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Seizure-Induced Plasticity of h Channels in
Entorhinal Cortical Layer III Pyramidal Neurons

of CA1 pyramidal neurons under both physiological and
pathological conditions (Avoli et al., 2002; Barbarosie et
al., 2000; Colbert and Levy, 1992; Doller and Weight,

Mala M. Shah,1,3 Anne E. Anderson,1,2

Victor Leung,1,2 Xiaodi Lin,1,2

and Daniel Johnston1,4,*
1982; Dvorak-Carbone and Schuman, 1999; Empson1Division of Neuroscience
and Heinemann, 1995; Leung et al., 1995; Remondes2 Departments of Pediatrics and Neurology
and Schuman, 2002; Wu and Leung, 2003; Yeckel andBaylor College of Medicine
Berger, 1995). With the onset of epilepsy, CA3 neuronsOne Baylor Plaza
are lost, thus disrupting the SC pathway to the CA1Houston, Texas 77030
pyramids (Ben-Ari and Cossart, 2000). Under these con-
ditions, the TA pathway has been suggested to provide
the major excitatory drive to the principal cells of theSummary
CA1 region (Avoli et al., 2002; Barbarosie et al., 2000;
Wu and Leung, 2003).The entorhinal cortex (EC) provides the predominant

Despite the importance of the TA pathway, relativelyexcitatory drive to the hippocampal CA1 and subicular
little is known about the integration and propagationneurons in chronic epilepsy. Discerning the mecha-
of synaptic signals within EC layer III neurons undernisms underlying signal integration within EC neurons
physiological or pathophysiological conditions. Previ-is essential for understanding network excitability al-
ous work has shown that the somatic membrane proper-terations involving the hippocampus during epilepsy.
ties of these neurons are similar to those of regular firingTwenty-four hours following a single seizure episode
neocortical pyramidal neurons (Dickson et al., 1997;when there were no behavioral or electrographic sei-
Gloveli et al., 1997; van der Linden and Lopes da Silva,zures, we found enhanced spontaneous activity still
1998), but the dendrites remain unexplored. Most synap-present in the rat EC in vivo and in vitro. The increased
tic inputs are onto dendrites, which possess a varietyexcitability was accompanied by a profound reduction of voltage-gated ion channels that can modulate thein Ih in EC layer III neurons and a significant decline in integration, propagation, and plasticity of synaptic sig-

HCN1 and HCN2 subunits that encode for h channels. nals and ultimately the firing rate of neurons (Magee,
Consequently, dendritic excitability was enhanced, re- 2000). It is essential to understand the alterations in
sulting in increased neuronal firing despite hyperpolar- the intrinsic membrane properties of these neurons that
ized membrane potentials. The loss of Ih and the in- might occur following seizures as this could influence
creased neuronal excitability persisted for 1 week the integration of synaptic signals, the firing rates of
following seizures. Our results suggest that dendritic neurons, and, consequently, the input to the hippocam-
Ih plays an important role in determining the excitability pus via the TA pathway.
of EC layer III neurons and their associated neural net- A commonly used animal preparation for studying
works. temporal lobe epilepsy is the so-called kainate model

(Dudek et al., 2002; White, 2002). In this model, a single
Introduction episode of continuous seizures is induced by the admin-

istration of kainic acid and terminated using sodium
pentobarbital (SP). Following a 2–4 week period afterTemporal lobe epilepsy (TLE) is one of the most common
the termination of the kainic acid-induced seizures, theadult human epileptic disorders (Engel, 1996). There is
animals develop a type of chronic temporal lobe epi-strong evidence to indicate that the entorhinal cortex
lepsy that mimics the prominent clinical and pathologi-(EC) plays a role in the induction and maintenance of
cal features of the human disorder (Dudek et al., 2002;TLE (for example, see Spencer and Spencer [1994]). The
White, 2002). One of the advantages of utilizing thisEC layer III pyramidal neurons, in particular, have been
particular model is that, like the human disorder, duringimplicated in epileptogenesis (Avoli et al., 2002; Barba-
the 2–4 week period (known as the “latent” period), therosie et al., 2000; Du et al., 1993, 1995; Wu and Leung,
animals experience no behavioral seizures and they ap-2003). The EC layer III consists of a high density of
pear normal (Dudek et al., 2002; White, 2002). Althoughpyramidal neurons (Dickson et al., 1997; Gloveli et al.,
numerous studies have identified the morphological,1997; van der Linden and Lopes da Silva, 1998), the
biochemical, and network modifications present duringaxons of which form the temporoammonic (TA) pathway
chronic epilepsy, few studies have addressed theand synapse onto the distal dendrites of pyramidal neu-
changes in neuronal intrinsic membrane properties thatrons in the CA1 and subiculum (Witter et al., 2000). In
might occur during the latent period. It is crucial toaddition to the schaffer collateral (SC) pathway, the TA
understand the on-going variations at the cellular, mo-pathway also has a major influence on the excitability
lecular, and network levels during this period because
these changes are likely to lead to the network reorgani-

*Correspondence: djohnston@mail.ns.utexas.edu zations associated with chronic temporal lobe epilepsy
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changes might also be important in identifying therapeu-4 Present address: Center for Learning and Memory, Section of Neu-
tic targets for the prevention of chronic epilepsy (Arzima-robiology, University of Texas at Austin, 1 University Station, A1955,

Austin, Texas 78712-0132. noglou et al., 2002; Herman, 2002). Given that EC layer
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III pyramidal neurons give rise to the TA pathway and in the 24 hr SE group (n ! 4; Figure 1A). The interictal
spike frequency in the 24 hr SE group ranged from 3 toare thought to provide the major excitatory drive to CA1

neurons during chronic epilepsy (Avoli et al., 2002; Bar- 18 spikes/min (n ! 3). There was no epileptiform activity
in animals treated with SP only 24 hr prior (n ! 4; Fig-barosie et al., 2000; Wu and Leung, 2003), we investi-

gated possible variations in intrinsic membrane proper- ure 1A).
To investigate whether spontaneous activity wasties and excitability of EC layer III pyramidal neurons 24

hr and 1 week (time points early in the latent period) present in EC layer III pyramidal neurons specifically, we
obtained somatic whole-cell current clamp recordingsfollowing a single episode of seizures.

