. The
background of the inner molecular layer was very similar to that of the
middle and outer molecular layers, if no supragranular sprouting was
present. Thus, it was assumed that the more distal molecular layer was a
control region for the inner molecular layer, and the difference in pixel
value between the inner and outer molecular layers was determined for
the corresponding regions of interest. This measurement provided a
highly objective and specific measure of the density of Timm’s granule
staining in the DSGL, corrected for the background control density ex-
pected in the molecular layer and other nonspecific differences between
sections, such as the background staining level. These values were ex-
pressed in final form as a difference (inner molecular layer minus the
outer molecular layer value), which ranged between 0 (no sprouting) and
255 (extremely dense Timm’s staining representative of sprouting).

The quantification was performed in the following groups of animals:
(1) intact control (naive) animals (n � 4); (2) animals treated with in-
tracerebroventricular KA alone (lesion-only rats), at 4 and 12 months
after administration (n � 4/time point); (3) intracerebroventricularly
KA-treated animals receiving CA3 or CA1 cell grafts at 4 d after KA and
killed at 12 months after grafting (n � 6/transplant group); and (4)
intracerebroventricularly KA-treated animals receiving CA3 cell grafts at
45 d after KA and killed at 12 months after grafting (n � 4). All animals
measured in the intracerebroventricularly KA-lesioned groups have sat-
isfied the criteria of classic intracerebroventricular KA lesion described
previously. The mean value for each of the three regions of the DG
(suprapyramidal and infrapyramidal blades and the crest) was calculated
separately for each animal by using data from four sections before the
means and SEs were determined for the total number of animals included
per group. Mean values between different groups of animals were sepa-
rately compared for every region of the DG. Statistical comparisons in-

volved ANOVA with Student–Newman–Keuls multiple comparisons
test. To determine the mean sprouting values for the entire DG in terms
of both width of the sprouted area and the density of sprouted terminals
in the DSGL, individual values measured from suprapyramidal and in-
frapyramidal blades and the crest of the DG were averaged in every ani-
mal, and then, means and SEs were calculated in every group for the total
number of animals included for measurement. The mean values for both
width of sprouted area and the density of sprouted terminals were com-
pared statistically between different groups of animals.

Analysis of the graft volume. For estimation of the total volume of each
graft, we used the Cavalieri method. First, the entire area of the transplant
in every 12th Nissl stained section was measured using the Neurolucida
(MicroBrightField, Williston, VT). Then, the graft areas obtained from
all of the measured sections were summed, and the total area for each
graft was multiplied by the distance d. The distance d was estimated
through multiplication of the section thickness by 12. The number 12
was used, because the transplant areas were measured in every 12th
section.

Analyses of graft axon growth. The pattern of axon growth from CA3
and CA1 cell grafts was analyzed using the cross-species transplantation
protocol. This involved transplantation of E15 mouse hippocampal cells
(CA3 or CA1 cells) into the lesioned CA3 region of the adult rat hip-
pocampus at 4 d after lesion and analysis of the graft axon growth at 30 d
after grafting using immunostaining for a mouse-specific antigen, M6.
The dissection, cell suspension preparation, and grafting of mouse CA3
and CA1 cells were performed as described previously for rat hippocam-
pal cells. Grafted rats were immunosuppressed using daily subcutaneous
injections of the cyclosporine A (12 mg/kg body weight). For M6 immu-
nostaining, rats were perfused with 4% paraformaldehyde, and tissues
processed for cryostat sectioning using the standard procedure. Thirty-
micrometer-thick horizontal sections through the hippocampus were
cut and collected serially in PB. Sections containing transplants were
processed for M6 immunostaining (Shetty and Turner, 1999). The M6
antibody (from Hybridoma Bank, Iowa City, IA; originally developed by
Dr. Carl Lagenaur, University of Pittsburgh, Pittsburgh, PA) used in this
study has been well characterized in cross-species grafting studies (Davies
et al., 1994). Although M6 cannot differentiate subtypes of cells from the
mouse, it has been found to be very useful in differentiating all mouse cell
types in the presence of rat tissue substrates. In our hands, M6 immuno-
histochemistry has consistently resulted in predominant staining of ax-
ons of mouse tissue with some staining of the soma of mouse neural cells.
Thus, the M6 immunostaining of mouse neural cells transplanted to rat
tissues is useful to specifically identify mouse axons distributed within rat
tissues. Sections were washed thoroughly in 0.1 M PBS, blocked with 1%
dried milk in PBS for 30 min, and incubated overnight at 4°C with 1:30
dilution of M6 antibody in a solution containing PBS, 1% dried milk, and
0.1% Triton X-100. Sections were washed in PBS and incubated for 2 h in
1:100 anti-rat IgG (Sternberger Monoclonals, Lutherville, MD), washed
three times in PBS, and incubated for 2 h in 1:400 rat clono-PAP (Stern-
berger Monoclonals). After three washes in PBS, the peroxidase reaction
was developed using 3,3-diaminobenzidine (DAB) as chromogen (DAB
kit; Vector Laboratories, Burlingame, CA). The immunostained sections
were mounted on subbed slides, air dried, dehydrated, cleared, cover-
slipped, and examined under a Nikon (Melville, NY) microscope. The
distribution and pattern of M6-positive axons emanating from mouse
hippocampal CA3 and CA1 cell grafts in the host hippocampal and septal
regions were identified, analyzed, and photographed.

