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Abstract—Spread of epileptic activity of the entorhi-
nal cortex is prevented by the hippocampal dentate gyrus.
On the other hand, granule cells in the dentate gyrus well
fire during theta rhythm. The dentate gyrus may work as
a band-pass filter for the theta rhythm. We here present
properties of theta rhythm selection in the dentate gyrus in
rat hippocampal slices and propose a computational dentate
gyrus model that accounts for the rhythm selection.

1. Introduction

Granule cells in the hippocampal dentate gyrus are
deeply hyperpolarized in slice preparations. The dentate
gyrus prevents spread of epileptiform activity from the en-
torhinal cortex [1][2][3]. On the other hand, inin vivo
experiment, during theta rhythm, the granule cells show
repetitive firing. Firings of granule cells are phased locked
with the theta rhythm. Mũnozet al. have suggested that the
dentate gyrus works as theta rhythm selection [4]. It seems
that the dentate gyrus preferably transmit theta rhythm to
the hippocampal CA3 region. However, the theta rhythm
selection has not been confirmed in the hippocampal slice
preparations. In the present study, we show properties of
the theta rhythm selection using horizontal slices of the
dentate gyrus.

Hilar region is located between the dentate gyrus and the
hippocampal CA3 region. Mossy cells in the hilar region
frequently receive excitatory synaptic input from granule
cells and CA3 pyramidal cells [5][6]. The mossy cells con-
nect granule cells and interneurons in the dentate gyrus [7].
Feedback loops including the mossy cells can contribute to
filtering properties of the dentate gyrus.

We have shown filtering properties of a fundamental
dentate gyrus network model [8]. Random synaptic input
to mossy cells leads to properties of a band-pass filter in
the fundamental dentate gyrus network model. The prop-
erties of a band-pass filter depend on a variance of the ran-
dom synaptic input to the mossy cells. In the present study,
we propose a larger-scaled dentate gyrus network model.
In the fundamental network model, we assumed a source
of random synaptic input to mossy cells. In fact, granule
cells and CA3 pyramidal cells are sources of the random
synaptic input to the mossy cells. Here we prepare several
granule cells as presynaptic neurons for mossy cells.

The entorhinal cortex shows synchronized activity of
neural population that is sent to the dentate gyrus. Theta
rhythm is also a partially synchronized activity. We believe
that synchronized activity may contribute to signal process-
ing in the hippocampus. In the present study, we suggest
a possible contribution of synchronized neural activity to
filtering properties. The periodic synaptic input and the
random synaptic input were delivered to the dentate gyrus
network model. Filtering properties of the dentate gyrus
network model depend on the degree of synchronization of
granule cells.

2. Methods

2.1. Experimental Procedure

We prepared 400µm thick horizontal hippocampal slices
from male Wistar rats, 3-5 weeks of age (60-130 g) (Fig.1).
The dentate gyrus was separated from CA1 and CA3 re-
gions by a sharp knife. This isolation prevents interactions
between the dentate gyrus and CA1/CA3. The hippocam-
pal slices were placed on the liquid/gas interface chamber
maintained at 34± 0.5 ◦C. Artificial cerebrospinal fluid
was bubbled with 95% O2 and 5% CO2. Field potential
was recorded by a glass microelectrode (tip diameter: 20-
30µm). The recording electrode was placed at the granule
cell layer in the dentate gyrus. The perforant path was stim-
ulated by a fine bipolar electrode.

Periodic 20 current pulses were delivered to the per-
forant path. The range of the input frequency was 0.1 to
100 Hz. Field potentials to the perforant path stimulation
were recorded. We averaged the amplitude of the popula-
tion spikes.

2.2. Dentate Gyrus Network Model

We proposed a fundamental network model of the den-
tate gyrus [8]. The fundamental network model consists
of 2 granule cells, 2 basket cells, and 2 mossy cells. The
granule cells connected the basket cells through excitatory
synapses. The basket cells inhibited the granule cells. The
granule cells also connected the mossy cells through excita-
tory synapses. The mossy cells connected the granule cells
and the basket cell through excitatory synapses. The mossy
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Figure 1: Slice preparation of the hippocampal dentate
gyrus. The electrical stimulation was delivered to the per-
forant path fibers (STIM).

cells received excitatory synaptic input from sources of ran-
dom signals. Inter-pulse intervals of the random synaptic
input to the mossy cells were drawn from a negative ex-
ponential distribution. The mean interval was 30 ms. We
varied the standard deviation of the exponential distribution
between 0 and 30 ms.

