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A Behavioral Role for Dendritic Integration: HCN1
Channels Constrain Spatial Memory and Plasticity at
Inputs to Distal Dendrites of CA1 Pyramidal Neurons

to regulate the learning of new information by gating
the initiation of somatic or dendritic spikes that serve
as associative signals for the induction of synaptic plas-
ticity (Bi and Poo, 1998; Golding et al., 2002; Magee
and Johnston, 1997; Markram et al., 1997). At present,
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however, little is known about how these active integ-1Center for Neurobiology and Behavior
rative properties may control learning and memory.Columbia University

We have focused our attention on the integrative roleNew York, New York 10032
of the HCN1 channel subunit, one of four HCN (hyper-2 Center for Molecular and Behavioral Neuroscience
polarization-activated, cyclic-nucleotide gated, cationRutgers University
nonselective) subunits that generate hyperpolarization-Newark, New Jersey 07102
activated inward currents (Ih) (Robinson and Siegel-3 Department of Pharmacology
baum, 2003). HCN1 is highly expressed in cerebellar4 Departments of Physiology, Biochemistry and
cortical neurons and in pyramidal cells of the neocortexBiophysics, and Psychiatry
and hippocampus (Lorincz et al., 2002; Notomi and Shi-5 Howard Hughes Medical Institute
gemoto, 2004; Santoro et al., 2000). We previously found6 Kavli Institute for Brain Sciences
that knockout of the HCN1 gene causes profound defi-Columbia University
cits in motor learning that may be accounted for byNew York, New York 10032
actions of HCN1 in cerebellar Purkinje cells (Nolan et al.,7 Unit of Behavioral Genetics
2003). In these spontaneously spiking neurons, HCN1 isNational Institute of Mental Health
activated by inputs that hyperpolarize the membraneBethesda, Maryland 20892
below the threshold for spontaneous spiking. By stabi-
lizing the integrative properties of Purkinje cells, HCN1
enables reliable encoding of information independentlySummary
of their previous history of activity (Nolan et al., 2003).
Here we ask, is HCN1 generally required in neuronalThe importance of long-term synaptic plasticity as a
circuits important for learning and memory? Does it al-cellular substrate for learning and memory is well es-
ways play a permissive role, as it does in motor learning?tablished. By contrast, little is known about how learn-
Or does its function vary, depending on its cellularing and memory are regulated by voltage-gated ion
context?channels that integrate synaptic information. We in-

To approach these questions, we have studied thevestigated this question using mice with general or
role of HCN1 in forebrain pyramidal neurons. Unlike Pur-forebrain-restricted knockout of the HCN1 gene,
kinje cells, these neurons are generally not spontane-which we find encodes a major component of the hy-
ously active in the absence of synaptic input. Pyramidalperpolarization-activated inward current (Ih) and is an
neurons also have resting potentials substantially moreimportant determinant of dendritic integration in hip-
negative than those of Purkinje cells. As a result, a signif-pocampal CA1 pyramidal cells. Deletion of HCN1 from
icant fraction of Ih in pyramidal cells is activated at restforebrain neurons enhances hippocampal-dependent
and therefore can contribute to the integration of post-learning and memory, augments the power of theta
synaptic potentials. The importance of HCN1 in synapticoscillations, and enhances long-term potentiation (LTP)
integration in pyramidal neurons is underscored by itsat the direct perforant path input to the distal dendrites
distinctive dendritic gradient of expression, with levels

of CA1 pyramidal neurons, but has little effect on LTP
in apical dendrites increasing steeply as a function of

at the more proximal Schaffer collateral inputs. We distance from the soma (Lorincz et al., 2002). The re-
suggest that HCN1 channels constrain learning and sulting gradient of Ih density is thought to reduce the
memory by regulating dendritic integration of distal amplitude and duration of distal synaptic potentials and
synaptic inputs to pyramidal cells. to remove the location dependence of synaptic summa-

tion that would otherwise arise as a result of the passive
Introduction cable properties of the dendritic tree (Berger et al., 2001;

