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PIP,-Mediated HCN3 Channel Gating Is Crucial for Rhythmic
Burst Firing in Thalamic Intergeniculate Leaflet Neurons
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Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels generate a pacemaking current, I, , which regulates neuronal excit-
ability and oscillatory activity in the brain. Although all four HCN isoforms are expressed in the brain, the functional contribution of
HCN3 is unknown. Using immunohistochemistry, confocal microscopy, and whole-cell patch-clamp recording techniques, we investi-
gated HCN3 function in thalamic intergeniculate leaflet (IGL) neurons, as HCN3 is reportedly preferentially expressed in these cells. We
observed that I, recorded from IGL, but not ventral geniculate nucleus, neurons in HCN2 7 mice and rats activated slowly and were
cAMP insensitive, which are hallmarks of HCN3 channels. We also observed strong immunolabeling for HCN3, with no labeling for HCN1
and HCN4, and only very weak labeling for HCN2. Deletion of HCN2 did not alter I, characteristics in mouse IGL neurons. These data
together indicate that the HCN3 channel isoform generated I, in IGL neurons. Intracellular phosphatidylinositol-4,5-bisphosphate
(PIP,) shifted I, activation to more depolarized potentials and accelerated activation kinetics. Upregulation of HCN3 function by PIP,
augmented low-threshold burst firing and spontaneous oscillations; conversely, depletion of PIP, or pharmacologic block of I, resulted
in a profound inhibition of excitability. The results indicate that functional expression of HCN3 channels in IGL neurons is crucial for
intrinsic excitability and rhythmic burst firing, and PIP, serves as a powerful modulator of I, -dependent properties via an effect on HCN3
channel gating. Since the IGL is a major input to the suprachiasmatic nucleus, regulation of pacemaking function by PIP, in the IGL may

influence sleep and circadian rhythms.

Introduction

Hyperpolarization-activated cyclic nucleotide-gated (HCN) chan-
nels generate a pacemaking current, I, which regulates neuro-
nal excitability and oscillatory activity in the brain (Robinson and
Siegelbaum, 2003; Biel et al., 2009). Examination of HCN expres-
sion patterns, and the effects of gene deletion, reveals significant
roles for some subunits expressed in the brain. For example,
HCNI regulates motor learning and spatial memory (Nolan et
al., 2003, 2004), while HCN2 regulates thalamic excitability asso-
ciated with absence seizures (Ludwig et al., 2003; Ying et al.,
2007b). The function of brain HCN3, however, has remained
elusive (Herrmann et al., 2007).
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HCN channel gating is controlled by both ligand and voltage
(Frere et al., 2004; Biel et al., 2009). Ligand-mediated gating con-
stitutes a major pathway for native channels, as evidenced by a
large hyperpolarizing shift (—40 to —60 mV) in voltage depen-
dence due to loss of intracellular regulatory factors, including
cAMP and phosphatidylinositol-4,5-bisphosphate (PIP,) (Pian
etal., 2006; Zolles et al., 2006); cAMP and PIP, facilitate gating for
three HCN (1, 2, and 4) subunits. Gating of recombinant HCN3
channels, however, is not enhanced by cyclic nucleotides (Mistrik
et al., 2005; Stieber et al., 2005), and their sensitivity to PIP, is
unknown. Although native “HCN3 currents” are reported for the
rat entopeduncular nucleus (Meurers et al., 2009), strong expres-
sion of HCN2 in this nucleus (Notomi and Shigemoto, 2004)
makes it difficult to identify properties of natively expressed
HCN3 channels. Thus, the behavior or function of native HCN3
channels remains unknown.

The thalamic IGL is a nucleus interposed between the tha-
lamic dorsal and ventral lateral geniculate nuclei (Moore and
Card, 1994), which acts to regulate circadian rhythms generated
by the suprachiasmatic nucleus (Morin and Allen, 2006). In the
rat IGL, expression of HCN3 is so strong as to nearly exclude the
other HCN isoforms (Notomi and Shigemoto, 2004). Despite
more than two decades of intensive study, a clear description of
the ion channels underlying the regulation of firing activity in this
region is surprisingly lacking (Szkudlarek and Raastad, 2007).
Consequently, study of I;, in IGL neurons could offer the first
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description of the biophysical properties and physiological func-
tions of neuronal HCN3 channels.

We first examined HCN expression in the mouse and rat IGL
using immunohistochemistry and confocal microscopy, as de-
tailed information is lacking on cellular distributions of HCN
isoforms in IGL neurons. We observed strong immunolabeling
for HCN3, and there was no labeling for HCN1 or HCN4, and
only very weak HCN2 labeling, in either species. We then focused
on characterization of the presumptive HCN3 channel-mediated
I, current in IGL neurons. To better identify the biophysical
properties and regulation of native HCN3 channels, we examined
I,, in both wild-type and HCN2 /= (knock-out) mice. I, re-
corded in all IGL neurons exhibited biophysical properties that
closely resembled those of recombinant HCN3 channels. Impor-
tantly, PIP, enhanced function of natively expressed HCN3
channels, and this regulation exerted profound control over IGL
excitability. Preliminary data have previously been published
(Ying et al., 2007a).

Materials and Methods

Animals. Sprague Dawley rats were obtained from Charles River;
HCN2 /™ mice were rederived at Weill Medical College (New York)
from an established line (Ludwig et al., 2003), and mice were genotyped
by Transnetyx as previously described (Ying et al., 2007b). Rats and mice
were housed under a 12:12 light/dark cycle (light on at 8:00 A.M.); ani-
mals were killed after anesthesia between 10:00 and 11:00 A.M. for all
experiments, and electrophysiological recordings were made between
1:00 and 7:00 P.M. Experiments were performed in accordance with
institutional and federal guidelines.

Brain slice electrophysiology. Brain slice preparation was previously de-
scribed in detail (Ying and Goldstein, 2005), with the method slightly
modified for this study. Briefly, mice or rats (P40—P70) of either sex were
anesthetized with isoflurane and decapitated. Coronal slices containing
the IGL were cut on a microslicer (VT 1000S; Leica) using ice-cold slicing
solution saturated with 95% O,-5% CO,. The slicing solution contained
(in mm) 2 KCl, 26 NaHCO;, 1.25 NaH,PO,, 240 sucrose, 12 glucose, 2
MgSO,, 1 MgCl,, and 1 CaCl,. Two-hundred-micrometer sections were
used for intracellular biocytin filling, while 300 wm sections were used for
all other recordings. The sections were cut into two halves along the
midline, incubated at 34°C for 1 h, and kept at room temperature for at
least another 1 h before use. Slices were perfused with carbogenated
ACSF, which contained (in mm) 126 NaCl, 26 NaHCO;, 3.6 KCl, 1.2
NaH,PO,, 1.2 MgCl,, 2 CaCl,, and 17 glucose. To isolate I, currents, we
used an “I, isolation solution” with the following added to ACSF (in mm):
0.001 tetrodotoxin (TTX), 1 BaCl,, 0.1 NiCl,, 0.04 p-(—)-2-amino-5-
phosphonopentanoic acid (p-AP5), and 0.02 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX). Normal pipette solution contained (in mm) 135
K +—gluc0nate, 5NaCl, 10 HEPES, 0.5 EGTA, 3 K,-ATP, 0.2 Na-GTP, and 10
Na,-phosphocreatine, pH adjusted to 7.3 with KOH.

