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Santhakumar, Vijayalakshmi, Ildiko Aradi, and Ivan Soltesz.
Role of mossy fiber sprouting and mossy cell loss in hyperexcitability:
a network model of the dentate gyrus incorporating cell types and
axonal topography. J Neurophysiol 93: 437–453, 2005. First pub-
lished September 1, 2004; doi:10.1152/jn.00777.2004. Mossy cell
loss and mossy fiber sprouting are two characteristic consequences of
repeated seizures and head trauma. However, their precise contribu-
tions to the hyperexcitable state are not well understood. Because it is
difficult, and frequently impossible, to independently examine using
experimental techniques whether it is the loss of mossy cells or the
sprouting of mossy fibers that leads to dentate hyperexcitability, we
built a biophysically realistic and anatomically representative compu-
tational model of the dentate gyrus to examine this question. The
527-cell model, containing granule, mossy, basket, and hilar cells with
axonal projections to the perforant-path termination zone, showed that
even weak mossy fiber sprouting (10–15% of the strong sprouting
observed in the pilocarpine model of epilepsy) resulted in the spread
of seizure-like activity to the adjacent model hippocampal laminae
after focal stimulation of the perforant path. The simulations also
indicated that the spatially restricted, lamellar distribution of the
sprouted mossy fiber contacts reported in in vivo studies was an
important factor in sustaining seizure-like activity in the network. In
contrast to the robust hyperexcitability-inducing effects of mossy fiber
sprouting, removal of mossy cells resulted in decreased granule cell
responses to perforant-path activation in agreement with recent ex-
perimental data. These results indicate the crucial role of mossy fiber
sprouting even in situations where there is only relatively weak mossy
fiber sprouting as is the case after moderate concussive experimental
head injury.

I N T R O D U C T I O N

Head injury is associated with a long-lasting increase in the
likelihood of developing temporal lobe epilepsy (Annegers and
Coan 2000; Jennett 1975). Studies using animal models of
head trauma have shown that a single episode of concussive
brain injury causes an increase in the excitability of dentate
granule cells in response to perforant-path stimulation (Coulter
et al. 1996; Lowenstein et al. 1992; Santhakumar et al. 2001,
2003; Toth et al. 1997). Although the exact mechanisms
underlying the posttraumatic dentate hyperexcitability are not
fully understood, experimental head injury is associated with a
specific pattern of hilar cell loss (Lowenstein et al. 1992;
Santhakumar et al. 2000; Toth et al. 1997) and the sprouting of
recurrent excitatory collaterals by granule cell axons (Golarai
et al. 2001; Santhakumar et al. 2001). These alterations are

similar to the histopathological characteristics observed in
tissue from patients with temporal lobe epilepsy (Bruton 1988;
Margerison and Corsellis 1966; Sutula et al. 1989; Zhang and
Houser 1999).

Although the mossy fiber sprouting-related appearance of
new recurrent excitatory feed-back loops is generally consid-
ered to be a plausible mechanism of hyperexcitability (Coulter
1999; Nadler 2003; Sutula et al. 1992), it is not entirely clear
if even a low degree of sprouting, such as that observed after
moderate experimental head injury (Santhakumar et al. 2001),
is sufficient to significantly decrease the threshold for seizure-
like events in the dentate gyrus. Second, it is also unclear what
role the compact, lamellar distribution of the sprouted recurrent
mossy fibers, observed in animal models of spontaneous re-
current seizures (Buckmaster and Dudek 1999; Buckmaster et
al. 2002b), plays in the spreading of granule cell excitability
because it may be hypothesized that a less spatially restricted,
extra-lamellar sprouting would be more conducive to the
spreading of seizure-like activity patterns.

In addition to these two major questions regarding the
hyperexcitability-enhancing roles of mossy fiber sprouting,
another controversial issue concerned the relative importance
of the loss and survival of mossy cells from the hilus after
seizures and trauma (reviewed in Ratzliff et al. 2002). Al-
though an earlier hypothesis suggested that the central event in
the development of limbic epilepsy was the excitatory dener-
vation of surviving dentate interneurons resulting from the loss
of mossy cells (Sloviter 1994), an alternative theory, named the
“irritable mossy cell hypothesis,” proposed that it was not the
loss but the survival of mossy cells that played a crucial role in
dentate hyperexcitability (Ratzliff et al. 2002; Santhakumar et
al. 2000). Recently, experiments revealed that the rapid re-
moval of hilar mossy cells from the dentate network invariably
decreased (and not increased) granule cell excitability to per-
forant-path stimulation (Ratzliff et al. 2004), indicating that the
loss of mossy cells in itself is unlikely to directly underlie
dentate hyperexcitability. In agreement with the idea that
surviving mossy cells may play a role in spreading hyperex-
citability through their long-range connections, hilar mossy
cells that survive moderate head trauma (resulting in the loss of
about half of the hilar GABAergic interneurons and half of the
excitatory hilar mossy cells) do show hyperexcitable responses
to perforant-path stimulation (Santhakumar et al. 2000), and
hyperexcitable mossy cells have also been observed after
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pilocarpine-induced seizures (Scharfman et al. 2001). In addi-
tion, the postinjury dentate hyperexcitability is observed even
after blocking GABAergic inhibition (i.e., in a fully disinhib-
ited dentate gyrus), suggesting that the excitatory network
contains the circuit sufficient to generate hyperexcitability
(Santhakumar et al. 2000).

The objective of this study was to gain further mechanistic
insights into the possible roles of mossy fiber sprouting and
mossy cell loss in dentate excitability with particular reference
to posttraumatic hyperexcitability. We employed computa-
tional models, incorporating some key structural and functional
properties of the biological dentate gyrus, to address the
following questions: 1) can low levels of mossy fiber sprouting
underlie hyperexcitable responses of granule cells to perforant-
path stimulation? 2) Does mossy cell loss aid or impede the
initiation and propagation of network activity in the dentate
gyrus? And 3) how does the experimentally observed axonal
topography of the sprouted mossy fibers modulate the abnor-
mal spread of network activity? The answers to these questions
are likely to increase our understanding of the mechanisms
underlying limbic epileptogenesis and posttraumatic dentate
hyperexcitability.

M E T H O D S

A reduced dentate network was constructed based on a 2,000:1
scaling-down of the numbers of the four major cell types in the
dentate gyrus (Patton and McNaughton 1995). All simulations were
performed using NEURON (Hines and Carnevale 1997) running on a
PC under Redhat Linux. Model implementations of the biophysical
mechanisms were obtained from http://senselab.med.yale.edu/
senselab/modeldb and Aradi and Holmes (1999).

Construction of biophysically realistic multicompartmental
models of dentate cells

We constructed multicompartmental models of the dentate granule,
mossy, basket, and hilar perforant-path associated cells (HIPP cells).

The dimensions of the somatic and dendritic compartments of the
model cells are presented in Table 1. Schematic representations of the
model cells are illustrated in Fig. 1, A–D. The granule cell model was
adapted from Aradi and Holmes (1999). The structure of the multi-
compartmental models of mossy, basket, and HIPP cells were devel-
oped based on morphology of the cell types reported in the literature
(Bartos et al. 2001; Buckmaster et al. 1993, 2002a; Freund and
Buzsaki 1996; Geiger et al. 1997).

The intrinsic properties of the cell types were modeled based on
experimental data (Lubke et al. 1998; Staley et al. 1992) (note that
these data were obtained in the presence of blockers of synaptic
activity). The passive membrane parameters and source and densities
of active conductances in the somatic compartment of the model cells
are listed in Table 2. For granule cells, the somato-dendritic distribu-
tion of active conductances was adapted from Aradi and Holmes
(1999). In all other cell types, the active conductances, with the
exception of sodium and fast delayed rectifier potassium channels,
were distributed uniformly in all compartments. Sodium and fast
delayed rectifier potassium conductances were present only in the
soma and proximal dendritic compartments. Additionally, because
granule cells (Desmond and Levy 1985) and mossy cells (Amaral
1978) are rich in dendritic spines, we corrected for the membrane area
contribution of dendritic spines (Rall et al. 1992). For granule cells,
correction for the membrane contribution of spines was performed by
decreasing membrane resistivity (increasing leak conductance to 63
�S/cm2) and increasing the capacitance to 1.6 �F/ cm2 (Aradi and
Holmes 1999). In the case of mossy cells, because they share several
structural and functional properties with CA3 pyramidal cells (Buck-
master et al. 1993), spine density estimates from CA3 cells (Hama et
al. 1994) were used to estimate the contribution of spines to the
membrane. Specifically, the dendritic leak conductance (44 �S/cm2)
and capacitance (2.4 �F/cm2) in the mossy cell model were increased
compared with the somatic conductance and capacitance (Table 2) to
account for the surface area contribution of spines.