Magee, 1998, 1999; Williams and Stuart, 2000, 2003).
Considerable progress has been made toward identi- The dendritic gradient of Ih is of further interest be-
fying the molecular mechanisms mediating long-term, cause different regions of the apical dendritic tree re-
activity-dependent synaptic modifications thought to be ceive inputs from different sources. The most distal den-
important for memory storage (Bliss and Collingridge, dritic regions of pyramidal cells in CA1 contain the
1993; Bliss et al., 2003; Milner et al., 1998). However, to highest density of HCN1 channels and are innervated
alter neuronal output these synaptic changes must be by direct perforant path (temporoammonic) inputs from
read out by the integrative properties of the postsynaptic layer III of the entorhinal cortex. These inputs may be
cell. Voltage-gated channels active at subthreshold po- of particular functional importance for representation of
tentials are ideally situated to influence this readout and spatial information by CA1 neurons (Brun et al., 2002).

The more proximal regions of the apical dendrite, where
the HCN1 density is lower, are innervated by Schaffer*Correspondence: erk5@columbia.edu
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collateral inputs to CA1 from hippocampal CA3 neurons. water maze experiment was comparable to control
(HCN1f/f) mice (Figure 1A).Consistent with this lower channel density, pharmaco-

logical blockade of Ih does not alter long-term potentia- HCN1 Constrains Acquisition of a Spatial
Memory Tasktion (LTP) or long-term depression (LTD) at the Schaffer

collateral synapses (Gasparini and DiFrancesco, 1997; We next asked if deletion of HCN1 from forebrain neu-
rons alters the performance of tasks requiring spatialWang et al., 2003). Given the high density of HCN1 at

the distal perforant path inputs, we were interested in learning. The submerged unmarked platform was placed
in a new location that could only be determined by thedetermining whether this channel may selectively regu-

late synaptic transmission and plasticity at these direct mouse using spatial cues placed around the room and
which remained the same during subsequent trials. Acortical inputs (Colbert and Levy, 1993; Remondes and

Schuman, 2002). priming procedure, during which mice were placed on
the platform at the new location for 15 s, was carriedUsing mice with general (HCN1�/�) and forebrain-

restricted (HCN1f/f,cre) knockout of the HCN1 gene, we out 15 min prior to the first spatial learning trial. Mice
were then trained with four trials per day over 4 days.examined the influence of HCN1 channels on CA1 pyra-

midal cell physiology, synaptic integration and induction Comparison of the performance of the mice on each
day indicated that HCN1f/f,cre mice learned the spatialof LTP at inputs to CA1 pyramidal cells, as well as hippo-

campal network activity, and hippocampal-dependent task faster than control mice, although both groups of
mice reached a similar final level of performance andforms of learning and memory. We provide evidence

that HCN1 channels oppose LTP at perforant path inputs performed similarly when their memory of the platform
location was tested with a probe trial indicating thatto pyramidal cells with no change in LTP at Schaffer

collateral inputs, suppress theta frequency network ac- they both use a spatial strategy to solve the task (Figure
1B). Comparison of swimming speed, time spent float-tivity, and constrain spatial learning and memory. Modi-

fied dendritic integration resulting in enhanced LTP at ing, or thigmotaxis did not reveal any effect of forebrain
deletion of HCN1 during training on days 3–6, indicatingperforant path synapses provides a possible mecha-

nism for enhanced learning by HCN1f/f,cre mice. that motor or motivational effects do not contribute to
the differences in learning (Supplemental Figure S2A on
the Cell website).