Whole-cell voltage- and current-clamp recordings were performed as
described previously (Ying and Goldstein, 2005; Ying et al., 2006, 2007b).
Briefly, brain slices were visualized using a Nikon microscope equipped
with a 4X objective and a 40X water-immersion objective. The IGL
structure and recording sites for IGL neurons were identified using stan-
dard mouse (Franklin and Paxinos, 2007) or rat (Paxinos and Watson,
1998) brain atlases. Recordings were made at 23-24°C for experiments in
Figures 2—7 or 30°C for data presented in Figure 8. Electrical signals were
obtained using a Multiclamp 700B amplifier connected to an interface
using Clampex 10.2 (Molecular Devices). Access resistance (R,) and ca-
pacitance were compensated after a whole-cell configuration was estab-
lished, and were monitored throughout recordings; data were discarded
if either of the two parameters changed by >20% of the original values.
Liquid junction potentials were calculated and corrected offline (Ying
and Goldstein, 2005). For recordings of I, neurons were voltage clamped
at —50 mV, and voltage steps were applied from —50 to —130 mV (10,
10 mV/step).
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Study of voltage sag was performed using a protocol similar to the one
that we previously described (Ying et al., 2006). We compared the sag
amplitude between control and drug since membrane resistance varies
from cell to cell and markedly changes following block of I;,. Sag ampli-
tude is voltage dependent if the I, conductance is present or not blocked
(Ying et al., 2006), and thus comparison of the sag amplitude is valid at a
similar degree of transient membrane hyperpolarization. In the present
study, the control voltage response was elicited by injection of a current
pulse of —60 pA (500 ms), and then followed by a series of smaller pulses
(—10 pA/step) until the membrane was hyperpolarized to approximately
—125 mV. A similar degree of peak membrane hyperpolarization
during application of ZD7288 or wortmannin was generated by ad-
justing the injected current. This approach was adopted to prevent
“over-hyperpolarization” elicited by current pulse injection during drug
application. Since all IGL neurons studied here had a high input resis-
tance (R, > 500 M()), and R;, was much higher in the presence of either
ZD7288 or wortmannin, patched neurons were generally lost if identical
pulse intensity was applied during drug application. For experiments
with PIP, which altered R;, to a lesser degree, the peak voltage response
in control was also near —125 mV;identical current intensity was applied
before and after drug application. Drug effects were analyzed by compar-
ing difference between drug and control. Steady-state input resistance
was measured from voltage response elicited by injecting a small hyper-
polarizing current pulse (—30 pA, 500 ms) in the absence and presence of
drug.

Oocyte electrophysiology. Subcloning and expression of hHCN3 were
performed much as previously described (Goulding et al., 1993; Wainger
etal., 2001). Thus, PCR amplification was used to introduce an Xbal site
and idealized Kozak sequence (TCTAGAGCCGCCACC) immediately 5’
to the initiating methionine of the ORF of hHCN3 and a HinDIII site
immediately 3’ to the stop codon. Following Xbal-HindIII subcloning
into the high-expression pGHE vector, the amplified fragment was fully
sequenced on both strands. cRNA was transcribed using T7 (Message
Machine, Ambion). Recordings were made from Xenopus oocytes 30 —48
h after injection with 50-100 ng of cRNA. Cells were maintained in L-15
media without Ficoll (Specialty Media) at 17°C until use.

Two-electrode voltage-clamp (TEVC) recordings were performed as
previously described (Santoro et al., 2000; Fogle et al., 2007), except here
the wide bandwidth output of the clamp was filtered at 2.5 kHz with a
Frequency Devices 902 8-pole Bessel filter then digitized at 5 kHz and the
bath solution for recording was (in mm): 87 NaCl, 25 KCl, 2 MgCl,, 10
HEPES-free acid pH 7.4 (NaOH). Briefly, cells were held at —30 mV and
channels activated by hyperpolarizing steps applied in —10 mV intervals.
Tail currents were recorded at 0 mV and their amplitudes determined as
the difference between the plateau current (observed after the voltage
clamp had settled and the uncompensated linear capacitance decayed but
before marked channel closure) and the baseline current (observed after
deactivation was complete).

Immunohistochemistry. Rats and mice (P40-P60) were used for this
study; immunolabeling experiments and image analyses were performed
much as previously described (Abbas et al., 2006; Ying et al., 2006 and
2007b). Briefly, coronal sections (30 wm) containing the IGL were cut
using a microslicer as described above. Free-floating slices were perme-
abilized with 0.1% Triton X-100 in 0.1 M PBS for 30 min, and processed
for immunofluorescence labeling. Rabbit primary antibodies used to de-
tect immunoreactivity (IR) for the corresponding HCN isoforms were as
follows: anti-HCN1 (1:50 dilution, AB5884; Millipore Bioscience Re-
search Reagents), anti-HCN2 and anti-HCN4 (1:40 dilution; Alomone
Laboratories), and anti-HCN3 (1:50 dilution, Alpha Diagnostics). The
staining for HCN antibodies was intensified using two secondary anti-
bodies (monovalent fab fragments of goat anti-rabbit FITC; 1:100, Jack-
son ImmunoResearch Laboratories; donkey anti-goat IgG Alexa 488;
1:500, Invitrogen). Negative staining controls were performed by substi-
tution of nonimmune serum for primary antibodies.

Staining for neuropeptide Y (NPY) in the IGL is much stronger than
that for surrounding regions (Card and Moore, 1989; Morin et al., 1992;
Moore and Card, 1994; Thankachan and Rusak, 2005). In our experi-
ments, the NPY-labeled IGL (see Fig. 1) appeared as a small band inter-
posed between the dorsal and ventral lateral geniculate nuclei (ALGN and
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vLGN) in coronal sections from both rat and
mouse brains. NPY-positive neurons were la-
beled using anti-NPY rabbit antibody (1:500
dilution, T-4454; Peninsula Laboratories). The
secondary antibody was donkey anti-rabbit
Rhodamine Red-X IgG (1:100 dilution, Jack-
son ImmunoResearch).

Intracellular biocytin labeling of IGL neurons.
The intracellular biocytin filling method was
previously described (Ying and Goldstein,
2005) with a modification for this study.
Briefly, IGL neurons were filled with 0.2% bio-
cytin (in the pipette solution) during whole-
cell voltage-clamp recordings. After recordings
were completed, the recording pipette re-
mained in place for ~15 min to permit suffi-
cient diffusion of biocytin, and then was gently
withdrawn from the cell body. Slices were
placed in ice-cold 4% paraformaldehyde in
0.12 M PBS at 4°C overnight. Floating sections
were washed several times in 0.12 M PBS at
room temperature to remove any residual
paraformaldehyde. Slices were blocked over-
night in 10% donkey serum (prepared in
0.25% Triton X-100 and 0.03 m PBS), and then
incubated overnight at 4°C with the antibody
Rhodamine Red-X-Streptavidin (1:200, Jack-
son ImmunoResearch) prepared in 0.1% Tri-
ton X-100 and 0.1 m PBS. After washing with
0.1 M PBS, anti-HCN3 and anti-NPY antibod-
ies were applied sequentially. All primary and
secondary antibodies were prepared in 0.25%
Triton X-100 and 0.03 m PBS. Slices were incu-
bated with anti-HCN3 antibody for two nights at
4°C, and staining was intensified using sec-
ondary antibodies as described above. Sub-
sequently, anti-NPY antibodies (two nights
at 4°C) and secondary antibodies (donkey anti-
rabbit Cy5 IgG; 1:500; Jackson Immuno-
Research) were applied for 4 h at room
temperature. Biocytin-filled and fluorescently
stained neurons were visualized and images
were captured using a laser-scanning confo-
cal microscope system. Z-sectioning was per-
formed at 1.0 wm intervals, and stacks of
optical sections in the z-axis were acquired.
Images were processed for figure preparation
using Adobe Photoshop V.9 (Adobe
Systems).