In some simulations, the “nonspontaneously active” mossy cell
model described in the preceding text was modified to simulate
“spontaneously active” mossy cells with background synaptic activity
and spontaneous firing observed in experiments (Ishizuka and Kosaka
1998; Ratzliff et al. 2004). The lower input resistance observed in

TABLE 1. Structure of model cells

Dimensions Granule Cell Mossy Cell Basket Cell HIPP Cell

Soma
Diameter, �m 16.8 20 15 10
Length, �m 16.8 20 20 20

Number of dendrites 2 4 4 (2 apical and 2 basal) 4 (2 short and 2 long)
Number of compartments in each dendrite 4 4 4 3
Total number of compartments (Soma �

dendritic compartments)
9 17 17 13

Dendritic compartments and dimensions Apical dendrites: Short dendrites:
Diameter � length, �m Dendrite in the granule

cell layer: 3 � 50
Prox. dendrite: 5.78 � 50 Prox. dendrite: 4 � 75 Prox. dendrite: 3 � 50
Mid 1 dendrite: 4 � 50 Mid 1 dendrite: 3 � 75 Mid dendrite: 2 � 50

Prox. dendrite: 3 � 150 Mid 2 dendrite: 25 � 50 Mid 2 dendrite: 2 � 75 Distal dendrite: 1 � 50
Mid dendrite: 3 � 150 Distal dendrite: 1 � 50 Distal dendrite: 1 � 75
Distal dendrite: 3 � 150 Long dendrites:

Prox. dendrite: 3 � 75
Mid dendrite: 2 � 75
Distal dendrite: 1 � 75

Basal dendrites:
Prox. dendrite: 4 � 50
Mid 1 dendrite: 3 � 50
Mid 2 dendrite: 2 � 50
Distal dendrite: 1 � 50

References Aradi and Holmes (1999) Based on morphological
data in Buckmaster et
al. (1993)

Based on morphological
data in Bartos et al.
(2001); Geiger et al.
(1997)

Based on morphological
data in Buckmaster et
al. (2002a); Freund
and Buzsaki (1996)

HIPP, hilar perforant-path associated cell.
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mossy cells in the presence of background synaptic activity (Ratzliff
et al. 2004), compared with the input resistance in ionotropic gluta-
mate and GABA receptor antagonists (Lubke et al. 1998), was
simulated by including a simplified model background synaptic ac-
tivity in the spontaneously active mossy cells. The synaptic back-
ground activity was simulated as a fluctuating point conductance with
balanced excitation and inhibition, adapted from Destexhe et al.
(2001). The background excitatory synaptic activity had a conduc-
tance of 0.012 � 0.003 (SD) �S and a 2.7-ms time constant and
reversed at 0 mV. The background inhibitory synaptic activity had a

0.0573 � 0.0066 �S conductance and a time constant of 10.4 ms and
reversed at �70 mV. In addition to the elevated conductance, a
constant current injection (Idepol � 0.65 nA) was included in the
spontaneously active mossy cell to simulate the 2- to 4-Hz spontane-
ous firing rate of biological mossy cells (Ishizuka and Kosaka 1998;
Ratzliff et al. 2004).

As detailed in Table 3, the intrinsic properties of model cells
illustrated in Fig. 1 are consistent with the data from biological
counterparts in ionotropic receptor blockers. In agreement with ex-
perimental data (Lubke et al. 1998), input resistance of the model

FIG. 1. Structure and intrinsic excitability of model cells. A: schematic representation of the structure (top) of the granule cell model and membrane voltage
traces of the granule cell in response to �300-pA (middle) and �120-pA (bottom) current injections. B: illustration of the structure of the model mossy cell (top)
and the membrane voltage responses to �360-pA (middle) and �200-pA (bottom) current injections. C: the structure of the model basket cell (top) and responses
to �500 pA (middle) and �50 pA (bottom) current injections. D: structure (top) and responses to �500 pA (middle) and �50 pA (bottom) of the model hilar
perforant-patch associated cells (HIPP cells). E and F: firing rates of the model granule and mossy cells (E) and basket and HIPP cells (F) in response to increasing
current injection.

TABLE 2. Passive parameters and maximum conductance of the channels in model cell somata

Mechanism Source Granule Cell Mossy Cell Basket Cell HIPP Cell

Cm, �F/cm2 1 0.6 1.4 1.1
Ra, �cm 210 100 100 100
Leak conductance [S/cm2] Aradi and Holmes (1999) 0.00004 0.000011 0.00018 0.000036
Sodium [S/cm2] Aradi and Soltesz, (2002) 0.12 0.12 0.12 0.2
Delayed Rectifier K (Slow) [S/cm2] Aradi and Holmes, (1999) 0.006 X X X
Delayed Rectifier K (Fast) [S/cm2] Aradi and Soltesz, (2002) 0.016 0.0005 0.013 0.006
A-Type K [S/cm2] Aradi and Soltesz, (2002) 0.012 0.00001 0.00015 0.0008
Ih[S/cm2] Chen et al 2001 X 0.000005 X 0.000015
L-Type Calcium [S/cm2] Migliore et al. 1995 0.005 0.0006 0.005 0.0015
N-Type Calcium [S/cm2] Aradi and Holmes, 1999 0.002 0.00008 0.0008 X
T-Type Calcium [S/cm2] Aradi and Holmes, 1999 0.000037 X X X
Ca-dependent K (SK) [S/cm2] Aradi and Holmes, 1999 0.001 0.016 0.000002 0.003
Ca and Voltage-dependent K (BK) [S/cm2] Migliore et al. 1995 0.0006 0.0165 0.0002 0.003
Time constant for decay of intracellular Ca [ms] Aradi and Soltesz, 2002 10 10 10 10
Steady-state intracellular Ca concentration [mol] Aradi and Soltesz, 2002 5 � 10�6 5 � 10�6 5 � 10�6 5 � 10�6
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basket cell is lower than in the HIPP cell (Fig. 1, C and D, bottom, and
Table 3).

Modeling synaptic conductances

Because previous experimental studies have demonstrated the pres-
ence of posttraumatic hyperexcitability in N-methyl-D-aspartate

(NMDA) blockers (Santhakumar et al. 2000), only AMPA and fast
GABAergic synapses were included in the networks. Postsynaptic
conductances were represented as a sum of two exponentials (Bartos
et al. 2001). The peak conductance (gmax), rise and decay time
constants, and the delay of the various network connections listed in
Table 4 were estimated from experimental data (Bartos et al. 2001;
Geiger et al. 1997; Kneisler and Dingledine 1995a; Santhakumar et al.

TABLE 3. Physiological properties of individual cell types

Physiological Property

Granule Cell Mossy Cell Basket Cell HIPP Cell

Model Biological Model Biological Model Biological Model Biological

RMP, mV �70.4 �75 � 2 �60 �59.7 � 4.9 �60 �56 to �66 �70 �65 � 6
Rin [M�] 183 107 to 228 210 199 � 19 64.7 56 � 9 350 371 � 47
�memb [ms] 30 31 � 2 54 24 to 52 8 9–11 17.6 16.9 � 1.8
AP amp. [mV] 80 86.6 � 0.7 88 89.8 � 1.1 78 74 mV 90 83
AP threshold [mV] �48.70 �49 � 0.8 �52 �47.33 � 1.45 �49 �40.5 � 2.5 (� �52) �50 �50
Fast AHP [mV] �7.91 �22.5 to �3.4 �12.2 �15.5 �23.39 �24.9 to �14.9 �18.5 �20 to �7
Spike frequency adaptation 0.31 0.3 0.86 0.8 0.97 .98 0.8 0.82 � 0.42
Sag ratio 1 0.97 � 0.01 0.97 0.81 � 0.02 1 0.9 to 1 0.83 0.78–0.86
Source of biological cell

parameters
Lubke et al. (1998);

Santhakumar et al.
(2000); Staley et al.
(1992)

Lubke et al. 1998;
Ratzliff et al. 2004;
& Santhakumar et al.
2000

Bartos et al. 2001; Geiger et al.
1997; Harney and Jones,
2002; Lubke et al. 1998 &
Mott et al. 1997

Lubke et al. 1998 &
Mott et al. 1997

Amplitude of the fast afterhyperpolarization (fast AHP), spike-frequency-adaptation ratio, and sag ratio were calculated as detailed in Lubke et al. (1998).
Values are means � SD.