Furthermore, the differences in axon growth between CA3 and CA1
cell grafts transplanted into the injured CA3 region of the adult hip-
pocampus were quantified. For this, the overall graft axon growth from
CA3 and CA1 cell grafts into the deafferented zones of the injured hip-
pocampus (the CA1 strata oriens and radiatum, the dentate hilus, the
dentate inner molecular layer) and the septum was measured using M6-
immunostained sections. Three representative sections containing graft
axons were used for this quantification in each of the two transplant
groups (n � 5/group). Measurements in sections from the two groups
were performed in a blinded manner using experimental codes. Quanti-
fication was performed using Scion Image. The areas occupied by the
M6-immunoreactive structures per unit area of the above regions were
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determined. For each of the above regions, the microscopic image of the
M6 immunoreactivity was transferred to the computer screen by focus-
ing the appropriate area of the immunostained section with a Nikon
E600 microscope equipped with a digital video camera (Optronics) con-
nected to an IBM computer. Images were digitized using the 20� lens.
The same intensity of light in the microscope and the same parameters in
the digital camera were used to digitize all images in gray scale from
different animals. The images were captured from the middle one-third
of the upper blade of the DG for dentate inner molecular layer measure-
ments, the middle one-third of the CA1 subfield for CA1 strata oriens
and radiatum measurements. For dentate hilus measurements, the entire
dentate hilus was used. All images were saved as BMP files for subsequent
quantitative analyses using the Scion Image.

For measurements in each image, the boundaries of the region of
interest were marked, and the total area of the marked region was mea-
sured. After this, the binary image of the M6-immunoreactive axons in
the marked area was created by selecting a threshold value that keeps all
immunoreactive elements but no background. The final binary image
was cross-checked with the original gray scale image by alternating the
two images on the computer screen. The area occupied by the M6-
immunoreactive structures in the binary image was then measured by
selecting the “analyze particles” command of the Scion Image program.
This way, the area of individual particles (i.e., the M6-immunoreactive
axons) in the selected field was measured, and the sum area of all particles
was stored for additional calculations and statistical analyses. Because
spatial calibration of the image was performed in micrometers using the
“set scale” function of the program before measurements, the results
from area measurements were obtained in square micrometers. The
value for each region was calculated separately by using data from three
sections before the means and SEs were determined for the total number
of samples (n � 5) included per group. The values were compared be-
tween the two groups of animals (i.e., the animals receiving CA3 or CA1
cell transplants) using an unpaired, two-tailed Student’s t test.

Results
Hippocampal cytoarchitecture and aberrant mossy fiber
sprouting after intracerebroventricular KA administration
Evaluation of the Nissl-stained sections at different time points
after the intracerebroventricular KA administration confirmed
degeneration of the dentate hilar neurons and CA3 pyramidal
neurons in the hippocampus ipsilateral to the intracerebroven-
tricular KA administration. Significant loss of dentate hilar neu-
rons was evident throughout the septotemporal axis of the hip-
pocampus. The CA3 pyramidal cell layer showed widespread
neurodegeneration throughout the hippocampus; however,
some CA3 pyramidal neurons persisted at all anteroposterior lev-
els in a small area of CA3a subregion adjacent to the CA2 cell
layer. The granule cell layer was completely spared throughout
the hippocampus. The CA1 pyramidal cell layer, however, was
spared in the anterior one-half of the hippocampus but showed
partial neurodegeneration in the posterior one-half of the hip-
pocampus. The above pattern of neurodegeneration (referred to
as “classic intracerebroventricular KA lesion” in Materials and
Methods) is consistent with our multiple previous reports (Shetty
and Turner, 1995a,b, 1997, 2000; Shetty et al., 2003).

Analyses of the dentate mossy fibers using the Timm’s histo-
chemical staining revealed an aberrant MFS in the DG of the
hippocampus ipsilateral to the KA administration, which is in
contrast to the intact hippocampus of control animals in which
no such sprouting was present (Fig. 1A1,A2). At 1.5 months after
KA, mossy fiber terminals could be observed in the DSGL, par-
ticularly in the ends of upper and lower blades of the granule cell
layer (data not shown). At 4 months after KA, a dense broad band
of sprouted mossy fibers could be seen in the DSGL (data not
shown). The sprouting at this time point was uniform through-
out the DG. The extent of MFS at 12 months after KA (Fig.

1B1–B4) was highly similar to the degree of sprouting observed
at 4 months after KA as described in our previous study (Shetty et
al., 2003). Thus, the aberrant dentate mossy fiber spouting after
KA-induced hippocampal injury appears to reach saturation at 4
months after injury. However, this may be attributable to limita-
tions of the Timm’s histochemical staining to detect the increase
in sprouted mossy fiber terminals between 4 and 12 months after
injury.