Drugs. ZD7288, CNQX, p-AP5, TTX, gaba-
zine, and 8-Br cAMP were dissolved in water, and diluted with ACSF.
Wortmannin was dissolved in DMSO (15 mwm), and was diluted with
ACSF. The final concentration for DMSO in control was (v/v) 0.1% (in
slice experiments) and 0.04% (in oocyte experiments); at these concen-
trations, the vehicle had no effect on current or voltage responses.
Drugs were from Tocris Bioscience unless otherwise noted; TTX was from
Alomone Labs, PIP, (L-a-phosphatidylinositol-4,5-bisphosphate), PIP
(L-a-phosphatidylinositol-4-phosphate), and PI (L-a-
lysophosphatidylinositol) were from Avanti Polar Lipids. The phosphoi-
nositides were dispersed by sonication in water (stock solution: 1 mm) in an
ice-cold chamber for 30 min, divided into aliquots, and then kept at —80°C.
Before patch recordings the stock solution was thawed, diluted to 10 um in
intracellular solution, and sonicated again for 20 min before use.

Data analysis. Data processing including the construction of activation
curves, fit of time constants, and measurements of sag, burst and tonic
spike firing was performed using MiniAnalysis (Synaptosoft) and
Clampfit V.10, as previously described for neurons (Ying and Goldstein,
2005; Ying et al., 2006, 2007b). Data analyses for oocyte recordings were
performed using PulseFit (HEKA Elektronik) and IgorPro (Wavemet-

Figure1.
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B mouse HCN2 knockout
HCN3

HCN2 HCN1 HCN4

HCN3 is densely expressed in the IGL. A, A representative image of the IGLina HCN2 ~/~ mouse brain slice (30 wm);
the IGL is marked by white dashed lines. NPY staining (green) as a marker for the IGL. B, C, Merged images showing immunola-
beling for NPY (green) and HCN (red) in IGL neurons in the mouse (B, €) and the rat (i, i), as indicated. Dii, HCN3-IR in a thick
section (200 m) from the rat. Images in B, C, and Di are from thin sections (30 m). Note that dense labeling for HCN3 was
present on the soma of both NPY-positive and -negative IGL cells in sections from both mice and rats; labeling for other 3 isoforms
was essentially absent. Scale bar: 10 um for all images in B-D.

rics, as previously reported (Santoro et al., 2000; Wainger et al., 2001;
Fogle et al., 2007). Single-exponential time constants were obtained by
fitting the first 4 s of the neuronal current trace (cf. Frére and Liithi,
2004). Data are presented as mean * SEM; statistical significance was
determined using Student’s ¢ test or one-way ANOVA with pairwise
comparisons as appropriate.

Results

DAB labeling has previously been used to demonstrate that
HCN3 is expressed to the near exclusion of the other isoforms in
the rat IGL (Notomi and Shigemoto 2004). We hypothesized that
if the mouse IGL expressed dense HCN3, with HCN1 and HCN4
being absent (similar to the expression pattern in rats), then using
IGL neurons from HCN2 '~ mice would provide a model in
which we could measure an essentially pure HCN3-mediated
current. As HCN2 deletion does not produce compensatory up-
regulation in the other isoforms [see below and also Ludwig et al.
(2003) and Ying et al. (2007b)], we focused primarily on proper-
ties of I, currents from HCN2 ~/~ IGL neurons.
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are in agreement with previous observa-
tions for rat HCN expression (Notomi
and Shigemoto, 2004).

In summary, very dense immunoreac-
tivity for HCN3 was present in IGL neu-
rons from HCN2 ~/~ mice, and similar
HCN3-IR signals were observed from IGL
neurons from wild-type mice and rats,
while HCN2 immunolabeling was weak
or absent in IGL neurons from non-
genetically modified animals. Deletion of
HCN2 did not upregulate the other three
isoforms in any of the brain slices.

E ratiGL

Deletion of HCN2 does not alter I,
properties in IGL neurons

Only brain slices in which the IGL was
clearly visible were used for recordings;
representative images of slices containing
the IGL are shown in Figure 2, A and B.
Whole-cell voltage-clamp  recordings

—ZD7288

500 pA
5s

F G showed that IGL neurons from HCN2 ~/~
EL; o4 & * * mice generated a slowly activating current
< ® 12 in response to a large hyperpolarizing
& 5 pulse (=130 mV, 10's, Vi = —50 mV);
bt ¥ 08 ! .
> 12 H examples are shown in Figure 2C.
2 g" 0.4 HCN2 *'* IGL neurons generated a current
=] 0 = o0 with properties similar to those from
— T T T o4 3 s ) HCN2 ™/~ neurons, strongly suggesting

o N o N ‘o o o ‘N [N i K
= &6 858 = 55 S 5 that HCN2 channels are not involved (Fig.
= &£ £ &£ & & < = €+ L 2C,F,G). Pooled data indicate that deletion
16t VLGN 6L VLGN of HCN2 did not alter the activation time
—/—. .
Figure2. Deletion of HCN2 does not alter properties of /, recorded from IGL neurons. A (mouse), B (rat), Representative images ~ constant (HCN2 7 112 % 012 5

for the IGL in live brain slices, as marked by white dotted lines; images for IGL neurons that were intracellularly biocytin-filled and
fluorescently labeled (green). Scale: horizontal bars, 0.5 mm; vertical bars, 10 wm. C-E, Exemplar /, current traces were recorded
from regions as indicated, and were blocked by ZD7288 (50 wm). The same voltage protocol (—130mV, 105, V,, = — 50 mV) was
used for recordings in all neurons here. F, Bar graph for current density. *p << 0.001, HCN2 ~/~ versus HCN2 */ for vLGN
*p < 0.001, one-way ANOVA with pairwise comparisons, n =

neurons. G, Bar graph for activation time constant (Tau
10/each.

activation)'

HCNS3 expression in IGL neurons
Confocal laser-scanning images at high magnification showed
very dense immunoreactivity (IR) for HCN3 in HCN2 ~/~ IGL
neurons (Fig. 1B). The IR signal was observed on the soma of
NPY-stained neurons, and similar somatic-shaped labeling ap-
peared where there were no NPY-positive somata. These labeling
patterns indicate that both NPY-positive and -negative IGL neu-
rons similarly expressed the HCN3 isoform. Little, or no, punc-
tate labeling was observed in the neuropil, suggesting that a
nonsomatic expression pattern, if any, was very weak. HCN3-IR
was found within, but not outside, the IGL in all slices from three
HCN2 ™/~ mice. Labeling for HCN1, HCN2, and HCN4 was ab-
sent from IGL neurons in these mice. HCN2 *'* IGL neurons
showed a similar distribution pattern for HCN3 (Fig. 1C), and very
little labeling for HCN2 was observed. Labeling for HCN1 and
HCN4 was completely absent in all slices from three HCN2 */*
brains.

Rat IGL neurons also expressed very dense HCN3-IR (Fig.
1 Di,Dii); similar to the mouse IGL, little punctate labeling for
HCN3 was observed in the neuropil. Only weak HCN2-IR was
visible in these neurons, while no labeling for HCN1 or HCN4
could be detected in any slices from three rat brains. These data

HCN2 */*:1.15 % 0.11; n = 10/each group,
p > 0.05) or current density (HCN2 -
—14.2 = 1.6 pA/pF, HCN2 */*: —14.5 +
1.4 pA/pF, p > 0.05) in the IGL neurons
studied (Fig. 2F,G). The current observed
in both genotypes could be abolished by the
specific I, blocker ZD7288 (50 um).

