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Functional stabilization of weakened thalamic pacemaker
channel regulation in rat absence epilepsy

Mira Kuisle1, Nicolas Wanaverbecq1, Amy L. Brewster2, Samuel G. A. Frère1, Didier Pinault3,

Tallie Z. Baram2 and Anita Lüthi1

1Department of Pharmacology and Neurobiology, Biozentrum, Klingelbergstr. 70, CH-4056 Basel, Switzerland
2Departments of Anatomy/Neurobiology and Pediatrics, University of California at Irvine, Irvine, CA 92697, USA
3INSERM U666, Physiopathologie clinique et expérimentale de la schizophrénie, Faculté de Médecine, 11 rue Humann, F-67085, Strasbourg, France

Aberrant function of pacemaker currents (I h), carried by hyperpolarization-activated cation

non-selective (HCN) channels, affects neuronal excitability and accompanies epilepsy, but its

distinct roles in epileptogenesis and chronic epilepsy are unclear. We probed I h function and

subunit composition during both pre- and chronically epileptic stages in thalamocortical (TC)

neurones of the Genetic Absence Epilepsy Rat from Strasbourg (GAERS). Voltage gating of I h was

unaltered in mature somatosensory TC cells, both in vivo and in vitro. However, the enhancement

of I h by phasic, near-physiological, cAMP pulses was diminished by ∼40% and the half-maximal

cAMP concentration increased by ∼5-fold. This decreased responsiveness of I h to its major

cellular modulator preceded epilepsy onset in GAERS, persisted throughout the chronic state,

and was accompanied by an enhanced expression of the cAMP-insensitive HCN1 channel mRNA

(> 50%), without changes in the mRNA levels of HCN2 and HCN4. To assess for alterations in

TC cell excitability, we monitored the slow up-regulation of I h that is induced by Ca2+-triggered

cAMP synthesis and important for terminating in vitro synchronized oscillations. Remarkably,

repetitive rebound Ca2+ spikes evoked normal slow I h up-regulation in mature GAERS neurones;

that sufficed to attenuate spontaneous rhythmic burst discharges. These adaptive mechanisms

occurred upstream of cAMP turnover and involved enhanced intracellular Ca2+ accumulation

upon repetitive low-threshold Ca2+ discharges. Therefore, HCN channels appear to play a dual

role in epilepsy. Weakened cAMP binding to HCN channels precedes, and likely promotes,

epileptogenesis in GAERS, whereas compensatory mechanisms stabilizing I h function contribute

to the termination of spike-and-wave discharges in chronic epilepsy.

(Resubmitted 5 April 2006; accepted after revision 23 May 2006; first published online 25 May 2006)
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The hyperpolarization-activated cation non-selective
(HCN) channels are emerging as important targets
in neurological diseases, including epilepsy (Santoro
& Baram, 2003; Bender et al. 2004; Frère et al.
2004; Poolos, 2004). HCN channels give rise to
hyperpolarization-activated inward currents (Ih) that
are sensitive to intracellular cAMP levels (Pape, 1996;
Robinson & Siegelbaum, 2003). The dual gating by voltage
and cAMP allows Ih to widely control neuronal and
network excitability (Santoro & Baram, 2003; Frère et al.
2004). Furthermore, Ih is regulated by neuronal activity,
including seizures: hippocampal Ih is acutely increased by

M. Kuisle, N. Wanaverbecq and A. L. Brewster contributed equally to

this work .

synaptically released glutamate (van Welie et al. 2004),
and abnormal regulation of Ih and of HCN channel
subunit expression occurs in brain regions involved in
seizure generation (Di Pasquale et al. 1997; Chen et al.
2001a; Brewster et al. 2002; Bender et al. 2003; Shah et al.
2004; Strauss et al. 2004; Budde et al. 2005), suggesting
that modified HCN channel function may contribute to
hyperexcitability.

The recognition of an involvement of Ih in epileptic
processes has prompted much interest into how aberrant
Ih function is causally linked to the initiation and the
maintenance of seizures. Both inherited deficits in HCN
channel function, present before epilepsy onset, and
acquired modifications resulting from seizure activity,
could contribute to the epileptic phenotype. However,
the role of Ih in epilepsy was mostly studied in either
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pre-epileptic (Shah et al. 2004; Budde et al. 2005)
or chronic epileptic conditions (Chen et al. 2001a;
Strauss et al. 2004), leaving the relative importance of
inherited and acquired channel alterations undetermined
(Poolos, 2004). Furthermore, epileptic models showing
perturbations in Ih are often accompanied by additional
changes in ion channel or synaptic function (Tsakiridou
et al. 1995; Di Pasquale et al. 1997; Chen et al. 2001a; Zhang
et al. 2002; Klein et al. 2004; Holter et al. 2005), thereby
modifying Ih-dependent changes in excitability. Finally,
HCN channel subunit composition strongly determines
the gating by cAMP (Chen et al. 2001b; Altomare
et al. 2003; Budde et al. 2005), but whether altered
isoform expression affects the efficacy of cAMP transients
produced during neuronal activity is not clear.

Abnormal expression and regulation of HCN
channels in thalamus and cortex was found in rodent
models of generalized absence epilepsy, recognized by
spike-and-wave discharges (SWDs) in the EEG (Di
Pasquale et al. 1997; Strauss et al. 2004; Budde et al.
2005). A principal way by which HCN-channel-mediated
currents may be gated during SWDs is via a transient
cAMP synthesis that is triggered, to a large extent, by
Ca2+ entry through the low-threshold (LT) Ca2+ spikes
(Lüthi & McCormick, 1999b; Wang et al. 2002). The
resulting slow afterdepolarization (ADP) terminates
synchronized thalamic oscillations in vitro (Bal &
McCormick, 1996; Lüthi et al. 1998). Here, we identified
a diminished cAMP-dependent Ih regulation that was
apparent before seizure onset in thalamocortical (TC)
cells of the Genetic Absence Epilepsy Rat from Strasbourg
(GAERS), a well-recognized genetic model of absence
epilepsy, and persisted throughout the chronic epileptic
state. However, adaptive mechanisms upstream of
cAMP turnover, involving enhanced intracellular Ca2+

accumulation during repetitive LT Ca2+ spiking, restored
the activity-dependent current up-regulation in mature
TC cells, thereby contributing to the termination of
SWDs.

Methods

All experiments were performed according to the
guidelines of the institutions and the Veterinary
Offices (Comité Régional d’Ethique en Matière
d’Expérimentation Animale, Strasbourg, France;
Veterinäramt Basel-Stadt, Switzerland; UCI Animal Care
committee), and conformed to NIH guidelines.

In vivo electrophysiological recordings

Experiments were conducted in inbred, adult male
Wistar rats (71 GAERS and 56 control non-epileptic
(NE) rats, 3–6 months). All surgical procedures were

made under deep general anaesthesia (pentobarbital:
40 mg kg−1, i.p., and ketamine: 50 mg kg−1, i.m.). A
tracheotomy and a catheterization of the penile vein
were performed, and the animal was placed in a
stereotaxic frame (David Kopf Instruments, Tujunga,
CA, USA). A stabilizing craniotomy–duratomy technique
was systematically applied to improve the success rate
of single-cell electrophysiology experiments, to increase
the precision to reach stereotaxically single neurons in a
target region, and to eliminate undesirable non-neuronal
rhythms (heart and respiratory movements) during
intracellular recordings (Pinault, 2005). The rat’s rectal
temperature was maintained at 37◦C with a thermo-
regulated blanket (Fine Science Tools, Heidelberg,
Germany).

