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ABSTRACT: We have previously reported that exposure to the K�

channel blocker tetraethylammonium (TEA), 25 mM, induces long-term
potentiation (LTP) in CA1, but not in the dentate gyrus (DG), of the rat
hippocampal slice. During TEA application, stimulation of excitatory af-
ferents results in a strong depolarizing potential after the fast excitatory
postsynaptic potential (EPSP) in CA1, but not in DG. We hypothesized
that the differential effect of TEA on long-term synaptic modification in
CA1 and DG results from different levels of TEA-elicited depolarization in
the two cell types. Additional pharmacological studies showed that block-
ade of T-type voltage-dependent calcium channels (VDCCs) decreased
both the magnitude of LTP and the late, depolarizing potential in CA1.
Blockade of L-type VDCCs had no such effect. Using computer models of
morphologically reconstructed CA1 pyramidal cells and DG granule cells,
we tested our hypothesis by simulating the relative intracellular Ca2�

accumulation and membrane potential changes mediated by T-type and
L-type VDCCs. Simulation results using pyramidal cell models showed
that, with decreased maximum conductance of TEA-sensitive potassium
channels, synaptic inputs elicited strong depolarizing potentials similar to
those observed with intracellular recording. During this depolarization,
VDCCs were opened and resulted in a large intracellular Ca2� accumu-
lation that presumably caused LTP. When T-type VDCCs were blocked,
the magnitudes of both the Ca2� accumulation and the late depolarizing
potential were decreased substantially. Simulated blockade of L-type
VDCCs had only a minor effect. Together, our modeling and experimental
studies indicate that T-type VDCCs, rather than L-type VDCCs, are pri-
marily responsible for facilitating the depolarizing potential caused by
TEA and for the consequent Ca2� influx. Thus, our findings strongly
suggest that the induction of TEA-LTP in CA1 depends primarily on T-type,
rather than L-type, VDCCs. Simulation results using modeled granule cells

suggests that the failure of TEA to induce LTP in DG is
partly due to a low density of T-type VDCCs in granule
cell membranes. Hippocampus 2002;12:689–697.
© 2002 Wiley-Liss, Inc.
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INTRODUCTION

Long-term potentiation (LTP) can be induced by
high-frequency synaptic input (Bliss and Collingridge,
1993) or by pharmacological manipulation, e.g., applica-
tion of the K� channel blocker, tetraethylammonium
(TEA) (Aniksztejn and Ben-Ari, 1991; Huang and
Malenka, 1993; Hanse and Gustafsson, 1994; Huber et
al., 1995; Song et al., 2001). As with high-frequency
stimulation (HFS)-induced LTP, TEA-induced LTP
(TEA-LTP) depends on elevation of [Ca2�]i (Huang and
Malenka, 1993). In CA1, TEA-LTP has been reported to
consist of both N-methyl-D-aspartate glutamate receptor
(NMDA)-dependent and voltage-dependent calcium
channel (VDCC)-dependent components (Huber et al.,
1995; Song et al., 2001). Both L-type (Huang and
Malenka, 1993; Huber et al., 1995) and T-type (Song et
al., 2001) VDCCs have been reported to contribute to
the VDCC-dependent component. In DG, both
NMDA-dependent long-term depression (LTD) (Song
et al., 2001) and T-type VDCC-dependent LTP have
been reported (Coogan et al., 1999).

In a previous investigation (Song et al., 2001), we
studied TEA-LTP and TEA-LTD in CA1 and DG, using
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both intracellular and extracellular recording techniques. We ob-
served a correlation between a strong plateau-like depolarizing po-
tential recorded in the presence of TEA and the induction of LTP.
LTP was induced in CA1, where the depolarizing potential was
strongest, and not in DG, where the depolarizing potential was
much weaker. When Ni2� blocked this depolarizing potential sig-
nificantly, the TEA-LTP observed in CA1 was also largely reduced.
In DG, TEA induced NMDA-dependent LTD rather than LTP.
The depolarizing potential recorded from granule cells during
TEA was small compared with that observed in CA1 pyramidal
cells. When [Ca2�]o was elevated, the depolarizing potential in
dentate granule cells was increased and a weak LTP was induced,
possibly due to enhanced Ca2� influx through VDCCs.

