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Abstract Neuronal hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels are known to modulate
spontaneous activity, resting membrane potential, input
resistance, afterpotential, rebound activity, and dendritic
integration. To evaluate the role of HCN2 for hippocampal
synaptic plasticity, we recorded long-term potentiation
(LTP) in the direct perforant path (PP) to CAl pyramidal
cells. LTP was enhanced in mice carrying a global deletion
of the channel (HCN2™'") but not in a pyramidal neuron-
restricted knockout. This precludes an influence of HCN2
located in postsynaptic pyramidal neurons. Additionally,
the selective HCN blocker zatebradine reduced the activity
of oriens-lacunosum moleculare interneurons in wild-type
but not HCN2™'~ mice and decreased the frequency
of spontaneous inhibitory currents in postsynaptic CAl
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pyramidal cells. Finally, we found amplified LTP in the PP
of mice carrying an interneuron-specific deletion of HCN2.
We conclude that HCN2 channels in inhibitory interneu-
rons modulate synaptic plasticity in the PP by facilitating
the GABAergic output onto pyramidal neurons.
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HCN  Hyperpolarization-activated
gated channels

LTP Long-term potentiation

O-LM  Oriens-lacunosum moleculare interneuron

PP Direct perforant pathway

SC Schaffer collateral pathway

cyclic nucleotide-
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Introduction

Hippocampal CA1l pyramidal neurons receive excitatory
inputs to proximal dendrites via the Schaffer collaterals
(SC) from CA3 pyramidal cells and the direct perforant
path (PP, or temporoammonic input) projecting from layer
IIT of the entorhinal cortex to their distal dendrites.

Voltage-gated channels influence dendritic integration
of excitatory postsynaptic potentials in pyramidal cells
(for review, see [I, 2]). Accordingly, Nolan et al. [3]
provided compelling evidence for the behavioral role of
I-dependent tuning of dendritic integration [4, 5]. HCN1
channels are highly expressed in the distal dendrites of
CAl pyramidal neurons. Consequently, HCNI1 null
mutants show selectively enhanced LTP in the PP input
paralleled by improved spatial learning [3] likely due to
attenuation of postsynaptic excitatory potentials at the
distal dendrites. In vivo, hippocampal behavioral func-
tions and synaptic plasticity additionally rely on local
inhibition not examined in previous studies. A hetero-
geneous population of local inhibitory interneurons
targeting CA1l pyramidal cells can (1) mediate feedback
or feedforward inhibition, (2) set the threshold for initi-
ation of axonal action potentials as well as dendritic
Ca’* spikes, and (3) participate in the generation of
oscillatory activity [6-9]. Interestingly, several types of
hippocampal inhibitory interneurons express I, currents
[10-14]. Tt was also reported that [, currents inhibit
pyramidal cells by facilitating spontaneous GABA release
from stratum oriens interneurons [10], for example
oriens-lacunosum moleculare (O-LM) cells [15]. This
type of interneuron receives glutamatergic input from
CAl pyramidal cells and projects into the stratum la-
cunosum moleculare matching the site of PP inputs (for
review, see [6, 15-18]).

Four subtypes (HCN1-4) of the hyperpolarization-
activated cyclic nucleotide-gated channels (HCN) give
rise to depolarizing I, currents (for review, see [19]).
The HCN1 and the HCN2 isoforms prevail in CAl
pyramidal neurons [20-22]. All four subtypes have been
detected in GABAergic interneurons [11, 22], but details
on their expression in O-LM interneurons remain
unclear.

In this study, we show that LTP in the PP inputs to CA1
pyramidal cells is enhanced in the null mutant but not in a
pyramidal neuron-specific conditional knockout of the
HCN?2 gene. Additionally, we observe increased LTP in an
interneuron-specific knockout. Our work provides evidence
that the HCN2 channel influences LTP in the direct per-
forant input to CA1 pyramidal cells through a function in
inhibitory interneurons.

Materials and methods
Animals

Generation and breeding strategies of HCN2™/~ [20] and
HCN1 "~ [23] mouse lines have been previously described.
A mouse line carrying an HCN2 allele with two loxP sites
flanking the exons 2 and 3 (L2 allele; Cre recombinase-
mediated excision of which results in a frame shift) was
crossed with either the Nex-Cre or the DIx5/6-Cre mouse
[24] to generate a conditional knockout lacking HCN2 in
hippocampal pyramidal or inhibitory neurons, respectively.
Accordingly, the conditional knockout animals (genotype:
HCNZLI/LZ; NEX+/Cre’ HCNZL]/Lz; DLX+/Cre) and the
corresponding controls (genotype: HCN2™*12; NEX ¢,
HCN2E2; DLX1C™) are referred to as HCN2PY™KO or
HCN2""KO and HCN2PY™' or HCN2™CY | respectively.
Crossing HCN2™~ and HCN1™'~ mice yielded double
mutants (HCN-DKO) lacking both the HCN 1 and the HCN2
subunit. Littermate offspring were used as control for all
mutant mouse lines examined. All procedures were con-
ducted in accordance to the German animal protection laws
and the guidelines of the Deutsche Forschungsgemeinschaft.