The fundamental network model can be extended to a
larger-scaled network model. We assumed an exponen-
tial distribution as a source of random synaptic input to
mossy cells in the fundamental network model. As mossy
cells, in fact, receive synaptic input from granule cells and
CA3 pyramidal cells, the source of random synaptic input
to mossy cells can be replaced by population activity of
granule cells. In the present dentate gyrus network model,
the mossy cells receive excitatory synaptic input from the
granule cells. The granule cells receive random synaptic
input by the perforant path stimulation. The dentate gyrus
network model proposed here consists of 9 granule cells,
9 basket cells, and 3 mossy cells. The network structure
is shown in Fig. 2. A granule cell innervates a basket cell
and 3 mossy cells. The basket cells give inhibitory synaptic
input to the granule cells. This is a feedback inhibition to
the granule cells. Each mossy cell gives excitatory synaptic
input to 6 granule cells and 6 basket cells. The mossy cells
give lateral inhibition to the granule cells through the bas-
ket cells. Refer to Appendix for equations of each neuron
model.

2.3. Frequency Characteristics

We delivered 100 periodic pulses toNsync granule cells
andNsync basket cells through synapses.Nsync is the num-
ber of common perforant path fibers to both types of cell.
The number of spikes of the granule cell #1 was counted.
The firing probability was defined as the ratio of the num-
ber of spikes to the number of the periodic pulses. Random
synaptic input was also delivered to the granule cells (9 -
Nsync). HereNsync was 3, 6, or 9.

The mean interval of the random synaptic input to gran-
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Figure 2: The dentate gyrus network model. Periodic
synaptic input and random synaptic input were delivered to
the granule cells and the basket cells through the perforant
path.

ule cells was 50 ms. The standard deviation of the ran-
dom synaptic input was 25 ms. The interpulse interval of
the random synaptic input was drawn from an exponential
distribution. The synaptic weight for the random synaptic
input was 0.06µS.

3. Results

3.1. Theta Rhythm Selection at the Dentate Gyrus in
Hippocampal Slice Preparations

Figure 3: Filtering properties of the dentate gyrus in hip-
pocampal slice preparations.

The perforant path stimulation evoked population spikes
at the granule cell layer in the hippocampal dentate gyrus.
Figure 3 shows the mean amplitude of the population
spikes evoked by the periodic perforant path stimulation.
The amplitude of the population spikes were normalized
by the amplitude at 0.1 Hz. The amplitude of the popula-
tion spike depended on the input frequency of the perforant
path stimulation. At 5 Hz, the population spike was about
1.8 times as large as the population spike at 0.1 Hz. Hip-
pocampal slice preparations vary in the stimulus frequency
that causes the maximum amplitude from 5 to 10 Hz. The
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frequency range of 5 - 10 Hz corresponds to the frequency
range of theta rhythm. The amplitude of the population
spike decreased in the frequency range above 5 Hz. Fur-
thermore, application of the GABAA receptor antagonist,
bicuculline, removed properties of the theta rhythm selec-
tion. Bicuculline enhanced the amplitude of the population
spike in the higher frequency range (20 - 100 Hz). How-
ever, the size of the population spike in the frequency range
between 0.2 - 1 Hz was not changed by bicuculline.

3.2. Rhythm Selection in a Dentate Gyrus Network
Model

We first introduce filtering properties of our fundamen-
tal dentate gyrus network model. In the frequency range
between 2 - 5 Hz, the firing probability was larger than 90
%. The firing probability at 5 Hz was about 2.5 times as
large as the firing probability at 0.2 Hz. The higher fre-
quency input reduced the firing probability. Without the
random synaptic input to the mossy cells, the dentate gyrus
network model showed properties of a low-pass filter.

Degree of synchronization in the perforant path input
modified filtering properties of the present dentate gyrus
network model. In the present study, the number of syn-
chronized periodic synaptic input was varied. The firing
probability depended on the number of synchronized pe-
riodic input Nsync. When Nsync = 3, the firing probabil-
ity was generally suppressed in the whole input frequency
range. AtNsync= 6, the frequency characteristics of the fir-
ing probability were likely to be a band-pass filter (Fig.4).
The firing probability was almost 100% in the input fre-
quency range of 3 - 5 Hz, while less 70 % at 0.5 Hz. As the
firing probability was improved in the low frequency range,
a largeNsync (=9) caused properties of a low-pass filter.
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Figure 4: Firing probability as a function of the perforant
path input frequency in the dentate gyrus network model.
Nsync= 6.

4. Discussion

The hippocampal dentate gyrus well responded to the
stimulus frequency ranging between 5 - 10 Hz in the ex-

periment. The stimulus frequency range between 5 - 10
Hz corresponds to the frequency range of theta rhythm.
The stimulus frequency that caused maximum response de-
pended on the preparation. The amplitude of fEPSP did not
depend on the stimulus frequency (data not shown). This
indicates that internal synaptic connections in the dentate
gyrus contribute to the theta rhythm selection.