The contribution of VDCCs to LTP induction may be both
direct and indirect. VDCCs mediate calcium influx when opened
and can mediate LTP induction directly (Grover and Teyler,
1990). In contrast, any one subtype of VDCC, when activated,
also contributes to depolarization of the postsynaptic membrane
and will consequently also influence other voltage-dependent
sources of Ca2�, such as NMDA receptors and other subtypes of
VDCCs. As reported previously by Aradi and Holmes (1999),
T-type VDCCs in distal dendrites are responsible for the depolar-
izing afterpotential (DAP), which is a strong determinant of burst
firing.

As stated above, there have been contradictory reports as to the
relative contribution of T-type and L-type VDCCs to TEA-LTP.
Investigations into the mechanisms of TEA-LTP have been pri-
marily carried out experimentally. Uncontrolled differences in ex-
perimental conditions, e.g., the effectiveness of TEA blockade,
might be the source of some of the previously reported inconsis-
tencies. Also, selective activation of the different classes of VDCCs
involves complex processes that are not easily separable pharmaco-
logically. In this study, we used a computational approach to fol-
low up on our earlier experimental studies of the role of VDCCs in
synaptic potentiation. We constructed compartmental models for
a CA1 pyramidal cell and a DG granule cell, to study the effects of
TEA in a quantitative manner. The relative contributions of dif-
ferent types of VDCCs to both excitatory postsynaptic potential
(EPSP) profiles and Ca2� transients were analyzed.

MATERIALS AND METHODS

Experimental Procedures

Hippocampal slices were prepared from adult, male Sprague-
Dawley rats (200–250 g). Animals were first anesthetized with 5%
halothane and were then decapitated; the hippocampi were rapidly
dissected. Both hippocampi were sectioned into blocks while being
washed with cold, oxygenated medium, and slices of tissue (400
�m thick) then were cut perpendicular to the longitudinal axis
with a vibratome. Slices were incubated with medium consisted of
(in mM): 128 NaCl; 2.5 KCl; 1.25 NaH2PO4; 26 NaHCO3; 10
glucose; 2 CaCl2; 2.0 MgSO4, aerated with 95% O2/5% CO2.

Hippocampal slices were maintained at 32°C throughout all ex-
periments. During the experimental session, slices were transferred
to the recording chamber and were perfused at flow rates of 4–6
ml/min; the perfusion media was changed to include 1.0 mM
MgSO4 and 100 �M picrotoxin (Sigma). Bipolar nichrome stim-
ulating electrodes were placed in the medial perforant path and
Schaffer collaterals to permit orthodromic activation of dentate
granule cells and CA1 pyramidal cells, respectively. A cut was made
between the CA3 and CA1 regions to prevent epileptiform activity
in the CA3 region from affecting the recording in CA1. During the
application of TEA (25 mM, Sigma), the concentration of NaCl
was changed correspondingly to maintain constant osmolarity of
the perfusion media. D-APV (50 �M, Tocris), nickel chloride (50
�M, Aldrich), or nifidipine (20 �M, Sigma) was added to the
perfusion media when used. Nifidipine was made daily as a 10 mM
stock in dimethylsulfoxide (DMSO), stored in the dark, and di-
luted to 20 �M final concentration in the perfusion medium im-
mediately before application. Application of DMSO (0.05%)
alone had no effect on LTP or EPSPs. Field EPSPs of DG granule
cells and/or CA1 pyramidal cells were evoked at a frequency of 0.1
Hz by 0.1-ms duration pulses (intensity: 0.04–0.12 mA). Extra-
cellular field EPSPs in CA1 were recorded in stratum radiatum,
and the extracellular field EPSPs in DG were recorded in the mid-
dle third of the molecular layer. Extracellular recording pipettes
were filled with 2 M NaCl (resistance: 1–2 M�). Intracellular
recording pipettes were filled with 3 M potassium acetate (imped-
ance: 100 M�). HFS consisted of four stimulation trains separated
by 5-s intervals; each train was composed of 10 pulses at a fre-
quency of 100 Hz and was delivered at the same intensity as that
used to evoke baseline responses. All evoked responses were ampli-
fied, digitized, and stored using a Pentium PC. Data from different
slices were combined by normalizing amplitudes of EPSPs relative
to the average response amplitudes measured during the control
period. Student’s t-test was used for statistical comparisons.