Electrophysiology
Field EPSP recordings in hippocampal slices

Field EPSP recordings in hippocampal slices (fEPSP) were
recorded as previously described [25]. Briefly, transverse
hippocampal slices (400 um thick) were prepared from
8- to 12-week-old mice using an egg-slicer [26] and then
kept for >1.5 h in artificial cerebrospinal fluid (aCSF;
30°C; pH 7.4; in mM: 10 glucose, 3 KCI, 124 NaCl, 26
NaHCO3;, 1.25 NaH,PO,, 2.5 CaCl,, 2 MgSO,) bubbled
with carbogen (95% O,, 5% CO,) before transferring them
into a submerged type recording chamber constantly per-
fused with aCSF. To record fEPSPs in the SC pathway,
stimulating and recording electrodes were positioned
within the stratum radiatum near the CA3 region and in the
CA1 region, respectively. Postsynaptic responses of PP
inputs were obtained by placing stimulating and recording
electrodes in the distal region of the stratum lacunosum
moleculare. In addition, the CAl region was separated
from the CA3 region by a cut to avoid indirect activation of
CAl pyramidal neurons via CA3 or dentate gyrus cells
[27]. fEPSPs were recorded using aCSF-filled glass pip-
ettes (~3 MQ) and an Axoclamp 2B amplifier (Axon
Instruments). Stimulation and data acquisition were con-
trolled by PULSE software (HEKA) via an ITC-16
computer interface (Instrutech). Stimuli (100 ps) were
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delivered through a concentric bipolar electrode. The same
intensity was used during baseline recording and induction
of LTP using 4 trains of 50 stimuli at 100 Hz separated by
10 s. When indicated, 50 uM picrotoxin was washed into
the bath solution.

Whole-cell patch-clamp recording

Acute slices (200-300 pm) were prepared from 2-week-
old mice using a vibration microtome (Leica) as outlined
elsewhere [28]. For recording, brain slices were placed in
a recording chamber perfused continuously with aCSF
bubbled with carbogen at room temperature. Hippocampal
interneurons and pyramidal cells were visually identified
under an upright microscope with DIC contrast [29].
Patch pipettes (2-3.5 MQ) were pulled from borosilicate
glass capillaries. All patch-clamp recordings were made
in the whole-cell configuration using an EPC-9 amplifier
and the PULSE software (HEKA). Current-clamp
recordings of the membrane potential and voltage-clamp
recordings of [, currents in O-LM cells were performed
using an intracellular solution containing (in mM): 10
glucose, 10 HEPES, 95 K-gluconate, 20 Kj-citrate, 10
NaCl, 0.5 CaCl,, 1 MgCl,, 0.02 EGTA, 1 KATP, 0.5
Na,GTP. The extracellular solution in these experiments
consisted of aCSF, supplemented with zatebradine
(50 uM) or CsCl (4 mM) where indicated. Glutamatergic
transmission was inhibited by kynurenic acid (2 mM) to
isolate spontaneous action potentials [12]. This form of
intrinsic activity was recorded from a considerable frac-
tion of O-LM cells in the absence and presence of
zatebradine. [, currents were recorded in cells held at
—45 mV during 2 s voltage-clamp steps to hyperpolariz-
ing test potentials of —45 mV to —125 mV followed by a
final step to —125 mV, a potential causing nearly com-
plete activation. Current fractions activating during
hyperpolarization were fitted to the following function:
Iact(v) = Grel (V - Vrcv)/(l + eXP((V - VI/Z)/k)v where
G, is a relative conductance, V the test potential, V., the
reversal potential calculated using to the Goldmann—
Hodgkin—Katz equation, V;,, the potential corresponding
to the midpoint of activation, and k a slope factor. More
accurate determination of the voltage-dependence of I
current activation was obtained based on the amplitude of
instant tail currents (I,;;[V]) elicited during the voltage-
clamp step to —125 mV following individual test pulses.
The instant tail current is maximal (/;,,x) following the
test pulse to —125 mV (full activation during test pulse),
and minimal (/,,;,) following the test pulse to —45 mV
(no activation during preceding test pulse). The voltage-
dependence of I, current activation can be described by
the following Boltzmann function: (Iuu[V] — Inin)/
(Imax — Imin) = 1/(1 + CXP[(V = Vip)/kD).

Whole-cell voltage-clamp recordings using the EPC-9
amplifier were made from the soma of visually identified
CAl pyramidal neurons to measure spontaneous inhibi-
tory postsynaptic currents (SIPSC). sIPCSs were isolated
pharmacologically from other synaptic currents by sup-
plementing the standard extracellular solution (aCSF)
with 25 uM 6,7-dinitroquinoxaline-2,3-dione (DNQX)
and 50 pM (2R)-amino-5-phosphonovaleric acid (AP-5).
Patch pipettes were filled with an intracellular solution
containing (in mM): 125 CsCl, 10 HEPES, 1 EGTA, 0.1
CaCl,, 2 Mg,ATP, 0.2 Na,GTP. The Cl  reversal
potential under these conditions was about 0 mV, and
CAl pyramidal neurons were held at —70 mV. Routinely,
picrotoxin (50 uM) was added at the end of these
experiments to confirm that synaptic currents were
GABAergic.

Immunohistochemistry

Coronal brain slices (12 um thick) from 8- to 12-week-old
mice were fixed (5 min, 4% paraformaldehyde in phos-
phate buffered saline, PBS), and blocked/permeabilized for
2 h with 5% normal goat serum (NGS), 2% BSA and 0.3%
Triton X-100 in PBS. The slices were then incubated
overnight with the corresponding primary antibody (in 1%
BSA/PBS). Endogenous peroxidase activity was quenched
(3% H,0, in PBS) for 10 min before sections were incu-
bated with the corresponding secondary antibody. Primary
antibodies used were: rabbit anti-HCN2 (1:500, Alomone),
rabbit anti-HCN1 (1:500; Alomone), rat anti-somatostatin
(1:100; Millipore). Secondary antibodies used to for
detection were: peroxidase-conjugated donkey anti-rabbit
(1:1,000; Jackson Immunoresearch) in combination
with cyanine 3 tyramide signal amplification (TSA) kit
(PerkinElmer), FITC-conjugated donkey anti-rat (1:100;
Jackson Immunoresearch). After 10 min incubation with
Hoechst 33342 (Invitrogen) sections were mounted with
aqueous mounting medium (PermaFluor, Beckman-Coul-
ter) and analyzed using an LSM 510 Meta confocal laser
scanning microscope (Zeiss).