TABLE 4. Synaptic parameters of dentate network

From (column)/
To (row) Granule Cell Mossy Cell Basket Cell HIPP Cell

AMPA
Perforant path

Gmax nS 20 5 10 X
Rise ms 1.5 1.5 2 X
Decay ms 5.5 5.5 6.3 X
Delay ms 3 3 3 X
Location Distal dendrite Distal dendrite of 2/15 cells* Distal dendrite X

Granule cell
Gmax nS 2 (or 0.5) 0.2 (or 0.7)† 4.7 0.5
Rise ms 1.5 0.5 0.3 0.3
Decay ms 5.5 6.2 0.6 0.6
Delay ms 0.8 1.5 0.8 1.5
Location Prox. dendrite Prox. dendrite Prox. dendrite Prox. dendrite

Mossy cell
Gmax nS 0.3 0.5 0.3 0.2
Rise ms 1.5 0.45 0.9 0.9
Decay ms 5.5 2.2 3.6 3.6
Delay ms 3 2 3 3
Location Prox. dendrite Prox. dendrite Prox. apical dendrite Mid dendrite

GABAA

Basket cell
Gmax nS 1.6 1.5 7.6 X
Rise ms 0.26 0.3 0.16 X
Decay ms 5.5 3.3 1.8 X
Delay ms 0.85 1.5 0.8 X
Location Soma Prox. dendrite Prox. apical dendrite X

HIPP cell
Gmax nS 0.5 1 0.5 X
Rise ms 0.5 0.5 0.4 X
Decay ms 6 6 5.8 X
Delay ms 1.6 1 1.6 X
Location Distal dendrite Mid dendrite Distal apical dendrite X

The maximum conductance at the synapse is Gmax. Rise and decay time constants and the average synaptic delay, including the synaptic and average
conduction delay, of the synaptic contacts are listed. AMPA reversal potential was 0 mV and Erev for GABAA was �70 mV. The placement of the synapses
to somatic and dendritic compartments was based on data from Acsady et al. (1998a); Geiger et al. (1997); Buckmaster et al. (1996); Wenzel et al. (1997);
Scharfman (1995); and Bartos et al. (2001). *One distal dendrite of 2 randomly selected mossy cells received perforant path input. †Gmax � 0.7nS in the presence
of fluctuating baseline conductance.
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2000; M. Capogna and M. V. Jones, personal communication). Note
that unless specifically indicated, the delay included both the synaptic
delay and the average axonal conduction delay. In some simula-
tions, an additional axonal conduction delay, depending on the
distance between the location of the pre- and postsynaptic cells,
was included. The axonal conduction was assumed to be 0.25 m/s
(Bartos et al. 2001). In the absence of data from the dentate hilus,
experimental data from CA3 was used to constrain the parameters
of synapses between mossy cells and interneurons (Aaron and
Dichter 2001; Kneisler and Dingledine 1995b; Lawrence et al.
2004). Kinetic data from experiments performed at room temper-
ature were modified to physiological temperature using a Q10

estimate of 3 (Collingridge et al. 1984). The axons were modeled
implicitly, and when the membrane potential of the presynaptic
cell crossed a preset threshold, the target synapse was activated
after a period equivalent to the delay (Bartos et al. 2001). The
perforant-path stimulation of the dentate network was modeled as
a single presynaptic stimulus from an artificial source.

Network models

The dentate network was simulated with 500 granule cells (cells
0 – 499), 15 mossy cells (cells 506 –520), 6 basket cells (cells
500 –505), and 6 HIPP cells (cells 521–526). In general, two types
of networks were constructed, nontopographic and topographic. In
the nontopographic network, the postsynaptic targets of each cell
in the network were selected at random from the pool of potential
target neurons while maintaining the cell type specific divergence
and convergence. The axonal divergence of each cell type esti-
mated from biological dentate gyrus was scaled down in the model
network. The nontopographic network was not constrained by the
axonal arborization pattern of the individual cell types (e.g., the
spatial distribution of a single mossy fiber in the biological hip-
pocampus is restricted to a single hippocampal lamella). The
topographic network, on the other hand, was designed to incorpo-
rate the axon distribution of the cell types (both excitatory and
inhibitory cells; see Table 5), in addition to the estimated diver-
gence and convergence.

Construction of topographic networks

GENERAL STRATEGY. Organization of the topographic network was
simulated by distributing the neurons in a ring structure, adapted to
avoid edge effects in reduced network simulation (Wang et al. 2004).
Control simulations with linear topographic strip networks were also
performed (Fig. 3, C–E). Each cell type, including the granule, mossy,
basket, and the HIPP cells, was evenly distributed along the ring (note
that no explicit ring structure was used in the nontopographic network
because, given the nontopographic random distribution of the connec-
tions, there was no real difference between the positions of the cells
and thus there were no edge effects). The general procedure used to
assign synaptic contacts in the topographic networks is described in
the following text. Figure 2A illustrates a schematic of the connections
included in the network. A schematic of the topographic pattern of
connectivity is shown in Fig. 2B. The cell type specific details of the
number and spatial distribution of connections are listed in Table 5.

For each synaptic connection, first, the acceptable spatial range of
postsynaptic target cells was determined based on the axonal distri-
bution pattern of the presynaptic cell described in the literature. Note
that this was the only step that was implemented exclusively in the
topographic network and not the nontopographic network construc-
tion. Second, the postsynaptic cells were selected at random from the
pool of potential targets with uniform probability. Target synapses
were placed in the compartment corresponding to the location of
synaptic contacts in filled and reconstructed axons (Table 4) (Acsady
et al. 1998b; Buckmaster et al. 1996; Geiger et al. 1997; Sik et al.
1997). Third, to avoid the possibility that some cells in the network
receive a large number of synapses while other cells are disconnected
from the network, we included a constraint on the maximum conver-
gence of synapses on the prospective postsynaptic target from a
presynaptic cell (source) class. The average convergence on a
postsynaptic target cell (Di*Pr/Po) was calculated from the presyn-
aptic axonal divergence (Di) and the numbers of presynaptic (Pr) and
postsynaptic cells (Po). The maximum convergence was the lowest
integer that was 10% more than the average convergence. While the
randomized selection of postsynaptic targets provided an opportunity
for variability in the synaptic convergence from a presynaptic cell

TABLE 5. Network parameters

From (column)/To (row) Granule Cell Mossy Cell Basket Cell HIPP Cell References

Granule cell
Divergence Sprouted 1:1 1:1 1:3 Acsady et al. (1998);

Buckmaster and Dudek (1997)
Topographic postsynaptic target pool 100 local cells 3 local cells 3 local cells 5 local cells
Convergence [mean � SD]

synapses/postsynaptic cell
Varied with sprouting 33 � 0.09 83.33 � 2.26 250 � 6.7

Mossy cell
Divergence 1:200 1:3 1:1 1:2 Buckmaster et al. (1996);

Wenzel et al. (1997)
Topographic postsynaptic target pool 350 cells excluding the

central 50 cells
6 local cells 3 cells excluding the

middle cell
5 local cells

Calculated convergence 6.0 � 0.05 3.0 � 0.3 2.5 � 0.5 5.0 � 0.5
Basket cell

Divergence 1:100 1:3 1:2 X Sik et al. (1997)
Topographic postsynaptic target pool 140 local cells 7 local cells 3 local cells X
Calculated convergence 1.2 � 0.03 1.2 � 0.24 2 � 0.36 X

HIPP cell
Divergence 1:160 1:4 1:4 X Buckmaster et al. (2002);

Sik et al. (1997)
Topographic postsynaptic target pool 260 local cells 5 local cells 5 local cells X
Calculated convergence 1.92 � 0.03 1.6 � 0.16 4.0 � 0.45 X

Total synaptic input
Before, sprouting, nS 24.68 nS
After 10%, sprouting, nS 44.68 nS

Divergence indicates the number of post synaptic cells (in the title row) that a presynaptic cell (in the “from” column) contacts. Local cells refer to the spatially
proximal cells in the ring structure. Values are means � SD.
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class on the postsynaptic cells, the presence of a constraint on the
maximum convergence curtailed the variability of the convergence.
Finally, the presynaptic sources were connected to the appropriate
target synapses and distributed randomly among the possible target
dendritic branches. All synaptic connections, including the conver-
gence of each cell from all presynaptic cell types, were written to file,
to subsequently rule out the presence of disconnected cells and
confirm the convergence values.

