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Seizure-induced formation of basal dendrites on 
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Nadler,5 Andre Obenaus,6 Igor Spigelman,7 and Paul S. Buckmaster8,*

Status epilepticus results in several neuroplastic changes to the granule cells of the hippocampal dentate gyrus. 
These include mossy fiber sprouting, granule cell dispersion, hilar ectopic granule cells and hilar basal dendrites. 
This chapter reviews the seizure-induced formation of hilar basal dendrites on granule cells in rodents. This 
aberrant structural change is associated with a new, predominantly excitatory input to granule cells and more 
excitatory interconnections between granule cells – i.e., a new pathway in addition to that arising from sprouted 
mossy fibers in the inner molecular layer. Hilar basal dendrites are found on newly generated dentate granule 
cells; significant increases in the frequency of newly generated granule cells with hilar basal dendrites are found 
within one day after seizures are induced. The development of hilar basal dendrites on granule cells occurs 
rapidly after seizures; their persistence may be due to the rapidly forming synapses that integrate these newly-
generated granule cells into synaptic circuitry. The basal dendrites appear to use hypertrophied astrocytic 
processes as guides for growth into the hilus. These data provide insight into anatomical and functional plasticity 
of rodent granule cells following seizures. The role that these basal dendrites play in the development of 
spontaneous seizures has yet to be determined.

Granule cells of the normal adult rodent dentate gyrus generally have the typical morphology of bipolar cells. 
Their apical dendrites arise from one pole and arborize into the molecular layer, while the axon originates from 
the base of the granule cell body and extends into the hilus subjacent to the granule cell layer.1 Two exceptions to 
this rule have been observed. Sometimes recurrent basal dendrites arise from the base of granule cell bodies and 
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then curve back through the granule cell layer in the direction of the molecular layer where they join apical 
dendrites.2–4 Despite this unusual origination, dendrites of dentate granule cells in rodents arborize exclusively 
in the molecular layer. The other exception is the rare instance of an axon originating from the granule cell’s 
apical dendrite or the apical pole of its cell body.4 In this instance, the axon descends into the hilus without 
giving rise to collaterals. Both of these morphologies suggest that rat granule cells are more heterogeneous than 
previously indicated.

Dentate granule cells from humans and non-human primates differ from granule cells from rodents; primate 
granule cells commonly have basal dendrites. Seress and Mrzljak5 were the first to show that primate granule 
cells display basal dendrites in normal brain. Other studies confirmed this observation and showed many 
granule cells in monkey have basal dendrites that enter the hilus.6 These basal dendrites have large complex 
spines and smaller, “stubby” spines. About 10% of granule cells in the monkey dentate gyrus exhibit basal 
dendrites. Pertinent to this review is the finding that greater numbers of granule cells with hilar basal dendrites 
are found in the temporal lobes of epileptic humans as compared to normal human control tissues.7,8 The 
remainder of this chapter will focus on the seizure-induced formation of hilar basal dendrites in rodents, and the 
potential significance of hilar basal dendrites in epileptogenesis.

SEIZURE-INDUCED HILAR BASAL DENDRITES IN RODENTS
Seizure-induced hilar basal dendrites on dentate granule cells have been observed in the brains of epileptic 
animals (Figure 1). Using rats in which the perforant path was stimulated to cause seizures, Spigelman et al.9 

showed that 6–15% of Golgi-impregnated granule cells had basal dendrites that extended into the hilus. In 
contrast, basal dendrites were not observed in control animals. The presence of basal dendrites on dentate 
granule cells in the kainic acid model of temporal lobe epilepsy was described shortly afterwards by Buckmaster 
and Dudek.10 A subsequent study of rats with pilocarpine-induced seizures provided evidence for basal 
dendrites on dentate granule cells in yet another model of epilepsy.3 Therefore, in three unique models of 
temporal lobe epilepsy, anatomical studies demonstrate the formation of basal dendrites on granule cells of the 
dentate gyrus. In addition, rats with amygdala kindling also have granule cells with hilar basal dendrites.11 

Therefore, it is reasonable to assume that hilar basal dendrites in rats form after both seizures and excessive 
neuronal activity within the limbic system.

The basal dendrites observed on granule cells from epileptic rats were densely packed with spines along their 
length, and these spines were similar in morphology to those found on the apical dendrites of granule cells.9 

These dendrites commonly originated from the base of the granule cell body (on the hilar side) and could be 
clearly distinguished from the axon initial segment.3 It was rare for the basal dendrite to arise from the lateral 
side of the granule cell body or the apical dendrite.9 These basal dendrites run horizontally beneath the granule 
cell layer or extend relatively straight into the hilus, perpendicular to the granule cell layer. The basal dendrites 
either branch or remained unbranched. Their lengths vary between 200–500 μm, and the basal dendrites 
populate the subgranular region of the hilus (previously defined as the first 50 μm subjacent to the granule cell 
layer). Most of the granule cells with basal dendrites had cell bodies located at the hilar border of the granule cell 
layer or within one or two cell bodies away from this border.

Using electron microscopy, hilar basal dendrites were analyzed in hippocampal slices following biocytin 
injections into the stratum lucidum of CA3 to retrogradely label the projecting granule cells.3 Granule cells at 
the border of the hilus had spiny dendrites projecting into the hilus. Both the spines and dendritic shafts of these 
biocytin-labeled basal dendrites were postsynaptic to axon terminals (Figure 1). The fact that some of the labeled 
spines and dendrites were postsynaptic to small, biocytin-labeled axon terminals3 suggested that the granule 
cells with basal dendrites participated in synaptic circuitry with mossy fiber synapses derived from other dentate 
granule cells. Subsequent electron microscopic analysis revealed that less than 10% of the synapses on seizure-
induced basal dendrites were GABAergic; the great majority appeared to be excitatory.12 These electron 
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microscopic data support the view that the synapses on basal dendrites of granule cells from epileptic animals 
are likely involved in additional excitatory feedback circuits that could play a role in seizure propensity.