Our results demonstrate that the excitability of EC from these neurons in hippocampal-entorhinal slices.
EC layer III pyramidal neurons were identified visuallylayer III pyramidal neurons is enhanced 24 hr after sei-

zures both in vivo and in vitro. The enhanced excitability using differential interference optics. The typical mor-
phology of one such neuron is shown in Figure 1B.is principally due to a reduction in dendritic Ih as deter-

mined by a number of different techniques. This de- Continuous sampling in bins of 10 min showed very little
spontaneous activity in neurons obtained from SP-onlycrease in dendritic Ih persisted for at least 1 week follow-

ing the seizures. Our results suggest that Ih plasticity in treated rats (n ! 3; Figure 1Bii). In contrast, both short
("10 s) and long (#30 s) bursts of interictal-like eventsthe EC may be important for the initial steps leading to

the development of chronic epilepsy in these animals, reminiscent of epileptiform activity were observed in
neurons obtained from rats induced with SE 24 hr priorand Ih may thus be a novel therapeutic target for the

prevention of the disorder. (24 hr SE neurons; n ! 5, Figure 1Biii). The long bursts
of interictal-like events occurred rhythmically at least
once every 10–15 min. Similar activity was also observed

Results in 83% (5 out of 6) neurons obtained from rats induced
with SE 1 week prior (1 week SE neurons; data not

Behavioral seizure activity was induced in male adult shown). These results are consistent with EEG re-
rats by the administration of a single dose of kainic acid cordings from EC showing interictal spike activity and
and scored according to the Racine scale (Racine, 1972). suggest the presence of synchronous network activity
Within 2 hr of the kainic acid administration, class V of both short and long duration.
seizures were observed. Racine class V seizures corre-
spond to electrographic status epilepticus (SE), or con-

Enhanced Dendritic Excitability of SE Neuronstinuous seizures (data not shown; A.E.A. and X.L., un-
Despite Hyperpolarized Membrane Potentialspublished data). One hour after onset of class V seizures
To suppress spontaneous activity, all further recordings(referred to as “SE” hereafter), the anticonvulsant so-
were obtained in the presence of 10 $M bicuculline,dium pentobarbital (SP) was administered to terminate
50 $M d-AP5, and 1 $M CGP 55845 to block GABAAthe seizures. All experiments were done at two time
receptors, NMDA receptors, and GABAB receptors, re-points: 24 hr and 1 week after the termination of seizures.
spectively. Under these conditions, no significant differ-These two time points represent the early and middle
ences in resting membrane potential (RMP) values, num-epics during the latent period. Control groups included
bers of action potentials, and input resistance (RN) wererats treated with either vehicle (saline) only or SP only
observed between vehicle-treated and SP-only treated24 hr or 1 week prior.
rats (see Figures 2 and 3). In addition, neither actionThis particular seizure model was utilized because it
potential amplitude nor action potential width (see be-has been shown that under these conditions there is
low) significantly varied between neurons obtained fromminimal EC layer III neuronal cell loss (Du et al., 1995;
vehicle-treated rats or SP-treated rats, indicating thatWu and Leung, 2003). Specifically, these studies demon-
the effect of sodium pentobarbital on membrane proper-strated that EC layer III cell loss induced by kainic acid
ties was minimal 24 hr after administration. Therefore,administration was prevented if the SE was terminated
where there were no significant differences betweenby either SP or valium. We also performed Nissl staining
vehicle-only treated rats and SP rats, the term “control”of EC sections from animals treated with kainic acid and
in the text will be used to refer to both these groups.SP either 24 hr or 1 week prior and the appropriate

Whole-cell current clamp recordings revealed that thecontrols (animals treated with SP only either 24 hr or 1
somatic and dendritic RMP of SE neurons at both theweek previously) and confirmed that there is no obvious
24 hr and 1 week time points were significantly moreneuronal cell loss in the EC up to 1 week following SE
hyperpolarized than controls (Figure 2). Depolarizinginduction (Supplemental Figure S1 [http://www.neuron.
current injections showed that the neurons from bothorg/cgi/content/full/44/3/495/DC1/]).
SE and control rats were regular spiking (see Figure 2
for examples). Despite the hyperpolarized RMP, signifi-
cantly greater numbers of action potentials were re-Enhanced Spontaneous Activity of the EC

In Vivo and In Vitro corded in 24 hr and 1 week SE dendrites compared to
controls (Figures 2B, 2D, and 2F). At the normal somaticNo behavioral seizures were noted in any of the study

groups at the 24 hr or 1 week time point. To test whether RMP, there were no differences in the numbers of action
potentials evoked between the SE neurons and controlsthere was enhanced excitability of the EC in vivo, we

performed electroencephalographic (EEG) recordings. within the 24 hr group or the 1 week group (Figures 2A,
2C, and 2E). If, however, the neurons were all held at aDepth electrodes were implanted stereotaxically within

the EC, and the EEG recordings from this region demon- fixed potential of %70 mV, then significantly more action
potentials were evoked by depolarizing current injec-strated interictal spikes but no electrographic seizures
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Figure 1. In Vivo and In Vitro Spontaneous Activity in Control and SE Neurons

(A) Depth electroencephalographic (EEG) recordings from the left (L) and right (R) EC in rats induced with SE 24 hr prior and those treated
with SP only 24 hr prior (control). Recordings from SE animals showed that there were recurrent interictal spike discharges in the EC (examples
indicated by arrows, lower two traces). No spike discharges were recorded in control animals (upper two traces). The scale shown in (Aii)
also applies to (Ai). (Bi) An example of a typical EC layer III pyramidal neuron. (Bii) An example recording of the spontaneous activity recorded
from a control neuron. The hippocampal-entorhinal slices were obtained from 24 hr SP-only treated rats. The cell was held at its resting
membrane potential (RMP; %69 mV). (Biii) Example trace of spontaneous activity recorded from a 24 hr SE neuron. Note that the RMP of the
SE neuron is substantially more hyperpolarized than the control (%75 mV). Despite this, several short bursts of spikes ("2 s long) were
observed together with a longer burst (#10 s). The longer burst is shown in an expanded time scale. Within the longer burst, several short
bursts of interictal-like discharges are usually present. Each one of the interictal-like events typically has several EPSPs that have summated
and resulted in the firing of a couple of action potentials. Both traces shown in (Bii) and (Biii) have been obtained continuously over a period
of 10 min at a sampling frequency of 10 kHz. The scale shown in the top trace of (Biii) also applies to (Bii).

tions at the soma of the 24 hr and 1 week SE neurons different groups of neurons (see Supplemental Table S1
[http://www.neuron.org/cgi/content/full/44/3/495/compared to the 24 hr and 1 week SP neurons, respec-

tively (Supplemental Figure S2 [http://www.neuron.org/ DC1/]). As the action potential initiation site in dendrites
is unknown, the threshold for dendritic action potentialscgi/content/full/44/3/495/DC1/]).

Variations in the numbers of evoked action potentials could not be determined. There were also no differences
between action potential amplitude or width betweencan arise from a shift in the threshold for action potential

initiation. There were no differences, however, in action control and SE groups (see Supplemental Table S1),
indicating that K& or Na& channel properties responsiblepotential threshold measured at the soma between the
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Figure 2. Intrinsic Membrane Properties of
Control and SE Neurons

(A–D) Examples of input-output curves ob-
tained from control and SE neurons under
whole-cell current clamp conditions. The
dendritic recordings were obtained 100 $m
along the apical dendrite from the cell body.
In all cases, a series of hyperpolarizing pulses
(from %100 pA to %500 pA) and depolarizing
pulses (as shown in the schematic in [C]) were
applied with the cells held at their respective
normal RMP. Current injections of 100–150
pA were sufficient to trigger multiple action
potentials at the soma of the 24 hr and 1
week control and SE neurons, respectively.
In contrast, a current pulse of 400 pA was
required to trigger multiple action potentials
in either 24 hr or 1 week control dendrites. A
current pulse of the same magnitude evoked
significantly more spikes in both 24 hr and 1
week SE dendrites. The time scale shown in
(Ai) applies to (Aii), (Aiii), (Aiv), (Bi), (Bii), (Biii),
and (Biv), respectively. (C and D) Average
RMP values obtained from whole-cell current
clamp recordings from the soma and den-
drites (100–150 $m from the cell body), re-
spectively, of SE, SP, and control (vehicle)
neurons. (E and F) Input-output curves ob-
tained from the soma and dendrites (100–150
$m from the cell body) of SE, SP, and control
neurons. The action potential number (AP
No.) was plotted against the depolarizing cur-
rent injection used. The input-output curves
for both 24 hr and 1 week SE neurons shown
in (F) were determined to be significantly dif-
ferent from the input-output curves obtained
from the 24 hr and 1 week vehicle and SP
neurons.