Western blot analysis

Brains from 8-week-old mice were removed. Hippocam-
pus, olfactory bulb, thalamus and cortex were isolated.
The individual tissue samples were homogenized at
900g (Potter S; B. Braun Biotech International) in cell lysis
buffer (50 mM Tris—=HCl pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100) and centrifuged (14,000g, 4°C,
15 min). The protein concentration in the supernatant was
determined by Bradford Assay. Subsequent SDS gel elec-
trophoresis was performed with 80 pg protein per lane.
After blotting, protein was immunodetected using a
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polyclonal rabbit anti-HCN2 antibody (1:1,000, AB5378;
Chemicon International). As a loading control, the blot was
probed with an antibody against ATPase (1:500, clone «6F;
developed by D.M. Fambrough, obtained from the Devel-
opmental Studies Hybridoma Bank, Iowa).

Data analysis

All data are represented as mean + SEM. All LTP exper-
iments show the slope of an averaged postsynaptic
response. Routinely, four consecutive fEPSPs (corre-
sponding to 1 min) were averaged. For statistical analysis
of LTP, the average values during the last 5 min of the
hour following tetanus were compared using Student’s
t test. Analysis of patch-clamp data was performed using
PULSE/PULSEFIT (HEKA) and Origin 6.1 (OriginLab)
including custom routines. Spontaneous spiking activity
and spontaneous IPSCs were analyzed using MiniAnalysis
package (version 6.0.9; Synaptosoft).

Results

Deletion of the HCN2 channel from principal neurons
of the forebrain

Mice with a global [20] and a conditional deletion of the
HCN2 gene in principal neurons of the forebrain were
used to assess the role of the HCN2 channel subunit on
hippocampal synaptic plasticity. Mice carrying loxP-
flanked exons 2 and 3 of the HCN2 gene (L2 allele,
Electronic supplementary material, ESM, Fig. 1a) were
crossed with Nex-Cre mice expressing Cre recombinase
under the control of the NEX gene promoter [24]. Within
the telencephalon, activity of the NEX promoter marks
glutamatergic principal neurons and is absent from
GABAergic interneurons and macroglial cells [30]. This
was reflected by effective recombination of the condi-
tional L2 allele into the HCN2 knockout allele (L1) in
hippocampal tissue of cells of the conditional knockout
mouse observed with PCR and western blot analysis
(ESM, Fig. 1b, c). In line with this, immunoreactivity for
the HCN2 channel was virtually absent in the hippo-
campus of sections from the conditional knockout mice
(Fig. 1a). Acknowledging the ablation of the HCN2 gene
in pyramidal cells, we refer to the conditional knockout as
HCN2PY™O (genotype: HCN2E2; NEX ™) and to the
corresponding controls as HCN2P™" (genotype: HCN2™2;
NEX+/Cre).

HCN2P"8© mice do not display the CNS phenotypes
observed in HCN2 null mutants [20] and have a normal life
expectancy (data not shown). Both mouse lines lack gross

anatomical abnormalities in the brain, and cellular layers in
the hippocampus are regularly arranged.

HCN2 null mutants show enhanced LTP
in direct PP inputs

A previous study demonstrated that mice bearing a
knockout of the HCN1 channel in principal neurons of the
forebrain show improved learning in a water maze [3]. This
phenotype was thought to reflect changes in synaptic
plasticity, namely elevated LTP in PP inputs to CAl
pyramidal cells. Using immunohistochemical stainings
(Fig. 1a), we could confirm that, similar to HCNI, the
HCN?2 subunit is most extensively expressed in a small
band corresponding to the stratum lacunosum moleculare
[3, 22]. The resemblance of the hippocampal expression
patterns of both the HCN1 and the HCN2 channels led to
the speculation that HCN2 might serve a similar function in
hippocampal synaptic plasticity as the HCN1 channel.

To establish the experimental conditions, we reproduced
the phenotype of enhanced LTP in the PP input of HCN1
knockout mice without using a GABA antagonist (ESM,
Fig. 2). Using the same settings, we subsequently recorded
LTP in global HCN2 knockout mice (HCN2™/7). Resem-
bling the findings for HCNI-deficient mice, HCN2 ™~
mice and the corresponding controls (HCN2+/ ™) showed
the same amount of LTP in the SC pathway (Fig. 1b),
while there was a significant increase (p < 0.01) of LTP in
the PP of mice lacking the HCN2 channel (HCN2'":
167 + 7%, n = 6 vs HCN2V'": 131 + 6%, n = 11).

Mice lacking the HCN2 channel in glutamatergic
cortical neurons show normal LTP in direct PP inputs

So far, these findings are in line with the idea that HCN2
channels serve a similar function for hippocampal synaptic
plasticity as HCNI1. To further strengthen this view, we
additionally analyzed hippocampal LTP in HCN2PY™KO
mice that have the HCN2 gene deleted in CA1 pyramidal
neurons. As anticipated, LTP in the SC pathway (Fig. lc,
left panel) was not different between these mice and their
controls (HCN2"Y"": 135 + 4%, n = 18 vs HCN2™Y™C:
130 & 4%, n = 19). However, to our surprise and in
contrast to mice with a forebrain-specific lack of the HCN1
channel [3], HCN2PY™O mice showed no increased LTP in
the PP (Fig. lc, right panel). We observed virtually the
same amount of LTP in inputs to the distal dendrites of
CA1 pyramidal cells in HCN2P™" (132 + 7%, n = 9)
and HCN2PY™KO (127 + 4%, n = 13) mice. Alterations in
the basic properties of synaptic transmissions were exclu-
ded as source for these results in either HCN2™'~ or
HCN2PY"®O mice (ESM, Fig. 3).
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Fig. 1 Modulation of LTP in the PP does not depend on HCN2
expressed in postsynaptic pyramidal cells. a Immunohistochemical
fluorescence labeling (red) in coronal brain sections of the wild-type
(WT), the conditional HCN2 knockout (HCN2™"™°) and the HCN2
null mutation (HCN2~/7) using specific antibodies against the HCN1
(-HCN1) and the HCN2 (¢-HCN2) channel. The ribbon-like distri-
bution of the HCN2 channel protein in the hippocampus of the WT
resembles that of the HCNI1 channel with highest expression in the
stratum lacunosum-moleculare (s/m) corresponding to the distal
dendrites of pyramidal cells. High levels of HCN2 immunoreactivity
were also detected in thalamic areas ventral to the dentate gyrus (DG).
Notice the substantial loss of the HCN2 protein in the sim of
HCN2PYKO revealing residual puncta-shaped immunoreactivity in