Examination of the mossy fibers in the CA3 region of the
KA-lesioned hippocampus revealed no sprouting of mossy fibers
into the CA3 stratum oriens in areas where complete loss of CA3
pyramidal neurons were evident (i.e., in CA3c, CA3b, and most
of CA3a cell layers). However, in a small segment of the CA3a cell
layer (adjoining the CA2 cell layer) where CA3 pyramidal neu-
rons persist after KA-induced injury, mossy fibers sprouted ro-
bustly into the CA3 stratum oriens (Fig. 2B1). Thus, the aberrant
sprouting of mossy fibers into the CA3 stratum oriens in the
KA-lesioned hippocampus occurs only in areas where CA3 pyra-
midal neurons persist. The sprouting of mossy fibers into the
CA3 stratum oriens seen here is consistent with the observations
in kindling models of epilepsy in which CA3 pyramidal neurons
mostly persist after the development of kindling-related epilepsy,
and the sprouted mossy fibers make new synapses on the basilar
dendrites of the CA3 pyramidal neurons (Sutula et al., 1988;
Cavazos et al., 1991; Represa and Ben-Ari, 1992; Represa et al.,
1993).

Location and morphology of transplants, and hippocampal
cytoarchitecture, in grafted animals
Examination of the KA-lesioned hippocampus of grafted animals
at 12 months after grafting revealed surviving CA3 and CA1 cell
grafts. Because E19 hippocampal cells do not exhibit migration
after grafting, the graft location could be easily identified in all
animals (Fig. 1C1,D1). The location and size of transplants in
different groups are described in Table 1. Animals chosen for
analyses in all groups had transplants located either predomi-
nantly in the CA3 subfield, or partly in the CA3 subfield and
partly below the degenerated CA3 cell layer in the lateral ventricle
(Table 1). Because the animals exhibiting classic intracerebroven-
tricular KA lesion were chosen for all analyses (for details, see
Materials and Methods), the overall host hippocampal lesion was
similar in animals belonging to different transplant groups. Nissl
staining demonstrated a large number of surviving neurons
within all CA3 cell transplants, suggesting an excellent long-term
survival of the grafted CA3 pyramidal neurons in the injured
hippocampus, which is consistent with our previous quantitative
studies on the survival of grafted cells in this model of TLE (Shetty
and Turner, 2000; Zaman et al., 2000; Zaman and Shetty, 2001).
Larger CA3 pyramidal neurons within CA3 cell grafts were
mostly organized in clusters (Fig. 1C6,E6). The CA1 cell grafts
also exhibited a large number of surviving neurons; however, the
neurons were clearly smaller and were not arranged in clusters
(Fig. 1D6).

The types of neurons encountered within CA3 and CA1 cell
transplants have been characterized previously and described in
our previous reports (Shetty et al., 2000; Zaman et al., 2000).
These results have mainly shown the following. First, the mor-
phology (including size) of neurons encountered within CA3 and
CA1 cell transplants is comparable with hippocampal CA3 and
CA1 pyramidal neurons developed in situ (Zaman et al., 2000),
respectively. Second, a large number of neurons within CA3 cell
grafts express the CA3 pyramidal cell-specific markers, such as
the nonphosphorylated neurofilament proteins; but neurons
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within CA1 cell grafts do not express these proteins (Zaman et al.,
2000). Third, neurons within CA3 cell grafts send efferent pro-
jections into both contralateral hippocampus (commissural con-
nections) and the septum. However, neurons within the CA1 cell
grafts send axonal projections into the septum but do not send
projections into the contralateral hippocampus (Shetty et al.,
2000). This pattern of distant efferent graft projections is consis-
tent with the efferent pathways observed for the CA3 and CA1
pyramidal neurons developed in situ. Thus, several lines of evi-
dence support that the CA3 and CA1 cell transplants contain a
large number of CA3 and CA1 pyramidal neurons, respectively.

To determine whether the placement of transplants into the KA-
lesioned hippocampus results in a mass lesion, we examined the
host CA3 tissue surrounding the transplant in both CA3 and CA1
graft groups. The host CA3 tissue surrounding the transplant did
not display lesions in any of the transplant groups but contained
uniformly distributed glial cells. Furthermore, the transplant–
host interface did not demonstrate gliosis in both transplant
groups. Thus, the transplantation of fetal cells (as single-cell sus-
pension) into the KA-lesioned young adult hippocampus does
not exacerbate injury. Furthermore, the transplanted cells engraft
well into the degenerated CA3 cell layer and the adjoining regions