Computational Procedures

The NEURON (version 4.3.1) simulation program (Hines and
Carnevale, 1997) was implemented on an IBM-compatible PC,
running the operating system Windows 2000. The electrophysio-
logical properties of modeled cells were adapted from various
sources (Jaffe et al., 1994; Migliore et al., 1995; Aradi and Holmes,
1999). Nine channel types were included in the models: fast so-
dium channels, three Ca2�-independent potassium channels
(KDR, KA, and KM), two Ca2�-dependent potassium channels (KC

and KAHP) and three voltage-dependent calcium channels (T-type
VDCC, L-type VDCC, and N-type VDCC). All these channels
were described by Hodgkin-Huxley-like equations. Ca2� accumu-
lation and extrusion mechanisms also were included to calculate
[Ca2�]i. Since very little is known about the spatial distribution
and densities of sodium channels and potassium channels in DG
granule cells, densities similar to those of CA1 pyramidal cells were
used for DG granule cells (Table 1).

The density of VDCCs was based on an estimation from single-
channel recordings in adult CA1 pyramidal cells and DG granule
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cells (Fisher et al., 1990). In the modeled CA1 pyramidal and DG
granule cells, T-N-L channel density ratios of 10:22:13 and 3:30:2
were used. These ratios were then weighted by the single-channel
conductance (8-pS, 14-pS, 25-pS for T-type, N-type, L-type
VDCC, respectively) to obtain the maximum conductance ratios
(1:4:4 in the CA1 pyramidal model and 1:20:2 in the DG granule
model). All channels were assumed to be evenly distributed
throughout the cells.

The morphology for the CA1 pyramidal cell model was adapted
from a previous publication by Migliore et al. (1995). The mor-
phology for the DG granule cell model was modified from Clai-
borne et al. (1990). Synaptic input was modeled as an � function
with ��1 � 3 ms. For simplicity, NMDA channels were not
included in the models because the essential question addressed
concerned the relative contribution of T-type and L-type VDCCs
to TEA-LTP.

RESULTS

Extracellular and Intracellular Recording

Differential effects of TEA on synaptic
modification and EPSP profile in CA1 and DG

Field potentials generated within CA1 and DG were recorded
simultaneously from the same hippocampal slices. As we previ-
ously reported, TEA induced robust LTP in CA1 only (Fig. 1C;
n � 9), while HFS induced robust LTP in both CA1 and DG (Fig.
1A,B). Instead of LTP, a weak but significant LTD was induced in
DG 30–60 min after TEA application (Fig. 1D; n � 14). Another
differential effect of TEA, which we hypothesized to be the cause of
the above differential effect on the synaptic modification, was

found in the EPSP responses to single pulse stimulation during
TEA application. In CA1, there was a large, late depolarizing com-
ponent after the fast EPSP, which could last �100 ms (Fig. 1E,b).
In DG, only a weak late component of much shorter duration was
observed after the EPSP (Fig. 1F,b).

Marked differences between intracellular recordings from CA1
and dentate also were observed. In CA1 pyramidal cells, bursts of
action potentials and a strong depolarizing potential were elicited
in the presence of TEA (Fig. 1G,b). In DG granule cells, there was
neither a burst of action potentials nor a depolarizing potential,
although the single action potential was significantly broadened, as
it was for CA1 pyramidal cells (Fig. 1H,b). Consistent with the
field potential results, TEA induced LTP intracellular EPSPs in
CA1 (n � 3; data not shown), but LTD in DG measured 60 min
after TEA application (n � 4; data not shown).