The properties of a band-pass filter are caused by random
synaptic input to mossy cells in the present dentate gyrus
network model. Synaptic projection from granule cells
causes the random synaptic input to mossy cells. Prob-
ability distribution of the random synaptic input to mossy
cells is determined by the degree of synchronization in pop-
ulation activity of granule cells. A suitable degree of syn-
chronization in population activity of granule cells can lead
to the properties of a band-pass filter. In the periodic per-
forant path input frequency range below 2 Hz, the mossy
cells stochastically fire by random synaptic input through
the granule cells. Random firing of the mossy cells prevents
the periodic perforant path input. In the periodic perforant
path input frequency range between 3 - 5 Hz, as the mossy
cells are phase-locked with the periodic perforant path in-
put, the periodic perforant path input is not prevented. In
the frequency range of 6 Hz or higher, the feedback and
the feed-forward inhibitions through the basket cells pre-
vent firing of the granule cells. Well synchronized periodic
perforant path input does not generate the random synaptic
input to the mossy cells. This causes properties of a low-
pass filter in the dentate gyrus network model. Poor syn-
chronization in the granule cells input is buried under the
random perforant path input. The random perforant path
input inhibits most periodic perforant path input. Those
results indicate that the degree of synchronization in neu-
ral population activity can contribute to modifying filtering
properties in the dentate gyrus network model.
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Appendix

Granule cell modelThe granule cell model that consists
of one somatic and 12 dendritic compartments is based on
Yuen and Durand’s model [9]. The somatic compartment
is given by below:

Cm
dV
dt

= ḡNam
3h(ENa − V) + ḡKn4(EK − V)

+ ḡCae
2(ECa− V)

+ ḡK−AHPq2(EK − V) + gLs(EL − V) (1)

d[Ca2+] i

dt
= − [Ca2+] i − [Ca2+] i0

τ
− ICa

w · z · F (2)

whereτ is the Ca2+ removal rate (τ = 9ms),w is a Ca2+

shell thickness (w = 0.2 µm), z is the valence of Ca2+, F
is the Faraday constant. [Ca2+] i0 = 0.1 µM. The maximal
conductances are ¯gNa = 250 mS/cm2, ḡK = 40 mS/cm2,
ḡCa = 1 mS/cm2, ḡK−AHP = 4.7 mS/cm2, andgLs = 0.025
mS/cm2. The dendritic compartment has only a passive
channel. For the dendritic leakage current,gLd = 0.04
mS/cm2. ENa = 45 mV. EK = −85 mV. ECa = 70 mV.
EL = −67.46 mV.

Basket cell modelA basket cell model refers to the
Traub’s model [10]. The basket cell model consists of one
somatic and 18 dendritic compartments. The somatic com-
partment has the fast Na+ and delayed rectifier K+ chan-
nels. The dendritic compartment has only the leakage cur-
rent. The basket cell model is a silent neuron that shows a
fast and a non-adaptive firing due to depolarizing dc pulse
stimulation.

Mossy cell modelThe present mossy cell model con-
sists of one somatic compartment and one dendritic com-
partment. Fast Na+ channel (Na), fast delayed rectifier
K+ channel (K), and hyperpolarization-activated channel
(h) [11] are included in the somatic compartment. Ca2+

channel (Ca), Ca2+-dependent K+ channel (K-AHP), and
voltage- and Ca2+-dependent K+ channel (K-C) are in-
cluded in the dendritic compartment. The mossy cell model
is based on the hippocampal CA3 pyramidal cell model
introduced by Pinsky and Rinzel [12]. We adjusted rate
functions of the CA3 pyramidal cell to replicate mossy cell
specific properties.

Cm
dVs

dt
= ḡNam

2h(ENa − Vs) + ḡKn(EK − Vs)

+ ḡha(Eh − Vs) + gLs(EL − Vs) (3)

Cm
dVd

dt
= ḡCas

2(ECa− Vd)

+ ḡK−C · c ·min(0.004· [Ca2+] i ,0.01) · (EK − Vd)

+ ḡK−AHPq(EK − Vd) + gLd(EL − Vd) (4)

d[Ca2+] i

dt
= −0.075· [Ca2+] i − 130· ICa (5)

whereVs is the somatic membrane potential, andVd is the
dendritic membrane potential. A unit ofICa is mA/cm2.
The maximal conductances are ¯gNa = 30 mS/cm2, ḡK = 15
mS/cm2, ḡh = 0.22 mS/cm2, ḡCa = 7 mS/cm2, ḡK−C = 15
mS/cm2, ḡK−AHP = 1 mS/cm2, gLs = 0.1 mS/cm2, and
gLd = 0.1 mS/cm2. ENa = 60 mV.EK = −75 mV.ECa = 80
mV. Eh = −38 mV. EL = −60 mV. Electric parameters are
as follows: unit membrane resistivityRm = 10000Ω·cm2,
internal resistivityRi = 681Ω·cm, and membrane capaci-
tanceCm = 3 µF/cm2. The somatic area is 1024µm2. The
dendritic area is 2390µm2.
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