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DENTATE GRANULE CELLS FORM NOVEL BASAL
DENDRITES IN A RAT MODEL OF TEMPORAL LOBE

EPILEPSY

I. SPIGELMAN,*†** X.-X. YAN,‡ A. OBENAUS,§ E. Y.-S. LEE,‡
C. G. WASTERLAIN†¶Q and C. E. RIBAK‡

*Section of Oral Biology, UCLA School of Dentistry, Los Angeles, CA 90095-1668, U.S.A.

†UCLA Brain Research Institute, Los Angeles, California, U.S.A.

‡Department of Anatomy and Neurobiology, College of Medicine, UC, Irvine, CA 92697-1275, U.S.A.

§University of Saskatchewan, Department of Medical Imaging, Saskatoon, Saskatchewan,
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¶Epilepsy Research Laboratory, VA Medical Center (127), Sepulveda, CA 91343-2099, U.S.A.

QDepartment of Neurology, UCLA School of Medicine, Los Angeles, California, U.S.A.

Abstract––Mossy fibre sprouting and re-organization in the inner molecular layer of the dentate gyrus is
a characteristic of many models of temporal lobe epilepsy including that induced by perforant-path
stimulation. However, neuroplastic changes on the dendrites of granule cells have been less-well studied.
Basal dendrites are a transient morphological feature of rodent granule cells during development. The goal
of the present study was to examine whether granule cell basal dendrites are generated in rats with epilepsy
induced by perforant-path stimulation. Adult Wistar rats were stimulated for 24 h at 2 Hz and with
intermittent (1/min) trains (10 s duration) of single stimuli at 20 Hz (20 V, 0.1 ms) delivered 1/min via an
electrode placed in the angular bundle. The brains of these experimental rats and age- and litter-matched
control animals were processed for the rapid Golgi method. All rats with perforant-path stimulation
displayed basal dendrites on many Golgi-impregnated granule cells. These basal dendrites mainly
originated from their somata at the hilar side and then extended into the hilus. Quantitative analysis of
more than 800 granule cells in the experimental and matched control brains showed that 6–15%
(mean=8.7%) of the impregnated granule cells have spiny basal dendrites on the stimulated side, as well
as the contralateral side (mean=3.1%, range=2.9–3.9%) of experimental rats, whereas no basal dendrites
were observed in the dentate gyrus from control animals.

The formation of basal dendrites appears to be an adaptive morphological change for granule cells in
addition to the previously described mossy fibre sprouting, as well as dendritic and somatic spine
formation observed in the dentate gyrus of animal and human epileptic brains. The presence of these
dendrites in the subgranular region of the hilus suggests that they may be postsynaptic targets of the mossy
fibre collaterals. ? 1998 IBRO. Published by Elsevier Science Ltd.

Key words: perforant-path stimulation, basal dendrites, mossy fibre, sprouting, dentate gyrus, rat.

The kainate and pilocarpine animal models of status
epilepticus (SE) produce widespread brain damage
and the delayed occurrence of limbic and general-
ized convulsions.8,9 Electrical stimulation of the
perforant-path under urethane anaesthesia in adult
rats produces neuronal injury which is restricted to
the hippocampus, has an excitotoxic appearance
similar to that induced by kainic acid27,29,42,45 and
is associated with a loss of frequency-dependent,
paired-pulse inhibition in the dentate gyrus,43 as
well as the progressive development of spontaneous
recurrent seizures.41 The type of hippocampal dam-
age that is seen in animal models of SE is remark-

ably similar to that seen in human patients with
temporal lobe epilepsy.11,15,19 Spontaneous seizures
have been tentatively explained either by the sprout-
ing and re-organization of recurrent excitatory
connections1,9,10,49,50,53 or by the loss26 or deaffer-
entation4,43 of inhibitory interneurons in the
hippocampus.

The sprouting of granule cell axons, the mossy
fibres, is commonly inferred in the dentate gyrus of
humans and experimental animals with epilepsy. In
the affected hippocampal formation, sprouted mossy
fibres form an aberrant band in the inner molecular
layer of the dentate gyrus where they are in position
to synapse with the proximal apical dendrites of
granule cells.11,15,31,50,53 The elements postsynaptic
to the mossy fibres also display changes in temporal
lobe epilepsy. For example, kainic acid treatment in
adult mice results in dendritic hypertrophy with
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Abbreviations: ISI, interstimulus interval; PB, phosphate
buffer; PS, population spike; SE, status epilepticus.
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increased numbers of dendritic spines that is
correlated with the sprouting of mossy fibres.52 In
human studies, a greater density of dendritic spines
was noted in granule cells that exhibited aberrant
mossy fibre collaterals as compared to cells without
such collaterals.16 In another study, longer and more
branched granule cell apical dendrites were found in
tissue from patients with mesial temporal lobe scler-
osis as compared to those from a control group.54

Associated with the seizure-induced changes in
granule cells are molecular responses that include
increases in mRNAs encoding various neuro-
trophic substances.13 These latter changes are often
reminiscent of developmental processes.