Figure 1. Extent of the mossy fiber sprouting in the dentate gyrus of control, lesion-only, and lesioned, grafted animals. A1, An example of the intact control hippocampus. A2 is an enlarged view
of the upper blade of the dentate gyrus from A1 and demonstrates the absence of aberrant mossy fiber sprouting in the DSGL (black asterisks). B1, An example of the lesion-only hippocampus at 12
months after injury. B2–B4 are regions of the upper blade, the crest, and the lower blade of the dentate gyrus from B1 and demonstrate very robust aberrant mossy fiber sprouting into the DSGL
(white asterisks). C1, An example of the lesioned hippocampus receiving CA3 cell grafts at 4 d after injury and analyzed at 1 year after grafting. The transplant (boundaries depicted by interrupted
lines) is located in the CA3 region. C2–C4 are regions from the upper blade, the crest, and the lower blade of the dentate gyrus from C1 and show minimal aberrant mossy fiber sprouting into the
DSGL (black asterisks). C5 illustrates the innervation of the transplant by host mossy fibers. C6 is an enlarged view of the boxed region of the transplant in C5 showing clusters of CA3 pyramidal
neurons surrounded by mossy fiber terminals. D1, An example of the lesioned hippocampus receiving CA1 cell grafts at 4 d after injury and analyzed at 1 year after grafting. The graft (boundaries
depicted by interrupted lines) is located in the CA3 region. D2–D4 are regions from the upper blade, the crest, and the lower blade of the dentate gyrus from D1 and show robust mossy fiber
sprouting into the DSGL (white asterisks). D5 and D6 (enlarged view of the boxed region in D5) illustrate the absence of mossy fibers in regions of the CA1 transplant. E1, An example of the lesioned
hippocampus receiving CA3 cell grafts at 45 d after injury and analyzed at 1 year after grafting. The graft (the boundaries depicted by interrupted lines) is located just below the CA3 region. E2–E4
are regions from the upper blade, the crest, and the lower blade of the dentate gyrus from E1 and demonstrate minimal aberrant mossy fiber sprouting into the DSGL (black asterisks). E5 shows the
innervation of graft areas by host mossy fibers. E6 is an enlarged view of the boxed region in E5 showing clusters of CA3 pyramidal neurons surrounded by dense mossy fiber terminals. DH, Dentate
hilus; GCL, granule cell layer; MFB, mossy fiber bundle; T, transplant. Scale bars: A1, B1, C1, D1, E1, 500 �m; A2, (in B4 ) B2–B4, (in C4 ) C2–C4, C6, (in D4 ) D2–D4, D6, (in E4 ) E2–E4, E6, 100
�m; C5, D5, E5, 200 �m.
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such as the CA3 stratum radiatum and the lateral ventricle below
the degenerated CA3 cell layer.

Effects of hippocampal CA3 and CA1 cell grafting on the
aberrant mossy fiber sprouting
In hippocampus receiving fetal hippocampal CA3 cell grafts at 4 d
after the KA-induced injury and analyzed at 12 months after
grafting, there was a clear reduction in both width and density of
the MFS into the DSGL in all regions of the DG (Fig. 1C1–C4), in
comparison with the age-matched lesion-only hippocampus

(Fig. 1B1–B4). Sprouts of host mossy fibers from the principal
mossy fiber bundle clearly invaded CA3 cell grafts and densely
innervated the clusters of CA3 pyramidal neurons (Fig.
1C1,C5,C6). In hippocampus receiving fetal hippocampal CA1
cell grafts at 4 d after injury and analyzed at 12 months after
grafting (Fig. 1D1–D4), both width and density of MFS into the
DSGL appeared comparable with lesion-only hippocampus (Fig.
1B1–B4). Furthermore, in these animals, host mossy fibers from
the principal mossy fiber bundle did not invade CA1 cell grafts
(Fig. 1D1,D5,D6). This was conspicuous even in animals in
which grafts were placed just next to the principal mossy fiber
bundle (Fig. 1D1). In hippocampus receiving fetal CA3 cell grafts
at 45 d after KA (i.e., when the sprouts of mossy fibers have just
began to grow into the DSGL) and analyzed at 12 months after
grafting, there was a conspicuous reduction in both width and
density of sprouting into the DSGL at all regions of the DG (Fig.
1E1–E4), in comparison with the age-matched lesion-only hip-
pocampus (Fig. 1B1–B4). Similar to grafts placed at 4 d after KA,
grafts placed at 45 d after KA attracted host mossy fibers. A dense
innervation of the clusters of CA3 pyramidal neurons by host
mossy fibers could be seen throughout the transplant (Fig.
1E5,E6).

Because mossy fibers in lesion-only hippocampus exhibit ab-
normal sprouting into the stratum oriens of CA3a subregion (a
subregion where some CA3 pyramidal neurons persist after KA-
induced injury) (Fig. 2B1), we examined the effects of CA3 and
CA1 cell grafting on this sprouting too. In the lesioned hip-
pocampus receiving CA3 cell grafts, there was a clear reduction in
the density of the MFS in the stratum oriens of CA3a (Fig. 2C1).
In contrast, in the lesioned hippocampus receiving CA1 cell grafts
(Fig. 2D1), the density of sprouting in the CA3a stratum oriens
appeared similar to that observed in lesion-only hippocampus
(Fig. 2B1). Thus, fetal hippocampal CA3 cell grafting into the
injured hippocampus suppresses the formation of aberrant MFS
not only in the DG but also in the CA3 subfield.

Changes in the width and density of aberrant dentate mossy
fiber sprouting with grafting
Quantification of the width and density of the aberrant MFS in
different groups clearly revealed that, in the injured hippocam-
pus receiving CA3 cell grafts at 4 or 45 d after KA, the extent of the
aberrant MFS was dramatically reduced throughout the DG, in
comparison with lesion-only hippocampus (Fig. 3). The overall
reductions in the width of sprouted area varied from 73 to 75% in
the upper blade, 64 to 78% in the crest, 75% in the lower blade,
and 72 to 75% in the entire DG (Fig. 3A). The reductions in the
density of sprouted terminals varied from 80 to 83% in the upper
blade, 75 to 76% in the crest, 75 to 81% in the lower blade, and 77
to 80% in the entire DG (Fig. 3B). Furthermore, the overall den-
sity of sprouted terminals in the DSGL of animals receiving in-
trahippocampal CA3 cell grafts was similar to that of the intact
control animals (Fig. 3B). Thus, CA3 cell grafting is highly effica-
cious for inhibiting the aberrant MFS when performed at early

Table 1. Location and size of transplants in different groups

Transplant groups Location of transplants Transplant volume (mm3)a (mean � SEM)

CA3 transplants placed at 4 d after KA administration (n � 6) 50% of transplants in the CA3 region 0.57 � 0.1
50% of transplants in the CA3 region and lateral ventricle

CA3 transplants placed at 45 d after KA administration (n � 4) All transplants in the CA3 region and lateral ventricle 0.51 � 0.05
CA1 transplants placed at 4 d after KA administration (n � 6) 50% of transplants in the CA3 region 0.48 � 0.03

50% of transplants in the CA3 region and lateral ventricle
aThe total volume of each graft was calculated using the Cavalieri method. Values represent means and SEs of four to six individual transplants in every group.