Intracellular biocytin labeling con-
firmed that somata of the recorded neurons were localized within
the IGL (10 cells/each genotype for mice and 10 cells for rats).
Morphologically, IGL neurons were variable in somatic size
(7-14 wm in longest diameter) and the number of their dendrites
(3—6) regardless of species. These neurons mostly appeared mul-
tipolar; representative confocal laser scanning images for labeled
IGL neurons are shown in Figure 2, A and B. The morphology of
these neurons does not appear to correlate with I, properties
(either density or kinetics), consistent with previously reported
data (Szkudlarek and Raastad, 2007). In another set of experi-
ments, neurons in the rat IGL were identified as NPY positive or
negative; there was no significant difference in the kinetics or I,
density between NPY-positive and NPY-negative cells (n =
6/each, data not shown).

We also studied I, properties of rat IGL neurons since the rat
IGL has intense HCN3 immunolabeling, as shown in Figure 1D.
Indeed, these neurons generated a robust I, (Fig. 2 E); their acti-
vation kinetics (1.19 = 0.13 s, n = 8) and the current density
(15.3 = 1.5 pA/pF) were not statistically different from those seen
in mouse IGL neurons from either genotype (Fig. 2F, G).

The observed slow kinetics of IGL neurons were not due to
rundown or effects of biocytin in the recording pipette, as all
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Control

M6

recordings were completed within 40 s af-
ter whole-cell configuration was estab-
lished. To confirm that the observed
activation kinetics were nucleus specific
due to their HCN subunit composition,
we also studied I, in vLGN neurons. We
chose the VLGN as a positive control, as
HCN2 is the predominant HCN isoform
in this region (Notomi and Shigemoto,
2004). In HCN2 */* mice, the activation
time constant in VLGN neurons was much
faster than that of IGL neurons (VLGN:
0.3 = 0.045,IGL: 1.15 = 0.1 s, p < 0.001,
n = 10/each) (Fig. 2G). In contrast to IGL
neurons, HCN2 deletion dramatically de-
creased I, density (in —pA/pF) in vLGN
neurons (HCN2*/*: 198 + 1.9 wvs
HCN2 ~/7:5.6 = 0.6, p < 0.001) (Fig. 2 F)
and significantly increased the activation
time from 0.3 * 0.04 s to 0.92 = 0.05 s
(p <0.05) (Fig. 2G).

In summary, the characteristics of IGL
and vLGN I, clearly reflect differences in
HCN subunit expression between the
two nuclei. The insensitivity of IGL I}, to
HCN2 deletion, in conjunction with dense
HCN3 labeling in that nucleus, suggests that
I, inIGL neurons is mediated by a pure pop-
ulation of HCN3 channels, whereas I, in
vLGN is mediated primarily by HCN2, and
this interpretation was further tested in the
next set of experiments.

A

HCN2"

B

rat IGL

C

rat vLGN

O

V,, (mV)

cAMP insensitivity of I, in IGL, but not
vLGN, neurons
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5s
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Distinct cAMP response patterns have
been found for HCN channel subtypes
and proven useful for identification and
characterization of I, generated by HCN
subunits (Mistrik et al., 2005; Stieber et al.,
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2005) [for review, see Gauss and Seifert

(2000) and Robinson and Siegelbaum
(2003)]. Consequently, we tested cAMP
modulation of I, in IGL neurons.

A family of current traces was elicited
in IGL neurons by hyperpolarizing volt-
age steps ~10 min after whole-cell config-
uration was established. Representative I,
traces are shown in Figure 3, A (mouse)
and B (rat). Bath application of the non-
hydrolyzable and membrane-permeable cAMP analog 8-Br
cAMP (200 uMm) had no effects on voltage-dependent activation
or the activation kinetics in IGL neurons. Activation curves are
shown for each neuronal type in Figure 3. Analysis of tail
currents for steady-state activation yielded a V', (in millivolts) of
—86.4 * 3.1 for control and —85.2 * 2.8 in the presence of 8-Br
cAMP in HCN2 /™ IGL neurons (Fig. 3A,D); in rat IGL neu-
rons, V,,, was —88.4 = 3.5 for control and —87.4 * 3.2 in the
presence of 8-Br cAMP (Fig. 3B, D). The slope factor (in milli-
volts) was similar in these neurons before (HCN2 ~/~ IGL, 9.6 +
1.4; rat IGL, 9.5 *+ 0.9) and after (HCN2 ~/~ IGL, 9.2 = 1.3; rat
IGL, 9.1 = 1.5) 8-Br cAMP application. The time constants of
activation and deactivation were analyzed; 8-Br cAMP had no

rats membrane potential (mV)

Figure3. /, inIGL neurons exhibits the hallmark of HCN3 channels. A-C, Families of current traces from an HCN2 ~/~ mouse
IGL neuron (A), rat IGL neuron (B), and a rat vLGN neuron (C). The same protocol was used for all recordings (—50to —130mV,
—10mV/step, 10, Vy = —50 mV). 8-Br cAMP (200 rum) was applied by superfusion in this and following figures. Color for all
panels: Dark gray for control; orange for 8-Br cAMP. Normalized tail currents (/,,;) are plotted as a function of voltage steps and are
fit with the Boltzmann equation (right). Symbols for all panels: triangles, HCN2 ~~ IGL; squares, rat IGL; circles, rat vLGN. D, Group
data showing effects of 8-Br cAMP on V/; ,, (mV). *p << 0 0.05, 8-Br cAMP vs control for rat vLGN neurons. E, Time constants of
activation (Tau, qyation) @nd deactivation (Tau e, ivarion) in the absence and presence of 8-Br cAMP. *p << 0 0.05, cAMP versus
control in rat vVLGN neurons; one-way ANOVA, n = 15/each.

effect on the kinetics of channel activation or deactivation in IGL
neurons (Fig. 3E). These data clearly indicate that 8-Br cAMP
failed to alter voltage dependence or the time constant in IGL
neurons from HCN2 ~/~ mice and rats (Fig. 3D, E). Consistent
with a lack of a contribution of HCN2 to I, in IGL neurons,
HCN2 *"* IGL neuron I, was also insensitive to 8-Br cAMP (n =
6, not shown).

In contrast to IGL neurons, rat VLGN neurons were highly
sensitive to modulation by 8-Br cAMP as superfusion of 8-Br
cAMP markedly shifted voltage-dependent activation to more
depolarized potentials (from —88.8 = 1.2 mV to —74.2 = 0.6
mV) (Fig. 3C,D) without significantly changing the slope factor
(control,11.2 = 1.2mV; 8-Br cAMP, 10.8 = 0.7 mV). 8-Br cAMP
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Figure4. Depletion of endogenous PIP, produces a hyperpolarizing shift in activation of native and recombinant HCN3 chan-

nels. A, Exemplar /, traces recorded from IGL neurons preincubated for 40 —50 min in (44, control) or wortmannin (Aii, wort) before
orafter superfusion with 200 v 8-Br cAMP. B, Group data showing steady-state activation curves. Lines are fit using a Boltzmann
function to normalized tail currents, yielding the V, , and slope factor (both in mV) of —89.2 = 2.4 and 9.4 = 1.1 for control
(squares); —106.3 == 3.5and 8.2 = 1.1 for wortmannin alone (circles); —105.6 == 2.6 and 9.4 = 0.9 for wortmannin + 8-Br
cAMP (diamonds). Colored symbols used here represent the same conditions in subsequent panels for IGL neurons. There is a
significant differencein /; ;, values between control and wortmannin groups, p << 0.001, ttest, n = 22. C, D, Effect of the drugs on
the activation time constant (at — 110 mV () and the current density at —130 mV (D). Almost identical effects are observed in 1GL
neurons from rats (n = 8) and H(N2 '~ miice (n = 10), and the two datasets were pooled. *p < 0.05, compared to control. E,
HCN3 current traces recorded from intact oocytes following incubation in either control solution (which contains DMSO) (left) or
wortmannin (right). F, Effects of wortmannin on steady-state activation curves; inset shows representative tail currents (left,
wortmannin and right, control); red traces at —75 mV are for comparison. G, Negative shift in the V, , of H(N3 channel activation
following incubation with vehicle DMSO (control, n = 10) or wortmannin for 40 (n = 10) or 60 (n = 4) min. Vehicle controls were
indistinguishable from the controls in the absence of DMSO (data not shown) in all experiments. The wortmannin-treated popu-
lations were significantly different from vehicle control and each other (*p << 0.05, vs control, one-way ANOVA with a Holm—Sidak
post hoc test).