SYNAPTIC CONNECTIONS OF HILAR BASAL DENDRITES
Granule cell basal dendrites are observed in temporal lobe epilepsy,3,9,10 other pathophysiological conditions,13 

and normally (to a variable extent) in primates.6 The functional consequences of this special subpopulation of 
granule cells depend largely on the synaptic inputs received by basal dendrites and how those inputs differ from 
those of granule cells with only apical dendrites. Available evidence indicates that basal dendrites primarily 
receive excitatory input from neighboring granule cells, and this input establishes a recurrent excitatory positive-
feedback circuit.3,12 Basal dendrite involvement in additional circuits has been shown or is suspected, but many 
questions remain.

EXCITATORY SYNAPSES
Ultrastructural evidence has been used to characterize excitatory synapses onto basal dendrites.3,12,14–16 Ribak 
et al.3 were first to demonstrate that granule cell axons (mossy fibers) are at least one source of excitatory 
synaptic input onto basal dendrites. Mossy fiber synapses with basal dendrites were identified later in epileptic 
p35 knockout mice.17 Mossy fiber synapses with basal dendrites create a monosynaptic and local positive-
feedback circuit among granule cells. The aberrant circuit is local (and constrained along the septotemporal axis) 
because mossy fibers remain close to their granule cell of origin, even in epileptic animals with mossy fiber 
sprouting.10 Since mossy fibers are concentrated in the hilus, they probably account for a substantial fraction of 
excitatory synaptic input to basal dendrites. In addition, mossy fibers from epileptic pilocarpine-treated rats are 
the major source of excitatory synapses to apical dendrites and somata of hilar ectopic granule cells.18,19

Widespread convergence of excitatory connections onto hilar basal dendrites might contribute to seizure activity 
in epileptic animals. For example, other glutamatergic neurons, including mossy cells and CA3 pyramidal cells, 
extend their axons into the hilus20 where they may synapse with basal dendrites. Normally in control animals, 
mossy cells and CA3 pyramidal cells are directly and strongly excited by granule cells. Mossy cells, in turn, 
project their axons into the inner molecular layer where they synapse with granule cell apical dendrites.21,22 To 
a lesser extent, some CA3 pyramidal cells also extend axons into the inner molecular layer,23,24 and likely 
synapse with granule cell apical dendrites. Disynaptic recurrent excitation to granule cells might be exaggerated 
in epileptic animals because of axonal sprouting by the surviving mossy cells and CA3 pyramidal cells25 and the 
formation of new synapses between these aberrant axon collaterals with basal dendrites.

Computational models can provide additional confirmation of the significance of increased excitatory drive due 
to basal dendrite formation. Several studies in recent years have demonstrated the role of reduced numbers of 
hilar mossy cells in subsequent hippocampal excitability.26–29 Soltesz and colleagues27,28 have used large scale 
modeling of hippocampal excitability, in particular the dentate gyrus, to evaluate network architectural changes 
and their contributions to epileptogenesis and hyperexcitability. They constructed a functional model of the 
dentate gyrus containing several of the major glutamatergic and GABAergic cellular subtypes. Simulations using 
this model demonstrated that decreasing the number of hilar cells resulted in significant decreases in global 
connectivity, but the sprouting of granule cell axons resulted in increased local connectivity.27 The net effect of 
hilar cell loss and mossy fiber sprouting was increased hyperexcitability within the dentate gyrus. A recent 
extension of these computational studies suggested that granule cells with hilar basal dendrites could play an 
important role in generating seizure activity.28 Specifically, using the functional model containing hilar cell loss 
and mossy fiber sprouting, the inclusion of various non-random granule cell microcircuits in the dentate gyrus 
was explored. It was shown that a small number of highly interconnected granule cells, or “hubs”, in the network 
were sufficient to enhance hyperexcitability. The establishment of new synapses on basal dendrites12 is consistent 
with the predictions generated from this model. Even though the estimates for such hub cells range from 5 to 
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20% of the total granule cell population, the relatively low number of hubs was apparently large enough to 
promote hyperexcitability. In these computational models it is also important to note that changes in GABAergic 
connectivity,30–32 dentate gyrus inputs,26 cellular geometry,33 and alterations of intrinsic currents29 can also 
modulate granule cell and network excitability. More importantly, physiological and anatomical observations 
can now be modeled in silico to test new hypotheses and guide future experimental work.

Most excitatory synapses with granule cell apical dendrites are axo-spinous, and that is also true for basal 
dendrites.12 However, direct connections of excitatory synapses onto the dendritic shaft are up to four times 
more common on basal dendrites than on apical dendrites.12 Similarly, in epileptic pilocarpine-treated rats, 
dendrites of hilar ectopic granule cells receive a disproportionately large fraction of mossy fiber synapses directly 
with the dendritic shaft.19 It is unclear why these aberrant targets in the hilus are more likely to receive 
excitatory synapses on shafts versus spines, and the functional consequences of these excitatory shaft synapses 
remain to be elucidated.