HCN2P™O express HCN2 in local stratum oriens
GABAergic interneurons

The absence of altered LTP in HCN2"™© mice may
result from insufficient recombination in CA1 pyramidal
cells of this mouse model. This possibility can be ruled
out based on western blot data (ESM, Fig. 1). Addition-
ally, there was a massive reduction of immunoreactivity
in the hippocampus of HCN2"™© mice (Fig. 1a). While
HCN2 immunoreactivity was completely absent in slices
from HCN2~/~ mice, weak residual staining was still
present in the hippocampus of the HCN2P™C mice
(Fig. 1a). This finding, together with the fact that the
Nex-Cre mouse used to generate HCN2PY™© mice lacks
Cre expression in GABAergic interneurons [30], implies
that HCN2PY"%© mice would lack the phenotype observed
in HCN2 null mutants if it resulted primarily from a
function of HCN2 channels in hippocampal inhibitory
interneurons [18]. Accordingly, we hypothesized that the
HCN2 channel facilitates output from local interneurons
onto distal dendrites of CAl pyramidal neurons. To test
this hypothesis, we performed double immunostainings
for the HCN2 channel and the neuropeptide somatostatin,
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various hippocampal layers including the stratum oriens (so). Sections
from HCN2™~ mice completely lack immunoreactivity proving the
specificity of the HCN2 antibody. Scale bar 100 um. b,c Long-term
potentiation (LTP) in Schaffer collateral (SC, left panels) and PP (right
panels) of hippocampal slices from mutant mice lacking the HCN2
channel. Enhanced LTP was observed in the PP of HCN2 null mutants
(HCNZ_/ 7), but not in the conditional knockout mice lacking HCN2
in pyramidal neurons (HCN2PY™9). Scale bars 10 ms, 1 mV. b LTP
in HCN2/+ [filled diamonds; n = 13/11 (SC/PP)] and littermate
HCN2™'~ mice [open diamonds; n = 16/6 (SC/PP)]. ¢ LTP in
HCN2PY™KO [open circles; n = 18/9 (SC/PP)] and their littermate
controls [HCN2PY™" filled circles; n = 19/13 (SC/PP)]. *p < 0.05

a marker for oriens-lacunosum moleculare (O-LM) inter-
neurons [31, 32] that are exemplary for the numerous
types of dendrite-targeting interneurons [6]. HCN2
immunoreativity was detected in the soma of somato-
statin-positive cells in the stratum oriens of wild-type
(WT) animals (Fig. 2a). Importantly, we observed the
same coexpression in the stratum oriens of HCN2PY™©
animals (Fig. 2b) reinforcing the view that local inter-
neurons in these mutants still express the HCN2 channel.
Although HCN1 mRNA was previously reported in stra-
tum oriens interneurons [21], we could not detect HCN1
immunoreactivity in the soma of any hippocampal inter-
neuron (data not shown).

Inhibition of CA1l pyramidal cells is impaired
in HCN2™'~ mice

According to these findings, increased LTP in the PP of
HCN2 null mutants may reflect a function of HCN2
channels driving inhibitory output from local interneurons
onto distal dendrites of CAl pyramidal neurons. In other
words, a loss of these channels in the corresponding
interneurons impairs inhibition of CAl pyramidal cells.
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Fig. 2 The HCN2 channel is critical for the inhibition of synaptic
transmission in the direct PP. a,b High magnification confocal
fluorescent images of interneurons in the so of wild-type (WT) and
HCN2P"KO mice. In both genotypes, immunohistochemical labeling of
the HCN2 channel (red) was found in the somata of interneurons in the
so that were co-labeled by an antibody against somatostatin (z-SOM,
green). Overlapping expression (yellow) is illustrated by merged
images. Nuclei were counterstained using the nuclear marker Hoechst
(blue). Individual experiments were reproduced with tissue from at least
three different animals. Scale bar 10 pm. ¢ WT (HCN2™*, filled
diamonds, n = 8) mice and littermate HCN2 null mutants (HCN2™/~,

Therefore, we examined the effect of dysinhibition on
LTP in the PP of WT and HCN2~/~ mice (Fig. 2c). Fitting
with our assumption, the GABA 4 receptor-antagonist pic-
rotoxin (PiTX, 50 pM) had no effect on LTP in the mutants
(HCN27/~ with PiTX: 160 + 12%, n =6), but it
increased LTP in PP inputs of the WT on average by about
25% (HCN2™* with PiTX: 155 + 9%, n = 8). In fact,
block of GABA 4 receptor-mediated synaptic transmission
abolished the difference in LTP between both genotypes
seen with intact inhibition (HCN2™'~ without PiTX:
167 + 7%, n = 6 vs HCN2"'* without PiTX: 131 £ 6%,
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open diamonds, n = 6) show equivalent LTP in the direct PP under
conditions of dysinhibition. The GABA, receptor-antagonist picro-
toxin (PiTX, 50 pM) was present in all experiments. LTP in the absence
of PiTX is indicated by the dorted line (HCN2'*) and the arrowhead
(HCNZ_/_). Scale bars 10 ms, 1 mV. d Time course of the basal
synaptic transmission in the SC pathway (upper panel) and PP (lower
panel). The baseline level of synaptic transmission was recorded for
about 10 min in normal aCSF before PiTX was washed in resulting in a
failure to enhance the fEPSP slope in the PP of HCN2 ™/~ mice. Scale
bars 10 ms, 10 mV. ***p < 0.001