Effect of channel blockers on TEA-induced
synaptic modification and EPSP responses
during TEA application

To determine the contribution of NMDA receptors and
VDCCs to the induction of TEA-induced LTP/LTD, D-APV (50
�M), nifidipine (20 �M) and Ni2� (50 �M) were applied to the
bath to block NMDA receptors, L-type VDCCs and T-type
VDCCs, respectively. D-APV partially blocked the TEA-LTP in
CA1 (Fig. 2A; n � 5) and completely blocked the TEA-LTD in
DG (Fig. 2B; n � 5). The L-type VDCC blocker, nifidipine, did
not have a significant effect on either TEA-LTP in CA1 (Fig. 2A;
n � 5) or TEA-LTD in DG (Fig. 2B; n � 4).

At the concentration used in our study, Ni2�, the T-type
VDCC blocker, partially blocked TEA-LTP in CA1 without sig-
nificantly altering the amplitude of baseline EPSPs (Fig. 2A; n �
5). The combined application of D-APV and Ni2� strongly sup-
pressed TEA-LTP in CA1 (Fig. 2A; n � 6). Ni2� did not block
TEA-LTD in DG (Fig. 2B; n � 6). The correlation of LTP induc-
tion with the late component depolarization was observed again:
Ni2� significantly decreased the late component of EPSPs in CA1.
The combined application of D-APV and Ni2� decreased the late
component even more markedly (Fig. 2C).

Although TEA induced LTD in DG under normal conditions,
when the extracellular Ca2� concentration was increased (4 mM),
a weak LTP was induced (Fig. 2B; n � 5). Interestingly, the late
component was also increased in the presence of high extracellular
Ca2� (Fig. 2D). This result supports our hypothesis that LTP
induction depends on the depolarizing potential after the fast
EPSP. When Ni2� was added to the bath, the effects of high Ca2�

concentration were reversed (Fig. 2B,D; n � 4). This result
showed that LTP induction and late component in DG also de-
pend on the activity of T-type VDCCs.

Computer Simulations

EPSP profiles in the presence of TEA in CA1

The maximum conductance of five types of K� channels (gKDR,
gKC, gKA, gKM, and gKAHP) was decreased from original values,

TABLE 1.

Parameters of the Ionic Channels Used to Construct Models
of CA1 Pyramidal Cells and DG Granule Cells

Channel density
(pS/�m2) CA1 pyramidal cell DG granule cell

gNa 150 150
gKDR 300 300
gKA 10 10
gKM 2 2
gKAHP 4 4
gKC 6 6
gVDCCT 5 1.5
gVDCCN 20 30
gVDCCL 20 3

DG, dentate gyrus; VDCC, voltage-dependent calcium channel (T, N, L
types); g (conductance).
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FIGURE 1. High-frequency stimulation (HFS) and tetraethyl-
ammonium (TEA)-induced synaptic modification in CA1 and dentate
gyrus (DG). A: HFS (100 Hz) induced long-term potentiation (LTP)
in CA1. B: HFS (100 Hz) induced LTP in DG. C: TEA (25 mM)
induced LTP in CA1. D: TEA (25 mM) failed to induce LTP in DG.
A 10-min bath application of 25 mM TEA resulted in a weak but
significant LTD in DG. Graphs in C–H: a, before TEA application; b,
during TEA application; c, 60 min after washout of TEA. E: Repre-
sentative field excitatory postsynaptic potentials (EPSPs) recorded

from stratum radiatum in CA1. Note that TEA resulted in a large,
depolarizing potential in addition to enhancing the fast component of
EPSPs. F: Representative field EPSPs recorded from the middle third
of the molecular layer in DG. G: Representative intracellular EPSPs
recorded from a pyramidal cell in CA1. Note that membrane poten-
tials were barely changed during TEA application in both pyramidal
and granule cells. A strong depolarizing potential was present in CA1
pyramidal cell (*), but not in DG granule cell. H: Representative
intracellular EPSPs recorded from a granule cell in DG.
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shown in Table 1, to simulate the effect of TEA on CA1 pyramidal
cells. According to previous reports (Storm, 1990), KDR and KC