Figure 2. Extent of the mossy fiber sprouting into the stratum oriens of CA3a subregion in
lesion-only and lesioned, grafted animals. A1, An example from the intact control hippocam-
pus. The mossy fiber terminals are sparsely distributed in the stratum oriens (SO) and stratum
pyramidale (SP) under intact conditions. B1, An example from the lesion-only hippocampus. A
robust sprouting of mossy fiber terminals is evident in both SO and SP. C1, An example from an
injured hippocampus receiving fetal CA3 cell transplants. Note that the mossy fiber terminals
are sparse in both SO and SP, akin to that in the intact hippocampus (A1). D1, An example from
an injured hippocampus receiving fetal CA1 cell transplants. A robust sprouting of mossy fiber
terminals is obvious in both SO and SP, similar to the condition observed in the lesion-only
hippocampus (B1). MFB, Mossy fiber bundle; SR, stratum radiatum. Scale bar: (in D1) A1–D1,
100 �m.
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(i.e., at 4 d after injury) or slightly delayed (i.e., at 45 d after
injury) time points after the initial precipitating injury. Interest-
ingly, in the lesioned hippocampus receiving CA1 cell trans-
plants, both width of sprouted area and the density of sprouted
terminals in all regions of the DG were comparable with that of
lesion-only hippocampus and were significantly greater than the
lesioned hippocampus receiving CA3 cell transplants (Fig. 3).

Thus, CA1 cell grafting has no effect on the evolution of the
aberrant MFS after the initial precipitating injury.

Axon growth from mouse CA3 and CA1 cell grafts
transplanted into the injured rat hippocampus
We ascertained the pattern of axon growth from CA3 and CA1
cell grafts through a cross-species grafting paradigm, which com-
prised grafting of E15 mouse hippocampal CA3 or CA1 cells into
the injured CA3 region of the adult rat hippocampus at 4 d after
KA administration and evaluation of the graft axon growth at
30 d after grafting using immunostaining for a mouse-specific
antigen, M6. Both CA3 and CA1 cell transplants from E15 mouse
survived grafting into the injured rat hippocampus and sent ax-
onal projections into many host sites. The overall extent and
pattern of the axon growth from a CA3 cell graft placed into the
injured CA3 region is illustrated in Figure 4A1. Like rat CA3 cell
transplants, the mouse CA3 cell grafts exhibited clusters of CA3
pyramidal-like neurons (Fig. 4B1,B2). The graft axon growth
into the injured hippocampus was clearly noticeable in areas that
normally receive CA3 pyramidal neuron axons. These areas also
experienced deafferentation after the KA-induced destruction of
the host CA3 pyramidal neurons and the dentate hilar neurons.
The regions include the CA1 strata oriens and radiatum, the inner
molecular layer of the DG, and the dentate hilus. In the CA1
subfield, the density of axons was robust throughout the CA1
strata oriens and radiatum (Fig. 4A2). Some axons also projected
into the subiculum and the adjoining entorhinal cortex (data not
shown). In the DG, the density of axons was highest in the inner
molecular layer (Fig. 4A3), where the axons occupied the area of
deafferentation (i.e., the DSGL). From this pattern of graft axon
growth and from the overall effects of CA3 cell grafting on the
aberrant MFS described previously, it appears that the CA3 cell
grafts placed into the injured hippocampus induce a lasting sup-
pression of the aberrant MFS by both innervating the deaffer-
ented DSGL and attracting a significant amount of host mossy
fibers. Some graft axons also projected into the outer two-thirds
of the dentate molecular layer (Fig. 4A4). Additionally, the den-
tate hilus exhibited a considerable amount of graft axons (Fig.
4A3).

Examination of the distant extrahippocampal regions, where
the host CA3 pyramidal neurons normally project axons, dem-
onstrated that grafted CA3 pyramidal neurons are capable of
projecting axons into specific distant sites of the host brain. These
include both ipsilateral and contralateral septal nuclei (hip-
pocamposeptal pathway), and the contralateral hippocampus
(commissural pathway). Comparatively, the axon growth was
more vigorous into the ipsilateral septum than the contralateral
septum (Fig. 4A5,A6). In the contralateral hippocampus, the
axon growth was mostly restricted to the hippocampal CA3 and
CA1 regions (Fig. 4A7). Efferent graft projections into the septal
nuclei and the contralateral hippocampus observed here confirm
our previous findings of long-distance axon growth from CA3
cell transplants using injections of retrograde axonal tracers such
as the Fluoro-Gold and the DiI (Shetty et al., 2000).