for action potential shapes were minimally affected by Interestingly, the somatic, but not dendritic, RN of both
1 week SP and 1 week SE neurons was decreased signif-SE induction. In neurons from all groups, action poten-

tials recorded in the dendrites were significantly (p " icantly (p " 0.01) compared to the 24 hr SP and SE
neurons, respectively. The somatic RN of the 1 week0.05) shorter and wider than those at the soma, and this

might indicate differences in dendritic versus somatic vehicle group was comparable to the 24 hr vehicle group
(Figure 3C). These data also indicate that the differencesNa& or K& channel densities as has been reported for

other neuronal subtypes (Magee, 2000). In 23% of 24 hr in RN are likely to account for the observed variations
in input-output curves.control neurons (7 of 30 neurons tested) and 40% of 1

week SP neurons (2 out of 5 neurons tested), bursting Hyperpolarizing pulses in the dendrites of control neu-
rons revealed a considerable “sag” and lower RN in com-was induced by dendritic depolarizing current injec-

tions. Bursting was rarely observed in either the 24 hr parison to the soma (see Figure 3). The presence of
the sag and the lower input resistance in dendrites isor 1 week SE dendrites (1 out of 31 neurons tested).

Differences in RN of SE neurons compared to controls indicative of an increased amount of the dendritic hyper-
polarization-activated cation current (Ih) (Pape, 1996;may also contribute to the increased number of action

potentials observed in SE dendrites. Indeed, we ob- Robinson and Siegelbaum, 2003). These data are con-
sistent with the hypothesis that Ih is greater in dendritesserved that hyperpolarizing pulses from the respective

normal RMP resulted in a smaller “sag” and a larger compared to soma of EC layer III pyramidal neurons
as shown previously for CA1 and neocortical layer Vdeflection in the voltage in SE dendrites compared to

controls (Figure 2). These results indicated that the SE neurons (Berger et al., 2001; Magee, 1999; Williams and
Stuart, 2000).neuron RN differed from that of control neurons. To test

whether there were differences in RN between SE and
control neurons, hyperpolarizing current pulses were A Reduction in Ih Increases Dendritic Excitability

The greater RN of SE neurons coupled with the hyperpo-applied from a fixed potential of %70 mV. Indeed, the
RN of the soma and dendrites of the 24 hr and 1 week larized RMP suggests that there is a reduction in Ih in

these neurons. To test the hypothesis that a reductionSE neurons were substantially (p " 0.01) greater than
that of their respective control neurons (Figures 3A–3D). in Ih contributes to the enhanced dendritic excitability
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Figure 3. Input Resistances Obtained from
Control and SE Neurons in the Absence and
Presence of the Ih Blocker ZD7288

(A and B) Examples of traces obtained with
400 ms 100 pA and 200 pA hyperpolarizing
pulses from 24 hr control and SE dendrites,
respectively, in the absence (black) and pres-
ence (red) of 20 $M ZD7288. Both neurons
were held at fixed potentials of %70 mV irre-
spective of their RMP. The recordings were
obtained about 120 $m along the apical den-
drite from the soma. (C and D) Input resis-
tance (RN) measurements from the soma and
dendrites of vehicle, SP, and SE, respectively.
These measurements were obtained in the
absence of ZD7288. (E and F) The resulting
percent changes in RN after bath application
of ZD7288 in vehicle, SP, and SE soma and
dendrites, respectively.

of SE neurons, the effects of the irreversible blocker of Ih, (change in RMP of %12.5 ' 1.6 mV [n ! 15], %10.4 '
1.2 mV [n ! 15], and %8.67 ' 0.7 mV [n ! 6] in 24 hrZD7288 (20 $M), were explored. Application of ZD7288

abolished the sag in the dendrites and dramatically in- vehicle, 24 hr SP, and 1 week SP neurons, respectively)
and dendrites (change in RMP of %13.6 ' 1.4 mV [n !creased the dendritic RN of both 24 hr and 1 week control

neurons (by 200%–400%, Figures 3E and 3F). The so- 13], %14.0 ' 2.2 mV [n ! 7], and %11.3 ' 2.5 mV [n !
4] in 24 hr vehicle, 24 hr SP, and 1 week SP neurons,matic RN of control neurons was also significantly in-

creased (by 100%–150%) following addition of ZD7288 respectively; Figures 4A, 4E, and 4H). In contrast, the
somatic RMP of both 24 hr and 1 week SE neurons didbut to a lesser extent than at the dendrites. In SE neu-

rons, the RN was enhanced following application of not change significantly (change in RMP of %3.08 ' 1.0
mV [n ! 13] and %1.20 ' 0.9 mV [n ! 5], respectively;ZD7288 at both the soma and dendrites, but this aug-

mentation was significantly smaller than in control and Figure 4H). The dendritic RMP of the 24 hr and 1 week
SE neurons did hyperpolarize appreciably (by %7.73 'SP neurons (Figures 3E and 3F). The average somatic

and dendritic RN of the 24 hr and 1 week SE neurons 1.0 mV [n ! 15] and %6.75 ' 1.2 mV [n ! 4], respectively),
but the extent of the hyperpolarization was significantlyfollowing application of ZD7288 was comparable to the

24 hr and 1 week control groups (somatic 24 hr SP RN ! smaller than in the respective control neurons (Fig-
ure 4E).178.8 ' 18 M(, n ! 16; somatic 24 hr Veh RN ! 185.7 '

11 M(, n ! 29; somatic 24 hr SE RN ! 188.0 ' 20 M(, In the presence of ZD7288, a significantly greater
number of action potentials could be evoked in the den-n ! 15; somatic 1 week SP RN ! 153.1 ' 19 M(, n !

6; somatic 1 week SE RN ! 120.4 ' 15 M(, n ! 5; drites of both 24 hr and 1 week control neurons despite
the hyperpolarized RMP (Figures 4A and 4C). The input-dendritic 24 hr SP RN ! 141.6 ' 19 M(, n ! 6; dendritic

24 hr Veh RN ! 149.8 ' 13 M(, n ! 11; dendritic 24 hr output curves at the soma of 24 hr and 1 week control
neurons at the normal RMP in the absence of ZD7288SE RN ! 185.3 ' 18 M(, n ! 8; dendritic 1 week SP

RN ! 127.6 ' 26 M(, n ! 3; dendritic 1 week SE RN ! and at the hyperpolarized RMP in the presence of
ZD7288 were not different (Figure 4F). Depolarization of203.8 ' 17 M(, n ! 4).