significantly decreased the activation time constant (Fig. 3E), and
significantly increased the deactivation time constant. The ob-
served effects on the kinetics are consistent with cAMP-medi-
ated stabilization of a cAMP-sensitive channel (such as HCN2) in
the open state (Wainger et al., 2001; Wicks et al., 2011). The
pronounced effect of 8-Br cAMP on [, in vLGN neurons is con-
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sistent with the immunolabeling data
demonstrating high levels of HCN2 im-
munoreactivity in the vLGN (Notomi and
Shigemoto, 2004). These data are again
consistent with earlier results indicating
that the distinct properties of I, in discrete
brain regions are correlated with their
HCN isoform composition (Santoro et
al., 2000), with our findings supporting
the conclusion that I, in IGL neurons is
generated by HCN3 channels.

Depletion of endogenous PIP, pools
inhibits HCN3 function
Cyclic nucleotides do not facilitate chan-
nel gating in either native or recombinant
HCNB3 channels; consequently, we asked
what other ligand could enhance channel
opening. Membrane phospholipids can
directly influence the function of many
channels, including HCN1, 2 and 4 (Pian
et al., 2007; Suh and Hille, 2008); there-
fore, we first investigated whether endog-
enous PIP, modulated HCN channel
gating in IGL neurons. At micromolar
concentrations, wortmannin blocks type
III phosphatidylinositol 4-kinase (PI4K
III) (Nakanishi et al., 1995), thereby in-
hibiting the final step in the biosynthetic
pathway for PIP, (Doughman et al., 2003;
Balla and Balla, 2006; Sasaki et al., 2009).
Brain slices were preincubated at 30°C in
ACSF containing 15 uM wortmannin or
0.1% DMSO (the vehicle as control) for
~45 min before recording. Recordings
were made in IGL neurons from control
and wortmannin-pretreated slices imme-
diately after whole-cell configuration was
established; representative examples are
shown in Figure 4Ai. Tail currents were
used to construct steady-state activation
curves (Fig. 4B). Wortmannin treatment
(Fig. 4 Aii) markedly shifted channel acti-
vation to more hyperpolarized potentials
by 17.1 £ 24 mV (V,, in mV: —89.2 =
3.2; wortmannin, —106.3 £ 3.6, p < 0.01,
n = 22) without an apparent change in the
slope (9.2 = 0.6 and 9.4 = 0.7 mV for
control and wortmannin, respectively).
In the same IGL neurons pretreated with
wortmannin as described above, superfu-
sion of 8-Br cAMP (200 um) failed to pro-
duce additional effects on channel
activation (—105.6 = 2 mV, n = 6) (Fig.
4 Aiii,B). Again, this nucleotide had no effect
on the slope factor or the kinetics. In addi-
tion, wortmannin alone slowed channel ac-

tivation (Fig. 4C) and decreased I, density (Fig. 4D).

To establish that homomeric HCN3 channels are sensitive to
the effects of wortmannin, we tested the actions of wortmannin
on hHCN3 channels heterologously expressed in Xenopus
oocytes 30—48 h after injection of HCN3. Oocytes were preincu-
bated with wortmannin (15 um) for 40 or 60 min at room tem-
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perature. The I, current recorded from
intact oocytes was shown to be typically
slow; representative family traces are illus-
trated in Figure 4 E; the maximal current
amplitude ranged from 2 to 11 wA when
evoked by a voltage step of —95 mV. Pre-
treatment with wortmannin also mark-
edly shifted voltage-dependent activation
to more negative potentials (Fig. 4 F). Pro-
longing the incubation led to a more pro-
nounced hyperpolarized shift in channel
gating, a finding consistent with depletion
of endogenous PIP, under these condi-
tions (Fig. 4G). A full time range analysis
was not possible, as the oocytes did not
tolerate exposures of >1 h. The effects of
wortmannin on recombinant HCN3
channels recapitulated its effects on their
native counterparts expressed in the
IGL. The data obtained here, together
with those from IGL neurons, further
demonstrate that HCN3 channels are reg-
ulated by endogenous phosphoinositides.

PIP, markedly enhances opening of I,
channels in IGL neurons

The above data indicate that endogenous
PIP, pools modulate HCN3 channel func-
tion; therefore, we directly tested how ex-
ogenous PIP, influenced native I, gating
in IGL neurons. I, currents in rat IGL
neurons were elicited with a series of hy-
perpolarizing voltage steps; representative
I, traces are shown in Figure 5A. Intracel-
lular application of PIP, (10 uM in the
recording pipette, 15 min dialysis) facil-
itated channel opening and produced a
marked depolarizing shift in voltage de-
pendence of channel activation (Fig. 54,
right). Very similar responses to PIP, ap-
plication were observed in HCN2 ~/~ IGL
neurons (Fig. 5B, D,F). Group data show
that the facilitating effects of PIP, on
voltage-dependent activation were almost
identical in IGL neurons from rats and
HCN2 '~ mice (AV,,, mV: 162 + 1.4
and 17.1 = 1.5, respectively, n = 10/each)
(Fig. 5D).

The PIP,-induced depolarizing shift in
V., (Fig. 5D) was not altered by addition
of 8-Br cAMP (rat IGL neurons; PIP,
alone: 16.2 * 1.2, PIP, + 8-Br cAMP:
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Figure5.  PIP, enhances opening of , channels in IGL neurons. 4, B, Current traces recorded from rat (4) and HCN2 ~/~ mouse
(B) IGL neurons in normal (control, dark gray) and PIP, (10 wum, green)-containing intracellular solution. Activation curves for each
neuron type are shown to the right. PIP, shifts the V/; ,, to a more depolarized potential and increases current density at physio-
logical relevant membrane potentials (*p << 0.05). Symbols: squares for rat IGL and triangles for HCN2 ~/~ IGL in the absence
(gray) and presence of PIP, (green) here and in subsequent panels. €, Time course for changes in V, , values in control and PIP,.
Time 0 represents time immediately after break-in, and the dash line indicates 0 mV shift; n = 4/each point. D, Group data
summarizing drug-induced changes in V/; , values. 8-Br cAMP (200 uum) was added by superfusion ~15 min after PIP, dialysis
through the recording pipette. Symbols for each treatment are indicated at bottom. E, F, Group data showing effects of drugs on
activation and deactivation kinetics. Data from rat IGL neurons are shown in £, while data from HCN2 '~ mice are shown in F.
Symbols are the same as in D. *p < 0.05, one-way ANOVA (* for each condition, as compared to corresponding control), n =
10/each.

density to PIP, application were observed in mouse HCN2 ~/~ IGL

15.8 + 1.4, and HCN2 ~/~ IGL neurons; PIP, alone: 17.1 = 1,
PIP, + 8-Br cAMP: 16.2 * 1.2). PIP, had no effect on either the
slope factor (in millivolts) (9.8 = 1.2 and 9.2 = 1.5 for control and
PIP,, respectively, p > 0.05) or I, density (in picoamperes per pico-
farad) at —130 mV (—13.8 = 2.1 and —14.9 = 2.4 for control and
PIP,, respectively, p > 0.05).

The presence of PIP, accelerated channel activation and slowed
deactivation (Fig. 5E) in rat IGL neurons. In addition, PIP, signifi-
cantly increased I, density in the physiological potential range in
Figure 5A. Very similar responses in channel gating, kinetics, and I,

neurons (Fig. 5B,D,F).