The short-term effects of information rememberedResults
during the 15 min between trials can be distinguished
from long-term effects of memory storage between daysDeletion of HCN1 Channels

from Forebrain Neurons by comparing the performance of control and HCN1f/f,cre

mice across individual trials, rather than days (FigureWe examined two HCN1 mutant mouse lines (Nolan et
al., 2003): HCN1�/� mice in which HCN1 is deleted from 1C). During the four training trials of the first spatial

training day (day 3), the path length for HCN1f/f,cre micethe entire mouse and HCN1f/f,cre mice in which deletion
of HCN1 is limited to the forebrain. Wild-type (HCN1�/�) to reach the platform was consistently shorter than for

HCN1f/f mice. Remarkably, this enhancement was visibleand floxed (HCN1f/f) mice, used as littermate controls
for experiments with HCN1�/� and HCN1f/f,cre mice, re- during the first trial. However, the largest difference be-

tween the two groups of mice was on trial 1 of day 4,spectively, expressed HCN1 mRNA and protein with
similar patterns to that described previously for wild- during which the performance of HCN1f/f,cre mice was

significantly enhanced compared with HCN1f/f mice (p �type mice (Lorincz et al., 2002; Santoro et al., 1997,
2000). In the forebrain, high expression of HCN1 mRNA 0.01). This is because the performance of HCN1f/f mice

returned toward the pre-training level on the first trialwas found in layer V of the neocortex and in the pyrami-
dal layer of the hippocampus, with corresponding dense of day 4 compared with the final trial of day 3, suggesting

that the memory of the platform location used to com-labeling of the protein occurring in regions containing
the distal apical dendrites of pyramidal cells. By con- plete the final trial on day 3 was poorly retained overnight

by the HCN1f/f mice. By contrast, HCN1f/f,cre mice main-trast, HCN1 mRNA and protein were absent from the
tained a similar level of performance between these twobrains of HCN1�/� mice and greatly reduced from the
trials, indicating that they retained the memory of theforebrain of HCN1f/f,cre mice (Nolan et al., 2003; Supple-
platform location from the previous day.mental Figure S1 at http://www.cell.com/cgi/content/
HCN1 Constrains Performance of Long-Termfull/119/5/719/DC1/).
Components of a Water Maze Spatial Memory Task
when Training Frequency Is Reduced
To determine if HCN1 channels also influence longer-Contribution of Forebrain HCN1 Channels

to Behaviors Involving Learning and Memory term memory processes that operate cumulatively over
several days, we examined the performance of the sameWe previously found that HCN1�/� mice have a profound

deficit in motor learning. Thus, on the first 2 days of a group of mice on a more demanding task in which they
were trained to find a hidden platform with only one trialwater maze experiment in which mice learn to navigate

to a submerged platform, whose location is indicated per day (Figure 1D). The platform was placed in a new
location and approximately 15 min before the first trialby a flag, these mice do not learn to swim directly to

the platform but instead maintain a tendency to swim the priming procedure was again carried out. The path
length for HCN1f/f,cre mice to reach the platform was re-in loops (Nolan et al., 2003). By contrast, HCN1f/f,cre mice

do not appear to have any deficits in motor learning and duced compared with HCN1f/f mice on both the first
day and on days 5–8, indicating that deletion of HCN1their performance in this visible platform phase of the
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Figure 1. Short- and Long-Term Memory Is Enhanced by Deletion of HCN1 from Forebrain Neurons

The path length for mice to reach the platform in a water maze is plotted against the day of the experiment (D) or the trial number (T). The
insets show the percentage of time spent in each quadrant of the pool during the corresponding probe trial.
(A) Data from the visible platform, nonspatial version of the water maze task (effect of genotype p � 0.05).
(B) The path length plotted against the day of the experiment for a four trials a day, hidden platform, spatial version of the water maze task.
ANOVA indicated a significant difference between HCN1f/f,cre (n � 13) compared with HCN1f/f mice (n � 12) in path length and latency [F(1,24) �

9.48, p � 0.005 for path length; F(1,24) � 7.05, p � 0.01 for latency]. Probe trial performance on day 7 was similar in both groups of mice
(p � 0.29).
(C) The data from the same experiment as in (B) plotted as a function of the trial number on each day.
(D) Data from a one trial per day, hidden platform version of the water maze task. The path length for HCN1f/f,cre mice to reach the platform
on the first session was reduced compared with HCN1f/f mice (p � 0.04). The path length (genotype effect p � 0.03) and latency (genotype
effect p � 0.04) for HCN1f/f,cre mice to reach the platform was also reduced during the second week of testing.
(E) Data from a different group of mice with a four trials a day, hidden platform version of the water maze task, without priming prior to the
first trial on day 1. There was no significant difference between HCN1f/f mice (n � 13) and HCN1f/f,cre mice (n � 14) (ANOVA, latency p � 0.21,
path p � 0.19).
(F) Data from the same group of mice as in (E) tested with one trial a day hidden platform water maze task, without priming. Forebrain deletion
of HCN1 enhanced performance of the mice during the second week of the experiment (genotype effect of ANOVA for 2nd week, path length
p � 0.031, latency p � 0.028).

enhances performance of short- and long-term compo- When the same mice were then trained to find the plat-
form in a new location with one trial per day, againnents of the task.

The Enhancement of Short-Term, but not Long- without the priming procedure, the early enhancement
of learning by the HCN1f/f,cre mice was again absent (Fig-Term, Memory Requires that the Mice Be

Primed Prior to the First Trial ure 1F). However, the performance of HCN1f/f,cre mice
was enhanced on days 5 to 7 of the experiment (FigureWe next asked if the modulation by HCN1 of short- and

long-term components of learning could be dissociated 1F). A probe trial after day 8 did not reveal a significant
difference between the HCN1f/f and HCN1f/f,cre mice, indi-from one another. We repeated the water maze experi-

ments in a second group of animals, but without the cating that both groups of mice use spatial strategies
to solve the task.priming procedure (Figures 1E and 1F). In this case there

was no significant difference between the performance These data suggest that forebrain HCN1 channels
modulate both short- and long-term memory. The re-of control and HCN1f/f,cre littermates when trained in the

water maze task with four trials per day (Figure 1E). duced path length to reach the hidden platform during
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the initial trial following priming suggests that HCN1f/f,cre ever, the peak to trough area during the falling phase
of the theta wave was significantly different betweenmice have an improved memory for information obtained

during the priming procedure. The priming-indepen- HCN1�/� and HCN1�/� animals during both wheel run-
ning (p � 0.01) and REM sleep (p � 0.01) (Figures 2Cdent, reduced path length to the hidden platform during

later trials of the more difficult one trial per day experi- and 2D), indicating that the deletion of HCN1 attenuates
theta wave asymmetry. Thus, HCN1 channels are notment suggests that HCN1f/f,cre mice also have enhanced

long-term memory. obligatory for the generation of hippocampal network
rhythms in vivo, but they may affect the proper physio-Anxiety, Attention, and Fear Conditioning

Are Not Altered by Deletion of HCN1 logical expression of theta frequency activity.
from Forebrain Neurons
Can the enhanced spatial learning shown by the Role of HCN1 in the Physiological Properties
HCN1f/f,cre mice be accounted for by changes in anxiety of CA1 Pyramidal Cells
or attention? There was no significant difference be- Since CA1 pyramidal neurons represent spatial informa-
tween the behavior of HCN1f/f,cre and control mice in an tion, are important for learning and memory, and
elevated plus maze indicating that the two groups of strongly express HCN1 in their distal dendrites, we fo-
mice do not differ in levels of anxiety. Nor was there a cused our cellular analysis on the contribution of HCN1
difference in pre-pulse inhibition, a simple test of sen- to the integrative properties of these neurons.
sory-motor gating, suggesting that basal attention is Rapid and Full Activation of Pyramidal Cell Ih

similar in the two groups of mice (Supplemental Figures Requires HCN1 Channels
S2B and S2C). Comparison of the properties of Ih in CA1 pyramidal cells