The functional effects of basal dendrites are difficult to isolate and test because surgically resected tissue available 
for study from patients with temporal lobe epilepsy and animal models typically display mossy fiber sprouting 
into the molecular layer34,35 where apical dendrites are located. In these cases, aberrant recurrent excitation 
among granule cells could be attributable to sprouted mossy fibers that synapse with apical dendrites, basal 
dendrites, or both.12,36 Control, adult macaque monkeys, on the other hand, have little if any mossy fiber 
projections into the molecular layer - and approximately 10% of their granule cells have basal dendrites5 (as 
compared to control, adult rodents where they rarely occur9,37,38). In hippocampal slices from macaque 
monkeys, mossy fibers were antidromically stimulated and synaptic responses recorded to compare recurrent 
excitation in granule cells with and without basal dendrites.39 Excitatory postsynaptic currents were significantly 
more likely to be evoked and amplitudes were larger in granule cells with basal dendrites. However, since the 
stimulation paradigm might have activated other axons besides mossy fibers, the possibility of input from CA3 
pyramidal cells or mossy cells to basal dendrites could not be excluded. Recordings and intracellular labeling of 
monosynaptically coupled pairs would be a more rigorous and direct test of the strength and efficacy of unitary 

Figure 1. Light (A.B,C) and Electron (D,E) micrographs of hilar basal dendrites. As can be seen in the light micrograph (A,B,C), the 
basal side of the neuron(arrows) has a dendritic process which extends into the deep hilus. In D, a labeled basal dendrite (BD) that is 
postsynaptic (arrowhead) to a labeled axon terminal (arrow). E depicts a hilar basal dendrite with a spine that is postsynaptic 
(arrowhead) to a labeled axon (arrows). Scale bar equals 10 μm in A,B,C, and .5 μm in D and E.
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synaptic events generated in basal dendrites. Even without those data, currently available functional evidence is 
consistent with anatomical results that show that mossy fibers synapse with basal dendrites - and thereby 
produce recurrent excitation among granule cells. These electrophysiological observations have also been 
modeled and predict virtually similar outputs - namely, enhanced excitation.28

INHIBITORY SYNAPSES
In addition to excitatory synapses, basal dendrites in epileptic pilocarpine-treated rats receive GABAergic input 
(Figure 2).12 The relative proportion of GABAergic versus glutamatergic synapses is different in apical versus 
basal dendrites. GABAergic synapses account for 20% and 28% of all synapses with granule cell apical dendrites 
in control and epileptic rats, respectively.40 In contrast, GABAergic synapses account for only 7% of all synapses 
with hilar basal dendrites (Figure 3).12 Most GABAergic synapses are onto the dendritic shafts of basal 
dendrites, but there is a relatively large proportion of such synapses with spines, similar to the situation on apical 
dendrites.36,41 A variety of different types of GABAergic interneurons are found in the dentate gyrus, but 
specific sources of interneuron input to basal dendrites have not yet been identified. The presence of inhibitory 
synapses with granule cell basal dendrites in epileptic pilocarpine-treated rats has special significance. The 
presence of such synapses confirms the long suspected but indirectly supported hypothesis that GABAergic 
synaptogenesis occurs in mature epileptic animals.42 These observations contribute to recent, accumulating 
evidence that in epileptic tissue, surviving interneurons in the dentate gyrus sprout axons and form new 
synapses with granule cells.40,43 Although basal dendrites receive these GABAergic synapses, their numbers are 
relatively low compared to the sprouted excitatory synapses. The strength and efficacy of inhibitory input to 
basal dendrites have not yet been evaluated.

TIME COURSE FOR BASAL DENDRITE FORMATION FOLLOWING 
SEIZURE ACTIVITY
Dashtipour et al.44 were the first to address the issue of the time course for the development of basal dendrites 
following seizures. Using retrograde labeling with biocytin injected into the CA3 region in hippocampal slice 
preparations, labeled granule cells with basal dendrites were observed seven days after pilocarpine-induced 
status epilepticus in rats. At the earliest time point examined in that study (3 days post-seizures), no basal 
dendrites were found. This study indicated that basal dendrites may form on dentate granule cells as early as one 
week following pilocarpine-induced seizures.44 However, the method that was used in this study required that a 
granule cell axon be present in the CA3 region where biocytin was injected. Thus, this method would not label 
newborn granule cells at this timepoint (they require about two weeks to grow their axons into CA3).45 

Therefore, this study suggested that basal dendrites appeared relatively quickly after seizures (as compared to 
mossy fiber sprouting) but it was not determined whether these dendrites originated from newly-born granule 
cells.

DO BASAL DENDRITES ARISE FROM NEWLY-GENERATED 
NEURONS?
Most granule cells with hilar basal dendrites are located at the hilar border of the granule cell layer9, and granule 
cell neurogenesis occurs in adults at this same location.46–48 Therefore, it seemed logical to hypothesize that the 
newly-generated granule cells developed hilar basal dendrites and the more mature granule cells at the 
molecular layer border did not display these basal dendrites. Testing the first part of this hypothesis required the 
use of a newborn cell marker that labels the cell body, axon and dendrites. Doublecortin was selected for this 
purpose because it is a protein found in dentate newborn neurons for up to 3 weeks after their birth, and is 
effective in labeling their growth cones, processes, and perikaryal cytoplasm.49–52 However, one confounding 
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problem with its use was that 31% to 55% of newly born, doublecortin-labeled granule cells exhibit a basal 
dendrite.51,52 Such doublecortin-labeled basal dendrites are transient.37,53

To determine whether basal dendrites arise from newly born neurons, doublecortin-labeled granule cells were 
examined 30 days after the induction of seizures. Light microscopic preparations showed that the basal dendrites 
from doublecortin-labeled granule cells of epileptic rats are significantly longer than those found in the control 
rats.54 It was also found that 20% of newly born neurons in the epileptic rat have a basal dendrite that enters the 
hilus at an angle greater than 30° from its cell body. In control rats, the dendrites that emanate from the basal 
portion of newborn neurons are typically at an angle less than 30° from its cell body and frequently do not travel 
in the hilus but instead curve back into the granule cell layer (i.e., form “recurrent” basal dendrites).54 These data 
on doublecortin-labeled basal dendrites suggested that seizures induced morphological changes in the normally 
transient basal dendrite, and these changes (in length and in the angle of penetration into the hilus) may have 
significance for the persistence of these basal dendrites.