The granule cells of adult rats lack basal dendrites,
although they are transiently expressed in rats during
postnatal development.37,38,40,57 This transient ex-
pression is also observed in several other species,
including mouse, rabbit, guinea-pigs and cats (see
Ref. 37). In contrast, basal dendrites are normal
features of granule cells in the developing and adult
dentate gyrus of monkeys and humans.37 The bio-
logical significance of the developmental appearance
and subsequent attrition of granule cell basal den-
drites in rats is unknown. In a recent study, Franck
et al.12 remarked on the apparent high spine density
on the basal dendrites of granule cells in the brains
of adult epileptic humans and suggested that their
occurrence may provide an additional basis for recur-
rent excitation. However, no comparison was made
with the basal dendrites of age-matched humans and
therefore it is unclear whether these basal dendrites
are within the normal range observed in humans.37

The present study aimed to determine whether
basal dendrites appear on granule cells of adult rats
as a consequence of SE induced by perforant-path
stimulation. Such an analysis conducted in epileptic
rats would provide novel information about the
formation of dendrites in the epileptic brain because,
unlike humans, normal adult rats lack basal den-
drites. A rapid Golgi method was used to assess
the dendritic arbors of granule cells. A preliminary
report of the data has been published in abstract
form.33

EXPERIMENTAL PROCEDURES

Surgery

Male adult Wistar rats (400–500 g; Simonsen Labs) were
injected with ketamine (50 mg/kg) and xylazine (10 mg/kg).
At 30 min after injection animals were placed in a stereo-
tactic apparatus. Rectal temperature was monitored con-
tinuously and maintained at 37&0.5)C with a warm water
coil placed under the animal during anaesthesia. Two holes
were drilled on the left side of the skull to accommodate the
stimulating and recording electrodes. The stimulating elec-
trode was 1 mm anterior and 4.5 mm lateral to lambda, and
that for the recording electrode was 3.0 mm anterior and
2.2 mm lateral to lambda. Four jeweller’s screws (two
anterior, one right, one posterior) were also placed into
pre-drilled holes on the right side of the skull. Bipolar
electrodes made of twisted Teflon-coated 0.005 inch diam-
eter stainless steel wires (California Fine Wire Co.; tip

separation <1 mm for recording electrodes and <0.5 mm
for the stimulating electrodes) were cemented to the skull by
dental acrylate. Final electrode depth (2.5–3.5 mm from
cortical surface) was determined by maximizing the ampli-
tude of the characteristic potential recorded in the dentate
gyrus in response to ipsilateral perforant-path stimulation.
Chromium non-coated wires (Consolidated Wire and
Associated Co.) were connected to the screws on the skull
and used as ground electrodes. The skin was cleaned
with Povidine solution (Rugby Laboratories) and 10 mg of
penicillin (Sigma) was injected subcutaneously once per day
for three days after surgery.

In vivo recordings

Input/output (I/O) responses were obtained at 125, 200,
300, 500, 700, 1000, 2000 and 3000 ìA (0.1 Hz, 0.2 ms
duration, biphasic stimulation). Interstimulus interval (ISI)-
dependent paired-pulse responses were studied at intervals
of 40 and 400 ms (0.1 Hz, 0.1 ms duration, monophasic
stimulation). Population spike (PS) amplitudes were
measured from the average of five consecutive evoked
potentials. PS amplitude was calculated as [(field potential
at the beginning of PS)+(field potential at the end of
PS)]/2"(field potential at the peak of PS). In multiple PS
discharges, we used the first PS to measure PS amplitude.
The inhibition score in paired-pulse examinations was
calculated as [100"(PS amplitude of second pulse)/(PS
amplitude of the 1st pulse)#100].

Perforant-path stimulation

One to two weeks after surgery, rats were anaesthetized
with a loading dose of urethane (1000 mg/kg) via the tail
vein followed by a continuous infusion at 0.08 ml/min
(1200 mg/kg). Once anaesthetized, rats were then stimulated
for 22–24 h with single stimuli (20 V, 0.1 ms duration) at
2 Hz and with intermittent trains (10 s duration) of stimuli
at 20 Hz delivered once per minute to the implanted stimu-
lating electrode. Paired-pulse stimulation was carried out
before, during and at various times after stimulation. One
hour after the end of stimulation animals were injected with
furosemide (10 mg/kg, i.m.). At various times rats were also
injected subcutaneously with small volumes of dextrose
solution.

Neurobiotin detection in granule cells

Intracellular recordings were made in hippocampal slices
(400 ìm-thick) from stimulated and control rats according
to previously described methods.56 Intracellular micro-
electrodes contained 1.5% Neurobiotin in 3 M potassium
acetate (pH=7.25). Neurobiotin was injected into granule
cells (one cell/slice) using square-wave current pulses
(1–3 nA, 100 ms, 3 Hz) for 15 to 25 min. Slices were im-
mersed overnight in 4% paraformaldehyde in 0.1 M phos-
phate buffer (PB, pH=7.4). Slices were then incubated in
0.1 M PB containing 1% avidin–biotin–peroxidase complex
(ABC; Vector) and 0.2% Triton X-100 at 4)C for 48 h. The
Neurobiotin labelling was visualized in 0.05% diaminoben-
zidine and 0.005% H2O2 in PB. The reaction was stopped by
washing slices with PB.