Does the spatial learning enhancement extend to with cloned HCN channels suggests that the current is
other forms of learning and memory? We found no differ- due to heteromeric channels formed by HCN1 and HCN2
ence between HCN1f/f,cre and control mice in cued fear subunits (Chen et al., 2001; Ulens and Tytgat, 2001).
conditioning, an amygdala-dependent form of memory, We investigated the contribution of HCN1 to Ih isolated
or in a contextual-fear conditioning task, which is pharmacologically at room temperature. Qualitatively
thought to involve a ventral hippocampal-dependent similar results were obtained with standard recording
form of memory (Supplemental Figures S2D and S2E). conditions at 32�C–34�C (Supplemental Figures S4A and
Thus, the enhancement of learning and memory in S4B). Hyperpolarizing voltage steps activated Ih in CA1
HCN1f/f,cre mice does not appear to extend to contextual pyramidal cells from all lines of mice (Figure 3). However,
fear conditioning or to involve changes in anxiety or at- deletion of HCN1 reduced the amplitude of Ih by approxi-
tention. mately two thirds. As knockout of HCN2 reduces the

amplitude of Ih by approximately one third (Ludwig et
al., 2003), the sum of the residual Ih from HCN1 andEffect of HCN1 Deletion on Hippocampal Network

Activity: Enhancement of Theta Band HCN2 knockout mice can account for all of the wild-
type current. Deletion of HCN1 also dramatically slowedNetwork Activity In Vivo

What is the neuronal basis for the enhancement of spa- the activation and deactivation kinetics of Ih. The activa-
tion timecourse of Ih from HCN1�/� or HCN1f/f mice re-tial learning? We focused our electrophysiological anal-

ysis on the CA1 region of the hippocampus, based on quired a sum of two exponentials for an adequate fit,
whereas Ih from HCN1�/� or HCN1f/f,cre mice was generallyits importance for spatial learning and memory and the

strong expression of HCN1 in this region. Since Ih has well fit with a single exponential function (Figures 3E–
3G). The slower kinetics of the residual Ih in mice withbeen suggested to influence network oscillations that

may play important roles in learning and memory (Fisahn deletion of HCN1 are similar to those of cloned HCN2
channels, whereas the kinetics of Ih in HCN2 knockoutet al., 2002; Hu et al., 2002; Lupica et al., 2001; Maccaferri

and McBain, 1996), we asked if deletion of HCN1 modi- mice resemble those of cloned HCN1 channels (Ludwig
et al., 2003). Thus, HCN1 and HCN2 appear to be thefies hippocampal network oscillations. Delta, theta,

gamma, and fast (“ripple”) oscillatory field potentials major determinants of Ih in CA1 pyramidal cells.
HCN1 Channels Contribute to the Restingwere recorded in vivo from the CA1 pyramidal layer.

Spectral analysis of the spontaneous field potentials Membrane Properties of CA1 Pyramidal Cells
We investigated the contribution of HCN1 to the physio-recorded during slow wave sleep revealed no significant

differences between HCN1�/� and HCN1�/� mice. Both logical properties of CA1 pyramidal cells using current
clamp recordings in standard ACSF at 33�C–35�C (Figurelow-frequency power and fast “ripple” power were re-

markably similar (see Supplemental Figure S3). How- 4, Supplemental Figures S4C and S4D, and Table 1).
CA1 pyramidal cells from either control or knockout miceever, power in the theta frequency band (4–9 Hz), re-

flecting oscillations thought to be important in encoding did not fire spontaneous action potentials. Deletion of
HCN1 shifted the resting potential to more negative val-and storing spatial information, was selectively en-

hanced in HCN1�/� animals during both wheel running ues, increased the input resistance, and prolonged the
membrane time constant. Activation of Ih in response to(p � 0.01) and REM sleep (p � 0.001)(Figures 2A and

2B), while frequencies in the gamma band (30–80 Hz) negative current steps can drive a depolarizing mem-
brane potential “sag” (Figures 4C and 4D). The ampli-were not affected.