are sensitive to TEA, while KA, KM, and KAHP are less sensitive to
TEA. In our simulations, gKDR and gKC were decreased to 5–70%
of their original values and gKA, gKM, and gKAHP were decreased
to 20–90% of their original values to reflect the different degrees of
blockade by TEA. By manipulating the maximum conductance of
these K� channels, several forms of intracellularly recorded CA1
EPSP profiles during TEA application could be replicated (Fig. 3).
When high blockade of K� channels was simulated (gKDR, 5%;
gKC, 5%; gKA, 20%; gKM, 20%; gKAHP, 20%), there was a large,
persistent depolarizing potential merged with an action potential
(Fig. 3A). Moderate blockade of K� channels (gKDR, 30%; gKC,
10%; gKA, 60%; gKM, 60%; gKAHP, 60%), was associated with
EPSP profiles similar to those observed for CA1 pyramidal neurons
during TEA application (Fig. 3B). When low blockade of K�

channels was simulated (gKDR, 70%; gKC, 70%; gKA, 70%; gKM,
70%; gKAHP, 70%), the result was bursts of action potentials with-
out the plateau-like depolarizing potential (Fig. 3C). This kind of
waveform was similar to the EPSP profiles recorded intracellularly
from CA1 pyramidal cells during both the early phase of TEA
application and during the washout of TEA.

T-type VDCCs facilitate the elicitation of the
depolarizing potential in CA1

Without TEA application (original maximum conductance of
K� channels), simulated single-pulse activation of synaptic input
elicited EPSPs or single action potentials, depending on the input
magnitude, in modeled CA1 pyramidal cells. An example simu-
lated single action potential followed by a DAP is shown in Figure
4A,b. Single action potentials caused a small [Ca2�]i increase in
both the dendritic and somatic regions of the cell (Fig. 4A,a). The
[Ca2�]i increase was much higher in the dendrite than in the soma
because of the larger surface volume ratio in dendrite (Fig. 4A,a).
This low level of [Ca2�]i increase with low input frequencies does
not induce long-term synaptic modification experimentally. In our
experimental recordings, the stimulation intensity was controlled
so as to remain subthreshold for action potential generation, so the
Ca2� influx into the neuron was even lower than the simulation
results in the present study.

When TEA application was simulated with the parameters de-
scribed above, all three subtypes of VDCCs opened during action
potential generation and the plateau-like depolarizing potential,
resulting in a dramatic increase in [Ca2�]i in both dendritic and

FIGURE 2. Tetraethylammonium-induced long-term potentia-
tion (TEA-LTP) in CA1 is both NMDA receptor- and T-type voltage-
dependent calcium channel (VDCC)-dependent, while TEA-LTD in
dentate gyrus (DG) is only NMDA-dependent. The TEA-elicited de-
polarizing potential in DG is increased by raising extracellular Ca2�

concentration, resulting in the reversal of TEA-LTD. The depolariz-
ing potential in both CA1 and DG is mediated chiefly by T-type
VDCC. In A and B, black bar. peak amplitude of excitatory postsyn-
aptic potential (EPSP) measured 60 min after TEA application; white
bar. maximum slope of EPSP measured 60 min after TEA application.
A: In CA1, L-type VDCC blocker, nifidipne (20 �M) did not block
the TEA-LTP. D-APV (50 �M) and Ni2� (50 �M) partially blocked
the TEA-LTP. A combined application of Ni2� (50 �M) and D-APV
(50 �M) strongly blocked the TEA-LTP. B: in DG, neither nifidipne
(20 �M) nor Ni2� (50 �M) blocked the TEA-LTD. D-APV (50 �M)