The neuroleptanalgesia was initiated before the end
of the general pentobarbital–ketamine anaesthesia, then
maintained by an intravenous injection of a mixture
containing d-tubocurarine chloride, fentanyl, haldol and
glucose (Pinault, 2003). All rats were artificially ventilated
in the pressure mode (SAR-830, CWE, Ardmore, PA;
8–12 cmH2O; 60–65 breaths min−1) using an O2-enriched
gas mixture (70–50% air, 30–50% O2). The EEG, which
displayed spontaneously synchronized slow oscillations
(Pinault, 2003), and heart rate were also continuously
monitored to maintain a constant depth of anaesthesia
by adjusting the injection rate of the anaesthetic solution.
Subcutaneous infiltrations of xylocaine (2%) were applied
every 3 h at all surgical sites.

Glass micropipettes (30–70 M�) were filled with a
solution containing 1.5% N-(2-aminoethyl)biotinamide
hydrochloride (Neurobiotin) dissolved in 1 m potassium
acetate. It was then lowered with a stepping microdriver
(Burleigh, Fishers, NY, USA) into the somatosensory
thalamus to reach a single TC neurone (Fig. 1A),
which was extracellularly and/or intracellularly recorded
simultaneously with the EEG of the frontoparietal cortex.

Electrophysiological data were processed with band
passes of 0.1–1200 Hz for the EEG, and of 0–6 kHz
for cellular activity (Cyber-Amp 380, Molecular Devices,
Union City, CA, USA). Signals were digitized at a sampling
rate > 18 kHz. During the intracellular recording session,
a current pulse in the range from −0.2 to −0.5 nA was
applied every 2 s to keep the Wheatstone bridge balanced.
Using square wave current pulses (range of ± 3 nA),
input membrane resistance and intrinsic firing patterns
of thalamic neurones could be assessed.

At the end of the recording session, some of the units
were individually labelled using the intracellular tracer
microiontophoresis technique for standard histological
identification (Fig. 1Ab). After a survival time of at
least 30 min, animals were killed with an intravenous
overdose of pentobarbital, transcardially perfused with
4% paraformaldehyde and 0.25% glutaraldehyde in
10 mm phosphate-buffered saline, and the brain tissue
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was processed using standard histological techniques for
retrieving the tracer-filled neurones.

Electrophysiological recordings were analysed with
the pCLAMP 7.01 software (Molecular Devices), and
the tracer-filled neurones were examined with a light
microscope (E600, Nikon, Champigny-sur-Marne,
France). Some of the neurones were reconstructed using
the Neurolucida system (Microbrigthfield, Colchester,
VT, USA) (Fig. 1Ac). The location of marked cells was
ascertained by consulting a stereotaxic atlas (Paxinos &
Watson, 1998).

In vitro electrophysiological recordings

Slices were prepared from mature, chronically epileptic
rats (3–8 months) or young pre-epileptic animals
(19–24 days) and age-matched NE control animals. The
majority of the experiments were carried out blind to the
colony from which the animals were derived. Rats were
deeply anaesthetized with isoflurane vapour in a mobile
anaesthesia station (Provet, Switzerland) and immediately
decapitated. Coronal slices (300 μm) containing the
somatosensory ventrobasal nuclear complex were
prepared on a vibratome (VT1000S, Leica, Glattbrugg,
Switzerland) in an ice-cold oxygenated solution containing
(mm): 63 NaCl, 107 sucrose, 2.5 KCl, 1.25 NaH2PO4,
26 NaHCO3, 0.5 CaCl2, 7 MgCl2, 18 dextrose, 1.7
l(+)-ascorbic acid. The slices were allowed to recover
for 5 min in a home-made interface-type chamber at
35.0◦C in the cutting solution, before being transferred to
a sucrose-free solution containing 126 mm NaCl instead,
and cation concentrations were altered to 2 mm CaCl2

and 4 mm MgCl2. After an additional 30 min, slices
were incubated at room temperature for 1–2 h and then
transferred individually into the recording chamber.
Pretreatment of slices with the adenylyl cyclase inhibitor
SQ22,536 started ∼30 min after incubation at room
temperature. Slices were transferred for at least 2 h to
a small interface chamber containing 10 ml of 0.6 mm

SQ22,536 before recordings commenced in SQ22,536-free
bathing solution. SQ22,536-treated slices were used for
maximally 1 h in the recording chamber.

Whole-cell recordings were obtained from TC
neurones under visual control using differential
interference contrast microscopy via upright microscopes
(Olympus BX50WI and BX51WI, Volketswil, Switzerland)
at 33.5–35◦C. The location of the ventroposterior medial
nucleus (Vpm) of the somatosensory thalamus was
determined before pipette positioning using a 10 ×
objective, and was clearly recognizable based on its
apposition to the ventroposterior lateral nucleus (Vpl),
which has a striated appearance. Slices were not used when
the Vpm could not be clearly delineated. Patch pipettes
were pulled from borosilicate glass tubing (TW150F-4,

outer diameter 1.5 mm, WPI, Berlin, Germany) on a
vertical two-step puller (PP-83, Narishige, Tokyo, Japan)
and filled with the following solution (mm): 130 potassium
gluconate, 10 KCl, 10 Hepes, 2 MgCl2, 2 Na2ATP, 0.2
NaGTP, 10 phosphocreatine, adjusted to 290 mosmol l−1

with sucrose, pH 7.25. This solution was found previously
to yield ADPs with kinetics and amplitudes similar to
those reported from microelectrode recordings (Bal &
McCormick, 1996), indicating that it minimally perturbed
the cytosolic components required for the generation
of the ADP. GTP was freshly added daily from stocks
(100-fold concentrated). The resistance of the electrodes
was 2.5–4 M� and yielded series resistances in the
range between 7 and 19 M�. If series resistance changed
by more than 10%, the experiment was not included
in the analysis. A liquid junction potential of 10 mV
measured as described (Neher, 1992) was taken into
account for all data. The bath was constantly perfused
with fresh medium at a rate of 3 ml min−1 throughout
the recording and contained (mm): 126 NaCl; 2.5 KCl;
1.25 NaH2PO4; 2 MgCl2; 2 CaCl2; 26 NaHCO3, 18
dextrose, 1.7 l(+)-ascorbic acid. Data from voltage-
and current-clamp recordings were collected through an
Axopatch 200B amplifier (Molecular Devices), filtered at
2 kHz and acquired at 5 kHz using pCLAMP 9.2. software.
Slices preincubated with SQ22,536 showed an attenuated
amplitude of the ADP (2.5 ± 0.4 mV in control, n = 6,
1.4 ± 0.2 mV in SQ22,536, n = 4, P < 0.05), indicating
that stimulation of adenylyl cyclases was selectively
reduced, but a hyperpolarization-induced sag potential
was unchanged, reflecting unaffected voltage gating of
Ih around −80 mV (5.8 ± 0.3 mV, n = 45 in control,
6.0 ± 0.3 mV, n = 77 in SQ22,536, P > 0.05). For the
data included in the 8Br-cAMP concentration–response
curve (Fig. 2G), the average series resistances did not
differ between the groups (12.0 ± 0.4 M�, n = 32, and
11.5 ± 0.3 M�, n = 31, for cells derived from NE animals
and GAERS, respectively, P > 0.05). Tail current analysis
was applied for determining activation curves of Ih. Igor
v. 4.0.8 (WaveMetrics, Inc., Lake Oswego, OR, USA)
was used for fitting Boltzman and Hill equations to Ih

activation curves and 8Br-cAMP concentration–response
curves, respectively. Hill coefficients were fixed at values
between 1 and 1.4 (Lüthi & McCormick, 1999b; Chen
et al. 2001b), yielding half-maximal concentrations that
differed by < 5%.