HCN1 channel activation also affects the shape of tude of the sag, quantified as the ratio of the peak hyper-
polarization to the steady-state hyperpolarization, wastheta waves when analyzed in the time domain. No sig-

nificant difference was found in the area from the trough not altered by knockout of HCN1. However, when the
sag was quantified as the ratio of the peak hyperpolar-to the peak of the rising phase of the theta wave. How-
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Figure 2. HCN1 Is Not Required for Hippocampal Network Rhythms but May Selectively Suppress Theta Frequency Activity

(A and B) Power spectra of hippocampal local field activity from the CA1 pyramidal layer. Group data (mean � SEM) during wheel running
and REM sleep. Note significantly larger theta power peaks (p � 0.01) during both behaviors.
(C and D) Peak-triggered theta wave averages (�SEM) during wheel running and REM sleep. The area between peak and trough (�0–90 ms)
was significantly different between HCN1�/� and HCN1�/� mice (p � 0.01) during both wheel running and REM sleep.

ization to the mean hyperpolarization between 400 and channels preferentially attenuate responses to low-fre-
quency inputs (Figure 5C and Supplemental Figure S5),500 ms after the onset of the current step, it was reduced

significantly, reflecting the slower kinetics of the resid- indicating that Ih contributes to resonance by reducing
membrane impedance at frequencies below the thetaual Ih.

Responses to Low-Frequency Inputs Are range. Similar effects of HCN1 on the frequency-imped-
ance relationships of CA1 pyramidal cells were foundPreferentially Attenuated by HCN1 Channels

Previous studies have suggested that Ih contributes to in a comparison of HCN1�/� and HCN1�/� mice (data
not shown). Thus, deletion of HCN1 causes a generala resonant peak in the voltage response of pyramidal

neurons to oscillatory current inputs at around theta enhancement in the voltage response to low-frequency
oscillatory currents, consistent with the enhancementfrequencies (Hu et al., 2002; Pike et al., 2000). Since this

appears at odds with the enhanced theta power seen in theta power.
Properties of Schaffer Collateral and Perforantupon deletion of HCN1, we determined the response of

CA1 pyramidal cells to injection of oscillating currents Path Inputs to CA1 Pyramidal Cells
Given the important role of HCN1 in determining theof linearly increasing frequency (Strohmann et al., 1994).

In CA1 pyramidal cells from HCN1f/f mice, the amplitude subthreshold properties of CA1 neurons, we next exam-
ined the effect of HCN1 deletion on synaptic responsesof the membrane potential oscillation appeared con-

stant or increased slightly up to frequencies of approxi- to activation of the two major excitatory inputs to CA1
neurons: the direct cortical input via the perforant pathmately 4–8 Hz and then decayed steeply (Figure 5A).

By contrast, the amplitude of the membrane potential and the hippocampal input from the Schaffer collateral
pathway (Figure 6). For Schaffer collateral inputs, theresponse of CA1 pyramidal cells from HCN1f/f,cre mice

was larger than that of HCN1f/f mice at low frequencies relationship between somatic excitatory postsynaptic
potential (EPSP) slope and stimulus strength was similarbut not at higher frequencies (Figure 5B).