EXCITATORY AND INHIBITORY SYNAPTIC CONNECTIONS. The num-
ber of synaptic connections and axonal distribution patterns of the
various cells in the network are listed in Table 5. Synapses from
granule cells to mossy cells conformed to the lamellar distribution of
mossy fibers (Acsady et al. 1998a; Buckmaster and Dudek 1997).
Note that in the biological situation, a hippocampal lamella is defined
by the septo-temporal extent of the mossy fibers (600 �m) (Buck-
master and Dudek 1997); similarly, a model lamella in this paper is
also defined by the default spatial extent of the mossy fibers, encom-
passing 100 granule cells. Experimental data from mossy cells filled
in vivo have shown that mossy cell axons have a low probability of
forming synapses with granule cells located in the same lamella as
their cell body, and they preferentially contact granule cells in adja-
cent lamellae (Buckmaster et al. 1996). To conform to this bimodal
axonal arborization pattern, mossy cell axons in the topographic
network synapsed on 200 of the 350 nearest granule cells, excluding
the 50 granule cells located closest to the mossy cell body. Similarly
(as listed in Table 5), mossy cell axonal projections to basket cells
were also constrained by the bimodal distribution pattern.

PERFORANT-PATH STIMULATION. Perforant-path AMPA synapses
were located on both dendrites of all granule cells and the apical
dendrites of all basket cells. Because 15% of mossy cells have been
shown to receive direct perforant-path input (Buckmaster et al. 1992;
Scharfman 1991), we included direct perforant-path input to two
randomly selected mossy cells. Perforant-path stimulation was mod-
eled to reproduce the maximal peak AMPA conductance in response
to stimulation of the perforant path in Santhakumar et al. (2000)

(GPPtoGC � 40 nS). During focal dentate stimulation, 100 adjacent
granule cells, representing a model hippocampal “lamella,” were
simultaneously activated by a single stimulus. Perforant-path synapses
on two adjacent basket cells (GPPtoBC � 20 nS), and on the mossy
cells with direct perforant-path input (GPPtoMC � 5 nS), situated in the
stimulated lamella, were also activated simultaneously (the 40-nS
AMPA conductance used for granule cells was decreased for basket
cells and mossy cells to conform to the lower estimates of perforant-
path input convergence on these cell types) (Patton and McNaughton
1995). In all the network simulations in Figs. 2–7, network activity
was initiated by a single discrete (0.1 ms), synchronous activation of
the perforant-path synaptic input to postsynaptic cells in a single
lamella. Note that there was no additional current injection to the
granule cells, nonspontaneously active mossy cells, basket cells and
HIPP cells for the entire duration of the simulation.

Comparison of the evoked responses of model and biological
dentate neurons

Stimulation of the perforant-path input evoked a single action
potential in the directly stimulated granule cells in the normal (non-
sprouted) dentate network with intact inhibition (Fig. 2C) in agree-
ment with the recordings from granule cells in vitro (Fricke and Prince
1984; Santhakumar et al. 2000). The stimulation paradigm also
evoked monosynaptic excitatory postsynaptic potentials (EPSPs) re-
sulting in a single action potential in the directly activated mossy cells
(Fig. 2C), and polysynaptic EPSPs with or without firing in mossy
cells postsynaptic to the stimulated granule cells. The mossy cell
response is consistent with experimental data demonstrating EPSPs or
single action potentials in mossy cells after perforant-path stimulation
recorded in NMDA receptor antagonists (Scharfman 1993). Similar to
biological interneurons (Buckmaster et al. 2002a), dentate input acti-
vation evoked a long latency action potential in HIPP cells, in contrast
to the short latency burst firing in basket cells (Fig. 2C). These
simulations demonstrated that the model network was able to repro-

FIG. 2. Basic circuitry and synaptic responses of the cell types. A: a relational schematic representation of the network connections among granule cells, mossy
cells, basket cells, and HIPP cells. Œ, the sprouted mossy fiber (in bold). The perforant-path input to the granule and basket cells is also illustrated. B: schematic
of the topographic network connections between the cell types illustrates the location of the synapses and the distribution of the axon terminals. In agreement
with the lamellar distribution of mossy fibers, the postsynaptic target of the granule cell axons were located on spatially proximal cells. Similarly, basket cell
axons contacted nearby granule, basket, and mossy cells. Mossy cell axons conformed to the bimodal axonal distribution pattern (see METHODS) and contacted
granule and basket cells on either side of the lamella in which their somata was located. HIPP cell axons contacted granule, basket, and mossy cells. The actual
number and distribution of the network connections are listed in Table 5. Perforant-path synapses were located on the distal dendrites of all granule and basket
cells, and the network activity was initiated by a single synchronous activation (Stim) of the perforant-path input to cells in 1 model lamella. C: example traces
of the perforant-path-evoked responses in the model cells (note that the mossy cell in this example received a direct perforant-path input). Œ, time of stimulation.
GC, granule cell; BC, basket cell; HC, HIPP cell; and MC, mossy cell.
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duce the normal (control) behavior of the various cell types in the
dentate gyrus.

Simulating mossy fiber sprouting and mossy cell loss

Mossy fiber sprouting was modeled by adding synaptic connections
from granule cells to the proximal dendrites of granule cells. Exper-
imental data from filled and reconstructed granule cells in the pilo-
carpine model of seizures, a model system with a particularly high
density of mossy fiber sprouting (Nadler 2003), indicate that 80–90%
of the granule cells sprout �500 new synapses in the inner molecular
layer of the dentate gyrus (Buckmaster et al. 2002b). Therefore each
granule cell would be expected to receive �400 new synaptic inputs.
The peak conductance of the unitary sprouted synapse was assumed to
be 0.5 nS, consistent with the values estimated from unitary mossy
fiber EPSCs in granule cells in the pilocarpine model of seizures
(Molnar and Nadler 1999). Hence, we estimated that the 400 new
synapses with 0.5-nS peak conductance each would result in a
maximum sprouted synaptic input of 200 nS (gmax) in granule cells.
Because adding 400 sprouted synapses would have resulted in an
unrealistically highly interconnected network, we assumed that 100
new sprouted synapses represented 100% mossy fiber sprouting in our
scaled down network. Additionally, our assumption of a maximum of
100 sprouted synapses made it possible to distribute the sprouted
axonal contacts within our model lamella of 100 granule cells. To
conserve the maximum conductance due to sprouting in the granule
cell, we divided the 200-nS maximum conductance (estimated as
described in the preceding text) among 100 granule cell recurrent
connections. Consequently, the conductance of a single sprouted
synapse was 2 nS, and the number of sprouted synapses numerically
represented the percent mossy fiber sprouting. The density of mossy
fiber sprouting examined in this study was restricted to 0–50% to
simulate the mild to moderate increase in mossy fiber sprouting after
concussive head injury (Santhakumar et al. 2001). Note that 100%
sprouting represents the degree of sprouting observed after pilo-
carpine induced seizures (Buckmaster et al. 2002b). Consistent with
the tight, intra-lamellar distribution of sprouted mossy fibers in vivo
(Buckmaster et al. 2002b), sprouted synapses from each granule cell
were spatially distributed among 100 neighboring granule cells (50 on
either side) in the topographic model. Autaptic connections on granule
cells were not excluded.

Some control simulations incorporated a sprouted synaptic conduc-
tance of 0.5 nS with four times the convergence of mossy fiber to
granule cell synapses (e.g., with 10% sprouting, each granule cell
received inputs from 40 neighboring granule cells instead of 10).
These control simulations were performed to verify that the increased
unitary conductance of the sprouted synapse (from 0.5 to 2 nS)
assumed in this study did not alter the overall network behavior. In
additional simulations, the spatial spread of sprouted synapses was
systematically increased to examine the effect of the topography of
mossy fiber sprouting on the spread of network excitability. The
topographic constraints on sprouted synapses were not imposed in the
nontopographic network.

Complete mossy cell loss was simulated by removing all synaptic
contacts to and from mossy cells. For 50% mossy cell loss, eight
randomly selected mossy cells were “killed” by eliminating all syn-
apses to and from the “dead” cells.

Data analysis

The activity of the network in response to focal activation of the
perforant-path input was visualized in the form of spike time rasters.
The activity of granule cells is presented as the mean � SE of the
number of spikes averaged over the 500 cells during the period of
simulation. The population coherence was calculated as described
previously (Foldy et al. 2004; White et al. 1998). Briefly, for a pair of
discharging neurons, trains of square pulses were generated for each

of the cells with each pulse of height unity being centered at the spike
peak and the width being 20% of the mean firing period (interspike
interval) of the faster cell in the pair. Next, the cross-correlation was
calculated at zero time lag of these pulse trains, which is equivalent to
calculating the shared area of the unit height pulses. Coherence was
defined as the sum of the shared areas divided by the square root of the
product of the total areas of each individual train (Foldy et al. 2004;
White et al. 1998). The average coherence was calculated from the
coherence values obtained for all cell pair combinations.