The values for V 1/2 were derived from the average of
one to four activation curves obtained within a recording
time of 5–20 min after gaining whole-cell access. Caged
cAMP (P1-2-nitrophenyl)ethylester, 100 μm) was added
to the patch solution from a 100-fold concentrated stock
solution in DMSO immediately before the experiment
and the pipette solution was kept on ice and protected
from light. A minimal time of ∼3–5 min was allowed for
the perfusion of caged cAMP and 8Br-cAMP (0.1–10 μm)
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into the cell. Flashes were applied with a ultraviolet
(UV) lamp attached to the epifluorescence pathway
of the microscope and discharged via the capacitive
discharges of the FlashMic (80% of maximal capacitive
charge, Rapp Optoelectronics, Hamburg, Germany). This
procedure permits the generation of cAMP transients in a
reproducible manner and was previously used to establish
dose–response curves (Lüthi & McCormick, 1999b).
Current amplitudes were measured with 1.5 s voltage steps
from −60 to −90 mV at 4 s intervals and quantified by
averaging responses of two successive flashes applied at
intervals > 1 min. Amplitudes of ADPs were quantified 2 s
after termination of the last current injection. Amplitudes
of currents and ADPs were measured in Clampfit (v. 9.0;
Molecular Devices).

Quantitative in situ hybridization
and Western blotting

For in situ hybridization procedures, rats were killed
with an overdose of pentobarbital (250 mg kg−1, i.p.) and
quickly decapitated (4–5 rats per group), brains dissected
and placed on powdered dry ice. Quantitative analyses of
thalamic HCN isoform mRNA levels were accomplished
using antisense 35S-cRNA probes synthetized by in vitro
transcription from cDNAs containing specific gene regions
of mouse HCN1, HCN2 and HCN4 channels (Brewster
et al. 2002; Bender et al. 2003). Briefly, 20 μm-thick
brain sections were cut, mounted on gel-coated slides
and fixed in 4% paraformaldehyde. Following a graded
ethanol treatment, sections were exposed to acetic
anhydride-triethanolamine, then dehydrated through
70–100% ethanol. Sections were then preincubated
in hybridization solution (50% formamide, 5× SET,
0.2% sodium dodecyl sulphate, 5× Denhardt’s solution,
0.5 mg ml−1 salmon sperm sheared DNA, 250 g l−1 yeast
tRNA, 100 mm DTT, 10% dextran sulphate) and probed
overnight at 55◦C with antisense 35S-CTP radiolabelled
HCN probes (0.5–1 × 106 c.p.m. (30 μl)−1 per section).
The specific activity of the probes was 1.67–5.2 ×
108 c.p.m. μg−1. On the following day, sections were
washed in decreasing concentrations of saline sodium
citrate (SSC) solutions, with the most stringent wash at
0.03 × SSC for 60 min at 62◦C. Following dehydration in
increasing alcohol concentrations, sections were apposed
against Kodak Biomax films. Optimal exposure time was
monitored using 14C standards to maintain signal linearity.

All analyses were performed by investigators unaware
of the origin (GAERS versus NE animals) of all samples.
Data acquisition and quantification of in situ hybridization
signals were carried out on sections run concurrently by
measuring optical density (OD) of incorporated radio-
activity in Vpm and Rtn using the image analysis program
ImageTool (v. 1.25; University of Texas Health Science
Center, San Antonio, TX, USA) (Brewster et al. 2002).

The OD measured over the corpus callosum was used as
background signal. Linearity of hybridization signal was
ascertained using 14C standards (American Radiolabelled
Chemicals Inc., St Louis, MO, USA). Statistical analyses
for in situ hybridization data were performed using Prism
software (GraphPad Software Inc., San Diego, CA, USA).

Western blots were performed as previously described
(Brewster et al. 2005, 2006). Briefly, each sample
consisted of a whole thalamic extract from an individual
rat. Dissected tissue was immediately frozen in dry
ice and then homogenized in glass/Teflon homo-
genizers in ice-cold 0.32 m sucrose, 0.1 m Tris-HCl
(pH 7.4)-containing Protease Inhibitor Cocktail (PIC
CompleteTM Anaesthetics, chemicals and reagents; diluted
according to manufacturer’s instructions). Samples were
centrifuged at 1000 g for 10 min at 4◦C and the pellet
was discarded. The resulting supernatant was centrifuged
at 16 000 g for 20 min at 4◦C and the pellet containing
membrane fractions resuspended in ACSF (124 mm

NaCl, 3 mm KCl, 1.25 mm KH2PO4, 2.5 mm MgSO4,
3.4 mm CaCl2, 26 mm NaHCO3, 10 mm glucose, 1×
PIC). Protein concentration was determined using the
Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA).
Equal amounts of protein were diluted in Laemmli
buffer, separated by SDS-PAGE and visualized using the
enhanced chemiluminescence ECL-Plus kit (Amersham
Pharmacia Biotech; Piscataway, NJ, USA) as previously
described (Brewster et al. 2005, 2006). Briefly, 30 μg of
protein extracts was separated with 4–12% SDS-PAGE and
transferred to Hybond-P polyvinyl difluoride membranes
(Amersham Pharmacia). Membranes were blocked with
10% non-fat milk in PBS overnight at 4◦C and were
probed with rabbit anti-HCN1, rabbit anti-HCN2 (1 : 500
each) or rabbit anti-actin antisera (1 : 40 000) overnight
at 4◦C. Following washes in PBS–1% Tween (PBS-T)
(3 × 5 min), membranes were incubated with secondary
antibodies in PBS for 1 h at room temperature. Membranes
were then washed in PBS-T (3 × 5 min) and incubated
with ECL-Plus. Immunoreactive bands were visualized
by apposing membranes to Hyperfilm ECL (Amersham
Pharmacia).

Fluorescence imaging of intracellular Ca2+

concentrations

Relative fluorescence changes (�F/F) of the long-
wavelength Ca2+ indicator Oregon Green 488 BAPTA-2
(75 μm; K d = 580 nm) were used to compare intracellular
Ca2+ levels reached after single or repetitive rebound Ca2+

spikes (up to 16 pulses, 4 Hz, −0.9 nA current injection for
125 ms) in adult NE animals and GAERS (4–8 months).
The dye was added to the intracellular solution (see above)
and the cells were perfused via the patch pipette for
10–25 min, until proximal dendrites of TC cells could
be visualized. Intracellular perfusion with the dye did
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not alter resting membrane potentials (−62.9 ± 0.7 mV,
n = 10 and −62.0 ± 1.1 mV, n = 7, for NE and GAERS
cells, respectively, P > 0.05) nor amplitudes of evoked
ADPs (2.1 ± 0.2 mV, n = 10, and 2.3 ± 0.4 mV, n = 7 for
NE and GAERS cells, respectively, P > 0.05). Excitation
occurred at 488 nm using a Polychrome IV (TILL Photo-
nics, Gräfelfing, Germany), and the light emitted at
510 nm was collected via a cooled CCD camera (Imago
VGA, 480 pixels × 640 pixels) after passing through a 40×
objective and an Olympus fluorescein isothiocyanate filter
set. Images were acquired for 150 ms using a binning of 8
at 0.2 s intervals during and at 0.5 s intervals before and
after stimulation. The image acquisition was synchronized
with the electrophysiological recordings using the Sync
output of the imaging control unit, and data were
analysed using Till Vision Imaging Software (v. 4.01)
and SigmaPlot (v. 8.0) for fitting the time course of
decay. Average fluorescence was determined for regions of
interest (typically 80–400 μm2) over the soma (avoiding
the nucleus) or a stem dendrite, and the average back-
ground fluorescence of a region away from the filled
cell, with the threshold fluorescence level set to 10, was
subtracted. Relative fluorescence (�F/F as a percentage)
was calculated for each image: ((Average fluorescence −
Average baseline fluorescence) × 100/Average baseline
fluorescence). Baseline fluorescence was determined by the
average of seven images before application of repetitive
current injections. Ca2+ signals elicited by the protocols
used for evoking ADPs were obtained at periods of 25 s and
five successive sweeps were averaged in each cell. Minimal
photobleaching was observed and the fluorescence change
for each individual sweep was calculated with respect to
the baseline signal prior to cell stimulation.