In addition to affecting RN, ZD7288 also caused a the RMP in the presence of ZD7288 to the original RMP
resulted in a significantly greater number of action po-significant hyperpolarization of the RMP at the soma
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Figure 4. Effects of ZD7288 on Input-Output
Curves and RMPs of Control and SE Neurons

(A and B) Example traces from 24 hr control
and SE dendrites in the absence of ZD7288,
in the presence of ZD7288 (20 $M) at the
new hyperpolarized RMP (HRMP), and in the
presence of ZD7288 when the cell is depolar-
ized back to its original RMP (ORMP). In all
cases, hyperpolarizing pulses of 50 pA and
100 pA were applied. In control dendrites,
depolarizing pulses between 50 pA and 200
pA were applied, whereas in SE dendrites,
depolarizing pulses between 50 and 150 pA
were applied. (C, D, F, and G) Input-output
curves obtained from control and SE soma
and dendrites in the absence of ZD7288 at
the RMP (black) and after bath application of
ZD7288 at the HRMP (light green) and the
ORMP (dark green). As there were no signifi-
cant differences between neurons from SP
treated rats and vehicle treated rats, the data
were pooled together and are represented as
“control.” The input-output curves from the
1 week SP neurons or 1 week SE neurons
are plotted separately. NB As there was little
change in RMP at the soma of SE neurons
following application of ZD7288, the input-
ouput curve shown at the HRMP is the same
as that at the ORMP. (E and H) Bar graphs
illustrating the average differences in voltage
(Vm) between the normal RMP in the absence
of ZD7288 and the new HRMP in the presence
of ZD 7288.

tentials being evoked at the soma (Figure 4F). Thus, the solution were utilized. Hyperpolarizing steps from a
membrane potential of %40 mV revealed noninactivat-significant increase in the number of action potentials

evoked at the dendrites of control neurons at hyperpo- ing, inward currents and a tail current upon returning to
the holding potential (Figure 5A). The magnitudes oflarized RMP is likely to be due to the greater increase

in dendritic versus somatic RN observed (Figures 3 and these currents were very small (tail currents " 2 pA,
n ! 4, data not shown) at the soma of control neurons,4). Application of ZD7288 did not alter the number of

action potentials recorded in either 24 hr or 1 week SE and therefore, all recordings were obtained in dendrites
at a distance of 100–150 $m from the soma. In addition,neuron soma or dendrites (Figures 4D and 4G). These

data support the hypothesis that the Ih density is appre- as the dendritic properties of the 1 week SP control and
1 week SE neurons were very similar to the dendriticciably reduced in SE neurons and that this contributes to

the significantly smaller depolarizing current injections properties of the 24 hr control and the 24 hr SE neurons,
respectively (Figures 2–4), cell-attached recordingsevoking greater numbers of action potentials in SE den-

drites (Figure 2). Moreover, these data reinforce the sug- were only obtained using the 24 hr groups. At the RMP
(determined to be %62.5 ' 1.5 mV [n ! 8] upon rupturinggestion that a larger amount of Ih is present in dendrites

than soma of control neurons. the patches), both the inward currents were about one-
tenth the magnitude of the currents at potentials of %150
mV. In dendrites of control neurons, the half-maximalIh and HCN Proteins Are Significantly

Reduced in SE Neurons activation voltage (V1/2) was determined to be %95 mV
(Figure 5B), similar to that of Ih in CA1 pyramidal neuronsTo test more directly the hypothesis that Ih is reduced

in SE neurons, we obtained cell-attached recordings of (Magee, 1998). These results also support the notion
that the density of Ih is greater in dendrites comparedIh from entorhinal layer III neurons. To isolate Ih, the

internal pipette solution contained blockers of K&, Na&, to the soma.
Interestingly, the magnitudes of inward, noninactivat-and Ca2& channels. For these measurements, pipettes

with a uniform outer tip diameter of 1 $m and a resis- ing currents and, thereby, the tail currents were signifi-
cantly reduced in SE neurons in comparison to controlstance of 8–9 M( when filled with the internal pipette
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Figure 5. Ih Density and HCN Protein Levels
in EC following SE

(A) Examples of the steady-state inward and
tail currents obtained when a hyperpolarizing
step from %40 mV to %150 mV was applied
to 24 hr control (black) and 24 hr SE (red trace)
dendrites (100–150 $m from the soma). (B)
The activation curve of Ih in 24 hr control (Vehi-
cle and SP) dendrites was obtained from hy-
perpolarizing steps from a holding potential
of %40 mV. The values were measured as the
average of the last 40 ms of the steady-state
inward current and expressed as the ratio of
the maximum steady-state current obtained
when stepping to %150 mV. The numbers in
brackets represent the number of observa-
tions for each point. The V1/2 was estimated
to be %95.0 mV. (C and D) A comparison of
the steady-state inward and peak tail cur-
rents, respectively, from 24 hr SP, 24 hr Vehi-
cle, and 24 hr SE dendrites when the voltage
protocol shown in (A) was applied. (E and
F) Graphs to illustrate the HCN1 and HCN2
protein levels in EC tissue following either 24
hr or 1 week kainate treatment (SE), 24 hr or
1 week sodium pentobarbital (SP) only treat-
ment (SP), and 24 hr or 1 week vehicle (saline)
treatment (control). Above each graph are ex-
amples of Western blots obtained using tis-
sue samples from 24 hr SE, 24 hr SP only, or
24 hr vehicle treated rats. Each n on the graph
represents a single animal. Immunoreactivity
was quantified using densitometry. Signifi-
cance was determined using ANOVA with
post hoc Tukey’s multiple comparison test.

(Figures 5A, 5C, and 5D). The magnitudes of the steady- HCN1–4, have now been cloned (Santoro et al., 2000),
and alterations in HCN1 and HCN2 protein levels havestate and tail currents in SE neurons were, however, too

small at potentials positive to %140 mV to make accurate been reported in other models of epilepsy (Bender et
al., 2003; Brewster et al., 2002). Immunohistochemicalmeasurements. For this reason, the magnitudes of

steady-state and tail currents in SE neurons and control studies also indicate that HCN1 and HCN2 subunits are
likely to be predominantly expressed in the EC (Notomineurons were measured by stepping from a holding po-

tential of %40 mV to the hyperpolarized potential of and Shigemoto, 2004). To test the possibility that these
subunits are downregulated following SE, Western blot%150 mV and compared (Figures 5C and 5D). The small

steady-state and tail currents also prevented us from analysis was performed using antibodies specific to
HCN1 and HCN2. The results were normalized by blot-constructing an accurate activation curve for Ih in SE

neurons. Once data were obtained from the cell- ting with an antibody against actin and quantified using
densitometry. Both HCN1 and HCN2 protein levels wereattached mode, the patch was ruptured and the RMP

determined to be %72.4 ' 2.1 (n ! 4), consistent with significantly reduced in EC tissue obtained from rats
induced with SE 24 hr prior in comparison to controlsour findings under whole-cell conditions (Figure 2). The

differences in tail and steady-state currents between SE (Figures 5E and 5F). In contrast, the HCN1 and HCN2
protein levels were not significantly different in EC tissueand control neurons are comparable to the differences

in RN observed under whole-cell conditions (Figure 3C) obtained from rats induced with SE 1 week prior and
controls (Figures 5E and 5F). It thus appears that theand indicate that the postsynaptic density of Ih differs

in EC layer III neurons following SE. HCN protein levels, at least, recover by the 1 week time
point. The electrophysiological recordings suggest thatThe reduction in Ih observed in our cell-attached ex-