Another significant difference between epileptic and control animals was the presence of synapses on basal 
dendrites. Electron microscopy of doublecortin-labeled basal dendrites from epileptic rats showed that they had 
synapses.15 This observation suggested that excitatory inputs were targeting the basal dendrites of immature 
granule cells. In contrast, the doublecortin-labeled basal dendrites from newly-generated granule cells from 
animals that are not epileptic lacked synapses on their basal dendrites.15 These results were confirmed in a 
subsequent study where the doublecortin-labeled basal dendrites from epileptic animals were examined on each 
of the first five days after seizures were induced.16 No synapses were found on doublecortin-labeled basal 
dendrites in the first three days following pilocarpine-induced seizures.16 However, developing synapses were 
observed as early as 4 days after seizures on doublecortin-labeled basal dendrites.16 Therefore, synapses are 
found on doublecortin-labeled hilar basal dendrites at both early (4–5 days after seizures) and later (30 days 

Figure 2. GABA-negative and GABA-positive axon terminals synapse (arrowheads) with the same spine of granule cell basal 
dendrites in epileptic rats. A Electron micrograph of a spine of basal dendrite #1 labeled with electron dense reaction product. GABA-
immunoreactivity is indicated by small black particles, which are 10-nm-diameter colloidal gold. B Reconstructed segment of basal 
dendrite #1. The bold contours are of the basal dendrite profile shown in A. C Electron micrographs of basal dendrite #2 labeled with 
electron dense reaction product, which is lighter in the spine head than in the shaft. GABA-immunoreactivity is indicated by small 
black particles, which are 10-nm-diameter colloidal gold. D Reconstructed segment of basal dendrite. The bold contours are of the 
basal dendrite profile shown in C. Reprinted with permission from Thind et al.12
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after seizures) timepoints. The fact that basal dendrites are found to have synapses after seizures (see SYNAPTIC 
CONNECTIONS OF HILAR BASAL DENDRITES section) and they have synapses on newly-generated granule 
cell basal dendrites suggest that the early formed synapses may persist, perhaps by releasing trophic factors at 
these synapses. In addition, we hypothesized that the synaptic targeting of basal dendrites of newly-generated 
granule cells contributed to the persistence of hilar basal dendrites on neurons born after pilocarpine-induced 
seizures. Consistent with this hypothesis is the fact that no synapses are observed on doublecortin-labeled basal 
dendrites from control rats15 and such dendrites in non-epileptic animals are known to be transient 
structures.37,52,55

These data on the time course for the development of hilar basal dendrites indicate that basal dendrites may 
arise from seizure-induced de novo granule cells.16 A recent study by Walter et al.56 confirmed this observation 
and also showed that granule cells generated about a week prior to seizures may form hilar basal dendrites 
following seizure induction. It was suggested that those granule cells were still immature at the time seizures 
were induced.56,57 Together, these studies indicate that newly-generated granule cells are a major part of the 
population of granule cells that have hilar basal dendrites following seizures. However, it remains to be shown 
how the basal dendrites grow into the hilus following seizures. The following section addresses this topic.

Figure 3. Summary of synapses with granule cell basal dendrites #1 and #2 from epileptic rats. Proximal is up, distal is down. 
Synapses are indicated by markers. Most synapses are with GABA-negative spines. “Immuno.-unk.” synapses of basal dendrite #1 were 
in tissue sections that were used for the reconstruction but were not processed for immunocytochemistry. Reprinted with permission 
from Thind et al.12
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WHAT GUIDES THE BASAL DENDRITES TO GROW INTO THE 
HILUS?
Shapiro and Ribak58 initially hypothesized that hilar basal dendrites from newborn neurons grow along an 
ectopic glial scaffold. This conjecture was based on the fact the basal dendrites were found closely apposed to the 
horizontal processes of the radial glial-like cells that extend into the hilus (Figure 5).54 After seizures, these 
radial glial-like cells have a hypertrophied appearance, indicative of an inflammatory response in this region.58 

In control rats, the radial glial-like cells rarely extend lengthy horizontal processes into the hilus. The same radial 
glial-like cells have vertical processes extending through the granule cell layer, and these vertical processes 
provide a scaffold for the apical dendrites of newborn neurons to grow through the granule cell layer.59,60 Thus, 
under normal conditions, the apical dendrite of newborn neurons grows along the radial glial-like process 
through the granule cell layer; following seizures, these radial glial-like cells appear hypertrophied and sprout a 
horizontal process that forms an ectopic glial scaffold to guide the aberrant growth of basal dendrites into the 
hilus. Therefore, the extension of both the radial glial-like cell’s horizontal process and the granule cell’s basal 
dendrite into the hilus can be thought of as a seizure-induced change.

More recently, additional support for this hypothesis was provided by Foresti et al.61 who showed that after 
seizures, the radial glial-like cells at the border between the granule cell layer and the subgranular zone express 
the chemokine receptor CCR2. Such expression is rarely seen in control animals.61 Moreover, the horizontal 
processes from the radial glial-like cells that orient towards the hilus also show expression of CCR2.61 Previous 
studies have shown that CCR2 expression on neuroblasts, together with its ligand CCL2, guides the migration of 
neuroblasts to sites of inflammation.62–65 These data suggest that this chemokine/receptor complex is involved 
in the ectopic growth and migration of immature neurons, and thus may play a role in extension of newborn 
granule cell basal dendrites into the hilus.