Anaesthetics, chemicals and reagents

Pentobarbital was purchased from Sanofi, Libourne,
France, and ketamine from Merial, Lyon, France.
Fentanyl and haldol were obtained from Janssen,
Boulogne-Billancourt, France; xylocaine from Astra,
Rueil-Malmaison, France; Neurobiotin was from Vector
Laboratories, Burlingame, CA, USA. Caged cAMP was
obtained from Calbiochem and Oregon Green 488
BAPTA-2 from Molecular Probes. Rabbit anti-HCN1 and
anti-HCN2 antibodies were obtained from Chemicon,
Temecula, CA, USA. PIC Complete was purchased from
Roche, Alameda, CA, USA. d-Tubocurarine chloride,
salts and chemicals, and rabbit anti-actin antisera were
purchased from Sigma-Aldrich.

Statistical analysis

Data were evaluated for statistical significance using paired
or unpaired Student’s t test and ANOVA as appropriate,

unless otherwise indicated. Significance level was set to
0.05. Data are presented as means ± s.e.m.

Results

Unaltered hyperpolarization-activated depolarizing
sag potentials in TC neurones in adult GAERS in vivo

The h-current functions as a pacemaker for thalamic
neuronal and network oscillations, and alterations in
its voltage dependence strongly affect the propensity of
TC cells to generate oscillatory burst discharges (Pape,
1996; Lüthi & McCormick, 1998a). To determine whether
voltage gating of Ih was affected in GAERS, intracellular
recordings were performed in vivo from 73 and 61
TC neurones in GAERS and NE animals, respectively.
The data reported here are based, respectively, on 55
and 45 recordings, which fulfilled the following three
criteria: (1) a stable resting membrane potential without
holding polarizing current; (2) a firing pattern similar to
that recorded extracellularly in the same or in other TC
neurones; and (3) an overshooting of the action potentials.
The recordings were performed in the Vpl and Vpm
nuclei, the nuclei known to be primarily involved in SWDs
in GAERS (Vergnes et al. 1990; Seidenbecher et al. 1998;
Manning et al. 2004). The location of recorded neurones
was ascertained on the basis of their stereotaxic location,
their receptive field, and/or their labelling (Fig. 1A).
Impaled neurones were assessed for resting membrane
potential, input resistance, and a depolarizing sag
potential, the physiological correlate of Ih voltage gating
(Table 1). No significant differences in passive and active
membrane properties were found between TC neurones of
Vpl and Vpm nuclei. Two principal types of TC neurones
were distinguished based on their ability to generate
a measurable depolarizing sag potential (maximal sag
amplitude ≥ 1 mV at a membrane potential < −75 mV)
(Fig. 1B). The proportion of sag-displaying TC
neurones (‘sag cells’) recorded in GAERS and NE
rats was comparable (76.4% versus 62.2%, χ 2 = 2.357,
d.f. = 1, not significant (NS)). Moreover, in both GAERS
and NE rats, the amplitude of the sag increased similarly as
a function of membrane polarization, with values reaching
1.3 ± 0.2 mV and 1.5 ± 0.3 mV with V jump between −65
and −70 mV, 2.6 ± 0.5 mV and 3.2 ± 0.6 mV between
−75 and −80 mV, and 9.9 ± 1.5 mV and 9.1 ± 0.8 mV
between −95 and −100 mV for NE (n = 22) and GAERS
(n = 28) cells, respectively (NS; Fig. 1C and D). Neurones
generating sags had, on average, a higher input resistance
than neurones without a sag (‘non-sag cells’) and a more
depolarized mean resting membrane potential (Table 1).
Taken together, the fraction of Ih-expressing cells and
the sag amplitudes were unaffected in the epileptic rat
strain.
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Reduced sensitivity of Ih to near-physiological cAMP
pulses in both pre-epileptic and mature GAERS

The voltage dependence of Ih is regulated by cAMP,
and the high cAMP sensitivity of thalamic Ih is
essential for its multiple roles in thalamic oscillatory
behaviour (Lüthi & McCormick, 1998a). Therefore, we
next investigated cAMP-dependent modulation of Ih

in whole-cell patch-clamp recordings in thalamic slice
preparations in vitro from adult NE rats and GAERS.
Slices used for these experiments were pretreated with
SQ22,536 (0.6 mm), an adenylyl cyclase inhibitor, to
minimize binding of endogenous cAMP to the channels

Figure 1. Hyperpolarization-induced depolarizing sags in thalamocortical (TC) neurones in vivo
Aa, stereotaxic location (2.8 ± 0.2 mm posterior to bregma) of the intracellularly recorded TC neurones (grey area).
Ab and c, photomicrograph and 3D reconstruction of a typical TC neurone intracellularly labelled with Neurobiotin
in the Vpm nucleus (frontal section). Ba and b, four voltage responses to 200 ms hyperpolarizing current pulses of
increasing intensity in a neurone without (left, ‘non-sag cell’) and with (right, ‘sag cell’) a sag. The sag amplitude
(V sag) was measured as indicated in Bb (arrowheads). C and D, plot of V sag amplitudes versus V jump values in TC
neurones of GAERS (C; n = 28 cells with at least 5 values per cell) and of control non-epileptic (NE) rats (D; n = 22
cells with at least 5 values per cell). CM = central medial; LD = lateral dorsal; MD = medial dorsal; Po = posterior
thalamic nuclear group; VL = ventral lateral; VM = ventral medial; Vpl = ventral posterolateral; Vpm = ventral
posteromedial; Rtn = nucleus reticularis thalami.

(see Methods). Values of basic cellular properties and
the quality of electrical access during recordings were
similar for both strains (resting membrane potential
−59.0 ± 3.0 mV for NE, n = 8, −60.4 ± 1.6 mV for
GAERS, n = 7, NS; input resistance 223 ± 56 M� for
NE, n = 8, 156 ± 27 M� for GAERS, n = 7, NS; series
resistance 11.8 ± 0.6 M� for NE, n = 8, 12.0 ± 0.9 M�

for GAERS, n = 7, NS). To probe the sensitivity of Ih

to cAMP in mature NE rats and GAERS, we initially
bath-applied the non-hydrolysable analogue of cAMP,
8Br-cAMP (1 mm), to TC cells located in the Vpm (Fig. 2A
and B). Gradual wash-in of 8Br-cAMP (1 mm) enhanced
current amplitude at −90 mV by a similar extent; from
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−370 ± 40 pA to −463 ± 36 pA (n = 8, P < 0.001) in
NE, and from −329 ± 47 pA to −462 ± 58 pA in GAERS
(n = 7, P < 0.025; Fig. 2C). Half-activation voltages
(V 1/2) shifted from −89.6 ± 0.6 mV to −81.5 ± 0.9 mV
(n = 7, P < 0.001; Fig. 2B and C) in GAERS, with the
slope values remaining unchanged (from 8.5 ± 0.7 mV
to 9.7 ± 0.7 mV, NS). Cells from mature NE rats
yielded a shift from −87.5 ± 0.9 mV to −78.6 ± 1.6 mV
(n = 8, P < 0.001; Fig. 2A and C) and the slope values
were 8.3 ± 0.5 mV and 9.2 ± 0.8 mV (NS compared
to corresponding values from GAERS), respectively.
Therefore, when exposed to high steady levels of
8Br-cAMP, the sensitivity of thalamic Ih to the cyclic
nucleotide is indistinguishable between GAERS and NE
animals.

We next sought to investigate whether Ih in GAERS
and NE animals differed in cAMP sensitivity during
cAMP signals approximating physiological situations.
Indeed, activity-dependent alterations in cAMP levels
occurring during spontaneous thalamic oscillations in
vitro are phasic and only partially shift the voltage
dependence of Ih (Lüthi & McCormick, 1998b). We found
previously that, by using photolytic release of cAMP, we
induced a dose-dependent, submaximal enhancement of
Ih, which is occluded by Ca2+-dependent Ih up-regulation
(Lüthi & McCormick, 1999b). Therefore, we applied
single UV-light flashes to cells filled with caged cAMP
(100 μm; see Methods) (Fig. 2D and E). Photolytic release
of cAMP induced an increase to 122.5 ± 2.4% of control
amplitude in cells from NE animals (n = 8, P < 0.0001;
Fig. 2E), reflecting a submaximal cAMP stimulation of the
channel (Lüthi & McCormick, 1999b). In contrast, current
amplitudes in GAERS increased to only 113.8 ± 1.3%
(n = 6, P < 0.025 compared to NE; Fig. 2E) after
photolysis of caged cAMP. These values are ∼40% smaller
compared to NE.