Golgi method

Three months after perforant-path stimulation, the exper-
imental rats and their age- and litter-matched controls were
anaesthetized with an overdose of pentobarbital (60 mg/kg)
and perfused intracardially with cold saline followed by 4%
paraformaldehyde and 0.5% glutaraldehyde in 0.1 M PB.
The brain was removed and placed overnight in the per-
fusion fixative at 4)C. The caudal cerebrum containing the
hippocampal formation was blocked into 3 mm-thick slices
that were processed with a modified rapid Golgi method.
Briefly, blocks from experimental and control brains were
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immersed in a freshly made solution of osmium tetroxide
(0.25%) and potassium dichromate (9%) for five days in the
dark. The blocks were then rinsed several times with 0.75%
silver nitrate and placed in this latter solution for two days
in darkness. Brain blocks were blotted dry with tissue paper
and sectioned at 70 ìm. The sections were dehydrated in a
graded series of ethanol followed by xylene. Finally, sec-
tions were placed on glass slides, and coverslips applied with
mounting medium.

Morphometric analysis

Five to 20 sections from each brain were used for
quantitative analysis of Golgi-impregnated granule cells.
The granule cell layer was scanned with 40# and 100#
objectives. Thus, each examined granule cell body was
carefully viewed at two high magnifications to determine the
continuity of processes in its vicinity. By carefully adjusting
the fine focus, it was possible to determine whether a basal
dendrite was present and to distinguish a passing dendrite
from one that was attached to the examined cell body. Data
were collected separately for the two hemispheres and the
total number of examined granule cells and the percentage
of those with basal dendrites were calculated. Camera lucida

drawings of Golgi-impregnated granule cells from control
and stimulated rats were made using a 100# oil objective to
illustrate the pattern of dendrites and axonal branching.
Images were obtained with a digital video camera and a
light microscope, and montages of impregnated granule
cells at different focal planes were made using a UMAX
Supermac computer and Adobe Photoshop software.

RESULTS

Electrophysiology

In paired-pulse recordings, the short (40 ms) and
long (400 ms) ISI-dependent inhibition were greatly
depressed during the 1st week following perforant-
path stimulation (compare top and middle traces
in Fig. 1). At four weeks after perforant-path
stimulation, short ISI-dependent inhibition, which
is thought to be GABAA receptor-mediated,44

appeared to recover (bottom traces in Fig. 1). Long
ISI-dependent inhibition, in contrast, did not recover

Fig. 1. Changes in paired-pulse inhibition after perforant-path stimulation (pfps). (A) In vivo recording
traces from a rat before and after perforant-path stimulation. The traces are averages of five consecutive
waveforms. Arrows note the onset of the perforant path stimulus (0.1 ms, 30 V monophasic). The first
upward deflection after the stimulus artifact in each trace is the field excitatory postsynaptic potential
followed by a population spike discharge (arrowhead in first trace). In each set of traces, the left trace is
the response to the 1st stimulus of a paired-pulse, middle trace the response to the 2nd stimulus at 40 ms
ISI, and the right trace the response to the 2nd stimulus at 400 ms ISI. Note the multiple population spike
discharges after perforant-path stimulation. Also note the recovery of the 40 ms ISI inhibition and the lack

of recovery in the 400 ms ISI paired-pulse inhibition.
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and remained suppressed at four weeks after
perforant-path stimulation. The multiple PS dis-
charges which were never observed prior to
perforant-path stimulation also persisted at four
weeks after perforant-path stimulation. These results
confirmed our previous findings of persistent hyper-
excitability in the rat dentate gyrus at one month
after perforant-path stimulation.41,47

Based on our results from evoked potential record-
ings we decided to explore the possible mechanisms
which underlie chronic hyperexcitability with the use
of intracellular recording techniques. Specifically, we
focused attention on animals at one month after
stimulation, a time at which rats were previously
reported to exhibit spontaneous seizures and acceler-

ated kindling.41,56 Our initial aim was to characterize
the possible differences in the membrane properties
and synaptic responses of granule cells in hippo-
campal slices taken from control animals and from
experimental rats subjected to perforant-path
stimulation. A description of the intracellular record-
ing results is the subject of a separate manuscript
(Spigelman et al., unpublished observations). During
these recordings, granule cells in slices obtained
from stimulated and control rats were injected with
Neurobiotin tracer and processed for morphological
identification. In one of the neurons from the stimu-
lated group, we noted the presence of a large basal
dendrite which ran parallel to the granule cell layer
and partly extended into the hilar region (Fig. 2).

Fig. 2. Camera lucida drawing of a Neurobiotin-filled granule cell from a perforant-path-stimulated rat.
Note the presence of basal dendrites (large arrows) and an axon (a and small arrow) that arise from soma
of this cell. Spines are present on the surface of the basal dendrites and their branches. The granule cell
layer is indicated by the pair of parallel lines. Scale bar=20 ìm. ML, molecular layer; GL, granule cell

layer.

112 I. Spigelman et al.



Since basal dendrites are normally absent in adult
rats this warranted further investigation. To this end,
we implanted electrodes and stimulated several ad-
ditional rats and used the rapid Golgi method to
study the morphology of granule cells in these rats
and their age-matched non-stimulated, but implanted
controls. Others have demonstrated that the re-
organization of circuits in the dentate gyrus after
seizures is a time-dependent process which reaches a
plateau by 100 days.22,25 Therefore, we chose to
study the morphology of granule cells at three
months after perforant-path stimulation to allow
sufficient time for the morphological changes to
occur.