8 Jasper's Basic Mechanisms of the Epilepsies

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t



REFERENCES
1. Cajal SR. Histologie du Systeme Nerveux de l’Homme et des Vertebres. Paris: Maloine; 1911;

Figure 5. Light micrographs of doublecortin-labeled newborn neurons with basal dendrites adjacent to GFAP-labeled processes 
from the epileptic rats. A shows a doublecortin-labeled newborn neurons (asterisk) at the border between the subgranular zone (SGZ) 
and the granule cell layer (GL). Note the basal dendrite (white arrowheads) emanating from the basal portion of the cell body and 
extending horizontally along the base of the GL. Two GFAP-positive astrocytes can be seen along the extent of the basal dendrite with 
their processes (white arrows) adjacent to the basal dendrite. B and C represent two different planes of focus of a doublecortin-labeled 
newborn neurons (asterisk) located in the SGZ. Note the basal dendrite (white arrowheads) emanating from the basal portion of this 
cell and extending into the hilus This basal dendrite is adjacent to GFAP-labeled processes and can best be visualized in C, where a kink 
in the GFAP-labeled process (black arrowhead) reveals how close the dendrite is to the GFAP-labeled process. Scale bars = 8 μm. 
Reprinted with permission from Shapiro et al.55

Figure 4. Schematic diagram of granule cells in the dentate gyrus of the hippocampal formation. A shows a normal granule cell 
with its dendrites in the molecular layer (ML), cell body in the granule cell layer (GL) and axon terminals (filled circles) in the hilus 
(H). B is a granule cell from an epileptic rat showing mossy fiber sprouting (3 axon terminals in the ML). Synapses made by these axon 
terminals provide the basis for robust excitatory responses following antidromic activation of granule cells and form a recurrent 
excitatory circuit. C shows a granule cell with a hilar basal dendrite (HBD) in the hilus (arrow) that is postsynaptic to mossy fiber 
collaterals (7 axon terminals) and sprouted mossy fibers in the ML (3 axon terminals). Reprinted from Shapiro and Ribak.62

Seizure-induced formation of basal dendrites on granule cells of the rodent dentate gyrus 9

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t



2. Dashtipour K, Yan XX, Dinh TT, Okazaki MM, Nadler JV, Ribak CE. Quantitative and morphological 
analysis of dentate granule cells with recurrent basal dendrites from normal and epileptic rats. 
Hippocampus. 2002;12:235–244. PubMed PMID: 12000120.

3. Ribak CE, Tran PH, Spigelman I, Okazaki MM, Nadler JV. Status epilepticus-induced hilar basal dendrites 
on rodent granule cells contribute to recurrent excitatory circuitry. J Comp Neurol. 2000;428:240–253. 
PubMed PMID: 11064364.

4. Yan XX, Spigelman I, Tran PH, Ribak CE. Atypical features of rat dentate granule cells: recurrent basal 
dendrites and apical axons. Anat Embryol. 2001;203:203–209.

5. Seress L, Mrzljak L. Basal dendrites of granule cells are normal features of the fetal and adult dentate gyrus 
of both monkey and human hippocampal formations. Brain Res. 1987;405:169–174. PubMed PMID: 
3567591.

6. Seress L, Frotscher M. Morphological variability is a characteristic feature of granule cells in the primate 
fascia dentata: a combined Golgi/electron microscope study. J Comp Neurol. 1990;293:253–267. PubMed 
PMID: 19189715.

7. Franck JE, Pokorny J, Kunkel DD, Schwartzkroin PA. Physiologic and morphologic characteristics of 
granule cell circuitry in human epileptic hippocampus. Epilepsia. 1995;36:543–558. PubMed PMID: 
7555966.

8. von Campe G, Spencer DD, de Lanerolle NC. Morphology of dentate granule cells in the human 
epileptogenic hippocampus. Hippocampus. 1997;7:472–488. PubMed PMID: 9347345.

9. Spigelman I, Yan X-X, Obenaus A, Lee EYS, Wasterlain CG, Ribak CE. Dentate granule cells form novel 
basal dendrites in a rat model of temporal lobe epilepsy. Neurosci. 1998;86:109–120.

10. Buckmaster PS, Dudek FE. In vivo intracellular analysis of granule cell axon reorganization in epileptic rats. 
J Neurophsyiol. 1999;81:712–721.

11. Pekcec A, Potschka H. Newborn neurons with hilar basal dendrites hallmark epileptogenic networks. 
Neuroreport. 2007;18:585–589. PubMed PMID: 17413662.

12. Thind KK, Ribak CE, Buckmaster PS. Synaptic input to dentate granule cell basal dendrites in a rat model of 
temporal lobe epilepsy. J Comp Neurol. 2008;509:190–202. PubMed PMID: 18461605.

13. Díaz-Cintra S, Xue B, Spigelman I, Van K, Wong AM, Obenaus A, Ribak CE. Dentate granule cells form 
hilar basal dendrites in a rat model of hypoxia-ischemia. Brain Res. 2009;1285:182–187. PubMed PMID: 
19539612.

14. Jessberger S, Zhao C, Toni N, Clemenson GD Jr, Li Y, Gage FH. Seizure-associated, aberrant neurogenesis in 
adult rats characterized with retrovirus-mediated cell labeling. J Neurosci. 2007;27:9400–9407. PubMed 
PMID: 17728453.

15. Shapiro LA, Ribak CE. Newly born dentate granule neurons after pilocarpine-induced epilepsy have hilar 
basal dendrites with immature synapses. Epilepsy Res. 2006;69:53–66. PubMed PMID: 16480853.

16. Shapiro LA, Figueroa-Aragon S, Ribak CE. Newly generated granule cells show rapid neuroplastic changes 
in the adult rat dentate gyrus during the first five days following pilocarpine-induced seizures. Eur J 
Neurosci. 2007;26:583–592. PubMed PMID: 17686039.

17. Patel LS, Wenzel HJ, Schwartzkroin PA. Physiological and morphological characterization of dentate 
granule cells in the p35 knock-out mouse hippocampus: evidence for an epileptic circuit. J Neurosci. 
2004;24:9005–9014. PubMed PMID: 15483119.