periments suggested a decrease in the number of h Ih is still downregulated at the 1 week time point. There-
fore, although the HCN protein levels have recovered inchannels and, thus, a decline in the subunits underlying

h channels. Four genes that encode for h channels, the total EC homogenates, either the subunits have not
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formed functional channels or have increased in other )EPSPs generated at the soma of the 24 hr SE neurons
were also not significantly different from those of controlcell types within the EC (whole EC tissue was used for
neurons (24 hr SP * ! 24.0 ' 3.1 ms, n ! 10; 24 hrWestern blot analysis). Thus, there may still be a selec-
vehicle * ! 24.7 ' 3.1 ms, n ! 16; 24 SE * ! 26.6 ' 3.0tive decrease in HCN protein in EC layer III pyramidal
ms, n ! 15). In contrast, the single somatic )EPSPs inneurons, but this may be below the level of detection
1 week SE neurons decayed significantly (p " 0.05) moreof the Western blot method.
slowly than those evoked in 1 week SP neurons (1 weekTotal actin protein levels in the EC were comparable
SE * ! 44.8 ' 5.6 ms, n ! 3; 1 week SP * ! 24.5 'between control and SE groups (Supplemental Figure
1.3 ms, n ! 4). The decay time constants of )EPSPsS3 [http://www.neuron.org/cgi/content/full/44/3/495/
generated in both 24 hr and 1 week SE dendrites (100–DC1/]), indicating that the reduction in HCN protein lev-
150 $m from the soma; 24 SE * ! 22.2 ' 1.5 ms, n ! 6;els observed at the 24 hr time point does not represent
1 week SE * ! 34.6 ' 8.3 ms, n ! 5) were also signifi-a nonspecific decrease in all proteins. The reduction in
cantly (p " 0.05) greater than for )EPSPs evoked inHCN protein levels is also not likely to be due to tissue
control dendrites (24 hr SP * !15.4 ' 2.2 ms, n ! 6; 24injury, as little cell loss was observed in the EC 24 hr
hr vehicle * ! 12.3 ' 0.9 ms, n ! 8; 1 week SP * !and 1 week following SE based on Nissl staining (Sup-
15.2 ' 2.3 ms, n ! 5). Application of the Ih blockerplemental Figure S1). Thus, the decrease in Ih observed
ZD7288 significantly increased the amplitude and decayfrom recordings in EC layer III pyramidal neurons is likely
time constants of )EPSPs in control neurons (Figureto be due to a specific reduction in the number of h
6) similar to that observed in CA1 pyramidal neuronschannels available.
(Magee, 1999). In contrast, the effects of ZD7288 on theIn addition, we asked the question whether the
amplitude and decay time constants of )EPSPs in SEchanges in HCN protein levels observed at the 24 hr
neurons were significantly smaller than controls (Figuretime point were already evident at an early time point
6). These results suggest that the reduction in the post-(1 hr) following the onset of SE (i.e., before the adminis-
synaptic density of Ih in SE neurons has affected thetration of SP). In a separate set of experiments, Western
kinetics of synaptic potentials and thereby may affectblot analysis was also performed using tissue from rats
the propagation of signals and the firing rate of thesethat had experienced kainate (10 mg/kg i.p.) -induced
neurons.continuous seizures (SE) for 1 hr and vehicle controls.

Indeed, the summation of a train of )EPSPs generatedAgain, HCN protein levels were normalized to actin lev-
at 50 Hz was significantly greater in the SE dendritesels and quantified using densitometry. No differences
than control dendrites (Figure 7F). The summation of ain HCN protein levels in the EC were found between rats
train of )EPSPs generated at the soma of the 1 weekthat had experienced SE for 1 hr and controls (control
SE neurons was also significantly enhanced comparedHCN1 ! 102% ' 9.6%; SE 1 hr only HCN1 ! 100% '
to 1 week SP neurons (Figure 7E). On the other hand,8.7%; control HCN2 ! 109% ' 11%; SE 1 hr only
)EPSPs at the soma of the 24 hr SE and control neuronsHCN2 ! 112% ' 12%; n ! 6 for each group). It is thus
summated to a similar extent (Figure 7E). In the presenceconcluded that the HCN protein levels decrease over
of ZD7288, the summation of a train of )EPSPs in controlthe first 24 hr following the onset of SE and thus might
neurons was significantly increased (Figures 7A–7E).be one of the changes that contribute to the early phase
The effect of ZD7288 was greater in the dendrites thanof epileptogenesis.
the soma (Figures 7C and 7F). Unlike control neurons,
bath application of ZD7288 onto SE neurons had little

Increased Dendritic EPSP Summation Enhances effect on the summation ratio of a train of )EPSPs (Fig-
EPSP-Spike Coupling in SE Neurons ures 7B, 7D, 7E, and 7F). The enhanced summation of
Our results thus far show a significant reduction in the )EPSPs in both 24 hr and 1 week SE neurons is likely
postsynaptic density of Ih in EC layer III neurons 24 hr to be a consequence of the slower decay time of sin-
and 1 week following SE. Prior studies have indicated gle )EPSPs.
that dendritic Ih greatly affects both temporal and spatial The increased summation of dendritic )EPSPs in both
summation of EPSPs (Magee, 1998, 1999; Wang et al., 24 hr and 1 week SE neurons suggests that, at a given
2003). We therefore hypothesized that the decrease in membrane potential, incoming synaptic potentials in
Ih would enhance the summation of incoming EPSPs dendrites are more likely to give rise to action potentials.
and thereby increase the firing rates of these neurons. To test this hypothesis, trains of EPSPs were evoked at
To address this issue, we first investigated whether there 50 Hz by extracellular stimulation near the distal den-
were differences in temporal summation of EPSPs be- drites of control and SE neurons while varying the so-
tween SE and control neurons. To eliminate complica- matic holding potential between %80 mV and %60 mV.
tions due to possible presynaptic effects of Ih (Beaumont The stimulation intensity was controlled such that the
and Zucker, 2000; Chevaleyre and Castillo, 2002; Klar somatic single EPSPs were between 2 and 4 mV in
et al., 2003; Mellor et al., 2002), EPSPs were simulated amplitude at %70 mV. In 24 hr and 1 week control neu-
by current injection of a defined ) function (and are rons, the average baseline potential at which EPSPs
referred to as )EPSPs; see Experimental Procedures). summated to elicit an action potential with the fifth EPSP
A fixed time constant of 0.5 ms and current injection of was close to %60 mV (average 24 hr control potential !
800 pA (see Experimental Procedures) were used to %60.4 ' 1.8 mV, n ! 13; average 1 week SP potential !
generated )EPSPs at both the soma and dendrites. Un- %53.8 ' 3.1 mV, n ! 4; Figure 8). This is significantly
der these conditions, there were no differences in the more positive to the average somatic RMP of both 24
rise time or amplitude of )EPSPs between SE neurons hr control and 1 week SP neurons (24 hr control RMP !