Morphology of granule cells in non-stimulated control
adult rats

In Golgi preparations, granule cells in the dentate
gyrus were easily identified according to their char-
acteristic soma location and dendritic morphology.
Granule cell bodies were round or oval shapes with
their greater diameter oriented perpendicular to the
granule cell layer. A granule cell typically gave rise to
an apical dendrite that extended into and arborized
within the molecular layer (Fig. 3A). The axons of
granule cells originated from the hilar pole of the
soma and projected into the hilus. Consistent with
earlier Golgi studies in this brain region, our data
showed that granule cells from control adult rats
have no thick processes arising from the hilar side
of their somata that could be interpreted as basal
dendrites (Fig. 3A).

Morphology of granule cells in stimulated rats

In general, the appearance of granule cell bodies
and the arborization pattern of their apical dendrites
within the molecular layer of the dentate gyrus in
perforant-path stimulation rats were similar to those
of the control group. Furthermore, axons of granule
cells arose from their hilar pole.

A consistent morphological difference in granule
cells from the stimulated rats was the presence of a
distinct basal dendrite on many of these cells. These
basal dendrites most frequently arose from the hilar
pole of granule cell bodies, and were distinctly sep-
arated from the axons of these cells (Figs 3B, 4, 5).
Basal dendrites were less commonly seen to originate
from the lateral sides of granule cell somata and from
the base of the apical dendrites (e.g., Figs 4F and 6).
Some granule cells only gave rise to a single basal
dendrite but it would extend into the hilus for various
lengths, usually 200–500 ìm, whereas other granule
cells had basal dendrites that branched. However, in
all cases, the basal dendrites were restricted to the
subgranular region of the hilus that was previously
defined as the first 50 ìm subjacent to the granule cell
layer.32 Figure 4 illustrates some of the different
morphologies of the encountered basal dendrites. It

should also be noted that the axons of granule cells
from stimulated rats were frequently observed to
send collaterals through the granule cell layer into the
inner molecular layer (Fig. 4D, F), indicating mossy
fibre sprouting and re-organization. The diameter of
basal dendrites could be as thick as that of the apical
dendrite which arose from the opposite pole of a
given granule cell (e.g., Figs 3B and 5A–C). Basal
dendrites had few branches (range 0–5), and the
branch length varied from 20–200 ìm. Densely
packed spines were present on the surface of the basal
dendrites and their branches throughout their length
(Figs 3–6).

Quantitative analysis of basal dendrites

Due to the technical limitations of the Golgi
method, the number of impregnated granule cells
varied in a given coronal section from any brain,
ranging from 2–40 cells per section. Three matched
pairs of control and stimulated brains were well-
stained, whereas the 4th pair of brains was sub-
optimally impregnated, such that only a small
number of granule cells were labelled on the left
(electrode-implanted) hemisphere. Altogether, five to
20 sections in each brain were analysed for quantifi-
cation so that the number of impregnated granule
cells studied ranged from 13–536 for each cerebral
hemisphere. Table 1 summarizes the results of gran-
ule cell counts in the brains of stimulated rats and the
implanted controls. Quantitative analysis of more
than 1700 granule cells in the four pairs of exper-
imental and control brains showed that 8.7% (76/874)
of Golgi-impregnated granule cells have spiny basal
dendrites on the stimulated side of experimental rats,
whereas no basal dendrites were observed in the
dentate gyrus from control animals (0/889). Basal
dendrites were found in hippocampi from both hemi-
spheres, however a higher prevalence of basal den-
drites was seen on the stimulated (left) side than on
the contralateral side (mean=3.1%, 12/386, n=3
brains).

DISCUSSION

The present study provides the first description of
the formation of granule cell basal dendrites in a rat
model of temporal lobe epilepsy induced by
perforant-path stimulation. The frequency of basal
dendrites for granule cells was quantified, and such
dendrites are consistently found in the dentate gyrus
of epileptic rats. The finding of granule cell basal
dendrites is of considerable interest because, as sug-
gested by earlier studies and confirmed in the current
investigation, the granule cells in normal adult rats
do not possess basal dendrites.37,38 Further, it is
significant to note that basal dendrites appear only
transiently during normal development of the rat.38

Thus, the presence of basal dendrites in adult
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epileptic rats suggests a neuronal response to seizures
that may be related to the generation of new granule
cells (see below).

It should be noted that the present study is not
the first to illustrate granule cell basal dendrites in
the epileptic dentate gyrus of adult rodents. How-
ever, it is the first to describe them. For example, in
a previous Golgi study of adult Wistar rats treated
with kainic acid, basal dendrites appear to be
present on one of several illustrated dentate granule

cells (see Fig. 3C, D in Ref. 30). In a more recent
study of this model of epilepsy in adult mice,
granule cells were labelled with biocytin and one of
the illustrated cells apparently possesses a basal
dendrite (see Fig. 1B in Ref. 52). In contrast,
illustrated granule cells from control animals in
these two reports did not have basal dendrites.
However, neither study provided a description of
these basal dendrites. Nevertheless, these observa-
tions, taken together with the present data, suggest

Fig. 3. Low magnification of the dentate gyrus in control (A) and perforant-path-stimulated rats
illustrating the axons (arrowheads) emerging from the base of control granule cells in A, and basal
dendrites (arrows) at the base of the cells from a stimulated rat in B. Scale bar=10 ìm. ML, molecular

layer; GL, granule cell layer; H, hilus.
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that the formation of basal dendrites may be a
common response of rodent hippocampal granule
cells to seizures.