18. Dashtipour K, Tran PH, Okazaki MM, Nadler JV, Ribak CE. Ultrastructural features and synaptic 
connections of hilar ectopic granule cells in the rat dentate gyrus are different from those of granule cells in 
the granule cell layer. Brain Res. 2001;890:261–271. PubMed PMID: 11164792.

19. Pierce JP, Melton J, Punsoni M, McCloskey DP, Scharfman HE. Mossy fibers are the primary source of 
afferent input to ectopic granule cells that are born after pilocarpine-induced seizures. Exp Neurol. 
2005;196:316–331. PubMed PMID: 16342370.

20. Buckmaster PS, Strowbridge BW, Schwartzkroin PA. A comparison of rat hippocampal mossy cells and CA3 
pyramidal cells. J Neurophysiol. 1993;70:1281–1299. PubMed PMID: 8283200.

10 Jasper's Basic Mechanisms of the Epilepsies

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

https://www.ncbi.nlm.nih.gov/pubmed/12000120
https://www.ncbi.nlm.nih.gov/pubmed/11064364
https://www.ncbi.nlm.nih.gov/pubmed/3567591
https://www.ncbi.nlm.nih.gov/pubmed/19189715
https://www.ncbi.nlm.nih.gov/pubmed/7555966
https://www.ncbi.nlm.nih.gov/pubmed/9347345
https://www.ncbi.nlm.nih.gov/pubmed/17413662
https://www.ncbi.nlm.nih.gov/pubmed/18461605
https://www.ncbi.nlm.nih.gov/pubmed/19539612
https://www.ncbi.nlm.nih.gov/pubmed/17728453
https://www.ncbi.nlm.nih.gov/pubmed/16480853
https://www.ncbi.nlm.nih.gov/pubmed/17686039
https://www.ncbi.nlm.nih.gov/pubmed/15483119
https://www.ncbi.nlm.nih.gov/pubmed/11164792
https://www.ncbi.nlm.nih.gov/pubmed/16342370
https://www.ncbi.nlm.nih.gov/pubmed/8283200


21. Buckmaster PS, Wenzel HJ, Kunkel DD, Schwartzkroin PA. Axon arbors and synaptic connections of 
hippocampal mossy cells in the rat in vivo. J Comp Neurol. 1996;366:270–292.

22. Frotscher M, Seress L, Schwerdtfeger WK, Buhl E. The mossy cells of the fascia dentata: a comparative study 
of their fine structure and synaptic connections in rodents and primates. J Comp Neurol. 1991;312:145–163. 
PubMed PMID: 1744242.

23. Buckmaster PS, Amaral DG. Intracellular recording and labeling of mossy cells and proximal CA3 
pyramidal cells in macaque monkeys. J Comp Neurol. 2001;430:264–281. PubMed PMID: 11135261.

24. Li XG, Somogyi P, Ylinen A, Buzsáki G. The hippocampal CA3 network: an in vivo intracellular labeling 
study. J Comp Neurol. 1994;339:181–208. PubMed PMID: 8300905.

25. Siddiqui AH, Joseph SA. CA3 axonal sprouting in kainate-induced chronic epilepsy. Brain Res. 
2005;1066:129–146. PubMed PMID: 16359649.

26. Dimoka A, Courellis SH, Marmarelis VZ, Berger TW. Modeling the nonlinear dynamic interactions of 
afferent pathways in the dentate gyrus of the hippocampus. Ann Biomed Eng. 2008;36:852–864. PubMed 
PMID: 18299993.

27. Dyhrfjeld-Johnsen J, Santhakumar V, Morgan RJ, Huerta R, Tsimring L, Soltesz I. Topological determinants 
of epileptogenesis in large-scale structural and functional models of the dentate gyrus derived from 
experimental data. J Neurophysiol. 2007;97:1566–1587. PubMed PMID: 17093119.

28. Morgan RJ, Soltesz I. Nonrandom connectivity of the epileptic dentate gyrus predicts a major role for 
neuronal hubs in seizures. Proc Natl Acad Sci USA. 2008;105:6179–6184. PubMed PMID: 18375756.

29. Howard AL, Neu A, Morgan RJ, Echegoyen JC, Soltesz I. Opposing modifications in intrinsic currents and 
synaptic inputs in post-traumatic mossy cells: evidence for single-cell homeostasis in a hyperexcitable 
network. J Neurophysiol. 2007;97:2394–2409. PubMed PMID: 16943315.

30. Szabadics J, Soltesz I. Functional specificity of mossy fiber innervation of GABAergic cells in the 
hippocampus. J Neurosci. 2009;29:4239–4251. PubMed PMID: 19339618.

31. Naylor DE, Liu H, Wasterlain CG. Trafficking of GABA(A) receptors, loss of inhibition, and a mechanism 
for pharmacoresistance in status epilepticus. J Neurosci. 2005;25:7724–7733. PubMed PMID: 16120773.

32. Jedlicka P, Deller T, Schwarzacher SW. Computational modeling of GABA(A) receptor-mediated paired-
pulse inhibition in the dentate gyrus. J Comput Neurosci. 2010. In Press.

33. Chauvet GA, Berger TW. Hierarchical model of the population dynamics of hippocampal dentate granule 
cells. Hippocampus. 2002;12:698–712. PubMed PMID: 12440584.

34. Sutula T, Cascino G, Cavazos J, Parada I, Ramirez L. Mossy fiber synaptic reorganization in the epileptic 
human temporal lobe. Ann Neurol. 1989;26:321–330. PubMed PMID: 2508534.

35. Babb TL, Kupfer WR, Pretorius JK, Crandall PH, Levesque MF. Synaptic reorganization by mossy fibers in 
human epileptic fascia dentata. Neuroscience. 1991;42:351–363. PubMed PMID: 1716744.