%65.4 ' 0.6 mV, n ! 92; 1 week SP RMP ! %65.9 'and controls. The decay time constants (*) of single
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summation ratio of EPSPs in SE neurons compared to
controls (Figure 8C). The average potential at which ac-
tion potentials could be evoked with a train of five EPSPs
was near %75 mV in both 24 hr and 1 week SE neurons
(average 24 hr SE potential ! %73.6 ' 2.1 mV, n ! 9;
average 1 week SE potential ! %77.0 ' 3.0 mV, n ! 5;
Figure 8B). Interestingly, the somatic RMP of both the
24 hr and 1 week SE neurons also falls in this range (24
hr SE RMP ! %73.5 ' 0.5 mV, n ! 40; 1 week SE RMP !
%74.7 ' 0.5 mV, n ! 14; Figures 2D and 8B). Hence,
there is a greater probability of SE neurons firing in
response to trains of EPSPs and this is likely to facilitate
the epileptiform-like activity observed in these neurons
(Figure 1C).

Discussion

The important findings of this study are that there was a
profound reduction in Ih in EC layer III pyramidal neurons
within 24 hr of an episode of seizures and that this is
likely to be responsible, at least in part, for the enhanced
excitability of these neurons and their associated net-
works in this important region of the brain. This reduction
in functional Ih persisted for up to 1 week in these neu-
rons. Our results provide a potential insight into the
mechanisms leading to the onset of chronic epilepsy.
In addition, our results suggest that Ih may be a useful
target for the therapeutic intervention of temporal
lobe epilepsy.

A Reduction in Ih Is Likely to Account for the
Enhanced Excitability in SE Neurons
Both the 24 hr and 1 week SE neurons had significantly
hyperpolarized RMP together with significantly in-
creased RN compared to their respective controls (Fig-
ures 2 and 3), indicating a reduction in Ih (Pape, 1996;
Robinson and Siegelbaum, 2003). Interestingly, the RN

for the 1 week SE and SP neurons was reduced com-
pared to the 24 hr SE and SP neurons. Because SE rats
were also treated with SP, this effect might be attributed

Figure 6. Effects of ZD7288 on Single )EPSPs in Control and SE to long-term changes induced by SP administration.
Neurons Single action potential amplitude, width, or threshold
(A–D) Examples of single )EPSPs in the absence (black) and pres- (Supplemental Table S1 [http://www.neuron.org/cgi/
ence (red) of ZD7288 from the soma and dendrites of EC layer content/full/44/3/495/DC1/]) was minimally affected, in-III pyramidal neurons. The dendritic recordings were obtained at

dicating that channels involved in the generation of ac-distances of 150 $m from the soma. All recordings were obtained
tion potentials were not modified. An additional interest-at a fixed potential of %70 mV. (E–H) Average percentage difference

in peak amplitudes and decay time constants (*) of single )EPSPs ing observation was that significantly more action
before and after application of ZD7288 in the soma and dendrites potentials could be induced by current depolarizations
of vehicle, SP, and SE neurons. The decay time constants were in SE dendrites compared to controls, despite the signifi-
measured by fitting a double exponential function (see Experimental cantly more hyperpolarized RMP of these neurons (Fig-Procedures) from the peak of the )EPSP to baseline. The numbers

ure 2). This effect did not occur at the soma, althoughof observations for each treatment are in parenthesis. * indicate
if the neurons were all held at the same membrane po-significance levels of p " 0.05.
tential, then more somatic action potentials could be
generated by depolarization of SE neurons as a conse-
quence of the significantly increased RN. Action potential0.7 mV, n ! 18; Figure 8B). In contrast, a train of five

EPSPs evoked at 50 Hz summated to initiate action bursting sometimes occurred in control dendrites but
rarely in the SE dendrites that were sampled. Burstingpotentials at baseline potentials of %70 mV in 80% of

24 hr SE neurons and 100% of 1 week SE neurons (Figure has been associated with Ca2& tail currents or loss of
K& currents in other cell types (Golding et al., 1999; Jung8B). In fact, EPSPs in 40% (2 out of 5 neurons) of 24 hr

SE neurons and 80% (4 out of 5) of 1 week SE neurons et al., 2001; Magee and Carruth, 1999), and the lack of
bursting in SE neurons may reflect modifications in thesummated sufficiently such that an action potential re-

sulted with the fifth EPSP at a potential of %80 mV properties of these channels. Thus, though we cannot
exclude alterations in other channel properties, our re-(Figure 8C). This was reflected in the significantly greater
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Figure 7. Effects of ZD7288 on Summation in
Control and SE Neurons

(A–D) Example traces of trains of five )EPSPs
evoked at a frequency of 50 Hz in the absence
(black) and presence (red) of ZD7288 in the
soma and dendrites of 24 hr control and 24
hr SE neurons. All recordings were obtained
at a potential of %70 mV. (E and F) )EPSP
summation ratios before and after application
of ZD7288 in the soma and dendrites, respec-
tively. For purposes of clarity, the control data
is the data from the 24 hr SP and 24 hr Veh
groups pooled together. There were no differ-
ences between 24 hr SP, 24 hr vehicle, and
1 week SP data in the absence of ZD7288. The
summation of )EPSPs (p " 0.05) at the soma
of 1 week SE neurons was significantly in-
creased compared to 1 week SP neurons in
the absence of ZD7288, as indicated by the
asterisk. Similarly, there was substantially
(p " 0.05) enhanced summation of )EPSPs
in both the 24 hr and 1 week SE dendrites
compared to 24 hr control and 1 week SP
dendrites, respectively (indicated by aster-
isks in [F]). Application of ZD7288 resulted in
significantly (p " 0.01) more summation of
)EPSPs at both the soma and dendrites of
24 hr control and 1 week SP dendrites as
indicated by asterisks.

sults strongly suggested that Ih was the current that directly using cell-attached voltage clamp recordings
from the dendrites of control and SE neurons and waswas predominantly responsible for the differences in

the intrinsic membrane properties of SE neurons. The found to be significantly lower in SE neurons (Figure
5). Furthermore, at the 24 hr time point, Western blotsignificantly smaller effects of the Ih blocker ZD7288 on

SE neurons corroborated our hypothesis that Ih was analysis showed reduced densities of HCN1 and HCN2
(Figure 5), the two major h channel subunits that aredramatically reduced in these neurons (Figures 3 and 4).

This hypothesis was confirmed when Ih was measured expressed in the EC (Notomi and Shigemoto, 2004). At

Figure 8. EPSP-Spike Coupling in SE and
Control Neurons

(A) Examples of recordings of a train of five
EPSPs at a frequency of 50 Hz from 24 hr SE
(red) and 24 hr control (black) neurons. The
two traces have been superimposed. All re-
cordings were made at the soma at a poten-
tial of %75 mV. The EPSPs were evoked by
extracellular stimulation of the distal den-
drites of the neurons. Note that at this poten-
tial, the EPSPs in SE neurons summated suffi-
ciently to generate an action potential at the
end of the train. (B) Holding potentials (Vm) at
which an action potential (AP) was generated
with the fifth EPSP in a train of five EPSPs
evoked at 50 Hz. The numbers of observa-
tions are indicated in brackets. (C) EPSP sum-
mation ratio at holding potentials between
%80 mV and %60 mV. The numbers of obser-
vations for each point are shown in brackets.
As there were no significant differences be-
tween the 24 hr SP and 24 hr vehicle groups,
the data were pooled together and are repre-
sented as “control” in (B) and (C).
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the 1 week time point, however, the HCN protein levels with the somatic RMP (Figure 8B). This is also consistent
were similar in SE and control neurons, suggesting that with the observation that increased spontaneous activ-
although HCN protein levels may have recovered in total ity together with bursts of interictal-like events are more
EC tissue samples, functional channels have not been prominent in SE neurons (Figure 1). Our data support
increased in EC layer III neurons. the notion that a downregulation in Ih contributes sub-