The shift in the V;,, in HCN2 ~/~ IGL neurons was very stable
when PIP, was present in the pipette solution, while such record-
ings without exogenous PIP, caused a time-dependent hyperpo-
larizing drift in the V,,, by >10 mV in another group of IGL
neurons (Fig. 5C). The observed rundown in the voltage depen-
dence of activation strongly suggests that regulation by endoge-
nous PIP, in the IGL was impaired by intracellular dialysis by the
pipette solution. These results demonstrate that both endoge-
nous and exogenous PIP, enhance HCN3 channel gating.
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To test whether the gating effect of terminal phospholipids in
the native HCN channel might be dependent on the phosphate
groups on the inositol ring, we studied possible effects of PIP,’s
parent compounds: phosphatidylinositol (PI), which is non-
phosphorylated, and phosphatidylinositol-4-phosphate (PIP),
which is phosphorylated on the inositol ring at position 4 (Sasaki
et al., 2009). We used the same approach to apply these com-
pounds as for PIP, experiments (10 uM in the recording pipette).
As shown in Figure 5, D and F, PI had no effect on the gating
(AV,,,: 1.2 = 1.5 mV, n = 10). In contrast, PIP was effective in
enhancing HCN channel function, and its effectiveness was sim-
ilar to PIP, (AV,,,: 12.5 = 1.4 mV for PIP, 17.1 = 1.6 mV for
PIP,, n = 10/each).

These data indicate that phosphoinositides facilitate HCN
channel gating in IGL neurons, and this requires the presence
of at least one phosphate group on the inositol ring of the
phospholipid.

Regulation of I, -dependent low-threshold burst firing in
IGL neurons
Temporal summation of voltage responses is crucial for the ini-
tiation of low-threshold calcium spike (LTS) burst firing in tha-
lamic neurons (Ying and Goldstein, 2005). Here, we examined
burst firing and its regulation by I,, during hyperpolarization in
HCN2 '~ IGL neurons. We used the specific M-channel inhib-
itor XE991 (10 uMm) to block the delayed-rectifier M-type potas-
sium conductance (Hu et al., 2002), and CNQX (10 um) and
gabazine (10 uM) to block fast synaptic transmission, since these
conductances are known to affect I, -induced voltage responses
(Magee, 1999; Ying et al., 2007b; George et al., 2009; Atherton et
al., 2010). In normal ACSF, IGL neurons exhibited a resting
membrane potential of —72.6 = 2.4 mV (n = 14), and superfu-
sion of the three blockers produced an insignificant depolariza-
tion in the membrane potential (3.5 = 2.8 mV, p > 0.05,n = 14).
To facilitate burst firing in IGL neurons, the membrane potential
under control conditions was initially hyperpolarized by DC in-
jection to —80 = 1.8 mV (n = 14). At this potential, the IGL
neurons tested here could generate EPSP-like voltage responses
in response to intracellular injection of a train of current pulses,
which summated to fire a burst (Fig. 6 A). The latency of the burst
onset was 102 * 3.2 ms in control. Superfusion of the specific I;,
blocker ZD7288 (30 um) for 15 min hyperpolarized the mem-
brane potential by 8.4 = 2.4 mV (n = 6) (Fig. 6 Bi), and markedly
increased the latency to 155 * 4.6 ms (Fig. 6 Bi,D), indicating
I,-dependent burst firing in IGL neurons. Compensation for the
hyperpolarization to control potential by injection of positive DC
restored the latency (Fig. 6 Bii,D), consistent with the observation
that intrinsic temporal summation is voltage dependent (Wil-
liams and Stuart, 2000). In an additional three neurons, no bursts
were seen following ZD application, although bursts could be
seen following DC compensation (not shown), and these cells
were excluded from further analysis. Our results are consistent
with prior observations demonstrating the dependence of low-
threshold burst firing on membrane potential in neurons ex-
pressing I, channels (McCormick and Pape, 1990; Bal and
McCormick, 1997; Liithi et al., 1998; Ying et al., 2007b).
Another group of IGL neurons were tested with PIP, (10 uM)
in the recording pipette solution, and their control voltage re-
sponse was measured immediately (within 30—50 s) after whole-
cell mode was established; a representative trace is shown in
Figure 6Ci. The latency was not significantly different from those
obtained with normal intracellular solution as shown in Figure
6A (p>0.05,n = 6). Dialysis of PIP, for 15 min depolarized the
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Figure6.  PIP, increases /,-dependent burst firing in IGL neurons. 4, Intrinsic temporal sum-

mation producing burst firing was initiated by intracellular injection of a train containing five
current pulses (100 pA); the protocol shown at bottom was previously described (Ying et al.,
2005). EPSC-shaped current pulses were generated with the following function: /(f) = A X
(1 — e~ Y/miseym o —t/mdecdy \yhere A is the infinite time amplitude of the current (in picoam-
peres), nis aninteger, and 7., (0.5 ms) and 7y, (5 ms) arerising and falling time constants,
respectively (Magee, 1998). The latency was measured as indicated by vertical arrows. The
horizontal arrow indicates the holding membrane potential of —80 mV in control before injec-
tion of the train in all panels. Bi, Overlay showing comparison of response to ZD7288 (2D, 30
M) to control in the same neuron as in A. Bii, Overlay showing effects of ZD7288 and ZD7288
plus DC compensation. Ci, In a different neuron, the control response was recorded within 50 s
of obtaining the whole-cell configuration [before dialysis of PIP, (10 wum) into the cell]. Gii,
Overlay showing comparison of control, PIP, (after 15 min dialysis) and PIP, plus ZD7288 (30
um). D, Bar graph showing effects of drugs on the latency of burst onset. E, Plot showing
dependence of the latency on membrane potential. *p << 0.01, versus control, Tukey test; n =
14, 6,and 6 for control, ZD7288, and PIP,, respectively. Horizontal error bars are not shown for
clarity. Symbol colors correspond to bar colors in D.

membrane potential by 7.8 = 3.6 mV (n = 6), and shortened the
latency to 45 = 3.4 ms. Subsequent bath application of ZD7288
(30 wm) for 15 min reversed the response, producing a hyperpo-
larization of 10 * 3.5 mV in the same neurons (Fig. 6Cii,D).
Group data demonstrate that ZD7288 lengthened, and PIP,
shortened, the latency of I, -dependent burst firing during peri-
ods of hyperpolarization (Fig. 6 D). These changes in latency were
closely correlated to alterations in membrane potential (Fig. 6 E).

Input resistance (R;,,, in M()) was 545 = 22 in control (at —80
mV); the holding membrane potential was changed in response
to drugapplication (as described above), and R;,, was significantly
(p < 0.05) increased by ZD7288 (762 = 38), PIP, (643 = 26),
and PIP, + ZD7288 (742 = 35). The increase in R, in the pres-
ence of PIP, is counterintuitive to the expectation that an increase
in I,, conductance should lead to a decrease in R;,. When the
membrane potential was reset to —80 mV (as before drug) using
DC current, R, in the presence of PIP, decreased to 463 * 23
M. This suggests that R;, is voltage dependent. The same phe-
nomenon, significant voltage-dependent changes in R;,, has pre-
viously been reported regardless of the I;, conductance (Surges et
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al., 2004; Chu et al., 2010; Dembrow et al., A zp
2010). The underlying mechanisms for
these effects remain unclear, although
Chueetal. (2010) suggest that the change is
likely due to alteration in other voltage-
dependent conductances. Since PIP, can
influence other ion channels (Suh and
Hille, 2008), it is possible that PIP,-
induced depolarization observed here
might involve enhancing depolarizing con-
ductance(s) and/or decreasing hyperpolariz-
ing ones as seen in microvillar photoreceptors
(del Pilar Gomez and Nasi, 2005).