To assess whether or not this difference reflected
acquired alterations in channel function due to chronic
epilepsy, we repeated the flash photolysis experiment in
young animals (P19–24) which have not yet developed
SWDs. Photolytic release of cAMP induced an increase
to 118.5 ± 2.9% of control current in cells from the
NE strain (n = 12, P < 0.0001), whereas the increase
was only 110.8 ± 1.4% in cells from GAERS (n = 12,
P < 0.05 compared to NE; Fig. 2D and E). Moreover,
cells from young animals (both the GAERS and the NE
strain) showed similar maximal shifts in current–voltage
dependence when 1 mm 8Br-cAMP was bath-applied (data
not shown).

Flash photolysis of caged cAMP and bath application
of 8Br-cAMP does not allow determination of the free
cAMP concentrations reached intracellularly. Therefore,
we next assessed cAMP regulation of Ih by constructing
a concentration–response curve between 8Br-cAMP,
included at defined concentrations in the patch pipette,

and V 1/2 values in TC cells of mature animals (see
Methods). Notably, in TC cells from GAERS, the
shifts induced in the concentration range between
∼0.1 and 1 μm were significantly smaller than those
in cells from NE animals (Fig. 2F and G). For
example, including 0.1 μm 8Br-cAMP yielded values of
V 1/2 = −84.1 ± 1.0 mV in NE TC cells (n = 9), while
GAERS TC cells had a V 1/2 = −89.9 ± 1.4 mV (n = 10,
P < 0.01), indicating that the voltage dependence of Ih

was not appreciably affected in GAERS. Furthermore,
whereas 1 μm 8Br-cAMP produced a near-maximal shift
of V 1/2 in NE TC cells (−76.1 ± 1.8 mV, n = 5), the voltage
dependence of GAERS TC cells was only partially shifted
(V 1/2 = −80.7 ± 0.5 mV, n = 7, P < 0.05). Fitting a Hill
equation to the concentration–response curve yielded a
half-maximal concentration of 0.16 ± 0.07 μm 8Br-cAMP
for NE cells, whereas a similar shift in GAERS required
0.81 ± 0.38 μm. These experiments reveal that Ih in TC
cells from GAERS shows a distinctly reduced sensitivity
to submaximal concentrations of cAMP, consistent with
the results obtained via flash photolysis and with a
recent report on pre-epileptic TC cells in the dorsal
lateral geniculate nucleus of the WAG/Rij strain (Budde
et al. 2005). Moreover, this reduced Ih sensitivity to
non-saturating cAMP concentrations precedes the onset
of the seizures. This supports a causal role of this defect
in SWD generation, and excludes the possibility that these
changes are compensatory or secondary to the seizures.

Altered expression of HCN channel subunit mRNA
in thalamocortical neurones of GAERS

The decreased sensitivity of Ih to cAMP in GAERS
raised the possibility that the subunit composition of
the channel was altered, such that weakly cAMP-sensitive
isoforms were expressed at relatively higher levels. To
test this hypothesis, we examined the expression of
the three HCN channel isoforms present in thalamus.
Messenger RNA levels of the cAMP-sensitive HCN channel
subunit most abundant in thalamus, HCN2, did not
differ between mature GAERS and NE animals in either
the Vpm or the reticular nucleus (Rtn) (Fig. 3A–C).
For example, in Vpm, mRNA levels were 71 ± 0.4 and
70 ± 0.4 nCi g−1 in NE rats and GAERS, respectively.
Similarly, no difference was found in the expression
of the other abundant, cAMP-sensitive HCN channel
isoform, HCN4 (Fig. 3D–F). However, a significant,
∼59% increase in the expression levels of the relatively
cAMP-insensitive HCN1 channel isoform was found in the
GAERS Vpm (34.1 ± 3.3 nCi g−1) compared with mature
NE rats (21.5 ± 0.79 nCi g−1, P < 0.025, t test with Welch’s
correction) (Fig. 4). Similar changes were found also in the
Rtn (31.17 ± 1.3 versus 24.33 ± 1.47 nCi g−1, P < 0.01).
Note that the increased expression of HCN1 channels
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Figure 2. The Ih of GAERS TC cells shows a diminished sensitivity to submaximal, near-physiological
cAMP pulses, but not to saturating cAMP concentrations
A and B, current responses of mature TC cells from a NE rat (A) and a GAERS (B) to increasing negative test voltages
(test voltages −50 mV and −110 mV are indicated next to the traces) before, and in the continuous presence of,
8Br-cAMP at a concentration of 1 mM. Corresponding activation curves, constructed from tail currents evoked
at −80 mV (see Methods), are shown to the right. Thick lines represent the optimal fit of a Boltzmann curve,
with the resulting values for the half-activation voltage (Vhalf) and the slope (s) indicated next to them. Filled and
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Figure 3. Expression of HCN2 (top row) and HCN4 (bottom row) mRNA in selected thalamic nuclei does
not differ in GAERS and NE controls
A, representative coronal brain sections at the level of the thalamus that have been subjected to quantitative in situ
hybridization for the HCN2 channel isoform. The preferential expression of this isoform in thalamus is apparent.
B and C, quantitative analysis of mRNA expression levels of HCN2 channels comparing GAERS to NE rats. The
strains are not distinguishable in the expression of this isoform. D, representative sections of GAERS and NE rat
brain for HCN4 mRNA expression. Note the relatively lower expression of this isoform in the Rtn, and the typical
signal of HCN4 in the habenula, supporting the specificity of the probes. E and F, quantitative analyses of HCN4
mRNA expression indicate the absence of significant differences in GAERS versus NE. Hb = habenula.

was specific to thalamic nuclei: mRNA expression levels
of this isoform were similar in somatosensory cortical
layer V of GAERS and NE control rats (61.8 ± 5.2 and
64.2 ± 5.0 nCi g−1 in controls and GAERS, respectively,
NS). The increased HCN1 isoform expression in select
thalamic nuclei, with maintained levels of HCN2, is

open circles represent values before and during 8Br-cAMP application, respectively. C, bar graph showing the
pooled data for V1/2, for s, and for the current amplitude at −90 mV before, and in the continuous presence of
8Br-cAMP (1 mM). Except for s, 8Br-cAMP significantly altered all control values. The changes in all three parameters
were indistinguishable between mature NE (n = 8) and GAERS (n = 7) TC cells. D, responses of Ih to photolytic
release of caged cAMP in mature (top row) and young (bottom row) NE animals and GAERS. Overlay of current
responses to 30 mV hyperpolarizing voltage steps before and after application of a UV flash in cells perfused
with caged cAMP (see Methods). Holding potential was −60 mV. For clarity, only current relaxations during the
hyperpolarizing voltage step are shown; passive responses to the step voltage were blanked. E, bar graph showing
the percentage increase in current response in young and mature NE animals (young: n = 12; mature: n = 8) and
GAERS (young: n = 12; mature: n = 12). F, representative tail currents obtained from TC cells in the absence of
(control) or during perfusion of the cellular interior with 0.1 μM 8Br-cAMP. The same voltage protocol as in A was
used, voltage steps applied prior to evoking tail currents are indicated next to the traces, and tails were evoked at
−75 mV. G, concentration–response curve for the effect of 8Br-cAMP on the half-activation voltage. The number of
recorded cells is indicated next to the symbols. Fitting of the Hill equation was achieved by fixing the Hill coefficient
to 1 (see Methods), yielding a ∼5-fold increase of half maximal concentration of 8Br-cAMP in GAERS. ∗P < 0.05,
∗∗P < 0.01.

consistent with the overall reduced sensitivity of the
resulting complement of cellular HCN channels to cAMP.