Formation of novel basal dendrites observed in the
present model of temporal lobe epilepsy may repre-
sent one of the adaptive cellular changes of the
granule cells in response to epileptogenic stimuli. It
has been shown that, following intrahippocampal
administration of kainic acid, modifications of
neuronal structures involve virtually all cellular com-
partments. For example, granule cells exhibit dra-
matic hypertrophy that is associated with altered
expression of various neurotrophins.14,18,24,51 Hyper-
trophy of the axonal compartment consists of mossy
fibre sprouting, which has been the most commonly
recognized structural modification of the granule
cells.11,15,21,23,24,31,40,48,50,53 Hypertrophic changes
are also observed on the soma and apical dendrites of

granule cells. These include increases of dendritic size
and length, and spine density on both somata and
dendrites.6,51 Thus, formation of basal dendrites
observed in the present and other models of temporal
lobe epilepsy could account for an additional form of
dendritic neuroplasticity of granule cells.

New granule cells continue to be generated in the
rodent dentate gyrus throughout adult life.3,17 There-
fore, basal dendrites could arise from granule cells
generated after SE, as opposed to sprouting of basal
dendrites from mature cells generated prior to SE.
Recently, granule cells generated de novo after
pilocarpine- or perforant-path stimulation-induced
SE were shown to project aberrant mossy fibre
collaterals into the inner molecular layer of the
dentate gyrus.28 We observed granule cell somata
with basal dendrites both at the outer (molecular
layer) edge of the granule cell layer, as well as at the

Fig. 4. Camera lucida drawings of Golgi-impregnated granule cells from control (A) and perforant-path-
stimulated rats (B–F). Granule cell axons are indicated with arrowheads and basal dendrites with arrows.

The granule cell layer is indicated by the pair of parallel lines. Scale bar=10 ìm.
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hilar edge. Based on normal neurogenesis and migra-
tion patterns,7,20 basal dendrite-possessing granule
cells with somata located at the molecular layer edge
would be expected to be generated prior to SE.
However, recent observations indicate that granule

cells generated after SE do not follow normal migra-
tion patterns, resulting in ectopic locations of the
newly differentiated cells both in the hilus and in the
inner molecular layer.28 Thus, cells with basal den-
drites may represent post-SE generated granule cells,

Fig. 5. Detailed images of individual granule cells from different experimental rats to show the variability
in the morphology of basal dendrites. (A, B, C, D) have cells with basal dendrites that are indicated by
arrows. (E) is an enlargement of a portion of the basal dendrite in A to show its dendritic spines (arrows).

Scale bar in C (10 ìm) applies to A–D. Scale bar for E=2.5 ìm.
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or they may represent pre-existing mature cells
with sprouted basal dendrites, or a combination of
the two.

The cause and biological significance of basal
dendrite generation in granule cells after SE are
unclear, though, they may be generally similar to
other adaptive cellular processes that occur in the

epileptic hippocampal formation. For example,
perforant-path stimulation initiates excitotoxicity
that causes neuronal injury and death in the
hippocampal formation, especially, the hilar
region.27,42,45,56 Expression of neurotrophins such
as nerve growth factor is altered within hours and
these changes persist for months following a kainic

Fig. 6. Example of a granule cell that formed a basal dendrite from its molecular layer pole close to the
origin of the apical dendrite. The basal dendrite extends and branches (arrows) into the subgranular zone
of the hilus (A). (B) is an enlargement illustrating the presence of dendritic spines (arrows) on the basal
dendrite, as well as on the soma and apical dendrites of this granule cell. Scale bars in A and B are 15 and
8 ìm, respectively. ML, molecular layer; GL, granule cell layer. Broken line in A indicates the border of

GL and hilus.
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acid-induced hippocampal lesion.14,51,52 These
growth factors appear to trigger structural remodel-
ling and bring granule cells back to infancy when
basal dendrites are present.38,39 Additionally, den-
dritic plasticity, especially spine formation or regres-
sion, can be linked to changed numbers of putative
presynaptic elements during the development and re-
generation processes.5 It was suggested that hyper-
trophy of dendritic spines in the kainate model of
epilepsy depends on the presence and functional
activity of sprouted mossy fibres.30,52 The result of
the basal dendrite formation may be to produce
additional recurrent excitatory circuits in the dentate
gyrus of the epileptic brain. Mossy fibres are found
normally in the subgranular region. One possibility is
that the loss of hilar neurons and their dendrites in
the subgranular zone acts as a catalyst for granule
cells to sprout their dendrites into this region to
replace a major postsynaptic target of mossy fibres.
Dendritic spines are well known to possess glutama-
tergic receptors and are contacted by axon terminals
that form asymetric synapses.2 Therefore, the pres-
ence of spines on the basal dendrites is strongly
suggestive of excitatory presynaptic inputs. It is also
possible that the newly formed basal dendrites may
receive innervation not only from the mossy fibres
but also from other sprouted inputs which normally
impinge on hilar neurons. For example, the vulner-
able mossy cells in the hilar region are known to
receive functional GABAergic innervation.34,46 With
the loss of mossy cells the surviving inhibitory
GABAergic interneurons could seek new targets and
innervate the newly formed basal dendrites of gran-

ule cells. It would be interesting to identify the
presynaptic elements of the granule cell basal den-
drites so we can begin to understand their role in
epileptic states.