Although the ZD7288-induced in-
crease in input resistance lowered the
burst firing threshold (i.e., bursting oc-
curred at a more hyperpolarized mem-
brane potential; see Fig. 6B), a marked
increase in the latency correlates with a
decrease in burst firing probability (Liithi
et al., 1998; Neuhoff et al., 2002). HCN3
channels are expressed in the soma of IGL
neurons (Fig. 1), and our data are consis-
tent with previous observations demon-
strating that block of I, decreases somatic,
but not dendritic, excitability in several
brain regions (Maccaferri and McBain,
1996; Liithi et al., 1998; Saitow and Konishi,
2000; Neuhoff et al., 2002; Chu et al., 2010).
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Upregulation of HCN channel function facilitates rebound burst firingin HCN2 ~~ IGL neurons. A€, Rebound bursts
were elicited in IGL neurons using a hyperpolarizing current pulse (see Materials and Methods) in the absence (gray) and presence
0f 207288 (2D, red), wortmannin (wort, cyan), or PIP, (green); drugs were applied as in Figure 6. The membrane potential was held
at —60 mV by DCinjection before the current pulse was applied; traces are overlaid for comparison between control and drug. A
short horizontal bar indicates the segment shown on an expanded time scale for better viewing of rebound delay. Calibration: 500
ms for main traces and 30 ms for insets. D, Bar graph summarizing effects of drugs on the number of action potentials/burst. E, The
sag amplitude is plotted against rebound delay. Symbols: gray circle, control; green triangle, PIP,; cyan square, wortmannin

(wort); red circle, ZD7288. SEs for rebound delay are small (=2.2 to =3 ms) and are omitted for clarity. *p << 0.05, one-way

PIP, augments rebound burst firing
One of most striking features of I is its
activation during hyperpolarization and
its ability to depolarize the membrane toward threshold for re-
bound burst firing (McCormick and Pape, 1990; Bal and McCor-
mick, 1997; Ying et al., 2006); thus, we examined I, regulation of
low-threshold rebound burst firing in IGL neurons. The mem-
brane was transiently hyperpolarized to approximately —125 mV
from —60 mV by intracellular injection of hyperpolarizing cur-
rent pulses (see Materials and Methods) in the absence (control)
and presence of ZD7288 (30 uM, applied by superfusion). The
hyperpolarization resulted in a prominent I,-dependent depolar-
izing voltage sag and a rebound calcium spike upon depolariza-
tion, which was crowned by fast Na * spikes in control (Fig. 7A).
The presence of ZD7288 hyperpolarized the membrane by ~8
mV, nearly abolished the depolarizing sag, increased the rebound
delay time, and decreased the number of fast spikes in the same
neuron.

We used the same method to study effects of wortmannin on
rebound burst firing in another group of IGL neurons. Preincu-
bation of brain slices with wortmannin (15 uM, 45 min) resulted
in hyperpolarization of the membrane by ~7 mV, and inhibition
of rebound excitation (Fig. 7B). Wortmannin significantly in-
creased R;, by 26 £ 2.4% (from 545 * 22 in control to 687 = 35
MQ), although its effects were not as pronounced as ZD7288. A
relatively small effect of wortmannin on R;, has also been previ-
ously shown in midbrain neurons (Zolles et al., 2006).

For experiments with PIP,, the voltage sag under control con-
ditions (no drug) was elicited using the same protocol as above,
and the injected current during PIP, application was unchanged
from control (see Materials and Methods); control sag amplitude
in this group was not significantly different from those described
above, and data were pooled. In contrast to the above inhibitory

ANOVA versus control (n = 24), n = 8/each for drug.

effects observed with ZD7288 and wortmannin, application of
PIP, (10 uM in the recording pipette) depolarized the membrane
by ~5 mV, increased the sag amplitude, and shortened the delay
time (Fig. 7B) as compared to control. Group data are presented
in Figure 7, D and E. The delay time of rebound burst firing was
inversely correlated with the sag amplitude (Fig. 7E); this rela-
tionship suggests that the I, conductance in IGL neurons is of
importance for the initiation of burst firing following recovery
from deep hyperpolarization.

PIP, facilitates oscillations in IGL neurons

The above data demonstrated the ability of IGL neurons to gen-
erate I, -dependent single bursts in response to a hyperpolarizing
current pulse. Here, we investigated whether IGL neurons could
spontaneously generate rhythmic burst firing patterns. Record-
ings were made in IGL neurons from HCN2 ~/~ mice at 30°C to
facilitate spontaneous activity, and the membrane potential was
initially hyperpolarized to approximately —81 mV by intracellu-
lar DC injection (as described above). Under these conditions,
spontaneous rhythmic LTS bursts were observed (Fig. 8 A); these
bursts oscillated over 15 to 60 min in 12 of 14 IGL neurons stud-
ied. Two neurons failed to generate rebound bursts regardless of
holding membrane potential levels or the intensity of intracellu-
lar current pulse injected, although they were able to fire fast
single spikes in response to depolarizing current injection (data
not shown).

Pretreatment of slices with wortmannin (15 uM) lengthened
the interburst interval (IBI) (Fig. 8A,C), indicating a decrease in
the frequency of bursts. This inhibitory response was accompa-
nied by a hyperpolarization in the membrane potential by 6.4 =
1.2 mV (p < 0.05 compared to control, n = 6). Addition of
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Figure 8. PIP, is required for spontaneous LTS oscillations in HCN2 ~/~ IGL neurons. 4,
Rhythmic burst firing of low-threshold spikes (LTSs) was recorded in IGL neurons in the absence
(dark gray) and presence of wortmannin (15 wm, cyan). The last burst in each trace is shown on
an expanded time scale (right). Membrane potential (in millivolts) is shown to the left of each
trace. B, PIP, (10 um, green) in the recording pipette. €, Bar graph summarizing effects of drugs
on IBI.ZD7288 (30 M) was applied by superfusion. *p << 0.05, one-way ANOVA, versus control,
n = 6/each. D, The number of bursts is plotted against IBI to show the regularity of burst firing;
each trace is the average of 6 cells. SEs are omitted for clarity.

7ZD7288 (30 uM) had no additional affect on burst firing (Fig.
8C). ZD7288 alone prolonged the IBI in a subgroup of IGL neu-
rons (552 = 21 ms and 853 * 62 ms for control and ZD7288,
respectively, p < 0.05, n = 6, traces not shown), indicating that
the oscillation frequency was I,, dependent. Intracellular applica-
tion of PIP, (10 uMm) in different neurons increased the frequency
of rhythmic burst firing; representative traces are shown in Figure
8 B. PIP, produced a significant depolarization in the membrane
potential (5.2 = 1.2 mV, p < 0.05) compared to control (no drug,
n = 6). Analysis of the relationship of burst distributions with IBI
demonstrated that PIP, facilitates I,-dependent oscillatory activ-
ity by enhancing the frequency and regularity of LTS bursting in
IGL neurons (Fig. 8 D).

Discussion

We conducted a thorough study of HCN channel function in IGL
neurons, and obtained the following key findings: (1) HCN3 im-
munolabeling was present to the exclusion of that for HCN1 and
HCN4 and near exclusion of HCN2 in HCN2 /™ mice; (2) I, was
robustly present and exhibited slow activation and cAMP insen-
sitivity; (3) deletion of HCN?2 altered neither the expression pat-
tern of HCN1, HCN3, or HCN4 nor the behavior of I; (4) PIP,
enhanced channel function by shifting voltage-dependent activa-
tion to more depolarized potentials, accelerating activation and
slowing deactivation kinetics; and (5) PIP, enhancement of HCN
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channel opening resulted in the augmentation of burst firing and
rhythmic LTS oscillations. Collectively, these data indicate that
the I, identified in IGL neurons resulted from functional expres-
sion of HCN3 channels and that such expression is crucial for
controlling intrinsic excitability and rhythmic burst firing in
these cells.