R E S U L T S

Increase in dentate excitability with mossy fiber sprouting

NONTOPOGRAPHIC DISINHIBITED NETWORK. First, we examined
the effect of mossy fiber sprouting on the dentate excitatory
network by setting all inhibitory synaptic conductances in the
network to zero (“disinhibited” network). As a first step, we
focused on granule cell firing in the disinhibited, normal (0%
sprouting), nontopographic network (constrained only by the
cell-type-specific axonal divergence). Consistent with the ex-
perimental data (Fricke and Prince 1984; Santhakumar et al.
2000) and earlier simulation studies (Lytton et al. 1998),
stimulation of perforant-path inputs in our model evoked only
a single action potential in the monosynaptically activated
granule cells, even though the network had no GABAergic
inhibition (Fig. 3A1). Note that only the granule cells 0–99
(plotted on the y axis in Fig. 3A1) received direct stimulation,
and only these cells fired a single action potential, whereas all
the other granule cells remained quiescent.

Next, the degree of recurrent mossy fiber sprouting was
systematically increased from 0 to 50%. Even 10% sprouting
(representing the addition of 10 recurrent mossy fiber contacts
per granule cell; see METHODS) caused the activity to spread
from the directly activated granule cells to the others (granule
cells 100–499 in Fig. 3A2). Additionally, some of the directly
stimulated granule cells responded with more than one action
potential (Fig. 3A2, 4), further indicating the greater excit-
ability of the network with 10% sprouting compared with the
normal network (Fig. 3A1). Increasing mossy fiber sprouting to
25 and 50% resulted in a more robust spread of the activity,
including the activation of all granule cells in the network and
prolongation of the duration of the stimulation-triggered net-
work activity (Fig. 3A, 3 and 4). Importantly, however, the
network activity was self limiting and failed to progress be-
yond 200 ms even in networks with 50% mossy fiber sprouting
(Fig. 3, A4 and D). It is likely that the characteristically
hyperpolarized resting membrane potential and strong adapta-
tion of granule cells limited their excitability (Lytton et al.
1998), even in the absence of feed-back inhibitory circuits.

TOPOGRAPHIC DISINHIBITED NETWORK. Next, we examined the
effect of sprouting in the topographic (and disinhibited) net-
work (Fig. 3B, 1–4). When the topographic constraints were
included, focal excitation of 100 granule cells in the absence of
sprouting still resulted in a single action potential only in the
monosynaptically activated granule cells (Figs. 3, B1 and C1,
and 4A1). In contrast to the nontopographic network, however,
even the low (10%) sprouting in the topographic ring network
resulted in the spread of the activity to all granule cells (Fig.
3B2; note that the arrowhead-like shape of the raster plot
originates from the fact that cells 0–99 were activated first,
and, because of the ring structure of the network, cells 0 and
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499 are neighbors). The spread of granule cell activity in the
linear topographic strip network (Fig. 3C, 1 and 2) in which a
single lamella in the middle of the strip (cells 200–299) was
activated was similar to the topographic ring network. In
addition to the extra-lamellar spread of the activity with 10%

sprouting in the topographic networks, the average granule cell
firing was also higher compared with that in the nontopo-
graphic network (Fig. 3D, inset). With increased levels of
mossy fiber sprouting, the activity spread faster throughout the
network, and it became self-sustaining (i.e., lasting at least as
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long as the duration of the simulation, which was 5 s; note that
only the 1st second is plotted in the figures; Fig. 3B, 3 and 4,
and C, 3 and 4). In addition to the increase in the number of
action potentials (Fig. 3D) and duration of granule cell activity
(Fig. 3E) with mossy fiber sprouting in the topographic com-
pared with the nontopographic networks, the simulations also
showed enhanced coherence of granule cell firing (for calcu-
lation of coherence, see METHODS) in the topographic ring
network with increasing sprouting (Fig. 3F) (note that the
increased coherence can also be observed in the raster plots in
Fig. 3B, 2–4).

CONTROLS FOR MODEL SIMPLIFICATIONS. We performed several
control simulations to check whether the assumptions in the
model altered the network behavior. First, we examined the
effect of introducing axonal conduction delay in the topo-
graphic network. The inclusion of distance-dependent delay
resulted in a �10% decrease in the average granule cell firing
(Fig. 3D) but did not abolish the sustained network activity
(Fig. 3E).

Second, we examined the impact of some of the assumptions
regarding the synaptic conductance of the sprouted mossy
fibers. The mossy fiber synaptic conductance after sprouting
was initially set to four times the estimated unitary synaptic
conductance (4*0.5 nS � 2 nS; Table 4) to reflect the total
conductance estimated from sprouted connections (for further
explanation, see METHODS). A series of control simulations were
performed with a recurrent mossy fiber synaptic conductance
of 0.5 nS but with four times the number of recurrent mossy
fibers converging on each granule cell. As shown in Fig. 3G
(plots labeled nonspontaneously active mossy cells, N-SA
MC), decreasing the unitary sprouted conductance and elevat-
ing the number of sprouted synapses did not change the overall
behavior of the network.

Third, we examined the effect of replacing the nonsponta-
neously active mossy cells with spontaneously active ones
(incorporating biologically realistic fluctuating baseline con-
ductance and spontaneous firing, see METHODS) in the topo-
graphic network. As illustrated in Fig. 3G (plot labeled spon-
taneously active mossy cells, SA MC), inclusion of spontane-
ously active mossy cells did not alter the overall network
activity.

Fourth, a final set of control simulations showed that in-
creasing the mossy fiber to mossy cell synaptic conductance
(from 0.2 to 0.7 nS; these simulations were done with non-
spontaneously active mossy cells) did not alter the average
activity and the spread of granule cell firing (data not shown).

Overall, the results of these control simulations indicate that
the behavior of the model dentate is fairly robust to small

changes in synaptic parameters and suggest that the assump-
tions in the model do not significantly compromise the network
response to focal stimulation.

EFFECT ON GRANULE AND MOSSY CELL ACTIVITY. Next, we an-
alyzed in more detail the effects of mossy fiber sprouting on
cell firing in the disinhibited, topographic network. First, we
examined the effect of focal, lamellar stimulation on the
activity of granule and mossy cells within the stimulated
lamella in the normal network (0% sprouting). As mentioned in
the preceding text, stimulation of the perforant-path input to
the network evoked a single action potential in granule cells
(Fig. 4A1). Mossy cells postsynaptic to the directly stimulated
granule cells also fired a single action potential in response to
stimulation of the model lamella (Fig. 4B1). This pattern of
evoked activity observed in granule and mossy cells in the
model is consistent with the perforant-path-evoked action po-
tential firing in biological granule cells (average number of
spikes following a single stimulation to the perforant path:
0.61 � 0.19) and mossy cells (0.60 � 0.60 spikes) recorded
from sham-injured (i.e., control) animals in the presence of
GABAA receptor antagonist bicuculline (i.e., in a disinhibited
network) (Santhakumar et al. 2000).

Next, we systematically increased the degree of mossy fiber
sprouting. There was a progressive increase in the perforant-
path-evoked firing in both granule and mossy cells when mossy
fiber sprouting was increased. The number of action potentials
following the perforant-path stimulation in granule and mossy
cells in the model networks with 10% mossy fiber sprouting
(Fig. 4, A2 and B2; granule cells: 4.64 � 0.06 spikes; mossy
cells: 2.93 � 0.15 spikes) was similar to the biological dentate
gyrus (granule cells: 5.93 � 1.78 spikes; mossy cells: 3.63 �
0.72 spikes) 1 wk after concussive head injury (Santhakumar et
al. 2000). When the mossy fiber sprouting was increased to
25%, some nonspontaneously active mossy cells depolarized
without firing (not shown; this effect is similar to the depolar-
ization block reported in Bikson et al. 2003; Lytton et al.
1998), whereas others fired multiple spikes (Fig. 4B3), with the
net result being that 25% sprouting led to more mossy cell
activity on average, albeit with a larger cell to cell variability
(Fig. 4D). Mossy fiber sprouting resulted in increased mossy
cell firing in networks with spontaneously active mossy cells as
well (Fig. 4, C, 1–3, and D).