completely blocked the TEA-LTD. In medium with doubled Ca2�

concentration (4 mM), TEA induced weak LTP in DG. This LTP was
reversed by Ni2� (50 �M). C: EPSP profiles during the TEA applica-
tion in CA1. In both C and D, EPSPs were first averaged and normal-
ized within single slices, and then averaged across different slices.
Note that the large, late, depolarizing potential was partially blocked
by Ni2� (50 �M) application (medium line) and strongly blocked by
the combined application (thin line) of Ni2� (50 �M) and D-APV (50
�M) compared with the late component under control condition
(thick line). D: EPSP profiles during the TEA application in DG.
Note that in 4 mM Ca2� medium (medium line), the depolarizing
potential increased significantly (*) compared with that in 2 mM
Ca2� medium (thick line). This increase was blocked by Ni2� (50
�M) application (thin line).
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somatic compartments of the modeled CA1 pyramidal cell (Fig.
4B,a). The [Ca2�]i in the dendrite reached 170 nM, which was
more than three times resting [Ca2�]i.

When the maximum conductance of T-type VDCCs was set to
zero to simulate the blockade by Ni2�, TEA failed to cause a
second action potential or the plateau-like depolarizing potential
(Fig. 4C,b). L-type and N-type VDCC conductance was greatly
reduced because of the low level of depolarization, resulting in a
small [Ca2�]i increase (Fig. 4C,a). The marked suppression by
Ni2� of membrane depolarization and calcium influx was simu-
lated for a broad range of maximum K� channel conductance (i.e.,
simulated degree of K� channel blockade) (Fig. 5). When gKDR

was decreased to 30–70% of its original value, Ni2� suppressed the
EPSP profiles to single action potentials, and the [Ca2�]i increase
caused by TEA was decreased by 75–85%. (Note that in these
simulations, gKC, gKA, gKM, and gKAHP also were decreased ac-
cording to the ratios given in the Methods section). When gKDR

was decreased to less than 30%, modeled CA1 neurons exhibited
bursts of action potentials despite the Ni2� blockade of T-type
VDCCs. Ca2� influx was predominantly via high-threshold N-
type VDCCs. The decrease in [Ca2�]i caused by Ni2� was less
dramatic than in the previous case, but still significant (30–40%).
The blockade of L-type VDCCs did not significantly affect the
EPSP profiles (Fig. 4D,b) or [Ca2�]i accumulation (Figs. 4D,a
and 5).

DG granule cell simulation results

In our models, we assumed that the densities of VDCCs are the
only differences in electrophysiological properties between the
CA1 pyramidal cell and the DG granule cell. Our result showed
that TEA (gKDR, 10%; gKC, 10%; gKA, 60%; gKM, 60%; gKAHP,
60%) failed to elicit bursts of action potentials and plateau-like
depolarizing potentials in DG granule cell models (Fig. 6B). There
were two mechanisms, in combination, responsible for this differ-
ential effect of TEA on the dynamics of the two cell models. First,
the density of T-type VDCCs in the DG granule cell model was

much lower than that in the CA1 pyramidal cell model (1.5 pS/
�m2 vs 5.0 pS/�m2 for DG and CA1, respectively). Increasing the
maximum conductance of T-type VDCCs alone was able to re-
verse the granule cell model to a bursting state. Second, even when
the same densities of VDCCs were assigned to the two cell models
(i.e., the only difference between the two models was the morphol-
ogy), the DG granule cell model was still more resistant to TEA
than the CA1 pyramidal cell model (data not shown). This result
suggested that morphology also was a factor responsible for the
high resistance to TEA-elicited late depolarization in DG granule
cells.