n = 11). We further tested for possible alterations in the
inhibition of the basal synaptic transmission due to HCN2
gene deletion. Field EPSPs were evoked every 15 s in
glutamatergic inputs to CAl pyramidal cells of WT and
HCN2 '~ mice. Under basal conditions, the slope of the
field EPSPs in both genotypes did not differ in either
pathway. Following wash-in of picrotoxin, the slope of
field EPSPs measured in the SC pathway showed a prom-
inent increase in both genotypes (Fig. 2d). However,
picrotoxin failed to increase the slope of field EPSPs
measured in the PP of the HCN2 ™'~ mice, while it did in
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Fig. 3 HCN2 channels mediate a major portion of I, currents in p

oriens-lacunosum moleculare (O-LM) interneurons and regulate the
resting membrane potential (RMP). Whole-cell patch-clamp record-
ings were performed in O-LM cells of wild-type (WT) (control),
HCN2™'~ and HCN1™'~ mice. a Representative whole-cell voltage-
clamp recordings of [, currents in O-LM cells (lower panels) of WT
(control), HCN2™'~ mice, HCN1™~ mice and double mutants (HCN-
DKO) lacking both subunits. Currents were evoked by 2-s hyperpo-
larizing voltage-clamp steps applied from a holding potential of
—45 mV in 10 mV increments and followed by a final voltage-clamp
step to —125 mV (top panel). O-LM cells of HCN2™'~ mice show
decreased current density. Essentially no /;, currents were detected in
HCN-DKO mice at physiological membrane potentials. Scale bars
500 ms and 200 pA. b Hyperpolarization-activated membrane cur-
rents in O-LM cells are sensitive to blockers of I}, currents. Currents
were measured at —125 mV in the absence (control, back traces) and
in the presence (gray traces) of cesium chloride (Cs, 4 mM) and
zatebradine (50 uM). Scale bars 500 ms and 200 pA. ¢ Voltage
relationship of the slowly activating current (/) evoked by
hyperpolarizing voltage-clamp steps normalized to cell capacity
(instantaneous currents were not taken into account). Smooth curves
represent the fit of I, (see “Materials and methods™). On average, [,
at —125 mV was —6.0 £ 0.7 pA/pF (control, filled squares, n = 35),
—3.3 + 0.4 pA/pF (HCN2™'", open diamonds, n = 20, p < 0.01)
and —3.6 £ 0.4 pA/pF (HCN17'~, open squares, n = 22, p < 0.05).
d Voltage-dependence of the tail current elicited at —125 mV (for
details, see “Materials and methods”). Midpoints of I, current
activation were estimated as —85.0 £ 0.7 mV (control, n = 35),
—81.34+ 13 mV (HCN2™/~, n=20, p<0.01) and —90.4 +
1.2 mV (HCNI_/_, n =22, p <0.001). e Activation kinetics of [,
currents in O-LM cells estimated by a single exponential fit. At
—125 mV [, currents activated with a time constant of 314 + 21 ms
(control, n = 35), 232 + 19 ms (HCNZ_/_, n =20, p < 0.05) and
494 + 31 ms (HCN1™'~, n = 22, p < 0.001). f Typical response of
O-LM cells from control animals to injection of depolarizing and
hyperpolarizing current pulses, respectively. RMP was measured with
zero current injected. Depolarization beyond a threshold potential
(Thr) evoked a weakly accommodating train of action potentials
followed by slow afterhyperpolarization. A prominent depolarizing
voltage sag was present upon hyperpolarization which was com-
pletely blockable by zatebradine. Scale bars 500 ms and 50 mV.
Dotted line —60 mV. g Mean values of the RMP and the threshold for
action potential firing (Thr) in control (n = 21), HCN2™'~ (n = 21)
and HCN17/~ (n = 24) mice. **p < 0.01, ***p < 0.001

WT littermates. Taken together, these data suggest a
selective defect of inhibitory inputs to the distal dendrites
of CAl pyramidal cells under basal conditions and during
high-frequency stimulation of the corresponding glutama-
tergic inputs.

HCN?2 channels contribute to I}, currents and the resting
membrane potential in oriens-lacunosum moleculare
(O-LM) interneurons

To further verify our immunohistochemical data on a func-
tional level, we performed whole-cell patch-clamp
experiments on O-LM interneurons in the CAl region.
O-LM cells are thought to represent the major fraction of
stratum oriens interneurons [15]. We identified O-LM cells
by their location within the stratum oriens, their visual
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appearance and electrophysiological properties [6, 33, 34].
To assess the contribution of the HCN2 subunit to /;, currents
in O-LM cells (Fig. 3a), we compared the density of I
currents in HCN17~ and HCN2™/~ mice with that in the
corresponding controls (HCN1" and HCN2™"). There
was no difference between HCN 1" and HCN2™* mice in
the capacity-corrected density of I}, currents allowing us to
combine the data to a common control. These hyperpolar-
ization-activated currents were sensitive to I, blockers such
as cesium and zatebradine as illustrated by recordings from
WT animals (Fig. 3b). Under the experimental conditions
used, O-LM cells in slices from HCN2 ™'~ mice showed a
decrease in I, current density of about 50% compared to the
control (Fig. 3c). In addition, the voltage-dependence of I,
activation in HCN1~'~ mice is shifted towards more nega-
tive membrane potentials, while a shift towards more
positive values was observed in HCN2~'~. This suggested
that the remaining /;, current in O-LM cells lacking the HCN2
channel is conducted by HCN1 channels activating at more
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positive membrane potentials (Fig. 3d). Accordingly, the
remaining J;, currents in HCN2 ™'~ activated much faster than
in the control, again reflecting the contrasting properties [35]
of either the HCN1 or the HCN2 channel subunit (Fig. 3e).