Taken together, these data show that the disinhibited topo-
graphic model network can simulate the effects of perforant-
path stimulation in the uninjured and injured biological dentate
gyrus in bicuculline. Interestingly, the 10–15% sprouting, at
which the granule cell and mossy cell firing in the model was
observed to be the most similar to the data obtained from the

FIG. 3. Mossy fiber sprouting enhances excitability in the dentate excitatory network. A, 1–4: spike raster plots showing the activity of granule cells in the
nontopographic networks in response to stimulation of the perforant-path input to the network. The degree of mossy fiber sprouting was increased from 1 to 4.
4 in A2, the 2nd spike of a granule cell that fired more than 1 action potential in response to stimulation. B, 1–4: granule cell spike rasters from topographic-ring
networks illustrate the spread of perforant-path-evoked activity with increasing mossy fiber sprouting. C, 1–4: granule cell spike rasters from control simulations
from the liniarized topographic-strip networks show the spread of perforant-path-evoked activity with increasing mossy fiber sprouting. D: summary plot showing
the effect of sprouting on the average granule cell firing in the nontopographic, topographic-ring, topographic-strip, and topographic networks with axonal
conduction delay (Delay). Inset: histogram of the average granule cell firing in networks with 10% sprouting in the boxed region in C in nontopographic network
(NT), topographic-ring (TR) network, topographic-strip (TS) network, and topographic network with delay (D). E: summary graph shows the increase in duration
of granule cell activity with higher degree of sprouting in the nontopographic, topographic-ring, topographic-strip, and topographic networks with delay (Delay).
Note that the plots represent the maximum duration of activity in the 1st second of simulation. F: summary histogram shows that increasing the degree of mossy
fiber sprouting increases the coherence of perforant-path-evoked granule cell firing in the topographic-ring network. G: control simulations showing the lack of
effect of altering the strength of the sprouted mossy fiber synapses and the inclusion of spontaneously active mossy cells. Responses were evoked by stimulation
of the perforant-path input to 100 granule cells in networks with 10, 15, and 25% mossy fiber sprouting. N-SA MC: nonspontaneously active mossy cell; SA
MC: spontaneously active mossy cell.
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biological dentate gyrus after moderate fluid percussion head
injury, matches well with the histological data indicating the
presence of only relatively mild mossy fiber sprouting in the
head trauma paradigm (Santhakumar et al. 2001). The results
also indicate that weak mossy fiber sprouting can replicate the
increase in excitability of the excitatory cell types in the
dentate gyrus observed after moderate concussive head trauma
even in the absence of cell loss and changes in the intrinsic
properties of the cell types. Finally, comparison of the spread
of perforant-path-evoked network activity in the topographic
and nontopographic networks suggests that a topologically
constrained network structure might aid in the generation and
spread of hyperexcitability in the presence of mossy fiber
sprouting.

Lamellar mossy fiber sprouting facilitates spread of
focal excitation

ROLE OF SPATIAL TOPOLOGY OF SPROUTED MOSSY FIBERS. Why
does the topographic network structure increase the spread of
activity following focal excitation more than the nontopo-
graphic one? We hypothesized that the spatially restricted,
intra-lamellar distribution of the sprouted mossy fibers (Buck-
master and Dudek 1999) is important for the induction and
spread of hyperexcitability to neighboring cells.

The effect of the spatial spread of the sprouted mossy
fibers on dentate excitability was investigated in topo-

graphic, disinhibited networks with 10% mossy fiber sprout-
ing [because, as described in the preceding text, this model
network appeared to best represent the experimental data
obtained after head injury in the presence of bicuculline
Santhakumar et al. 2001)]. Figure 5A illustrates granule cell
spike rasters from simulations in which the spatial range of
the sprouted mossy fibers was increased. In each case (i.e.,
in all 4 plots in Fig. 5A), each of the 500 sprouted mossy
fibers in the network contacted 10 postsynaptic granule cells
(corresponding to 10% sprouting; see METHODS), but the
number (and thus the spatial range) of the granule cells from
which the 10 postsynaptic granule cells were randomly
chosen was systematically increased (from a pool of 50
granule cells in Fig. 5A1 to 300 cells in Fig. 5A4). Interest-
ingly, as illustrated in Fig. 5A, the spread of activity after
stimulation of the perforant-path inputs to 100 granule cells
showed a maximum with increasing spatial spread of the
sprouted mossy fibers. As seen in Fig. 5, A and B, the
maximum occurred in the network in which the spatial
spread of the sprouted mossy fiber contacts was restricted to
the 100 closest granule cells (the default spatial spread of
mossy fiber contacts). Inclusion of axonal conduction delays
did not change the overall effects of alterations in the spatial
spread of sprouted mossy fibers (Fig. 5B). These data
suggest that the restricted, intra-lamellar topography of the
sprouted mossy fibers reported in vivo (Buckmaster and

FIG. 4. Mossy fiber sprouting increases granule
and mossy cell excitability in disinhibited networks.
A, 1–3: representative membrane potential traces
show the perforant-path-evoked granule cell firing
in disinhibited, topographic networks. The response
of a granule cell to perforant-path input in the
normal network (A1) and in networks with 10%
(A2) and 25% sprouting (A3) are illustrated. B and
C, 1–3: membrane voltage traces show the mossy
cell response to perforant-path stimulation of net-
works incorporating nonspontaneously active (B,
1–3) and spontaneously active (C, 1–3) model
mossy cells. D: summary plot of the increase in
average mossy cell activity with the degree of
mossy fiber sprouting in networks with N-SA MC
and SA MC.
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Dudek 1997) may play a central role in determining the
spread of network activity during seizures in the dentate
gyrus.

EFFECT OF THE NUMBER OF ACTIVATED GRANULE CELLS AND THE

SPROUTING DENSITY. How and why does the distribution of
sprouted mossy fibers modify the spread of focally evoked
excitability? Although increasing the spatial spread of mossy
fiber sprouting is expected to aid in the propagation of the
activity beyond the initial focus, it is also likely to reduce the
convergence of active inputs on neighboring granule cells and
thus decrease the ability of the network to sustain firing. These
two opposing factors (i.e., the broader spatial spread of the
sprouted mossy fibers aiding propagation of the activity be-
yond the initial focus but simultaneously decreasing the con-
vergence of the excitatory mossy fiber inputs important for
sustaining the activity) are likely to underlie the existence of a
maximum in Fig. 5B. To further examine how mossy fiber
sprouting in the model network modulates the spread focal
activity, we tested whether changing the number of directly
activated granule cells altered the spatial spread of sprouting at
which granule cell activity was maximized. When 50 neigh-
boring granule cells were activated by the perforant-path stim-
ulation, the maximum average network firing occurred when
the spatial spread of mossy fiber sprouting was restricted to the
neighboring 50 granule cells, and the activity declined progres-
sively as the spread of mossy fiber sprouting was made wider
(Fig. 5C, plot labeled “10%, 50 GCs”, referring to 10%
sprouting). As shown earlier (Fig. 5B), when 100 granule cells

were activated, the network activity peaked when the sprouted
terminals were distributed among 100 adjacent cells (plot
“10%, 100 GCs” in Fig. 5C). When 150 granule cells were
stimulated, the activity progressively increased as the spatial
range of mossy fiber sprouting widened (plot “10%, 150 GCs”;
Fig. 5C). When the degree of sprouting was increased to 20%
(thereby increasing the possibility for convergence of active
input to granule cells), alterations in the spatial spread of
recurrent mossy fiber contacts had little effect on the average
granule cell firing (plot “20%, 100GCs” in Fig. 5C).

The data in Fig. 5 indicate that a compact distribution of
sprouted mossy fibers can aid in the propagation of a small
focus of network activity, especially if the degree of mossy
fiber sprouting is mild. If the spatial spread of sprouting is too
wide, too few cells are likely to be recruited outside the initial
focus to sustain the network activity (Fig. 5, A and B). Simi-
larly, in the nontopographic network with 10% sprouting (Fig.
3A2), the low convergence of active input prevents the gener-
ation of sustained network activity despite the spread of the
initial focus of activation to several granule cells that were not
directly activated. When the number of focally stimulated
granule cells is decreased (to 50 from 100 in Fig. 5C), mossy
fiber sprouting has to be even more spatially restricted to result
in maximal granule cell activity. When the number of stimu-
lated granule cells is increased (Fig. 5C), a wider mossy fiber
sprouting distribution becomes the most conducive to maximal
granule cell firing. These findings further support the sugges-
tion made in the preceding text that the compact lamellar

FIG. 5. Lamellar topography of sprouted mossy fiber synapses facilitates spread of focal activity. A, 1–4: spike raster plots showing the activity of granule
cells in topographic networks with 10% sprouting with increasing spatial range of mossy fibers (measured as the pool of potential granule cells from which the
10 actually contacted cells were selected; see text for details). Responses were elicited by stimulating the perforant-path input to 100 granule cells. B: summary
plot showing alterations in the activity of granule cells with changes in the spatial spread of sprouted mossy fiber synapses in networks with 10% sprouting with
and without delay. C: plot of normalized granule cell firing during systematic increases in the spatial spread of the sprouted mossy fiber synapses in disinhibited
networks. The number of granule cells activated by perforant-path stimulation was increased from 50 to 150 cells in the networks with 10% sprouting. The plot
with open symbols presents the normalized granule cell activity in networks with 20% mossy fiber sprouting in response to stimulation of the perforant-path input
to 100 granule cells. Because the maximum granule cell activity was modulated by the number of stimulated granule cells and the degree of sprouting, granule
cell firing was normalized to the maximum activity in each plot. The maximum firing (average number of spikes during the 1st second after stimulation): 10%,
50 GCs: 0.51; 10%, 100 GCs: 4.61 spikes; 10%, 150 GCs: 6.76; 20%, 100 GCs: 50.00 spikes.
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distribution of the sprouted fibers observed in vivo greatly aids
in the initiation and spread of hyperexcitability, particularly
when the mossy fiber sprouting is mild.