36. Buckmaster PS, Yamawaki R, Zhang GF. Axon arbors and synaptic connections of a vulnerable population 
of interneurons in the dentate gyrus in vivo. J Comp Neurol. 2002;445:360–373. PubMed PMID: 11920713.

37. Seress L, Pokorny J. Structure of the granule layer of the rat dentate gyrus. A light microscopic and Golgi 
study. J Anat. 1981;133:181–195. PubMed PMID: 7333948.

38. Kobayashi M, Buckmaster PS. Reduced inhibition of dentate granule cells in a model of temporal lobe 
epilepsy. J Neurosci. 2003;23:2440–2452. PubMed PMID: 12657704.

39. Austin JE, Buckmaster PS. Recurrent excitation of granule cells with basal dendrites and low interneuron 
density and inhibitory postsynaptic current frequency in the dentate gyrus of macaque monkeys. J Comp 
Neurol. 2004;476:205–218. PubMed PMID: 15269966.

40. Thind KK, Yamawaki R, Phanwar I, Zhang G, Wen X, Buckmaster PS. Initial loss but later excess of 
GABAergic synapses with dentate granule cells in a rat model of temporal lobe epilepsy. J Comp Neurol. 
2010;518:647–667. PubMed PMID: 20034063.

41. Fifkova E, Eason H, Schaner P. Inhibitory contacts on dendritic spines of the fascia dentata. Brain Res. 
1992;577:331–336. PubMed PMID: 1606504.

42. Davenport CJ, Brown WJ, Babb TL. Sprouting of GABAergic and mossy fiber axons in dentate gyrus 
following intrahippocampal kainate in the rat. Exp Neurol. 1990;109:180–190. PubMed PMID: 1696207.

Seizure-induced formation of basal dendrites on granule cells of the rodent dentate gyrus 11

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

https://www.ncbi.nlm.nih.gov/pubmed/1744242
https://www.ncbi.nlm.nih.gov/pubmed/11135261
https://www.ncbi.nlm.nih.gov/pubmed/8300905
https://www.ncbi.nlm.nih.gov/pubmed/16359649
https://www.ncbi.nlm.nih.gov/pubmed/18299993
https://www.ncbi.nlm.nih.gov/pubmed/17093119
https://www.ncbi.nlm.nih.gov/pubmed/18375756
https://www.ncbi.nlm.nih.gov/pubmed/16943315
https://www.ncbi.nlm.nih.gov/pubmed/19339618
https://www.ncbi.nlm.nih.gov/pubmed/16120773
https://www.ncbi.nlm.nih.gov/pubmed/12440584
https://www.ncbi.nlm.nih.gov/pubmed/2508534
https://www.ncbi.nlm.nih.gov/pubmed/1716744
https://www.ncbi.nlm.nih.gov/pubmed/11920713
https://www.ncbi.nlm.nih.gov/pubmed/7333948
https://www.ncbi.nlm.nih.gov/pubmed/12657704
https://www.ncbi.nlm.nih.gov/pubmed/15269966
https://www.ncbi.nlm.nih.gov/pubmed/20034063
https://www.ncbi.nlm.nih.gov/pubmed/1606504
https://www.ncbi.nlm.nih.gov/pubmed/1696207


43. Zhang W, Yamawaki R, Wen X, Uhl J, Diaz J, Prince DA, Buckmaster PS. Surviving hilar somatostatin 
interneurons enlarge, sprout axons, and form new synapses with granule cells in a mouse model of temporal 
lobe epilepsy. J Neurosci. 2009;29:14247–14256. PubMed PMID: 19906972.

44. Dashtipour K, Wong AM, Obenaus A, Spigelman I, Ribak CE. Temporal profile of hilar basal dendrite 
formation on dentate granule cells after status epilepticus. Epilepsy Res. 2003;54:141–151. PubMed PMID: 
12837565.

45. Zhao C, Teng EM, Summers RG Jr, Ming GL, Gage FH. Distinct morphological stages of dentate granule 
neuron maturation in the adult mouse hippocampus. J Neurosci. 2006;26:3–11. PubMed PMID: 16399667.

46. Altman J, Das GD. Autoradiographic and histological evidence of postnatal hippocampal neurogenesis in 
rats. J Comp Neurol. 1965;124:319–335. PubMed PMID: 5861717.

47. Kempermann G, Kuhn HG, Gage FH. Experience-induced neurogenesis in the senescent dentate gyrus. J 
Neurosci. 1998;18:3206–3212. PubMed PMID: 9547229.

48. Cameron HA, McKay RD. Adult neurogenesis produces a large pool of new granule cells in the dentate 
gyrus. J Comp Neurol. 2001;435:406–417. PubMed PMID: 11406822.

49. Francis F, Koulakoff A, Boucher D, Chafey P, Schaar B, Vinet MC, Friocourt G, McDonnell N, Reiner O, 
Kahn A, McConnell SK, Berwald-Netter Y, Denoulet P, Chelly J. Doublecortin is a developmentally 
regulated, microtubule-associated protein expressed in migrating and differentiating neurons. Neuron. 
1999;23:247–256. PubMed PMID: 10399932.

50. Kempermann G, Gast D, Kronenberg G, Yamaguchi M, Gage FH. Early determination and long-term 
persistence of adult-generated new neurons in the hippocampus of mice. Develop. 2003;130:391–399.

51. Rao MS, Shetty AK. Efficacy of doublecortin as a marker to analyze the absolute number and dendritic 
growth of newly generated neurons in the adult dentate gyrus. Eur J Neurosci. 2004;19:234–246. PubMed 
PMID: 14725617.

52. Ribak CE, Korn MJ, Shan Z, Obenaus A. Dendritic growth cones and recurrent basal dendrites are typical 
features of newly generated dentate granule cells in the adult hippocampus. Brain Res. 2004;1000:195–199. 
PubMed PMID: 15053968.