Figure 5A1 illustrates the pattern and the degree of axon
growth from a CA1 cell transplant placed into the injured CA3
region. Despite heterotopic grafting, the CA1 cell transplants ex-
hibited a considerable number of surviving neurons, which is
consistent with our previous study (Zaman et al., 2000). The
neurons were smaller (in comparison with neurons in CA3 cell
grafts) and were uniformly distributed (Fig. 5B1,B2). The graft
axon growth into the injured hippocampus was observed mainly
in the CA1 strata oriens and radiatum and the dentate hilus (Fig.

Figure 3. Comparison of the width of sprouted area (A) and the density of sprouted termi-
nals (B) in the DSGL between the intact hippocampus of control rats, the KA-lesioned hip-
pocampus of lesion-only rats, and the KA-lesioned hippocampus of rats receiving CA3 or CA1 cell
transplants. Note that the extent of the aberrant mossy fiber sprouting in animals receiving CA3
cell grafts is dramatically less than in both lesion-only animals and animals receiving CA1 cell
grafts. The CA3 graft-mediated suppression of the aberrant sprouting is consistent in all regions
of the dentate gyrus. LB, Lower blade; UB, upper blade. Error bars indicate SE. **p � 0.01;
***p � 0.001.
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5A2–A4). The overall density of axons in
CA1 strata oriens and radiatum appeared
less than the density observed in these lay-
ers with CA3 cell grafting. Some axons also
projected into the DG, where they distrib-
uted in all three layers (molecular layer,
granule cell layer, and dentate hilus) with
greater density of axons in the dentate hi-
lus. Interestingly, in comparison with the
DG of the injured hippocampus receiving
CA3 cell transplants, the DG of the injured
hippocampus receiving CA1 cell trans-
plants conspicuously lacked specific and
robust graft axon growth into the DSGL
(Fig. 5A3,A4). The density of graft axons
in the DSGL was sparse at best with some
regions exhibiting complete absence of
graft axons. This poor graft axon growth
from CA1 cell grafts into the DSGL likely
underlies the failure of CA1 cell grafts to
restrain the aberrant MFS in the injured
adult hippocampus. Some axon growth
was also observed into the subiculum (Fig.
5A5) and the entorhinal cortex (data not
shown). Examination of the distant host
sites revealed that grafted CA1 pyramidal
neurons send axons to both ipsilateral and
contralateral septal nuclei (Fig. 5A6) but
not into the contralateral hippocampus.
Even in the septum, the overall axon
growth from CA1 cell transplants ap-
peared less robust than the CA3 cell trans-
plants. Both efferent graft projections into
the septum and the lack of projections into
the contralateral hippocampus observed
here confirm our previous findings on dis-
tant axon growth from CA1 cell trans-
plants using injections of retrograde ax-
onal tracers (Shetty et al., 2000).

To validate the differences in axon growth between CA3 and
CA1 cell transplants, we quantified and compared the overall
graft axon growth from CA3 and CA1 cell grafts into the deaffer-
ented zones of the injured hippocampus (the CA1 strata oriens
and radiatum, the dentate hilus, the dentate inner molecular
layer) and the septum using M6-immunostained sections. This
analysis revealed that the innervation of the deafferented zones of
the injured hippocampus by graft axons is very robust with CA3
cell grafting (Fig. 6). In contrast, the axon growth from CA1 cell
grafts was poor in all regions (Fig. 6). In comparison with the CA3
cell grafts, the overall axon growth from CA1 cell grafts is 43% less
in the CA1 strata oriens and radiatum, 67% less in the dentate
inner molecular layer, 48% less in the dentate hilus, and 44% less
in the septum.

Discussion
This study provides the first evidence for the capability of fetal
hippocampal CA3 cell grafts to exert a lasting suppression of the
aberrant MFS into both DSGL and the CA3 stratum oriens in a rat
model of TLE. A comparable suppression exerted by CA3 grafts
placed at 4 or 45 d after injury further suggests that even a some-
what delayed grafting after injury is efficacious for suppressing
aberrant MFS.

Mechanisms of the suppression of aberrant mossy fiber
sprouting by CA3 cell grafts
A dense MFS into the DSGL after hippocampal injury is aberrant
because normally mossy fibers solely project into the CA3 pyra-
midal and dentate hilar neurons (Amaral and Witter, 1989). The
aberrant MFS occurs in two phases. The first step comprises the
formation of new sprouts from the mossy fibers in the dentate
hilus, which is likely triggered by injury-induced increased neural
activity and upregulation of the brain-derived neurotrophic fac-
tor (Ikegaya, 1999; Binder et al., 2001; Koyama et al., 2004). The
second step is the growth and extension of the mossy fiber sprouts
toward the DSGL, which is possibly mediated by the following
alterations in the milieu. First, the reported downregulation of
the chemorepellant Sema3A in the DSGL of epileptic animals
(Holtmaat et al., 2003) likely allows the sprouted terminals to
invade the inner molecular layer. This is because, under normal
conditions, robustly expressed chemorepellant Sema3A in the
dentate molecular layer prevents mossy fibers from invading the
inner molecular layer. Second, because of the KA-induced injury,
granule cells lose their postsynaptic target cells and experience
deafferentation in the DSGL (Sloviter, 1987). These events likely
also propel the new mossy fiber sprouts to grow into the DSGL,
where vacant synaptic sites are available.