The Western blot analyses, carried out on whole
thalamus samples, confirmed that levels of HCN2 channel
expression in this region are much higher than those of
HCN1. In addition, HCN2 protein levels were similar in
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Table 1. Values of membrane properties of sag and nonsag TC neurones
recorded in vivo in GAERS and NE rats

Resting MP (mV) peak IR (M�)

Sag cells
GAERS (n = 42) −59.5 ± 0.6 25.1 ± 1.1

GAERS/NE, NS GAERS/NE, NS
sag/non-sag, P < 0.01 sag/non-sag, P < 0.01

NE (n = 28) −58.5 ± 0.6 23.5 ± 1.3
sag/non-sag, P < 0.05 sag/non-sag, P < 0.01

Non-sag cells
GAERS (n = 13) −65.2 ± 1.7 18.2 ± 1.8

GAERS/NE, NS GAERS/NE, NS

NE (n = 17) −63.7 ± 1.8 18.2 ± 1.3

IR = input resistance; MP = membrane potential.

NE and GAERS rats, being 148.7 ± 8.9 and 156.9 ± 9.2
HCN/actin OD units in GAERS and NE rats, respectively.
HCN1 isoform protein levels were 56.4 ± 8.0 HCN/actin
OD units in GAERS, and 54.6 ± 6.1 HCN/actin OD units
in the NE rats. The apparent lack of up-regulation of HCN1
channel protein in the GAERS rats is probably a result
of the fact that the whole thalamus was sampled in the
Western blot procedure. The dilution of channel protein
in the total thalamic sample may mask potential differences
that are exclusive to thalamic subregions strongly involved
in SWDs.

Figure 4. Quantitative analysis of the
expression of the HCN1 channel mRNA in
thalamic neurones of GAERS and NE rats
A, a schematic diagram showing the level where
coronal sections from brains of GAERS and NE
control rats were obtained for in situ hybridization.
B, representative sections from GAERS and NE rats.
Although HCN1 channel expression in the thalamus
is significantly lower than that of the HCN2
isoform, the darker in situ hybridization signal over
the Vpm and Rtn is apparent in the GAERS brain.
Note the robust expression of HCN1 in the principal
cell layers of the hippocampus of both strains.
C, quantitative analysis reveals a 59% increase in
HCN1 mRNA levels in GAERS Vpm. D, quantitative
analysis shows a more modest increase of HCN1
mRNA in the Rtn (n = 5 per group). ∗P < 0.05 (see
Methods).

Maintained Ih-mediated afterdepolarizations in fully
epileptic mature GAERS

We next queried whether the decreased cAMP sensitivity
of Ih in TC cells from GAERS translates into an altered
physiological regulation of Ih. We focused here on a
slow, activity-dependent up-regulation of Ih that induces
the cessation of synchronized oscillations via a persistent
ADP (Bal & McCormick, 1996). This ADP reflects the
combined influence of Ca2+ entry through voltage-gated
Ca2+ channels, Ca2+-dependent cAMP synthesis, HCN
channel voltage gating and binding to cAMP, and the
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degradation of cAMP by phosphodiesterases (Lüthi &
McCormick, 1999b; Wang et al. 2002). The reduced
sensitivity of Ih to cAMP in GAERS predicted smaller ADPs
following repetitive rebound Ca2+ spike generation.

Cells were held between −58 and −64 mV, close to
their resting membrane potentials (−65.7 ± 0.7 mV for
NE, n = 25; −63.5 ± 1.2 mV for GAERS, n = 24; NS),
and 16 negative current pulses (−0.3 to −0.9 nA), each
lasting 120 ms, were injected at 4 Hz (Fig. 5A and D,
bottom), a protocol producing maximal ADPs (Lüthi &
McCormick, 1999a). The resulting ADP amplitude was
measured relative to baseline 2 s after termination of
these current injections to minimize the contribution of a
rapidly decaying depolarization immediately after the end
of the pulses (Fig. 5A). These ADPs, albeit small, efficiently
attenuated spontaneous δ-oscillations that were observed
in some recordings (n = 2; Fig. 5B), documenting
the efficacy of small membrane depolarizations in
preventing or terminating burst discharges in TC cells. In
mature NE animals, ADP amplitudes were 2.3 ± 0.2 mV
(n = 24; Fig. 5A and F) and these were reduced > 80%
by extracellular application of the Ih blocker Cs+ (3 mm,
n = 4, P < 0.05; Fig. 5C). Interestingly, amplitudes of
ADPs in mature GAERS did not differ from those in

Figure 5. Mature GAERS TC cells generate
unaltered afterdepolarizations (ADPs)
A and D, representative ADPs (arrow) found in TC cells
from mature NE rats (A) and GAERS (D). The asterisk (∗)
denotes a fast ADP that is not mediated by Ih. The
current injection protocols used to elicit the ADPs in
A and D are shown below the traces. B and E, cells
showing spontaneous clock-like δ-oscillations in a TC
cell of a NE animal (B) and a GAERS (E). Note the
attenuation of these oscillations during the ADP and
their gradual reappearance. C, the slow ADP, shown
here for a NE control (slow ADP-ctrl), is blocked in the
presence of 3 mM Cs+ in the superfusing solution (slow
ADP – Cs+ 3 mM). F, pooled values of ADP amplitudes
for all experiments (n = 24 for both strains). Filled circles
denote results of individual experiments, and are
sometimes superimposed on each other. Average values
(open circles) were not significantly different (NS).

age-matched controls (2.8 ± 0.2 mV, n = 24; Fig. 5D and
F); and ADPs sufficed to dampen intrinsic rhythmic
activity (n = 4; Fig. 5E) and they were largely blocked by
extracellular Cs+ (n = 3, P < 0.05, data not shown).

In contrast to cells from mature animals, ADPs elicited
in cells from pre-epileptic GAERS and young NE animals
were too small for further analysis (1.7 ± 0.2 mV, n = 8;
for both NE and GAERS, P < 0.001 compared to adults),
indicating insufficient maturation of the functional
interaction between Ca2+ spikes and Ih before the onset
of SWDs. These data suggest that both NE animals and
GAERS go through a developmental enhancement of
Ca2+-induced persistent Ih up-regulation, and that, in
GAERS, this occurs in the face of enduring reduction of
cAMP regulation of Ih.

Unaltered cAMP turnover in TC neurones
of mature GAERS

Which mechanisms in the mature GAERS could overcome
the functional deficits of HCN channels and facilitate the
generation of ADPs? Higher cAMP levels in the vicinity of
the HCN channels in GAERS could result from a reduced
degradation of cAMP.
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To obtain a measure of cAMP degradation, we examined
the time course of the photolytic responses in mature
GAERS and NE controls. In both cases, responses to
the UV-light flash peaked within the first voltage step
after flashing (see Methods) and then gradually decayed
back to baseline levels. In both NE and GAERS TC
neurones, recovery was complete within six current
responses obtained at 4 s intervals after flash application,
characterized by a time constant of 11.2 ± 1.2 s for NE and
7.9 ± 1.3 s for GAERS (n = 7 for NE, n = 6 for GAERS,
NS; Fig. 6), similar to previous observations (Lüthi &
McCormick, 1999b). These data indicate that unbinding
and/or diffusion/degradation of cAMP are not altered in
mature GAERS neurones, and therefore cannot account
for the preserved ADP amplitudes.