Fitting well, the density of I;, currents in O-LM cells
from HCN1~'~ mice was also reduced by about 50%, and
changes of activation kinetics mirrored those for HCN2 ™/~
mice (Fig. 3a, c, e). Finally, O-LM cells in the compound
knockout (genotype: HCN1~/~; HCN2™'7) showed virtu-
ally no residual [;, currents indicating that the expression of
HCN3 and HCN4 subunits in these cells is negligible
(Fig. 3a). Fits of the current—voltage relationships for the
current fraction activating during hyperpolarizing voltage-
clamp steps represented by the corresponding curves yiel-
ded relative conductances (G,; for details, see “Materials
and methods™) of 2.04 4+ 0.02 nS (n = 35) for the control,
1.33 £ 0.11 nS (n = 22) for the HCN1™'~ and 1.30 £
0.15 nS (n = 20) for the HCN2™'" mice.

Current-clamp measurements in O-LM cells revealed a
marked depolarizing voltage sag in response to injection of
hyperpolarizing currents that was abolished by the selec-
tive blocker of [, currents zatebradine (Fig. 3f). The lack of
the HCN2 channel was reflected primarily by a negative
shift of the membrane potential both at rest and with
hyperpolarizing currents injected. Suggesting relevant
HCN2 channel activity at normal resting membrane
potential (RMP), O-LM cells from HCN2~'~ mice (—63.2 =
0.8 mV, n = 21) showed a significantly (p < 0.01) more
hyperpolarized RMP than control cells (—60.7 = 0.4 mV,
n = 32) (Fig. 3g). A similar shift of the RMP in O-LM
cells was observed for mice lacking the HCN1 channel
(—65.1 £ 1.0 mV, n = 27). Unlike for the RMP, neither
the deletion of the HCN2 nor the HCN1 gene had an effect
on the threshold potential for repetitive spiking in O-LM
cells (control: —43.1 & 0.6 mV, 21; HCN2™/7: —43.1 +
0.9 mV, 21; HCN17/7: —43.8 &+ 0.7 mV, n = 24).

Inhibition of CA1 pyramidal cells is impaired
in HCN2™'~ mice

Activity of local GABAergic interneurons can also be
monitored indirectly by recording spontaneous inhibitory
postsynaptic potentials (sIPSC) in CAl pyramidal cells.
Therefore, we analyzed the frequency and amplitude of
sIPSCs measured in CAl pyramidal cells from WT and
HCN2 ™"~ mice. Further supporting the view that the HCN2
channel is critical for the function of local interneurons, the
frequency of sIPSCs (Fig. 4a) recorded in CA1l pyramidal
cells of HCN2™'~ mice (2.1 &+ 0.2 Hz, n = 6) was sig-
nificantly (p < 0.05) reduced compared to that in the
control mice (4.0 £ 0.5 Hz, n = 8). Zatebradine, the
selective blocker of I, currents significantly (p < 0.01)
reduced the frequency of sIPSCs in the latter to

1.7 £ 0.3 Hz (n = 8), a level similar to that observed in
HCN2 '~ mice under control conditions. The zatebradine-
induced decrease of sIPSC frequency was less pronounced
in the HCN2™"~ mice (1.3 & 0.1 Hz, n = 6). Genotype
and zatebradine had no significant effect on the sIPSC
amplitude (Fig. 4a). Picrotoxin completely abolished
sIPSCs in all genotypes (Fig. 4a, upper panel).

Extending these experiments, we examined spontaneous
activity (Fig. 4c) observed in a substantial part of O-LM
cells with kynurenic acid present in the bath solution [12].
Strikingly, the HCN blocker zatebradine (50 uM) signifi-
cantly (p < 0.01) reduced the frequency of spontaneous
activity under these conditions selectively in the control
mice (AF/Fy,q, 0.32 &+ 0.05, n = 12) and had no effect in
the HCN2 ™/~ mice (AF/Fpysa —0.04 & 0.12, n = 6).

Complementary to a previous report [10], these findings
indicate that spontaneous activity of local inhibitory
interneurons targeting CAIl pyramidal cells critically
depends on the function of HCN2 channels.

LTP is enhanced by the deletion of HCN2
from forebrain GABAergic neurons

To further evaluate the importance of HCN2-dependent
inhibitory transmission for LTP in the PP, we additionally
generated mice lacking HCN2 in forebrain GABAergic
neurons using the DIx5/6-Cre mouse [36]. Expression of
Cre under control of the regulatory sequences of the DIx5/
DIx6 genes leads to recombination of the HCN2 L2 allele
in differentiating and migrating forebrain GABAergic
neurons during embryonic development [37, 38]. Accord-
ingly, the resulting conditional knockout is referred to as
HCN2™KO  (genotype:  HCN2M2; DLX ™) while
HCN2™C" (genotype: HCN2'2 DLX™™) are the
corresponding controls. In contrast to HCN2 '~ [20],
HCN2""KO mice do not display any obvious CNS pheno-
types and have a normal life expectancy (data not shown).
We were not able to observe any abnormalities in the brain
and the hippocampal cellular layers.

Successful Cre-mediated conditional deletion of the
HCN?2 gene was confirmed in inhibitory interneurons using
whole-cell patch-clamp recordings. As expected, I, cur-
rents in O-LM cells of HCN2™X° showed reduced
amplitudes and accelerated activation kinetics (Fig. 5a, b).
Especially, the voltage-dependence of I, activation was
shifted significantly to more positive membrane potentials
(Fig. 5¢). The remaining hyperpolarization-activated cur-
rents were still susceptible to inhibition by zatebradine
(data not shown).

Supporting our hypothesis of the role of HCN2 channels
in hippocampal inhibitory interneurons, LTP in the PP of
brain slices from HCN2"™80 mice (161 + 7%, n = 5) was
significantly (p < 0.05) enhanced (Fig. 5d) compared to
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Discussion

The present study demonstrates for the first time a critical
role of the HCN2 channel for the GABAergic output from
hippocampal inhibitory interneurons and its functional
impact on hippocampal synaptic plasticity.