Can the global reduction in Ih in EC layer III pyramidal stantially to the hyperexcitability of EC layer III pyramidal
neurons have a greater effect on dendritic excitability neurons following SE. Dendritic Ih thus plays a crucial
and thereby increase the overall excitability of the neu- role in controlling neuronal excitability.
rons? The dendritic membrane properties of EC layer III
pyramidal neurons have thus far remained unexplored. Ih and Epileptogenesis
Our cell-attached recordings showed that, as in neocor- Our results demonstrate a pronounced turnover (within
tical (Berger et al., 2001; Williams and Stuart, 2000) and 24 hr) of HCN protein levels following changes in activity
CA1 pyramidal neurons (Magee, 1998), there was a of EC neurons caused by SE. This change in HCN protein
significantly greater amount of Ih in control dendrites levels may occur at the transcriptional level, as gene
compared to soma. Consistent with previous studies expression is often altered following SE (for example,
involving CA1 pyramidal neurons (Poolos et al., 2002), see Becker et al., 2003). An additional contribution to
pharmacologically decreasing Ih led to enhanced den- the reduction in Ih that occurs 24 hr following SE may
dritic excitability of the control EC layer III pyramidal be a long-term activity-dependent alteration due to en-
neurons (Figure 4). Although Ih contributes significantly hanced on-going synaptic activity (see Figure 1). In-
to the somatic RN and RMP, the input-output curve at creased synaptic activity over a short period of time
the soma following block of Ih at the hyperpolarized RMP (minutes) has been shown to upregulate Ih in CA1 pyra-
is very similar to that before Ih was reduced (Figure 4F). midal neurons (Van Welie et al., 2004; D. Fricker and D.
Therefore, in agreement with previous findings from CA1 Johnston, 2001, Soc. Neurosci., abstract). It is unknown,
neurons (Van Welie et al., 2004), reducing somatic Ih has however, whether increased synaptic activity over long
a homeostatic effect. In contrast, reducing dendritic Ih in periods (hours) can cause the switch between upregula-
control neurons by application of the Ih blocker ZD7288 tion to downregulation of Ih.elicited significantly more spikes by a given depolariza- It is important to note that the experiments in this
tion despite the RMP being substantially hyperpolarized study reflect Ih and HCN levels in the EC 24 hr and 1
(Figure 4C). This is somewhat counterintuitive because week following SE, time points that occur within the
the more hyperpolarized the RMP, the further from “latent” period and when the animal is not experiencing
threshold for action potential initiation. A likely explana- obvious behavioral seizures. The levels of Ih within indi-
tion is that the increase in somatic RN (approximately vidual neuronal subtypes may also depend on the stage
90%), although significant, is substantially smaller than of epileptogenesis and associated network activity and
the change in dendritic RN (between 200% and 400%). this may lead to differential effects of Ih on membrane
Similarly, in both 24 hr and 1 week SE neurons, although excitability. In hippocampal neurons, for example, an
the RMP was substantially more hyperpolarized than upregulation of Ih has been reported together with a
that of control neurons, significantly more spikes can discordant variation in HCN levels in rodents alreadybe evoked by a given depolarization. This is likely to be

experiencing behavioral seizures (Bender et al., 2003;due to the RN of SE dendrites being approximately twice
Brewster et al., 2002; Chen et al., 2001). In EC layer IIthat of control neurons. Therefore, in dendrites the in-
and V neurons, on the other hand, there are no changescrease in RN due to less Ih appears to overcome the
in the intrinsic membrane properties following SE,variation in the RMP.
though there is an alteration in the synaptic balanceThe function of h channels can be thought of as an
(Fountain et al., 1998; Kobayashi et al., 2003). There iselectrical shunt. The higher density of h channels in
increasing evidence that synaptic activity can alter lev-dendrites results in a lower RN than at the soma and thus
els of Ih (Van Welie et al., 2004; D. Fricker and D. John-would limit EPSP amplitudes. In addition, deactivation of
ston, D., 2001, Soc. Neurosci., abstract) and thus it isIh with depolarization produces a significant hyperpolar-
conceivable that HCN proteins and Ih may be modulatedizing drive that will not only reduce EPSP amplitudes but
during the process of epileptogenesis. Indeed, althoughwill also decrease the temporal summation of dendritic
a substantial reduction in HCN protein level was deter-excitatory events (Magee, 1999; Figure 7), thereby
mined at the 24 hr time point using Western blot analysis,dampening excitability. The increased density of Ih in
this was not present at the 1 week time point. It isdendrites also decreases the local membrane time con-
possible that, due to variations in network activity, therestant and speeds the decay time constant of local
are on-going changes at the transcriptional and transla-EPSPs, further reducing temporal summation of EPSPs
tional levels, thereby altering the ion channel densities(Magee, 1999). Consistent with this, EPSPs in both 24
and properties in the postsynaptic membrane. Althoughhr and 1 week SE dendrites decayed more slowly, thus
HCN protein levels may recover over a number of weeks,enhancing the summation of a train of EPSPs. The
additional mechanisms such as posttranslantional mod-greater temporal and spatial summation of EPSPs
ifications may alter channel function. Therefore, func-(Magee, 1999; Wang et al., 2003) increases the likelihood
tional Ih may still be reduced in neurons and furtherof action potentials being initiated in the axon following
influence the integration and propagation of synaptica series of excitatory events. In agreement with this,
signals. Whether the change in Ih in EC layer III pyramidalevoked EPSPs in both 24 hr and 1 week SE neurons
neurons observed in our study is sustained beyond 1summated sufficiently to reach threshold for action po-

tential initiation at membrane potentials that overlap week following seizures and is ultimately responsible
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attached recordings, the internal pipette solution contained (mM)for the development of chronic temporal lobe epilepsy
120 KCl, 20 TEA Cl, 5 4-AP, 1 BaCl2, 10 HEPES, 1 MgCl2, 2 CaCl2,remains to be determined. The variation in HCN protein
0.001 tetrodotoxin, 0.1 NiCl2; pH adjusted to 7.3. Pipettes containinglevels and Ih may also differ between cellular regions
either of these internal solutions had resistances of 8–9 M(. Whole-

depending on network activity. Our results, however, cell recordings were obtained using a bridge-mode amplifier (Dagan
indicate that Ih may play an important role in regulating IX2-700), filtered at 10 kHz and sampled at 13.33 kHz. Series resist-

ances were usually of the order 10–15 M(. Cell-attached recordingsthe excitability of neurons and stabilizing networks, and
were obtained using Axon Multiclamp 700A (Axon Instruments), fil-this hypothesis is supported by the recent finding that
tered 2 kHz and sampled at 3.5 kHz. All raw data were acquiredmice deficient in HCN2 have chronic absence epilepsy
using custom-written Igor Pro software (Wavemetrics).due to increased excitability of thalamocortical neurons

Tungsten electrodes (A-M Systems, Everett, Washington) placed
(Ludwig et al., 2003). Ih may thus be important for long- in EC layer I were used to elicit synaptic potentials. )EPSPs were
term regulation of neuronal excitability under both physi- generated by current injection of the order
ological and pathological conditions.