The relationship between membrane impedance and for HCN1f/f,cre compared with HCN1f/f mice, indicating
that HCN1 has little influence on the amplitude of theinput frequency, obtained from the voltage responses

(see Experimental Procedures), clearly shows that HCN1 postsynaptic response to a single presynaptic stimulus.
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Figure 3. HCN1 Is Required for Rapid and Full Activation of Ih in CA1 Pyramidal Cells

(A) Examples of membrane currents (bottom) from HCN1�/� (left) and HCN1�/� (right) mice, evoked by hyperpolarizing voltage steps (top).
Voltage steps have duration 5 s and are from a holding potential of �50 mV to potentials down to �115 mV in 5 mV increments.
(B) Mean amplitude of Ih tail currents plotted against test potential. Ih from HCN1�/� mice is reduced to approximately 40% of that in HCN1�/�

mice (tail currents following steps to �115 mV: HCN1�/� �144.7 � 18.4 pA, n � 4; HCN1�/� �59.1 � 15.4 pA, n � 5; p � 0.009).
(C and D) Membrane currents evoked by hyperpolarizing voltage steps as in (A) and mean tail currents as in (B), except data are from HCN1f/f

(n � 6) and HCN1f/f,cre mice (n � 6). Deletion of HCN1 reduces Ih to approximately 30% of its control amplitude (tail current amplitudes following
steps to �115 mV: HCN1f/f �126.6 � 7.1; HCN1f/f,cre �40.6 � 3.9; p � 0.003). In (B) and (D) the shallow slope of the I-V relationship is probably
due to poor space clamp of currents originating from distal dendritic regions.
(E and F) Activation of current responses to steps from �50 mV to �110 mV (bottom traces), from HCN1f/f and (E) and HCN1f/f,cre mice (F). The
residuals obtained from fitting the current activation with a single exponential (top) or with the sum of two exponentials (middle) are also shown.
(G) Mean time constants obtained from fitting the activation of Ih with a single exponential (top) or the sum of two exponentials (bottom) are
plotted against the test membrane potential. Deletion of HCN1 caused an approximately 2.5-fold slowing of the activation time constant (tact)
obtained by fitting with a single exponential (activation time constants at �115 mV: HCN1f/f 282.3 � 10.5 ms; HCN1f/f,cre 725.4 � 9.7 ms; p �

2.6e-05). The time constants for deactivation (tdeact) of Ih were also slowed by deletion of HCN1 (for steps from �115 mV to �50 mV, tdeact �

138.3 � 5.8 ms for HCN1f/f versus 319.5 � 9.0 ms for HCN1f/f,cre, p � 0.003).

However, the area of subthreshold Schaffer collateral rise times and decay kinetics in cells from HCN1f/f,cre

compared with HCN1f/f mice. This difference in EPSPEPSPs was increased in pyramidal cells from HCN1f/f,cre

mice, indicating that HCN1 channels do modulate the kinetics was larger for perforant path compared to
Schaffer collateral EPSPs, suggesting that the higherdecay of Schaffer collateral EPSPs. By contrast, both

the amplitude and area of somatically recorded perfor- expression of HCN1 channels in the distal dendrites of
CA1 pyramidal cells enables them to exert a greaterant path EPSPs was increased in HCN1f/f,cre mice (Figures

6D and 6E). In addition, perforant path EPSPs had slower influence on integration of distal synaptic inputs. We
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Figure 4. HCN1 Influences the Subthreshold
Membrane Properties of CA1 Pyramidal Cells

(A and B) Examples of membrane potential
responses (top) of CA1 pyramidal cells from
a HCN1f/f (A) and a HCN1f/f,cre mouse (B) to
a series of current steps (middle). The peak
hyperpolarization (open symbols) and steady-
state membrane potential (closed symbols)
are plotted as a function of the current step
amplitude (bottom). Dotted lines indicate the
resting membrane potential.
(C and D) Comparison of the onset (C) and
offset (D) of similar amplitude responses to
currents steps demonstrates the faster mem-
brane time constant of pyramidal cells from
HCN1f/f compared with HCN1f/f,cre mice. Note
the membrane potential “sag” following the
peak hyperpolarization of the HCN1f/f re-
sponse. Records are from the data shown in
(A) and (B).

did not find any difference between the two groups of collateral pathway, the amplitude of LTP at synapses in
the perforant path was dramatically enhanced in slicesmice in the relationship between stimulus intensity and

the slope of extracellular field EPSPs in either pathway, from HCN1f/f,cre mice compared with HCN1f/f mice. Thus,
the high density of HCN1 channels found in the distalindicating that deletion of HCN1 does not alter basal

transmitter release or the excitatory postsynaptic cur- dendrites of CA1 pyramidal cells, which receive the per-
forant path synaptic inputs, appears to act as an inhibi-rent (Figures 6F–6G and Supplemental Figure S6).