CONCLUSION

Although basal dendrites were initially suggested
that represent a pathological feature of granule cells
in the brains of patients with temporal lobe epi-
lepsy,35 they were later found to be present in the
dentate gyrus of normal adult primates.36,37 How-
ever, the number of granule cells that possess basal
dendrites in the epileptic human dentate gyrus (43%
of 246 granule cells from Ref. 55) appears to be
greater than in normal human dentate gyrus (22% of
392 granule cells from Ref. 37). The observation of
mossy fibre contacts on basal dendrites in human
epileptic tissue suggests a substrate for recurrent
excitation of granule cells.12 The perforant-path
stimulation-induced formation of basal dendrites on
rat granule cells underscores the remarkable simi-
larity of this model to human temporal lobe epilepsy
and provides a morphological substrate for detailed
physiological studies on the role of basal dendrites
in temporal lobe epilepsy in a well-controlled
experimental system.

Acknowledgements—The authors wish to thank Dr Paul
Buckmaster for his helpful comments on the manuscript.
This study was supported by the National Science Founda-
tion grants 952351 to I.S., and 9422392 to C.E.R., and
National Institute of Health grants NS 15669 to C.E.R.
and NS 13515 to C.G.W.

REFERENCES

1. Babb T. L., Kupfer W. R., Pretorius J. K., Crandall P. H. and Levesque M. F. (1991) Synaptic reorganization by
mossy fibers in human epileptic fascia dentata. Neuroscience 42, 351–363.

2. Baude A., Nusser Z., Molnár E., McIlhinney R. A. J. and Somogyi P. (1995) High-resolution immunogold localization
of AMPA type glutamate receptor subunits at synaptic and non-synaptic sites in rat hippocampus. Neuroscience 69,
1031–1055.

3. Bayer S. A., Yackel J. W. and Puri P. S. (1982) Neurons in the rat dentate gyrus granular layer substantially increase
during juvenile and adult life. Science 216, 890–892.

4. Bekenstein J. W. and Lothman E. W. (1993) Dormancy of inhibitory interneurons in a model of temporal lobe
epilepsy. Science 259, 97–100.

5. Bundman M. C. and Gall C. M. (1994) Ultrastructural plasticity of the dentate gyrus granule cells following recurrent
limbic seizures: II. Alterations in somatic synapses. Hippocampus 4, 611–622.

Table 1. Incidence of basal dendrites in stimulated and control rats

Rat no.

Left hemisphere granule cells Right hemisphere granule cells

Cells with
basal dendrites

Total cells
counted

% of cells
with basal
dendrites

Cells with
basal dendrites

Total cells
counted

% of cells
with basal
dendrites

Stimulated 1 51 536 9.5 8 266 3
Stimulated 2 13 210 6.2 2 51 3.9
Stimulated 3 10 115 8.7 2 69 2.9
Stimulated 4 2 13 15 — — —
Control 1 0 510 0 — — —
Control 2 0 200 0 — — —
Control 3 0 156 0 — — —
Control 4 0 23 0 — — —

118 I. Spigelman et al.



6. Bundman M. C., Pico R. M. and Gall C. M. (1994) Ultrastructural plasticity of the dentate gyrus granule cells
following recurrent limbic seizures: I. Increase in somatic spines. Hippocampus 4, 601–610.

7. Cameron H. A., Woolley C. S., McEwen B. S. and Gould E. (1993) Differentiation of newly born neurons and glia in
the dentate gyrus of the adult rat. Neuroscience 56, 337–344.

8. Cavalheiro E. A., Leite J. P., Bortolotto A. Z., Turski W. A., Ikonomidou C. and Turski L. (1991) Long-term effects
of pilocarpine in rats: structural damage of the brain triggers kindling and spontaneous recurrent seizures. Epilepsia 32,
778–782.

9. Cronin J. and Dudek E. F. (1988) Chronic seizures and collateral sprouting of dentate mossy fibers after kainic acid
treatment in rats. Brain Res. 474, 181–184.

10. Cronin J., Obenaus A., Houser C. R. and Dudek F. E. (1992) Electrophysiology of dentate granule cells after
kainate-induced synaptic reorganization of the mossy fibers. Brain Res. 573, 305–310.

11. de Lanerolle N. C., Kim J. H., Robbins R. J. and Spencer D. D. (1989) Hippocampal interneuron loss and plasticity
in human temporal lobe epilepsy. Brain Res. 495, 387–395.

12. Franck J. E., Pokorny J., Kunkel D. D. and Schwartzkroin P. A. (1995) Physiologic and morphologic characteristics
of granule cell circuitry in human epileptic hippocampus. Epilepsia 36, 543–558.