Hippocampal expression of HCN2 channels and altera-
tions of synaptic plasticity observed in HCN2™'~ mice
were similar to those reported for the HCNI1 subtype,

<« Fig. 4 The HCN2 channel supports spontaneous inhibitory postsyn-

aptic currents (s/PSCs) in CA1l pyramdial cells and the spontaneous
activity of oriens-lacunosum moleculare (O-LM) interneurons.
Whole-cell patch-clamp recordings were performed in O-LM cells
of wild-type (control) and HCN2™'~ mice. a HCN2™'~ mice show a
reduced frequency of sIPSCs and reduced zatebradine-sensitivity
compared to the control. Upper panels show representative voltage-
clamp recordings of sIPSCs from CA1 pyramidal neurons of control
and HCN2™/~ mice under control conditions (left), in the presence of
zatebradine (50 pM, middle) and picrotoxin (50 uM, right). Lower
panels illustrate the mean sIPSC frequency (left) and amplitude
(right) for both genotypes in the absence (—) and presence (+) of
zatebradine. Scale bar 20 pA, 500 ms. b Averaged sIPSCs from
control and HCN2™'~ mice in the absence (black) and presence
(gray) of zatebradine. The bar diagram illustrates the mean decay
time of the sIPCSs for the corresponding genotype and conditions.
Mean decay time in the control was 22.7 £ 1.2 ms (n = 8) and
155 £ 0.6 ms (n = 8) in the absence (—) and presence (4) of
zatebradine, respectively. The corresponding mean decay time in the
HCN2™'~ mice was 18.6 209 ms (n =6) and 17.3 &+ 0.7 ms
(n = 6). ¢ Effect of zatebradine on spontaneous spiking activity in
O-LM cells from control and HCN2™~ mice with kynurenic acid
(2 mM) present throughout the experiment. Left panels show
representative recordings prior and after application of zatebradine.
Right panel illustrates the mean decrease in spiking frequency
(AF = Fpasar — Flatebradine)) induced by the [, channel blocker. All
data were normalized to the basal frequency (Fyusa) Of spontaneous
spiking prior to the application of zatebradine (AF/F,.g,1)- Scale bars
500 ms and 20 mV. *p < 0.05, **p < 0.01, ***p < 0.001

which constrains synaptic plasticity most effectively in
the PP by damping excitatory postsynaptic potentials at
the distal dendrites of CA1l pyramidal cells where it is
maximally expressed [3]. Also, the HCN2 subunit is
strongly expressed in the stratum lacunosum moleculare,
where the distal dendrites of pyramidal cells receive
glutamatergic inputs from the thalamus and the entorhinal
cortex. Functionally reflecting this expression pattern,
HCN2™~ exhibited increased LTP in the PP without
alterations in the SC pathway projecting to the proximal
dendrites of CA1 pyramidal cells. However, we observed
normal LTP the PP of mice carrying a pyramidal neuron-
specific deletion of the HCN2 gene (HCN2PY™9). This
proves that, in contrast to HCN1, HCN2 does not con-
strain LTP in PP inputs by modulating dendritic
integration in pyramidal neurons.

Insufficient efficiency of the Cre/lox-mediated recom-
bination is ruled out by our western blot and
immunohistochemical data. Furthermore, the Nex promoter
fragment used for Cre-mediated deletion of the HCN2 gene
does not drive expression in inhibitory interneurons [30].
The distribution of residual immunoreactivity in the hip-
pocampus of HCN2P™ ° mice matches that of local
inhibitory interneurons [6, 18]. Therefore, we suggest that
the HCN2-mediated constrainment of LTP in the PP is
associated with a facilitatory function of this channel for
inhibitory output from local interneurons to the distal
dendrites of CA1 pyramidal cells. In this scenario, loss of
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Fig. 5 LTP is enhanced in the PP of mice lacking the HCN2 channel
in forebrain GABAergic neurons (HCN2"hKOy 4 Representative
whole-cell voltage-clamp recordings of I, currents in O-LM cells
(lower panels) of HCN2™"“™ and HCN2""X© in response to 2-s
hyperpolarizing voltage-clamp steps applied from a holding potential
of —45 mV in 10 mV increments and followed by a final voltage-
clamp step to —125 mV (top panel). b Voltage relationship of the
slowly activating current (/o) evoked by hyperpolarizing voltage-
clamp steps normalized to cell capacity. Smooth curves represent the