Functional expression of HCN3 in IGL neurons is correlated
with biophysical properties of I,

HCNS3 is variably expressed in both the rodent (Ludwig et al.,
2003; Notomi and Shigemoto, 2004; Mistrik et al., 2005) and
human (Stieber et al., 2005) brain. We detected very dense
HCN3-IR in somata of IGL neurons from HCN2 '~ and
HCN2 *'* mice as well as rats. Labeling for HCN1 and HCN4 was
completely absent from all IGL neurons, thereby simplifying data
interpretation. HCN2 labeling in IGL neurons from rats and
HCN2 ™" mice was extremely weak. Several lines of evidence,
however, suggest that HCN2 makes little, or no, contribution to
I,, in IGL neurons. First, the I, currents observed from HCN2 */*
and HCN2 ~/~ IGL neurons were not different (Figs. 2, 3). Sec-
ond, I, recorded from IGL neurons is cAMP insensitive, with
much slower kinetics than that of the I, observed in VLGN neu-
rons (Figs. 2, 3). Third, HCN2/3 heteromers do not appear to
exist (Much et al., 2003). Thus, our I,, data indicate that no
cAMP-sensitive homomeric HCN2 channels are involved, and
are in keeping with the observed biophysical properties of recom-
binant HCN3 channels, which feature slow activation kinetics
and no facilitatory gating effect during cAMP application (Mis-
trik et al., 2005; Stieber et al., 2005).

In contrast to IGL neurons, I;, currents in rat vLGN neurons
activated faster and were highly sensitive to 8-Br cAMP (Figs. 1,
2), consistent with the prominent HCN2 expression in these cells
(Notomi and Shigemoto, 2004). These data are consistent with
the conclusion that cAMP insensitivity distinguishes HCN3 from
the other HCN subunits (Stieber et al., 2005), and lead us to
conclude that that HCN3 channels are the source of I, in IGL
neurons.

PIP, is crucial for gating of HCN3 channels

The function of HCN channels is governed by both voltage-
dependent and endogenous allosteric regulator-mediated gating
(Robinson and Siegelbaum, 2003; Biel et al., 2009). Among the
ligands that can influence HCN gating, the best understood is
cAMP; however, the regulation of cellular physiology by I, in IGL
neurons is not mediated by this nucleotide. PIP, is also an impor-
tant modulator that regulates various cellular activities including
ion channel function (Doughman et al., 2003; Suh and Hille,
2008). Incubation with wortmannin, which leads to depletion of
endogenous PIP, pools, resulted in a marked hyperpolarizing
shift in voltage-dependent activation of both native and recom-
binant HCN3 channels (Fig. 4), while exogenous PIP, facilitated
native HCN gating. PIP,-mediated HCN gating in IGL neurons is
not affected by 8-Br cAMP (Figs. 4, 5). Moreover, prolonged
whole-cell recordings without PIP, application caused a time-
dependent hyperpolarizing shift by >10 mV (Fig. 5C). These data
indicate that endogenous phosphoinositides regulate native
HCN3 channel function in IGL neurons.

The action of PIP, on other HCN subunits is direct, without
requirement for its hydrolyzed products inositol trisphosphate
and diacylglycerol (Pian et al., 2007). Phosphates on the inositol
headgroup, which are produced by phosphorylation of the hy-
droxyl groups, are critical for HCN3 gating to occur in IGL neu-
rons (Fig. 5). For example, PI, whose inositol headgroup is
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nonphosphorylated, was completely ineffective (Fig. 5). P1(4)P,
which bears one phosphate group at position 4, was almost as
effective as PI(4,5)P,, which bears two phosphate groups at posi-
tions 4 and 5. With the formation of a heavily negatively charged
headgroup at physiological pH values, such phosphorylation may
allow for the electrostatic interaction between charged head-
group(s) and the HCN channel (Pian et al., 2006, 2007; Zolles et
al., 2006). The finding that PIP, acts as a positive modulator
contributes to our understanding of HCN3 regulation by an en-
dogenous ligand.

Regulation of I, -dependent voltage response by PIP,

IGL neurons could generate ZD7288-sensitive low-threshold cal-
cium spike (LTS) bursts during membrane hyperpolarization
(Figs. 6, 8); the generation of LTSs is critically dependent on
activation of I, and T-type calcium (I) currents (Bal and McCor-
mick, 1997; Bessaih et al., 2008). Thus, I, acts as the pacemaking
conductance during hyperpolarization to depolarize the mem-
brane toward threshold for I activation, and the two depolariz-
ing conductances contribute to the generation of cyclical LTS
bursts. PIP, depolarized IGL neurons and facilitated LTS burst
firing; the effect likely is mediated by its enhancement of I, as
7ZD7288 reduced or occluded the effect. Downregulation of I via
inhibition of synthesis for endogenous PIP, pools suppressed the
generation of LTS bursts (Fig. 7). This is the first demonstration
that the I,-dependent voltage response in IGL neurons is regu-
lated by PIP,.

Functional expression of HCN3 channels contributes to
rhythmic burst firing in IGL neurons

Burst spike firing can be evoked in IGL neurons in vivo by retinal
illumination (Ying et al., 1993; Thankachan and Rusak, 2005),
and rhythmic oscillations can spontaneously occur under con-
stant light (Werhun and Lewandowski, 2009) and can be evoked
in slices by optic stimulation (Blasiak et al., 2009). Here we dem-
onstrated that IGL neurons spontaneously fired LTS bursts when
the membrane was hyperpolarized; such burst firing formed a
rhythmic oscillation with a burst frequency of 0.5-2.6 Hz (Fig. 8).
The dependence of frequency and rhythmicity on I, was effec-
tively modulated by exogenous and endogenous PIP, levels (Fig.
8). I, and I are critically involved in the generation and facilita-
tion of such LTS burst firing and rhythmic oscillations (Bal and
McCormick, 1997; Liithi et al., 1998; Ying et al., 2006; Bessath et
al., 2008; Biel et al., 2009), and our data confirm the pacemaking
role of I, in generating such rhythmic bursts in IGL neurons.

Our findings suggest that HCN3 channels may influence the
pharmacology of the circadian rhythm system via PIP,-mediated
intracellular signaling pathways. For example, muscarinic acetyl-
choline receptors (mAChRs) are known to regulate both IGL
oscillations in vivo (Werhun and Lewandowski, 2009) and circa-
dian activity rhythms (Cain et al., 2007). Recombinant HCN
channel function can be modulated by activation of mAChRs
(Pian et al., 2007). Thus, PIP,-gated HCN3 channels in the IGL
may represent an important target for drugs acting at the mAChR
signaling pathway (Lanzafame et al., 2003).

In summary, we investigated the physiology of thalamic IGL
neurons in brain slices; to the best of our knowledge, this is the
first study describing the regulation of a specific ion channel in
this nucleus. Pacemaking activity (e.g., spontaneous rhythmic
LTS bursting) was I, dependent in IGL neurons, and PIP,, which
acts as a powerful modulator, was required for stable HCN chan-
nel opening and regulation of intrinsic excitability and rhythmic
burst firing. The IGL is a secondary component of the circadian
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system, and has broad connections with many other brain re-
gions, including its projection to the primary circadian clock re-
siding in the suprachiasmatic nucleus (Morin and Allen, 2006).
Enhancement of I, -dependent bursting by PIP, in the IGL may in
turn influence biological clock activity associated with circadian
rhythms and sleep.
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