53. Jones SP, Rahimi O, O’Boyle MP, Diaz DL, Claiborne BJ. Maturation of granule cell dendrites after mossy 
fiber arrival in hippocampal field CA3. Hippocampus. 2003;13:413–427. PubMed PMID: 12722981.

54. Shapiro LA, Korn MJ, Ribak CE. Newly generated dentate granule cells from epileptic rats exhibit elongated 
hilar basal dendrites that align along GFAP-immunolabeled processes. Neuroscience. 2005;136:823–831. 
PubMed PMID: 16344154.

55. Seress L, Ribak CE. Postnatal development of the light and electron microscopic features of basket cells in 
the hippocampal dentate gyrus of the rat. Anat Embryol. 1990;181:547–565.

56. Walter C, Murphy BL, Pun RY, Spieles-Engemann AL, Danzer SC. Pilocarpine-induced seizures cause 
selective time-dependent changes to adult-generated hippocampal dentate granule cells. J Neurosci. 
2007;27:7541–7552. PubMed PMID: 17626215.

57. Kron MM, Zhang H, Parent JM. The developmental stage of dentate granule cells dictates their contribution 
to seizure-induced plasticity. J Neurosci. 2010;30:2051–2059. PubMed PMID: 20147533.

58. Shapiro LA, Ribak CE. Integration of newly born granule cells into adult brains: Hypotheses based on 
normal and epileptic rodents. Brain Res Reviews. 2005;48:43–56.

59. Shapiro LA, Korn MJ, Shan Z, Ribak CE. GFAP-expressing radial glia-like cell bodies are involved in a one-
to-one relationship with doublecortin-immunolabeled newborn neurons in the adult dentate gyrus. Brain 
Res. 2005;1040:81–91. PubMed PMID: 15804429.

60. Seki T, Namba T, Mochizuki H, Onodera M. Clustering, migration, and neurite formation of neural 
precursor cells in the adult rat hippocampus. J Comp Neurol. 2007;502:275–290. PubMed PMID: 17348003.

61. Foresti ML, Arisi GM, Katki K, Montanez A, Sanchez RM, Shapiro LA. Chemokine CCL2 and its receptor 
CCR2 are increased in the hippocampus following pilocarpine-induced status epilepticus. J 
Neuroinflammation. 2009;6:40. PubMed PMID: 20034406.

12 Jasper's Basic Mechanisms of the Epilepsies

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

https://www.ncbi.nlm.nih.gov/pubmed/19906972
https://www.ncbi.nlm.nih.gov/pubmed/12837565
https://www.ncbi.nlm.nih.gov/pubmed/16399667
https://www.ncbi.nlm.nih.gov/pubmed/5861717
https://www.ncbi.nlm.nih.gov/pubmed/9547229
https://www.ncbi.nlm.nih.gov/pubmed/11406822
https://www.ncbi.nlm.nih.gov/pubmed/10399932
https://www.ncbi.nlm.nih.gov/pubmed/14725617
https://www.ncbi.nlm.nih.gov/pubmed/15053968
https://www.ncbi.nlm.nih.gov/pubmed/12722981
https://www.ncbi.nlm.nih.gov/pubmed/16344154
https://www.ncbi.nlm.nih.gov/pubmed/17626215
https://www.ncbi.nlm.nih.gov/pubmed/20147533
https://www.ncbi.nlm.nih.gov/pubmed/15804429
https://www.ncbi.nlm.nih.gov/pubmed/17348003
https://www.ncbi.nlm.nih.gov/pubmed/20034406


62. Ji JF, He BP, Dheen ST, Tay SS. Expression of chemokine receptors CXCR4, CCR2, CCR5 and CX3CR1 in 
neural progenitor cells isolated from the subventricular zone of the adult rat brain. Neurosci Lett. 
2004;355:236–240. PubMed PMID: 14732474.

63. Belmadani A, Tran PB, Ren D, Miller RJ. Chemokines regulate the migration of neural progenitors to sites 
of neuroinflammation. J Neurosci. 2006;26:3182–3191. PubMed PMID: 16554469.

64. Tran PB, Banisadr G, Ren D, Chenn A, Miller RJ. Chemokine receptor expression by neural progenitor cells 
in neurogenic regions of mouse brain. J Comp Neurol. 2007;500:1007–1033. PubMed PMID: 17183554.

65. Yan YP, Sailor KA, Lang BT, Park SW, Vemuganti R, Dempsey RJ. Monocyte chemoattractant protein-1 
plays a critical role in neuroblast migration after focal cerebral ischemia. J Cereb Blood Flow Metab. 
2007;27:1213–1224. PubMed PMID: 17191078.

License
All Jasper's Basic Mechanisms of the Epilepsies content, except where otherwise noted, is licensed under a Creative 
Commons Attribution-NonCommercial-NoDerivs 3.0 Unported license, which permits copying, distribution and 
transmission of the work, provided the original work is properly cited, not used for commercial purposes, nor is altered or 
transformed.

Seizure-induced formation of basal dendrites on granule cells of the rodent dentate gyrus 13

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

https://www.ncbi.nlm.nih.gov/pubmed/14732474
https://www.ncbi.nlm.nih.gov/pubmed/16554469
https://www.ncbi.nlm.nih.gov/pubmed/17183554
https://www.ncbi.nlm.nih.gov/pubmed/17191078

	SEIZURE-INDUCED HILAR BASAL DENDRITES IN RODENTS
	SYNAPTIC CONNECTIONS OF HILAR BASAL DENDRITES
	TIME COURSE FOR BASAL DENDRITE FORMATION FOLLOWING SEIZURE ACTIVITY
	DO BASAL DENDRITES ARISE FROM NEWLY-GENERATED NEURONS?
	WHAT GUIDES THE BASAL DENDRITES TO GROW INTO THE HILUS?
	REFERENCES