DISCUSSION

We previously reported a differential effect of TEA on long-
term synaptic modification in the CA1 and DG regions of hip-
pocampus: TEA induces robust LTP in CA1 but weak LTD in
DG. We also found that in CA1, the induction of TEA-LTP is
always accompanied by a strong depolarizing potential during
TEA application. In DG, there is only a weak depolarizing poten-
tial (Song et al., 2001). Previous studies have showed that TEA-
induced LTP, like HFS-induced LTP, depends on an increase in
postsynaptic [Ca2�]i (Huang and Malenka, 1993). In contrast to
HFS LTP, in which the main contributors of the Ca2� influx are
NMDA-receptor channels, the Ca2� influx that induces TEA-
LTP is mediated primarily by VDCCs (Grover and Teyler, 1990;
Aniksztejn and Ben-Ari, 1991; Huang and Malenka, 1993; Hanse
and Gustafsson, 1994; Huber et al., 1995). TEA blocks K� chan-
nels and enhances depolarization, VDCCs are opened by this de-
polarization, which results in the [Ca2�]i increase required to in-
duce LTP. Based on this knowledge and the differential effects of
TEA in CA1 and DG, we hypothesized that the strength of depo-
larizing potential might determine the probability of LTP induc-
tion. Namely, when TEA caused strong depolarization, there

FIGURE 3. Effect of tetraethylammonium (TEA) on the excita-
tory postsynaptic potential (EPSP) profiles was simulated by decreas-
ing the maximum conductance of K� channels. A: When the maxi-
mum conductance of K� channels was extremely low, there was a
strong depolarizing potential merged with the action potential. B:

When the maximum conductance of K� channels was low, there was
a plateau-like depolarizing potential after the first action potential. C:
When the maximum conductance of K� channels was close to the
normal value, there was burst of action potentials.
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would be more VDCCs open and allowed high [Ca2�]i increase
that resulted in LTP; when TEA caused weak depolarization, fewer
VDCCs were open and resulted in LTD or weaker LTP.

The major finding of this series of studies was that T-type
VDCCs are critical for the depolarizing potential and the subse-
quent induction of TEA-LTP induction. In CA1 pyramidal cells,
Ni2�, the T-type VDCC blocker, suppressed the depolarizing po-
tentials during TEA application and partially blocked LTP. This
result provided another example of the positive correlation be-
tween the two phenomena and suggests that T-type VDCCs are a
major mediator of the induction of TEA-LTP. To test this hypoth-
eses, we constructed compartmental hippocampal neuron models
incorporating real morphology and nine major ionic channels. In
these models, we reduced the conductance of various K� channels
to simulate the pharmacological effects of TEA and calculated the
membrane potential and intradendritic Ca2� concentration. The

latter was assumed to be the determining factor for LTP induction.
Our modeling results showed that for a broad range of simulated
K� channel blockade, T-type VDCCs were needed to elicit bursts
of action potentials and the plateau-like depolarizing potential
similar to that observed experimentally during intracellular record-
ing. In other words, decreased T-type VDCC conductance results
in weaker depolarization and lower [Ca2�]i increases. T-type
VDCCs are not only a major source for Ca2� influx, but also
facilitate the strong depolarizing potential caused by TEA which,
in turn, opens other types of VDCCs. In contrast, when L-type
VDCC blockade was simulated, there were only moderate changes
in stimulation-induced EPSP profiles, and Ca2� influx via other
types of VDCCs was still large enough to substantially raise
[Ca2�]i.

In our previous experiments with DG granule cells, we found
that TEA induced LTD instead of LTP, and that the depolarizing

FIGURE 4. T-type voltage-dependent calcium channel (VDCC)
facilitated the elicitation of depolarizing potentials. A: Under normal
conditions, the synaptic input elicited single action potential and a
small [Ca2�]i increase. Note that there was a DAP after the action
potential (*). A–D: (a) Dashed line, [Ca2�]i in soma; solid line,
[Ca2�]i in dendrite; (b) solid line, membrane potential in soma. B:
When the maximum conductance of K� channels was decreased,