A*e(1 % *)

Experimental Procedures where A is the amplitude of the current injected and * is the rise
time constant. EPSPs were evoked by extracellular stimulation using

Kainate-Induced Status Epilepticus a bipolar tungsten electrode placed in layer I, approximately 100
Class V seizures (Racine, 1972) were induced in 5- to 6-week-old $m from the distal dendrites. All drugs were bath applied. The effects
male Sprague Dawley rats by the administration of kainic acid (10 of ZD7288 (20 $M) occurred within 15 min, and recordings were
mg/kg i.p.) and terminated 1 hr after onset with the use of SP (30 usually made within 30 min of application.
mg/kg s.c.). Control groups were rats that had been treated with
kainate vehicle (saline) or SP only (30 mg/kg s.c.). Animals were

Data Analysis
sacrificed 24 hr or 1 week later for electrophysiological studies or

All measurements were made using custom-written Igor software.
Western blot analysis. Electroencephalography was obtained 24 hr

The RN was calculated from 400 ms hyperpolarizing pulses of 100
following termination of SE or treatment with SP. All procedures

pA applied from a holding potential of %70 mV. The )EPSP decay
concerning animals were approved by the Animal Research Com-

time constants were obtained by fitting the double exponential
mittee for Baylor College of Medicine.

function

Surgical Procedure and Electroencephalography A1e(%t/*1) & A2e(%t/*2)

Male Sprague Dawley rats (5- to 6-week-old) were anesthetized
where *1 and *2 represent time constants of the initial and fallingusing a ketamine/xylaxine mixture (obtained from Baylor College of
phase of the )EPSPs. Since Ih is activated during the falling phaseMedicine) and positioned in a stereotaxic frame. Depth electrodes
of the )EPSP, only *2 was used. The summation ratio of EPSPs waswere surgically implanted into the EC area using the following ste-
calculated as the ratio of the peak of the fifth EPSP to that of thereotaxic coordinates: 1.0–1.2 mm posterior to lambda, 4.2 mm lateral
first EPSP. When an action potential was initiated with the fifthto lambda, and 4.0–6.0 mm below the cortical surface. Four to seven
EPSP, the summation ratio was the ratio of the potential immediatelydays later, SE was induced in rats using the protocol described
before the threshold of the action potential (determined as the pointabove. Control groups included rats treated with SP (30 mg/kg s.c.)
before the first derivative of the trace was no longer equal to zero)only. EEG recordings were obtained 24 hr later using Nihon-Kodan
to the potential at the peak of the initial EPSP. For cell-attachedand Stellate digital EEG machines. Two 4 hr EEG recordings were
recordings, the peak of the tail current following the 1.5 s hyperpolar-made from the left and right EC electrodes referenced to a frontal
izing step was used as an indication of the amount of Ih. Groupsurface electrode. Tracings were visually inspected for electro-
data are expressed as mean ' SEM. Statistical significance wasgraphic seizure activity and interictal spikes as previously defined
determined using either paired or unpaired Student’s t tests as(Anderson et al., 1997). Interictal spike frequency was determined
appropriate. Statistical significance of p " 0.05 is indicated as * induring 60 s epochs of wakefulness.
all figures.

Electrophysiological Studies
MaterialsRats were anesthetized and perfused intracardially with ice-cold
All chemicals were obtained from Sigma (St. Louis, MO), apart frommodified ACSF containing (in mM) 110 choline chloride, 2.5 KCl,
ZD7288, CGP55848, bicuculline, and APV, which were purchased1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 10 dextrose, and
from Tocris. Stock solutions of bicuculline and CGP55848 were1.3 ascorbic acid; bubbled continuously with 95%O2/5% CO2 to
made in DMSO and stored at %20+C until use. These were thenmaintain pH at 7.2. The brain was then removed, and 400 $m thick
dissolved in the external solution such that the final DMSO concen-hippocampal-entorhinal slices were prepared using a vibratome
tration was less than 0.1%. Aqueous stock solutions of ZD7288 and(Leica VT 1000S). The slices were incubated in a holding chamber
APV were also kept at %20+C until use.at 36+C for 10–15 min followed by 1 hr at room temperature. The

holding chamber contained external recording solution of the follow-
ing composition: 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 2 Western Blot Studies

At the 24 hr and 1 week time points following SE, experimental andCaCl2, 2 MgCl2, 10 dextrose; bubbled continuously with 95% O2/5%
CO2 to maintain pH at 7.2. Neurobiotin (0.4% w/v; Vector Labora- control animals were sacrificed and the EC subdissected in ice-

cold saline and immediately frozen on dry ice. Tissue samples weretories Ltd.) was also included in the intracellular pipette solution.
Slices were fixed in 4% paraformaldehyde and stained with either homogenized and normalized using a Bradford assay and mem-

branes prepared as previously described (Varga et al., 2000). TheDAB (Vector Laboratories Ltd.) or streptavidin Alexa Fluor 294 conju-
gate (Molecular Probes Ltd.) 24 hr later as described previously membranes from the experimental and control groups were used

for Western blotting with antibodies against HCN1 and HCN2 (Chem-(Cossart et al., 2001).
Whole-cell and cell-attached recordings were obtained from both icon, Temecula, CA) at a dilution of 1:500. Anti-rabbit secondary

(Cell Signaling, Beverly, MA) was used at a dilution of 1:40,000. Blotsthe soma and dendrites of EC layer III pyramidal neurons. For re-
cording purposes, slices were placed in a chamber containing exter- were stripped and reprobed with an antibody to actin (1:10,000;

Sigma, St. Louis, MO). Bands corresponding to the full-length HCNnal recording solution maintained at 34–36+C. The external solution
was supplemented with 0.05 mM APV, 0.01 mM bicuculline, and (117 kDa) and HCN2 (97 kDa) subunits were densitized using NIH

software and normalized to actin immunoreactivity. ANOVA with0.001 mM CGP 55845. The internal recording pipette solution for
whole-cell current clamp recordings contained (in mM) 120 KMeSO4, post hoc analysis was used to statistically assess the changes in

HCN immunoreactivity between the experimental and control20 KCl, 10 HEPES, 2 MgCl2, 0.2 EGTA, 4 Na2-ATP, 0.3 Tris-GTP, 14
Tris-phosphocreatine; pH was adjusted to 7.3 with KOH. For cell- groups.
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Immunohistochemistry Chen, K., Aradi, I., Thon, N., Eghbal-Ahmadi, M., Baram, T.Z., and
Soltesz, I. (2001). Persistently modified h-channels after complexTwenty-four hours or 1 week following SE, rats were sacrificed and

whole brains removed. The freshly dissected brains were fixed in febrile seizures convert the seizure-induced enhancement of inhibi-
tion to hyperexcitability. Nat. Med. 7, 331–337.10% formalin. Parafin-embedded sections were cut and Nissl stain-

ing performed as described by (Anderson et al., 1999). Chevaleyre, V., and Castillo, P.E. (2002). Assessing the role of Ih
channels in synaptic transmission and mossy fiber LTP. Proc. Natl.
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