13. Gall C. M. (1993) Seizure-induced changes in neurotrophin expression: implications for epilepsy. Expl Neurol. 124,
150–166.

14. Guilhem D., Dreyfus P. A., Makiura Y., Suzuki F. and Onteniente B. (1996) Short increase of BDNF messenger RNA
triggers kainic acid-induced neuronal hypertrophy in adult mice. Neuroscience 72, 923–931.

15. Houser C. R., Myashiro J. E., Swartz B. E., Walsh G. O., Rich J. R. and Delgado-Escueta A. V. (1990) Altered
patterns of dynorphin immunoreactivity suggest mossy fiber reorganization in human hippocampal epilepsy.
J. Neurosci. 10, 267–282.

16. Isokawa M. (1997) Preservation of dendrites with the presence of reorganized mossy fiber collaterals in hippocampal
dentate granule cells in patients with temporal lobe epilepsy. Brain Res. 744, 339–343.

17. Kaplan M. S. and Hinds J. W. (1977) Neurogenesis in the adult rat: electron microscopic analysis of light
radioautographs. Science 197, 1092–1094.

18. Kar S., Seto D., Dore S., Chabot J.-G. and Quirion R. (1997) Systemic administration of kainic acid induces selective
time dependent decrease in [125I]insulin-like growth factor I, [125I]insulin-like growth factor II and [125I]insulin receptor
binding sites in adult rat hippocampal formation. Neuroscience 80, 1041–1055.

19. Kim J. H., Guimaraes P. O., Shen M., Masukawa L. M. and Spencer D. D. (1990) Hippocampal neuronal density in
temporal lobe epilepsy with and without gliomas. Acta neuropath. 80, 41–45.

20. Kuhn H. G., Dickinson-Anson H. and Gage F. H. (1996) Neurogenesis in the dentate gyrus of the adult rat:
age-related decrease of neuronal progenitor proliferation. J. Neurosci. 16, 2027–2033.

21. Laurberg S. and Zimmer J. (1981) Lesion-induced sprouting of hippocampal mossy fiber collaterals to the fascia
dentata in developing and adult rats. J. comp. Neurol. 200, 433–459.

22. Lowenstein D. H., Seren M. S. and Longo F. M. (1993) Prolonged increases in neurotrophic activity associated with
kainate-induced hippocampal synaptic reorganization. Neuroscience 56, 597–604.

23. Lynch G., Stanfield B., Parks T. and Cotman C. W. (1974) Evidence for selective post-lesion axonal growth in the
dentate gyrus of the rat. Brain Res. 69, 1–11.

24. Mathern G. W., Babb T. L., Micevych P., Blanco C. E. and Pretorius J. K. (1997) Granule cell mRNA levels for
BDNF, NGF, and NT-3 correlate with neuron losses or supragranular mossy fiber sprouting in the chronically
damaged and epileptic human hippocampus. Molec. chem. Neuropath. 30, 53–76.

25. Mello L. E., Cavalheiro E. A., Tan A. M., Kupfer W. R., Pretorius J. K., Babb T. L. and Finch D. M. (1993) Circuit
mechanisms of seizures in the pilocarpine model of chronic epilepsy: cell loss and mossy fiber sprouting. Epilepsia 34,
985–995.

26. Obenaus A., Esclapez M. and Houser C. R. (1993) Loss of glutamate decarboxylase mRNA-containing neurons in the
rat dentate gyrus following pilocarpine-induced seizures. J. Neurosci. 13, 4470–4485.

27. Olney J. W., de Gubareff T. and Sloviter R. S. (1983) ‘‘Epileptic’’ brain damage in rats induced by sustained electrical
stimulation of the perforant path. II. Ultrastructural analysis of acute hippocampal pathology. Brain Res. Bull. 10,
699–712.

28. Parent J. M., Yu T. W., Leibowitz R. T., Geschwind D. H., Sloviter R. S. and Lowenstein D. H. (1997) Dentate
granule cell neurogenesis is increased by seizures and contributes to aberrant network reorganization in the adult rat
hippocampus. J. Neurosci. 17, 3727–3738.

29. Penix L. P. and Wasterlain C. G. (1994) Selective protection of neuropeptide containing dentate hilar interneurons by
non-NMDA receptor blockade in an animal model of status epilepticus. Brain Res. 644, 19–24.

30. Represa A., Jorquera I., Le Gal La Salle G. and Ben-Ari Y. (1993) Epilepsy-induced collateral sprouting of
hippocampal mossy fibers: does it induce the development of ectopic synapses with granule cell dendrites?
Hippocampus 3, 257–268.

31. Represa A., Tremblay E. and Ben-Ari Y. (1987) Kainate binding sites in the hippocampal mossy fibers: localization
and plasticity. Neuroscience 20, 739–748.

32. Ribak C. E. and Navetta M. S. (1994) An immature mossy fiber innervation of hilar neurons may explain their
resistance to kainate-induced cell death in 15 day old rats. Devl Brain Res. 79, 47–62.

33. Ribak C. E., Yan X., Obenaus A., Wasterlain C. G. and Spigelman I. (1997) Sprouting of granule cell basal dendrites
in a rat model of temporal lobe epilepsy. Epilepsia 388, 23.