the HCN2 channel should induce dysinhibition in
HCN2™~ mice. Fittingly, treatment with the GABA,
receptor-antagonist picrotoxin had no effect on LTP in the
PP path of these mice, while it increased LTP in control
animals to the level observed in the mutants. Additionally,
picrotoxin failed to strengthen basal synaptic transmission
in the PP of HCN2~/~ mice, while it did in the SC path-
way. Basal synaptic transmission in the WT was
picrotoxin-sensitive in both pathways. Providing further
evidence for decreased activity of local GABAergic inter-
neurons, the sIPSC frequency recorded in CA1 pyramidal
neurons of HCN2™'~ mice was significantly reduced
compared with the WT. This finding is not related to
compensatory changes induced by gene deletion, as the
selective I, blocker zatebradine virtually abolished the
genotype-difference. Supplemental confirmation comes
from the fact that LTP is enhanced in the PP of a mouse
lacking HCN2 selectively in forebrain GABAergic neurons
(HCN2lnhKO).
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Hippocampal inhibitory interneurons represent a diverse
cell population [6, 7]. Can we provide information
regarding the type of interneuron(s) potentially involved in
HCN2-mediated regulation of LTP in the PP? Several
types of hippocampal interneurons express I, currents
[10-14], including oriens-lacunosum moleculare (O-LM)
interneurons. Unique anatomical and electrophysiological
features qualify this cell type as a supreme candidate to
influence synaptic transmission in the PP. Located in the
stratum oriens, they receive excitatory inputs from CAl
pyramidal cells and provide inhibitory feedback to their
distal dendrites in the stratum lacunosum moleculare [16,
17, 39, 40]. Although the involvement of other interneu-
ronal cell-types cannot be excluded, the following findings
suggest that O-LM interneurons at least contribute to the
HCN2-mediated suppression of LTP in the PP. In the
somata of stratum oriens interneurons of both WT and
HCN2PY™®O animals, we found colocalized immunoreac-
tivity for HCN2 and somatostatin (Fig. 2a, b), a
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neuropeptide expressed in O-LM cells [41-44]. In line with
this, HCN2 channels contributed significantly to I;, currents
recorded in O-LM cells, reflected by the hyperpolarized
membrane potential found in HCN2 ™~ mice. Additionally,
the I, blocker zatebradine significantly reduced spontane-
ous spiking of O-LM cells in WT but not HCN2™'~ mice.
Together, these findings suggest that HCN2 channels
strengthen the inhibitory output from O-LM interneurons.
This function of the HCN2 channels in O-LM interneurons
might be representative for the channel’s function in other
types of interneurons possibly involved in the inhibition of
distal inputs to CA1l pyramidal cells. If HCN2 channels
were regulating the function of interneurons projecting to
proximal or perisomatic regions of CAl pyramidal cells,
LTP in the SC pathway were expected to be altered. Yet in
our hands, HCN2 channels exclusively influenced synaptic
plasticity in the PP, underscoring the functional impact of
interneurons connected to distal dendrites of CAl pyra-
midal cells. Alternatively, interneurons in the stratum
lacunosum moleculare could exert feed-forward inhibition
[cf. 45], but at least a subpopulation of these neurons is not
involved as blocking I}, currents does not influence their
intrinsic firing [13]. The potential function of I, in stratum
lacunosum moleculare interneurons remains to be
elucidated. Additionally, non-uniform innervation of hip-
pocampal pyramidal neurons should be considered. It is
feasible that CAl pyramidal cells densely targeted by PP
afferents are mainly inhibited by O-LM cells.

How can impaired inhibitory activity boost synaptic
plasticity in the PP? For instance, it may facilitate propa-
gation of dendritic spikes in distal synapses, an effect
possibly strengthened by cooperative activity of more
proximal SC synapses (for review, see [1]). Furthermore,
reduced GABAergic input in the stratum lacumosum
moleculare allows back-propagation of action potentials
[46, 47] to the apical tuft of pyramidal cells, resulting in the
potentiation of synapses from the entorhinal cortex that are
active during CA1 ripple oscillations in vivo and facilitate
LTP in the corresponding inputs in vitro. O-LM interneu-
rons, for example, provide an important portion of
inhibition directed onto the distal dendrites of CA1 pyra-
midal cells in a feedback loop [16, 48, 49] and perhaps also
due to spontaneous activity. These cells develop sustained
inhibition proportional to the rate of incoming action
potentials [40] thereby saturating inhibitory output to distal
dendrites of CA1l pyramidal cells in response to their
repetitive activation. Accordingly, decreased feedback
inhibition during repetitive stimulation of PP afferents may
account for the increased LTP in HCN2™~ mice. Others
have shown that [;, currents support the spontaneous
activity of O-LM cells [10, 12].

How do HCN2 channels strengthen the inhibitory output
onto pyramidal cells generated by activation of O-LM or

other interneurons? [, modulates cellular properties
including spontaneous activity, resting membrane poten-
tial, input resistance, afterpotential, rebound activity, and
dendritic integration ([2], for review, see [19, 50]), func-
tions that may strongly depend on the cellular localization
of the HCN channels. Hyperpolarization of the resting
membrane potential as observed in O-LM cells of HCN2-
deficient mice is assumed to reduce excitability. Concur-
rently, elimination of the depolarizing conductance leads to
enhanced excitability due to an increased input resistance.
The latter effect predominates for dendritically expressed
HCN channels. In contrast, somatically expressed HCN
channels are thought to facilitate neuronal excitability. Our
immunohistochemical findings indeed indicate somatic
expression of the HCN2 channel in O-LM interneurons
agreeing with the view that it supports the activity of these
cells. Further, our data demonstrate that HCN1 channels
are not located in the somata of O-LM cells and likely
serve a different function in these cells. However, the
current data does not indicate the intracellular location of
HCN1 and HCN2 in other types of local hippocampal
interneurons.

Presently, one can only speculate about the behavioral
relevance of disinhibition-induced alterations in the syn-
aptic plasticity of HCN2-deficient mice. There is
compelling evidence that appropriate storage of spatial
information in the hippocampus relies on PP inputs from
the entorhinal cortex [51-53], thought to fine tune the
representation of the environment by hippocampal place
cells in the CAl region. Recent findings in HCN1-defi-
cient mice not only underline the function of the PP in
spatial learning but also suggest a functional link to
synaptic plasticity in this pathway [3]. Despite the fact
that mechanisms underlying regulation of synaptic plas-
ticity in CAl pyramidal cells by HCNI1 (modulates
dendritic intergration in distal dendrites) and HCN2
(modulates inhibition of distal dendrites) channels appar-
ently differ, one may predict a similar effect on
hippocampus-dependent learning. Actually, there is con-
vincing evidence regarding a functional link between
activity of GABAergic interneurons, LTP and hippo-
campus-dependent learning. For example, in a mouse
neurofibromatosis model, deficits in spatial learning are
due to increased activity of GABAergic interneurons
leading to decreased LTP [54, 55].

In conclusion, we suggest that HCN2 channels serve an
important function in setting the activity of hippocampal
inhibitory interneurons, and that HCN2 channel-dependent
GABAergic output onto distal dendrites of CA1 pyramidal
cells constrains LTP in the PP. Moreover, the HCN2
channel is expressed in and promotes the excitability of
O-LM interneurons, a cell type qualified to mediate such
type of regulation.
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