Mossy cell loss decreases dentate excitability

Next, we examined the effects of mossy cell loss on granule
cell activity. As demonstrated earlier, focal stimulation of the
perforant-path inputs to 100 granule cells resulted in a spread
of the activity to the entire network in the presence of 10%
sprouting and 15 nonspontaneously active mossy cells (Fig.
3B2). When axonal conduction delay was included, focal
network activity under these conditions still spread to all
granule cells (Fig. 6A1). As shown by the mossy cell spike
raster in Fig. 6B1 (from the same simulation as in Fig. 6A1),
the 15 mossy cells in the network participated in the spread of
activity and likely aided in the propagation of firing from the
initial focus. Random deletion of eight mossy cells (i.e., �50%
of the mossy cells, close to the degree of mossy cell loss
reported after moderate head trauma) (Toth et al. 1997) re-
sulted in a decrease in the average granule cell firing and in the
number of granule cells involved in the network activity (Fig.
6, A2, C, and D). The corresponding mossy cell spike raster
showed that the spread of network activity to mossy cells was
also curtailed (Fig. 6B2), presumably because the “dead” cells
(■ ) were unable to participate in the spread of activity. Com-
plete mossy cell loss resulted in a further decrease in the spread
of activity in the network (Fig. 6A3). However, when the
degree of mossy fiber sprouting was increased to �15%,
mossy cell loss caused little change in the average firing and

spread of network activity (Fig. 6D). Similarly, mossy cell loss
reduced the network activity in simulations that included spon-
taneously active mossy cells and 10% sprouting, but even
complete deletion of mossy cells caused only a small (�5%)
decrease in network activity when sprouting was increased to
25% (Fig. 6E).

These results are in agreement with experimental data show-
ing that deletion of mossy cells decreases granule cell activity
(Ratzliff et al. 2004; Santhakumar et al. 2000). Additionally,
our simulations show that mossy cell loss is less effective at
decreasing excitability when the degree of mossy fiber sprout-
ing increases, presumably because once the degree of sprouting
reaches a certain level, the seizure-like activity can sustain
itself and propagate through the sprouted mossy fibers even in
the absence of mossy cells.

Effect of mossy fiber sprouting and mossy cell loss in
networks with GABAergic inhibition

Having established the role of mossy fiber sprouting in
hyperexcitability in the disinhibited network, we next exam-
ined the contribution of sprouting and mossy cell loss to
perforant-path-evoked granule cell excitability in the presence
of inhibitory synaptic transmission. Focal stimulation of the
topographic, “normal” (i.e., without sprouting or cell loss)
model dentate gyrus with inhibitory synaptic conductances
caused action potential firing in the directly activated granule
cells (Fig. 7A1), local mossy cells, and interneurons (Fig. 7B1).
In the presence of 10% mossy fiber sprouting, there was an
increase in the average activity of the stimulated granule cells

FIG. 6. Effect of mossy cell loss on den-
tate excitability. A, 1–3: granule cell spike-
time raster evoked by stimulation of 100
granule cells in disinhibited dentate gyrus
incorporating axonal conductance delays.
Networks were simulated with 0% (A1), 50%
(A2), and 100% (A3) mossy cell loss. B, 1
and 2: spike-time raster plots of mossy cells
in the networks illustrated in A with 0% (B1)
50% (B2) mossy cell loss. E, spikes in mossy
cells; ■ , the “dead” mossy cells. C: summary
histogram of the effect of mossy cell loss on
the number of granule cells activated by stim-
ulation of the perforant-path input to 1 model
lamella in networks with 10% mossy fiber
sprouting. D and E: summary plots of the
granule cell activity with varying degrees of
mossy cell loss and sprouting in networks
with nonspontaneously active (D) and spon-
taneously active (E) mossy cells. Because the
network activity increased with the degree of
mossy fiber sprouting, the granule cell activ-
ity in each plot was normalized to the firing
without mossy cell loss (average number of
spikes during the 1st second after stimula-
tion: D: 10% sprouting: 4.61; 15%: 13.33;
25%: 121.95; 50%: 162.81; 10% sprouting
with delay: 4.27; E: 10%: 6.98; 25%: 118.8).

448 V. SANTHAKUMAR, I. ARADI, AND I. SOLTESZ

J Neurophysiol • VOL 93 • JANUARY 2005 • www.jn.org



and spread of activity to cells in adjacent lamellae that were not
directly stimulated (Fig. 7, A2 andB2). However, in contrast to
the disinhibited network in which 10% sprouting caused the
spread of focal activity to the entire network, only 18 addi-
tional granule cells were recruited in the network activity in the
presence of inhibition. When the mossy fiber sprouting was
increased to �15%, the focal activity spread to all excitatory
and inhibitory cells in the network (Fig. 7, A, 3 and 4, and B,
3 and 4). Note that due to the topographic axonal distribution
pattern, the activity spread progressively from the initial focus
to adjacent lamellae on either side in the ring structure in all

cell types. Similar results were also obtained in the topographic
strip network (data not shown). As illustrated by the membrane
voltage traces from representative cells in a network with 15%
sprouting (Fig. 7C), sprouting increased the evoked firing in all
cell types in the network. Focal stimulation evoked greater
activity in all cell types in the networks with higher density of
mossy fiber sprouting (Fig. 7D). Additionally, deletion of
mossy cells decreased the network activity even in the presence
of inhibition (Fig. 7E), in agreement with experimental data
(Ratzliff et al. 2004) and with the predictions of the “irritable
mossy cell” hypothesis (Ratzliff et al. 2002; Santhakumar et al.

FIG. 7. Effect of sprouting and mossy cell loss on evoked activity in networks with inhibition. A, 1–4: raster plots illustrating the spread of activity in granule
cells in the topographic dentate network with 0, 10, 15, and 25% sprouting. B, 1–4: spike-time raster of the activity of mossy cells (blue), basket cells (red) and
HIPP cells (green) in the networks illustrated in A. C, 1–4: representative membrane potential traces from a granule cell (black), basket cell (red), mossy cell
(blue), and HIPP cell (green) evoked by perforant-path stimulation in a network with 15% sprouting and intact inhibition (same simulations as in A3 and B3).
D: summary plot showing the effect of sprouting on the average firing in the 4 cell types. E: effect of mossy cell loss on the perforant-path-evoked granule cell
activity in networks with spontaneously active mossy cells and 10% mossy fiber sprouting. The *20GMCtoBC plot (in purple) represents summary data from
network simulations with 20 times the mossy cell to basket cell unitary conductance. The granule cell activity was normalized to the average granule cell activity
in networks without mossy cell loss (average number of spikes during the 1st second after stimulation: 10% sprouting: 2.27; 10% sprouting with *20GMCtoBC:
1.97).
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2001). However, these results contradicted the predictions of
the “dormant basket cell” hypothesis (Sloviter 1991; Sloviter et
al. 2003), according to which mossy cell loss should lead to a
hyperexcitable response because basket cells lose their excita-
tory inputs from mossy cells. In an effort to maximize the
mossy cell excitation of basket cells, additional simulations
were also carried out where the mossy cell to basket cell
synaptic conductance was increased �20 times the unitary
conductance. However, even in these networks, the loss of
mossy cells did not increase granule cell activity (Fig. 7E).

D I S C U S S I O N

Concussive head injury increases the risk for temporal lobe
epilepsy (TLE) by mechanisms that are not fully understood
(Annegers and Coan 2000; Jennett 1975). This study focused
on examining the role of two prominent histopathological
features common to both TLE and head injury, mossy fiber
sprouting and hilar excitatory cell loss, in modulating excit-
ability of the dentate gyrus. A computational approach was
adopted to investigate the contribution of specific levels of
mossy fiber sprouting and mossy cell loss without the con-
founding effects of coincident changes that might occur in
vivo. The simulation results demonstrate that 1) even a low
level of mossy fiber sprouting is sufficient to cause an increase
in dentate excitability in response to lamellar perforant-path
activation. 2) Compact axonal distribution of the sprouted
mossy fibers can aid in the spread of a small focus of hyper-
excitability in networks with moderate mossy fiber sprouting.
And 3) removal of mossy cells decreases granule cell excit-
ability and impedes the propagation of network hyperexcitabil-
ity, indicating that surviving mossy cells amplify dentate ex-
citability even without changes in intrinsic or synaptic proper-
ties (Ratzliff et al. 2002).