there were burst of action potentials and plateau-like depolarizing
potential. [Ca2�]i in both soma and dendrite largely increased. C:
When T-type VDCC was blocked, tetraethylammonium (TEA) failed
to cause the depolarizing potential. The [Ca2�]i increase was small
compared with the TEA case in B. D: When L-type VDCC was
blocked, there was no significant change in excitatory postsynaptic
potential (EPSP) profile or [Ca2�]i compared with the TEA case in B.
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potentials during TEA application were much smaller compared
with those observed in CA1 pyramidal cells. If TEA-LTP induc-
tion really depends on the depolarizing potential, it should be
possible to reverse the TEA-LTD to TEA-LTP in DG if the TEA-
induced depolarizing potential were increased. We tested this hy-
pothesis by increasing Ca2� concentration in the perfusion bath.
Our results showed that high [Ca2�]o increased the magnitude of
the depolarizing potential significantly and induced a weak LTP.
As in CA1, both the depolarizing potential and the TEA-LTP were
blocked by Ni2�. However, the magnitude of the late depolarizing
component and the subsequent LTP were much smaller than that
observed in CA1. These results, combined with the simulation
data from modeled DG granule cells, suggests a low density of
T-type VDCCs in DG granule cells. This is consistent with an
earlier report by Fisher et al. (1990). In their study, the density of
T-type, L-type, and N-type VDCCs was estimated by calculating
the relative frequency of observing the three channel types in cell-
attached patches. The results reported by Fisher and colleagues
showed that the density of T-type VDCCs was much lower in DG
granule cells than in CA1 pyramidal cells.

Coogan et al. (1999) reported that TEA induced a T-type
VDCC-dependent LTP in young rat hippocampal DG granule

cells, instead of the LTD that we have observed experimentally.
This apparent discrepancy might result from the differences in the
density of T-type VDCCs in young versus mature rat hippocam-
pus. Several studies have shown that T-type VDCCs are predom-
inant in immature DG granule cells, while the presence of T-type
current in adult DG granule cells is still controversial (Fisher et al.,
1990; Kohr and Mody, 1991; Zhang et al., 1993). This decreased
prominence of the DAP and LTP induction in adulthood is very
likely caused by the down-regulation of T-type VDCCs during
development.

In contrast to an earlier report (Huang and Malenka, 1993), our
experimental results showed that T-type VDCCs, instead of L-
type VDCCs, play an important role in determining the induction
of TEA-LTP in the CA1 region. Our experimental findings are
supported by our simulation results showing that L-type VDCCs
have no significant effect on either EPSP profiles or Ca2� accumu-
lation. Consistent with an earlier study (Huber et al., 1995), we
found experimentally that NMDA receptor-channels also contrib-
ute to TEA-LTP in CA1. During TEA application, CA1 pyrami-
dal cells exhibited strong depolarizations and bursts of action po-
tentials. Considering the voltage-dependent blockade of the
NMDA receptor channel, it is possible that these depolarizing

FIGURE 5. The contributions of T-type and L-type voltage-de-
pendent calcium channels (VDCCs) to [Ca2�]i under different levels
of K� channel blockade. The K� channels were blocked from 10% to

70%. Top thick line. peak [Ca2�]i in dendrite; Middle dashed line.
peak [Ca2�]i in dendrite without L-type VDCC; bottom thin line.
peak [Ca2�]i in dendrite without T-type VDCC.

FIGURE 6. Differential effects of tetraethylammonium (TEA) on excitatory postsynaptic
potential (EPSP) profiles in CA1 pyramidal cell and dentate gyrus (DG) granule cell. A: In CA1,
TEA elicited burst of action potentials and strong depolarizing potential. B: In DG, there was only
single action potential broadened by TEA.
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events induced an NMDA-dependent LTP similar to HFS-in-
duced LTP. In DG granule cells, the enhancement of depolariza-
tion by TEA was much weaker compared with that in CA1 and, as
a consequence, the Ca2� influx was much reduced. It has been
established that low levels of Ca2� influx are associated with LTD,
as we observed for the DG (Xie et al., 1992).

Our experiments and simulations were carried out on CA1 py-
ramidal cells and DG granule cells; studies of CA3 pyramidal cell
were not included in our analyses. However, the density of T-type
VDCCs in CA3 is the highest among these three cell types (Fisher
et al., 1990). The importance of T-type VDCCs in LTP induction
and burst firing found in this study suggest that activation of T-
type VDCCs might serve as a principal mechanism in regulating
the capacity for plasticity and bursting property of neurons and
synapses in the three nodes of the trisynaptic circuit of hippocam-
pus.
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