Enhanced intracellular Ca2+ accumulation in GAERS
neurones during repetitive low-threshold Ca2+ spikes

Molecular analyses have shown that expression of Ca2+

channel subunits in rat decreases by ∼25% between
2 weeks and 2–3 months of age, but this reduction is
less pronounced in GAERS (Guyon et al. 1993; Talley
et al. 2000). In addition, increased amplitudes of LT Ca2+

currents in TC neurones were reported in several mouse
models of SWDs (Zhang et al. 2002; Song et al. 2004).
Therefore, Ca2+ entry via these channels might be altered
in GAERS, and contribute to the normalization of the
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enhancement following photolytic release of
caged cAMP
A and B, representative responses in cells derived from
mature NE animals and GAERS on the left, with
normalized plot of current amplitude presented to the
right. Voltage protocol involved a −30 mV
hyperpolarizing step from −60 mV, flash application
occurred after 4 control responses (arrow, time 0 in the
graphs). C, normalized, averaged responses in NE (filled
circles, n = 7) and GAERS (open circles, n = 6) to
repetitive 30 mV hyperpolarizing steps, UV-flash
application occurred at time 0 (arrow). Note decreased
response in cells from GAERS (P < 0.02 at the peak of
the cAMP-induced effect). D, monoexponential fitting
of the decay time course of the current responses after
photolysis of caged cAMP. The time constant values
indicated next to the traces are the mean ± S.E.M.
values obtained by exponential fitting of the traces
from individual cells (see Methods), and these values
were not significantly different (NS).

ADPs. To test this possibility, we performed simultaneous
electrophysiological and Ca2+ imaging in cells filled with
the Ca2+ indicator dye Oregon Green Bapta-2 (75 μm,
see Methods). Changes in fluorescence were monitored
following rebound Ca2+ spikes evoked by repetitive
hyperpolarizing pulses. These Ca2+ spikes induced a
progressive increase in the fluorescence signal that
summated to reach a maximal average value of 115 ± 3% of
baseline after 8–16 rebound bursts (n = 8; Fig. 7A, B
and D). At the end of the stimulation protocol, the
fluorescence signal returned to baseline within seconds
(monoexponental decay: τ = 2.6 ± 0.5 s, n = 8). These
results are in agreement with observations from Budde
et al. (2000). To confirm that our stimulation protocol
did not saturate the Ca2+ indicator and permitted
recording larger fluorescence changes, positive current
injections (+0.5 nA) were used to depolarize cells to
suprathreshold voltages. Under these conditions, the
increases in fluorescence recorded were about 2-fold
larger (�F/F = 132 ± 2%, P < 0.005; Fig. 7C and D), but
decayed on a similar time scale (τ = 1.8 ± 0.2 s, n = 5, NS).

We obtained fluorescence data from both somatic and
proximal dendritic compartments, where T-type Ca2+

channels are expressed and colocalized with HCN channels
(Stuart & Williams, 2000). Signals evoked by hyper-
polarizing pulses were comparable in amplitude at the
end of the train in both regions (�F/F = 115 ± 3% in
the soma, n = 8, �F/F = 119 ± 3% in dendrites, n = 6,
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NS; Fig. 7B and D), but dendritic signals decayed more
rapidly (τ = 1.2 ± 0.04 s, n = 6, P < 0.05). Depolarizing
pulses evoked comparable fluorescent signals in the two
compartments (Fig. 7C and D), with dendritic signals
again decaying slightly faster (τ = 1.2 ± 0.1 s, n = 4,
P < 0.05).

Ca2+ levels were markedly elevated in somata and
dendrites of GAERS compared with NE cells when
eight or more hyperpolarizing pulses were injected
(�F/F = 123–125%, n = 8, �F/F = 134–138%, n = 5, in
somata and dendrites, respectively, P < 0.05 compared to
NE; Fig. 7B and D), while time constants of decay obtained
by monoexponential (τ = 1.7 ± 0.1 s and 1.4 ± 0.1 s in
somata and dendrites, respectively, NS) or biexponential
fitting (data not shown, NS) were unaltered. GAERS and
NE cells did not differ in intracellular Ca2+ concentrations
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Figure 7. Repetitive hyperpolarizing current
pulses evoke greater intracellular Ca2+ increases
in GAERS neurones
A, left, representative sweeps showing the relative
fluorescence changes evoked after repetitive rebound
Ca2+ bursting in a cell from a NE rat. Right, expanded
portion of the trace illustrating the time sections
(vertical dotted lines) within which Ca2+ signals were
averaged and compared. B, Ca2+ transients recorded in
somatic (som.) and dendritic (dendr.) regions after
somatic injection of hyperpolarizing currents to induce
rebound bursting. Transients are averages of 5
successive sweeps for cells from a NE animal (thin line)
and a GAERS (thick line). C, as in B, but depolarizing
current pulses were injected. D, top, pooled data
showing the relative changes in fluorescence evoked
after repetitive hyperpolarizing pulses and recorded
from somatic (Hyperpol.-Som., n = 8 for both NE and
GAERS) or dendritic (Hyperpol.-Dendr., n = 6 for NE,
n = 5 for GAERS) regions. Bottom, as top but for
depolarizing somatic pulses recorded in soma
(Depol.-Som., n = 5 for NE, n = 6 for GAERS) or in
dendrites (Depol.-Dendr., n = 4 for both NE and
GAERS). ∗P < 0.05.

after depolarizing pulses (n = 6 for somatic, n = 4 for
dendritic recordings, NS; Fig. 7C and D). These data
indicate that the summation of Ca2+ transients induced
by repetitive LT Ca2+ spikes in GAERS cells is selectively
augmented, and can potentiate Ca2+-dependent Ih

up-regulation, thus contributing to ADP normalization.

Discussion

In this study, we addressed the role of Ih during
both epileptogenesis and the chronically epileptic state
of the GAERS. Importantly, we focused on Ih in the
somatosensory thalamus that constitutes the primary
thalamic area generating SWDs in rat models of absence
epilepsy (Vergnes et al. 1990; Seidenbecher et al. 1998;
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Renier & Coenen, 2000; Manning et al. 2004; Nersesyan
et al. 2004; Budde et al. 2005). This approach allowed us to
evaluate the contribution of inherited (or developmentally
determined) and acquired changes in current properties to
the pathogenesis of generalized epilepsy.

The principal findings presented here are: (1) basal
electrophysiological characteristics, including resting
membrane potential and voltage gating of Ih, were
unaltered in TC cells of adult GAERS, both in vivo and in
vitro; (2) during both pre-epileptic and chronic epileptic
stages, Ih was less sensitive to cAMP when the nucleotide
was delivered at non-saturating doses; (3) a marked
increase in mRNA levels of the relatively cAMP-insensitive
HCN1 isoform occurred in the GAERS thalamus, without
significant changes in cAMP-sensitive HCN2 and HCN4;
(4) ADP amplitudes were normal in mature GAERS,
despite the enduring, reduced cAMP sensitivity of Ih

and the up-regulation of HCN1 subunit expression;
(5) compensatory mechanisms, likely restoring ADP
amplitude, involved enhanced Ca2+ accumulation in
mature GAERS TC cells resulting from LT Ca2+ spikes.
In summary, Ih may play a dual role in the GAERS
epilepsy. Abnormal regulation of this current accompanies
the pathogenesis of this absence epilepsy, and appears to
trigger adaptive responses to restore Ih functions that are
important for the termination of synchronous network
activity.

Our work further highlights that neuronal networks
are exquisitely sensitive to imbalances in Ih regulation
(Santoro & Baram, 2003; Frère et al. 2004). Indeed, prior
studies have identified comparatively small changes in
current amplitude around resting membrane potentials
(Di Pasquale et al. 1997) or in current–voltage dependence
(Chen et al. 2001a; Budde et al. 2005) in rodent models
of epilepsy that were accompanied by major increases
in the propensity of neuronal networks to generate
seizures.