Close correspondence between the modeling and
experimental data

The present study was carried out to examine how alter-
ations in the dentate gyrus after seizures and head injury
contribute to network hyperexcitability. Earlier computational
studies have investigated the role of recurrent excitatory col-
laterals in epileptiform activity in CA3 (Traub et al. 1987,
1994) and the neocortex (Bush et al. 1999). The role of mossy
fiber sprouting in network hyperexcitability in the dentate
gyrus after kindling was previously investigated in an elegant,
highly reduced model of the dentate gyrus, containing 50
granule cells and 4 hilar cells (2 mossy cells and 2 interneu-
rons), each with a somatic and dendritic compartment (Lytton
et al. 1998). Lytton et al. (1998) constrained the maximal
sprouted synaptic conductance using the maximum perforant-
path conductance parameters (rather than the estimated
sprouted synaptic conductance used in this study) and showed
that 1–5% of the maximum sprouted conductance could lead to
network hyperexcitability. However, as a consequence of the
small size, the network was highly interconnected, which
might have caused synchronous activity in the network. Addi-
tionally, because the network implemented only two mossy
cells, the effect of mossy cell loss on network excitability was
not investigated by Lytton et al. (1998). In this study, we
expanded this earlier dentate model to be able to examine the

effect of posttraumatic mossy cell loss in addition to recurrent
excitatory sprouting. Specifically, the network size was in-
creased �10-fold to include 500 granule cells, 15 mossy cells,
and 12 interneurons. Similar to Lytton et al. (1998), the
network size was limited by the need to use multicompartmen-
tal models that reproduced the characteristic biophysical prop-
erties of the various cell types. Each cell type was modeled
with a somatic and 8–16 dendritic compartments to allow for
the spatial location of synapses to distinct apical and basal
dendritic regions. Two distinct classes of interneurons, basket
cells with perisomatic projections and HIPP cells targeting the
distal dendrites, were also included. Importantly, our model
included the axonal topography of the cell types and number of
sprouted synaptic contacts based on recent experimental data.

The synaptic weights and axonal connectivity of the network
were constrained by unitary synaptic conductance and axonal
divergence estimated from experimental data (see METHODS).
Focal stimulation of the control network closely replicated the
firing patterns of the biological cell types. Additionally, the
perforant-path-evoked responses of the control network was
robust to changes in the state of activity of mossy cells
(nonspontaneously active versus spontaneously active). Inclu-
sion of axonal conduction delay, which has been shown to
modulate network synchrony (Maex and De Schutter 2003),
had relatively little effects on dentate excitability in the pres-
ence of moderate sprouting, presumably because of the rela-
tively small physical distances present in our reduced, 527-cell
network. Furthermore, similar to the results of recent experi-
ments (Ratzliff et al. 2004), there was a decrease in granule cell
excitability with mossy cell loss. Using the network model that
replicated behavior of the normal dentate gyrus, we have
shown that approximately a 10th of the mossy fiber sprouting
observed after pilocarpine treatment (Buckmaster et al. 2002b)
can reproduce the perforant-path stimulation-evoked granule
and mossy cell hyperexcitability in the posttraumatic dentate
gyrus (Santhakumar et al. 2000). The low degree of mossy
fiber sprouting at which the postinjury dentate excitability was
simulated is consistent with the mild to moderate sprouting
observed within a week after concussive injury (Santhakumar
et al. 2001). The larger increase in dentate excitability with
higher degrees of mossy fiber sprouting is in agreement with
the robust sprouting and increased incidence of spontaneous
seizures with severe head injury (Golarai et al. 2001; Nissinen
et al. 2003).

Simplifications adopted in the model

Several simplifications were made in modeling the individ-
ual cells and implementing the dentate network. A uniform
distribution of conductances (other than for fast sodium and
delayed rectifier potassium conductances) was adopted for all
cell types, with the exception of granule cells, for which the
channel distributions have been estimated (Aradi and Holmes
1999). Although the actual distribution of channels might be
important to synaptic integration in the dendrites (Johnston et
al. 1996; Magee 2000), we assumed a uniform distribution due
to the lack of experimental data on the somato-dendritic dis-
tribution of channels in hilar cells. Because there was no
posttraumatic increase in the amplitude of the perforant-path-
evoked NMDA responses in dentate granule cells (Santhaku-
mar et al. 2000), only AMPA receptors were included in the
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network. Additionally, metabotropic receptors and electrical
coupling between granule cells (MacVicar and Dudek 1982)
were not included. Another simplification was to neglect the
effects of synaptic failure rates, receptor desensitization and
frequency-dependent facilitation, and depression at the normal
(Harney and Jones 2002; Kraushaar and Jonas 2000) and
sprouted synapses (Feng et al. 2003) in the dentate gyrus.
Because the nature of short-term plasticity at several synapses
in the network, including the synapses to and from mossy cells,
are not known, more experimental data will be necessary
before we can include synaptic facilitation and depression in
the model networks. Future work can develop this network
further also by increasing the number of cells, by incorporating
fitted axonal distributions instead of the uniform distribution
adopted in this study, and by including other interneuronal
subtypes like the molecular layer (MOPP) and hilar commis-
sural associational pathway (HICAP) interneurons, particularly
when more data on their intrinsic properties become known.
However, given the robustness of the major findings, it is
unlikely that the simplifications adopted in this study would
alter the basic conclusions about the contribution of mossy
fiber sprouting, axonal topography, and mossy cells to network
hyperexcitability.

Implications for epileptogenesis

The mossy fiber sprouting and hilar cell loss seen after
concussive head injury in animal models also occur in TLE
patients, including those with a history of head injury (Jeub et
al. 1999; Mathern et al. 1995). Our simulations show a corre-
lation between the degree of mossy fiber sprouting and the
average number and duration of firing in the dentate granule
cells and other cells. These results are in general agreement
with experimental observations reporting a high degree of
mossy fiber sprouting in animals that had a higher frequency of
seizures (Mathern et al. 1997; Wenzel et al. 2000), although the
existence and degree of association between sprouting and
seizure frequency/duration in animal models are still contro-
versial (reviewed in Nadler 2003). It is likely that the overall
network behavior after sprouting and cell loss in the biological
situation is modified by a number of concurrent changes,
including alterations in the release of neurotransmitters (Chen
et al. 1999), changes in receptor subtypes (Brooks-Kayal et al.
1998; Coulter 2001), and modifications in ion channels and
pumps in both principal cells and interneurons (Chen et al.
2001; Ross and Soltesz 2000). Also, the sprouted mossy fibers
could further modify network behavior by co-releasing GABA
(Gutierrez 2002; Walker et al. 2001) and zinc (Buhl et al. 1996;
Molnar and Nadler 2001) in addition to glutamate.

The dentate gyrus has been proposed to play an important
role in curtailing the propagation of network activity in the
hippocampus. It is thought that pathological processes that
increase excitability or decrease inhibition compromise the
dentate “gatekeeper” function and permit seizure propagation
through the network (Coulter 2000; Heinemann et al. 1992;
Lothman et al. 1992). Our simulations predict that moderate
mossy fiber sprouting is sufficient to compromise the dentate
gate and permit the spread of network activity. The restricted,
lamellar distribution of sprouted mossy fiber axons, especially
in the early stages of mossy fiber sprouting, might assist in the
initiation of focal hyperexcitability in response to entorhinal

input. Although an intact inhibitory circuit limited the duration
of self-sustained granule cell firing, the presence of mossy fiber
sprouting still resulted in increased spread of focal excitation
even in networks with GABAergic inhibition. The increase in
network synchrony in the disinhibited network in the presence
of sprouting is consistent with experimental results demonstrat-
ing that blocking inhibition increases the synchrony of recur-
rent excitatory postsynaptic potentials in CA3 (Miles and
Wong 1986, 1987). Finally, although mossy cell loss might
contribute to dentate hyperexcitability by promoting mossy
fiber sprouting (Houser 1999; Masukawa et al. 1999), our
simulations show that mossy cell loss is neither necessary nor
sufficient to increase network excitability because deletion of
mossy cells resulted in decreased excitability in the model
networks in agreement with recent experimental data (Ratzliff
et al. 2004).
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