With CA3 cell transplantation, host mossy fibers grow into the

Figure 4. The pattern and extent of axon growth from a mouse CA3 cell graft into the host brain at 30 d after grafting, visualized
with M6 immunostaining (A1). B1 shows the transplant indicated in A1 (by interrupted lines) with Nissl staining. Note the loss of
CA3 pyramidal neurons (indicated by asterisks) in this hippocampus. B2 is a magnified view of the transplant region showing
clusters of CA3 pyramidal neurons. The graft axon growth into the injured hippocampus is highly conspicuous in the strata oriens
(SO) and radiatum (SR) of the CA1 subfield (A2), the inner molecular layer (IML) of the DG (A3), and the dentate hilus (DH) (A3). A
sparse distribution of axons is also observed in the outer two-thirds of the molecular layer (A4 ). In addition, axons from CA3 cell
grafts project into both ipsilateral and contralateral septal nuclei (A5, A6 ) and the CA3 region of the contralateral hippocampus
(A7 ). GCL, Granule cell layer; T, transplant, SP, strata pyramidale. Scale bars: A1, B1, 500 �m; (in A6 ) A2–A7, B2, 100 �m.
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transplant where they surround the clus-
ters of CA3 pyramidal neurons, and graft
axons vigorously project into the DSGL.
The CA3 transplant-mediated restitution
of the disrupted circuitry is also associated
with a dramatic inhibition of the aberrant
MFS into both DSGL and the CA3 stratum
oriens, the epileptogenic changes that en-
sue after the hippocampal injury. It ap-
pears that the suppression is a result of
numerically dense innervation of more
apt target cells (i.e., CA3 pyramidal neu-
rons) present within the graft by host
mossy fibers. Thus, when given a choice
between synaptic sites in the correct
postsynaptic target cells and the wrong va-
cant synaptic sites in granule cell den-
drites, the mossy fiber sprouts in the in-
jured hippocampus grow predominantly
into the appropriate postsynaptic sites
within the graft. This may be mediated by
the secretion of chemoattractants specific
for granule cell axons by the grafted fetal
CA3 pyramidal neurons. Indeed, during
development, the chemoattractants guide
the growth of mossy fibers toward the CA3
region (Koyama and Ikegaya, 2004). The
vigorous growth of axons from CA3 grafts

into the DSGL likely also influences the mossy fiber sprouts, be-
cause the vacant synaptic sites in the DSGL are quickly occupied
by graft axons. In contrast, the CA1 grafts fail to suppress the
aberrant MFS in the injured hippocampus. This may be ex-
plained by the following. First, because the CA1 region during
development is known to secrete factors that repel mossy fibers
(Koyama and Ikegaya, 2004), it is possible that fetal CA1 grafts
secrete chemorepellants that keep mossy fibers away from CA1
grafts even when placed just next to the mossy fiber bundle. Sec-
ond, the CA1 grafts fail to project adequate axons into the dener-
vated DSGL, and hence the vacant synaptic sites in the DSGL are
not filled up with CA1 cell grafting, which allows the aberrant
MFS into the DSGL. Thus, establishment of the reciprocal cir-
cuitry between dentate granule cells and the grafted neurons
likely underlies the inhibition of the aberrant MFS by CA3 grafts.

Significance of the inhibition of aberrant mossy fiber
sprouting by CA3 cell grafts for TLE
The TLE is typified by both spontaneous recurrent motor sei-
zures and the aberrant MFS (Houser et al., 1990; Franck et al.,
1995; Engel, 1998; Gall and Lynch, 2004). However, the extent of
MFS depends on the phases of TLE (Mathern et al., 1995a,b).
Analyses of aberrant MFS in animal models of TLE support the
concept that the dentate MFS begets granule cells to stimulate one
another. First, the sprouted mossy fibers form fresh excitatory
synapses on dendritic spines of granule cells (Buckmaster et al.,
2002; Cavazos et al., 2003). Second, exogenous application of
glutamate to the dentate molecular layer of epileptic rats induces
EPSPs in granule cells that are located away from the application
site (Molnar and Nadler, 1999; Lynch and Sutula, 2000). Third,
antidromic stimulation of the granule cells in slices from epileptic
rats evokes prolonged seizure-like bursts of population spikes in
the granule cell layer, when inhibition is depressed and/or the
concentration of extracellular potassium is increased (Wuarin
and Dudek, 1996; Okazaki et al., 1999). Fourth, in kainate-treated

Figure 6. Comparison of the overall graft axon growth from CA3 and CA1 cell grafts into the
deafferented zones of the injured hippocampus and the septum. In comparison with the CA3
cell grafts, the overall axon growth from CA1 cell grafts is 43% less in the CA1 strata oriens and
radiatum, 67% less in the dentate inner molecular layer, 48% less in the dentate hilus, and 44%
less in the septum. DH, Dentate hilus; SO, strata oriens; SR, strata radiatum; IML, inner molecular
layer. Error bars indicate SE. ***p � 0.001; ****p � 0.0001.