Role of altered Ih function in the development
of absence epilepsy

We identified a lowered sensitivity of Ih to
near-physiological, phasic cAMP pulses in pre-epileptic
TC cells of GAERS, similar to a previous report in
pre-epileptic WAG/Rij rats (Budde et al. 2005). Therefore,
although we did not quantify HCN mRNA levels in the
pre-epileptic state, our findings support the idea that
abnormal cAMP sensitivity of HCN channels in thalamus
may be a common denominator of rodent absence epilepsy
during pre-epileptic stages. In pre-epileptic GAERS, the
gating of Ih by cAMP will attenuate a depolarizing
contribution to the resting membrane potential. To what
extent this attenuation shifts the percentage of TC cells
towards a more hyperpolarized stage in vivo, eventually

leading to SWDs (Pinault et al. 1998; Seidenbecher
et al. 1998; Pinault, 2003) remains to be determined.
One important contribution is that weakened cAMP
actions contribute to the facilitation of burst discharge
in pre-epileptic TC cells (Budde et al. 2005), thereby
furthering the spontaneous synchronization of TC and
Rtn neurones. The decreased efficacy of cAMP could
result from a genetically determined predisposition of
the GAERS strain (Rudolf et al. 2004), but might also
be a consequence of an abnormal development of the
TC network. For example, levels of neuronal and glial
enzymes involved in the turnover of glutamate are reduced
in TC networks during pre-epileptic stages (Dutuit et al.
2000, 2002), promoting elevated concentrations of
ambient glutamate and therefore altered regulation of Ih

(van Welie et al. 2004).
Of note, changes in functional and molecular properties

of cortical Ih, particularly a decreased HCN1 expression,
have been identified in animal models of SWDs
(Di Pasquale et al. 1997; Strauss et al. 2004). Here,
HCN1 or HCN2 channel expression in somatosensory
cortex remained unchanged, rendering unlikely a major
contribution of abnormal cortical Ih in the pathological
condition of GAERS. Although potential functional
changes in selected cortical neurons cannot be excluded,
the observation that mice deficient in the major thalamic
(Ludwig et al. 2003), but not in the most abundant cortical,
isoform (Nolan et al. 2004) have spontaneous SWDs points
to a major role of thalamic Ih in the susceptibility to
SWDs.

Molecular composition of thalamic HCN channels
in GAERS

The mRNA expression of HCN1, the subunit with
the weakest sensitivity to cAMP, was augmented in
adult GAERS, raising the question of how increased
HCN1 protein modifies cAMP sensitivity of native HCN
channels, without altering resting membrane potential
and basal current amplitudes. Assuming that protein
expression of HCN1 correlates quantitatively with the
mRNA levels (Brewster et al. 2005, 2006) in single
thalamic nuclei, the contribution of HCN1 to the total
complement of HCN channels in Vpm is 12.5% in controls
and ∼20% in GAERS. In addition, voltage gating of Ih

around resting potentials is small (∼10%, see Fig. 2A),
suggesting that increased HCN1 has minimal effects
on the resting state. However, a selective reduction of
cAMP sensitivity in GAERS HCN channels may derive
from enhanced heteromerization, driven by increased
relative HCN1 subunit abundance (Brewster et al. 2005).
HCN1/HCN2 heteromers and HCN2 homomers have
a cAMP concentration–response curve with a similar
maximum, yet heteromers show a weaker shift at
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subsaturing concentrations (Chen et al. 2001b), thereby
producing channels with properties approximating those
found in GAERS. The findings fit less well with
HCN1/HCN4 heteromerization, because the maximal
shift of HCN1/HCN4 heteromers is markedly smaller than
that of HCN4 homomers (Altomare et al. 2003), and
HCN4 contributes to thalamic Ih (Seifert et al. 1999).
Thus, the impact of HCN1-containing heteromers on
cAMP sensitivity of whole-cell currents may depend on
the type and amount of heteromers generated, as well as be
influenced by a number of proteins interacting with HCN
channels (Yu et al. 2001; Decher et al. 2003; Gravante et al.
2004; Santoro et al. 2004; Vasilyev & Barish, 2004). Altered
expression or function of these (or other) proteins might
influence, and perhaps disproportionately strengthen, the
function and localization of HCN1-containing channels
in GAERS TC cells.

Role of altered Ih function in chronic epilepsy

Chronic epilepsy in mature animals did not modify
the relative proportions of TC cell subtypes described
in vivo (Pinault, 2003). However, the reduced cAMP
sensitivity of Ih, accompanied by an elevated HCN1
mRNA expression, persisted in the chronic state of
epilepsy. Thus, the changes in thalamic Ih function, already
present during pre-epileptic stages, appear to be unaltered
by the onset of epileptic activity. This is in contrast to other
experimental models, in which a single seizure episode
markedly and persistently affects current properties and
subunit expression (Chen et al. 2001a; Brewster et al.
2002; Shah et al. 2004). Moreover, chronic epilepsy in this
study was accompanied by compensatory adjustments of
a regulatory mode of Ih that specifically helps to organize
the hyperpolarization of TC cells typical for SWDs. An
attractive putative mechanism for such a compensatory
effect involves augmented Ca2+ currents. In addition to
enhanced LT current expression in animal models of
SWDs (Guyon et al. 1993; Talley et al. 2000; Zhang et al.
2002), T-type channel expression is persistently enhanced
by pathological hyperactivity, either due to experimental
seizures (Beck et al. 1998; Su et al. 2002), or to genetic inter-
ference with Ca2+ channel activity or neurotransmitter
release (Song et al. 2004; Zhang et al. 2004). Here, we found
a greater temporal summation of Ca2+ signals evoked by
repetitive opening of the T-type Ca2+ channels in GAERS
at frequencies approximating those in SWDs. However,
no overt changes occurred after single or few spikes. This
suggests that, rather than the expression of T-channels, the
intracellular clearance of Ca2+ ions entering through these
channels might be diminished in GAERS, for example
through reduced expression of Ca2+-binding proteins
(Montpied et al. 1995) known to be expressed in TC cells
(Meuth et al. 2005). Although our analysis did not reveal

differences in the decay kinetics of the Ca2+ transients,
an indicator for changes in endogenous Ca2+ buffering or
extrusion mechanisms, further analysis of the expression
patterns and functional roles of endogenous Ca2+-binding
proteins is required to elucidate the mechanisms under-
lying enhanced Ca2+ accumulation in GAERS TC cells.

Enhanced Ca2+ influx through T-channels has been
implicated in augmented transcription factor activity in
mouse models of SWDs (Ishige et al. 2001), suggesting
an involvement of T-current-mediated Ca2+ signalling in
the molecular mechanisms underlying SWDs. In GAERS,
we propose that elevated levels of free Ca2+ in the
vicinity of T-type Ca2+ channels should facilitate the
stimulation of Ca2+-sensitive adenylyl cyclases (Cooper,
2003), thereby promoting Ih up-regulation (Lüthi &
McCormick, 1999b). Application of currently emerging
cAMP imaging techniques to GAERS TC cells would
represent a most direct way to test this possibility
(Vincent & Brusciano, 2001). We excluded decreased
cAMP degradation as a mechanism stabilizing ADPs,
although the possibility remains that adenylyl cyclases
activated by Ca2+ are increasingly expressed or more active
in GAERS.

The present results further substantiate the critical
role of thalamic HCN channels in the involvement
of thalamic networks in SWDs (Pinault et al. 1998,
2003; Seidenbecher et al. 1998; Meeren et al. 2005). We
demonstrate that activity-dependent alterations in HCN
channel function accompany epileptogenesis, while basal
current properties are minimally affected. In addition,
we show that imbalances in HCN channel transcription
are found in chronic epilepsy, rendering HCN channels
candidates for the growing family of ion channels under-
lying transcriptional channelopathies (Waxman, 2001). A
reduced HCN1 protein was previously found in cortical
neurones in the WAG/Rij absence model (Strauss et al.
2004). Thus, the construction of functional HCN channels
may be affected at multiple levels and in a cell-type specific
manner in TC networks generating SWDs. Moreover,
while thalamic neurones use homeostatic mechanisms
to compensate for deficits at the channel level, cortical
abnormalities persist through adulthood (Strauss et al.
2004). This differential adaptation may explain the
persistence of SWDs in adult rodent models, where cortical
hyperactivity and exacerbated burst discharges of Rtn cells
initiate SWDs (Slaght et al. 2002; Manning et al. 2004;
Meeren et al. 2005).
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