34. Scharfman H. E. (1992) Blockade of excitation reveals inhibition of dentate spiny hilar neurons recorded in rat
hippocampal slices. J. Neurophysiol. 68, 978–984.

35. Scheibel M. E. and Scheibel A. B. (1973) Hippocampal pathology in temporal lobe epilepsy. In Epilepsy. It’s
Phenomena in Man (ed. Brazier M. A.), pp. 311–337. Academic, New York.

36. Seress L. (1992) Morphological variability and developmental aspects of monkey and human granule cells: differences
between the rodent and primate dentate gyrus. Epilepsy Res. 7, 3–28.

37. Seress L. and Mrzljak L. (1987) Basal dendrites of granule cells are normal features of fetal and adult dentate gyrus
of both monkey and human hippocampal formations. Brain Res. 405, 169–174.

38. Seress L. and Pokorny J. (1981) Structure of the granular layer of the rat dentate gyrus. J. Anat. 133, 181–195.

Basal dendrite formation in epileptic rats 119



39. Seress L. and Ribak C. E. (1990) The synaptic connections of basket cell axons in the developing rat hippocampal
formation. Expl Brain Res. 81, 500–508.

40. Seress L. and Ribak C. E. (1990) Postnatal development of the light and electron microscopic features of basket cells
in the hippocampal dentate gyrus of the rat. Anat. Embryol. 181, 547–565.

41. Shirasaka Y. and Wasterlain C. G. (1994) Chronic epileptogenicity following focal status epilepticus. Brain Res. 655,
33–44.

42. Sloviter R. S. (1983) ‘‘Epileptic’’ brain damage in rats induced by sustained electrical stimulation of the perforant path.
I. Acute electrophysiological and light microscopic studies. Brain Res. Bull. 10, 675–697.

43. Sloviter R. S. (1991) Permanently altered hippocampal structure, excitability, and inhibition after experimental status
epilepticus in the rat: the ‘‘dormant basket cell’’ hypothesis and its possible relevance to temporal lobe epilepsy.
Hippocampus 1, 41–66.

44. Sloviter R. S. (1991) Feedforward and feedback inhibition of hippocampal principal cell activity evoked by perforant
path stimulation: GABA-mediated mechanisms that regulate excitability. Hippocampus 1, 31–40.

45. Sloviter R. S. and Diamano B. P. (1981) Sustained electrical stimulation of the perforant path duplicates
kainate-induced electrophysiological effects and hippocampal damage in rats. Neurosci. Lett. 24, 279–284.

46. Soltesz I. and Mody I. (1994) Patch-clamp recordings reveal powerful GABAergic inhibition in dentate hilar neurons.
J. Neurosci. 14, 2365–2376.

47. Spigelman I., Shirasaka Y., Obenaus A., Mazarati A. and Wasterlain C. G. (1996) Alterations in GABAB

receptor-mediated synaptic inhibition in a rat model of temporal lobe epilepsy. Epilepsia 375, 69.
48. Stringer J. L., Agarwal K. S. and Dure L. S. (1997) Is cell death necessary for hippocampal mossy fiber sprouting?

Epilepsy Res. 27, 67–76.
49. Sundstrom L. E., Mitchell J. and Wheal H. V. (1993) Bilateral reorganisation of mossy fibres in the rat hippocampus

after a unilateral intracerebroventricular kainic acid injection. Brain Res. 609, 321–326.
50. Sutula T., Cascino G., Cavazos J., Parada I. and Ramirez L. (1989) Mossy fiber synaptic reorganization in the

epileptic human temporal lobe. Ann. Neurol. 26, 321–330.
51. Suzuki F., Junier M.-P., Guilhem D., Sorensen J.-C. and Onteniente B. (1995) Morphogenetic effect of kainate on

adult hippocampal neurons associated with a prolonged expression of brain-derived neurotrophic factor. Neuroscience
64, 665–674.

52. Suzuki F., Makiura Y., Guilhem D., Sorensen J. C. and Onteniente B. (1997) Correlated axonal sprouting and
dendritic spine formation during kainate-induced neuronal morphogenesis in the dentate gyrus of adult mice. Expl
Neurol. 145, 203–213.

53. Tauck D. L. and Nadler J. V. (1985) Evidence of functional mossy fiber sprouting in hippocampal formation of kainic
acid treated rats. J. Neurosci. 5, 1016–1022.

54. von Campe G., Spencer D. D. and de Lanerolle N. C. (1996) The morphology of granular neurons in the human
epileptogenic hippocampus. Epilepsia 37, 141.

55. von Campe G., Spencer D. D. and de Lanerolle N. C. (1997) Morphology of dentate granule cells in the human
epileptogenic hippocampus. Hippocampus 7, 472–488.

56. Wasterlain C. G., Shirasaka Y., Mazarati A. and Spigelman I. (1996) Chronic epilepsy with damage restricted to the
hippocampus: possible mechanisms. Epilepsy Res. 26, 255–265.

57. Zafirov S., Heimrich B. and Frotscher M. (1994) Dendritic development of dentate granule cells in the absence of their
specific extrinsic afferents. J. comp. Neurol. 345, 472–480.

(Accepted 8 January 1998)

120 I. Spigelman et al.