Figure 5. The pattern and degree of axon growth from a mouse CA1 cell transplant placed into the injured CA3 region of the rat
hippocampus (A1). B1 shows the transplant indicated in A1 (by interrupted lines) with Nissl staining. Note the loss of CA3
pyramidal neurons (indicated by asterisks) in the hippocampus. B2 is a magnified view of the transplant region showing the
distribution of grafted CA1 cells. The graft axon growth occurs into the CA1 strata oriens (SO) and radiatum (SR) (A2); however, the
extent of axon growth is considerably less than that observed with CA3 cell grafting (see Fig. 4). Note that the graft axon growth
from CA1 cell graft into the inner molecular layer (IML) is conspicuously diminished (A3, A4 ) in comparison with the CA3 cell graft
illustrated in Figure 4. A5 and A6 demonstrate axon growth from a CA1 cell graft into the subiculum (A5) and the ipsilateral septal
nucleus (A6 ). DH, Dentate hilus; GCL, granule cell layer; T, transplant, SP, strata pyramidale. Scale bars: A1, B1, 500 �m; (in A6 )
A2–A6, B2, 100 �m.
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animals with aberrant MFS, a single stimulation of the entorhi-
nal– dentate pathway generates 3–12 successive population
spikes in contrast to the single spike/stimulus observed in the
saline-treated controls (Patrylo et al., 1999), suggesting that the
synaptic input from the entorhinal cortex gets converted to epi-
leptiform bursts through mossy fiber recurrent circuits (Koyama
and Ikegaya, 2004). Fifth, in epileptic animals, a link has been
found between the progression of MFS and the evolution of sei-
zures (Sutula et al., 1988; Cavazos et al., 1991). Sixth, the occur-
rence of mutual monosynaptic interconnections between gran-
ule cells has been validated (Scharfman et al., 2003). Thus, it is
clear that the aberrant MFS is associated with seizures.

However, studies also show that no correlation exists between
the aberrant MFS and the first appearance of spontaneous sei-
zures (Nissinen et al., 2001); the presence of aberrant MFS is not
a prerequisite for epileptogenesis in the developing brain (Bender
et al., 2003); the MFS after KA-induced injury also increases DG
inhibition (Sloviter, 1992); and the new excitatory circuits after
KA-induced injury develop in the CA1 region too (Shao and
Dudek, 2005). Thus, it is not obvious whether the MFS is a cause
or result of epilepsy. Nonetheless, because the sprouted mossy
fibers make excitatory connections with the granule cell den-
drites, it is credible that the aberrant MFS contributes to the
chronic state of TLE (Zhang et al., 2002; Koyama and Ikegaya,
2004). Indeed, several studies suggest that the DG with aberrant
MFS has increased seizure susceptibility (Mathern et al., 1996,
1998; Sutula, 2002; Nadler, 2003; Santhakumar et al., 2005).
Therefore, it is reasonable to conjecture that a lasting suppression
of the aberrant MFS mediated by fetal CA3 grafts likely reduces
the recurrent excitation of granule cell dendrites and thereby
contributes to decreased seizure susceptibility of the DG in the
injured grafted hippocampus. This effect was not tested in this
study, because rats treated with unilateral intracerebroventricu-
lar KA exhibit minimal and/or inconsistent spontaneous recur-
rent seizures. Grafting studies in animal models that exhibit sig-
nificant spontaneous recurrent seizures after hippocampal injury
(Hattiangady et al., 2004) are needed in the future to address this
issue.

Capability of CA3 cell grafts for reconstruction of the
disrupted hippocampal circuitry after injury
Previous studies suggest that transplant-mediated functional re-
covery after injury to discrete brain regions requires specific
transplant axon growth into both local and distant host neurons
leading to at least partial restitution of the damaged circuitry
(Dunnett, 1995; Dunnett et al., 1997; Isacson and Deacon, 1997).
Clearly, the results obtained with fetal CA3 grafting in this study
satisfy these criteria for repairing the hippocampus after injury.
This is because specific and vigorous axon growth occurred from
CA3 grafts into the deafferented zones of both the injured hip-
pocampus and the distant host sites. In addition, the CA3 grafts
attracted considerable amounts of host mossy fibers leading to
specific afferent innervation of grafted neurons. Thus, the critical
requirement for functional recovery after hippocampal CA3 re-
gion injury could be accomplished via grafting of immature CA3
pyramidal cells. Conversely, the heterotopic CA1 grafts placed
into the injured CA3 region fail to reconstruct the circuitry be-
cause of their inability to attract the host mossy fibers and inner-
vate the deafferented DSGL, although they project significant
amounts of axons into the CA1 subfield and the septum. Further-
more, our previous grafting studies in this hippocampal injury
model have shown that only grafts containing CA3 pyramidal
neurons are capable of normalizing other epileptogenic changes

such as the depletions in the hippocampal GABAergic interneu-
ron numbers (Shetty and Turner, 2000) and the loss of calbindin
(Shetty, 2001). Collectively, these findings have implications for
both structural and functional repair of the hippocampus after
the status epilepticus, head injury, or stroke, because hippocam-
pal injury resulting from these conditions often leads to the de-
velopment of TLE (Raol et al., 2003; Rigoulot et al., 2004). Be-
cause a significant number of people afflicted with epilepsy have
seizures that cannot be controlled by antiepileptic drugs (Litt et
al., 2001; McKeown and McNamara, 2001), there is a need to
develop alternative approaches capable of suppressing epilepto-
genesis after hippocampal injury. From this perspective, the
grafting intervention performed after injury in this study appears
promising for restraining the injury-induced epileptogenesis.
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