HCN1 Channels Preferentially Attenuate LTP tory constraint on the induction of LTP in this pathway.
By contrast, HCN1 channels have a relatively low densityat Distal Perforant Path Synapses and Not

Proximal Schaffer Collateral Synapses in the proximal apical dendrites and do not appear to
influence LTP at Schaffer collateral inputs, which syn-Could changes in dendritic integration caused by dele-

tion of HCN1 alter the induction of synaptic plasticity? apse onto this part of the apical dendritic tree.
We compared the effect of HCN1 deletion on LTP of
Schaffer collateral and perforant path inputs to CA1 Discussion
(Figure 7). We found no difference between HCN1f/f and
HCN1f/f,cre mice in the magnitude of LTP in the Schaffer Our behavioral and electrophysiological experiments,

using mice with general and forebrain-restricted dele-collateral pathway induced by a theta-burst protocol or
with a number of other standard LTP protocols and tion of HCN1 channels, provide evidence that dendritic

integration by forebrain pyramidal neurons can con-recording conditions (Supplemental Figure S6). The ab-
sence of any effect of HCN1 on LTP of Schaffer collateral strain both learning and memory as well as synaptic

plasticity. We suggest that HCN1 channels in the distalinputs is also consistent with previous pharmacological
studies (Wang et al., 2003). In contrast to the Schaffer dendrites of pyramidal cells could act as inhibitory con-

Table 1. Comparison of the Membrane Properties of CA1 Pyramidal Cells from HCN1f/f and HCN1f/f,cre Mice

HCN1f/f HCN1f/f,cre

Mean � SEM n Mean � SEM n p

Em (mV) �68.0 � 0.9 21 �73.6 � 0.7 23 6.1e-06
IR �ve (M�) 100.0 � 7.5 21 138.0 � 12.6 23 0.012
IR �ve (M�) 116.0 � 9.1 21 161.5 � 13.6 23 0.008
Tm (ms) 22.0 � 1.65 21 33.2 � 3.6 21 0.003
Sag (ss) 0.88 � 0.01 21 0.86 � 0.01 23 0.892
Sag (early) 0.88 � 0.01 21 0.92 � 0.01 23 0.022

Resting membrane potential (Em), input resistance measured from responses to negative current steps (IR �ve), input resistance measured
from responses to positive current steps (IR �ve), estimated membrane time constant (Tm), and the size of the membrane potential sag
during a negative current step (sag ratio), measured either at steady-state (ss) or from the mean membrane potential between 400 and 500
ms after the onset of the current step (early).
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Figure 5. HCN1 Preferentially Attenuates Responses of CA1 Pyramidal Cells to Low-Frequency Inputs

(A and B) The frequency-response properties of CA1 pyramidal cells from HCN1f/f (A) and HCN1f/f,cre mice (B) characterized by analysis of
membrane potential responses to oscillating current inputs.
(A1 and B1) Examples of membrane potential responses (top) to oscillating current inputs (bottom).
(A2 and B2) Plot of membrane impedance as a function of input frequency calculated from the data in (A1) and (B1).
(C) Mean impedance magnitude (Z) and ratio of impedance magnitude in HCN1f/f to that in HCN1f/f,cre mice (Z ratio) plotted as a function of
input frequency. Dashed lines indicate standard error of the mean. At frequencies �1.6 Hz the impedance of pyramidal cells from HCN1f/f,cre

mice (n � 10) is significantly (p � 0.05) higher than HCN1f/f controls (n � 10). The preferential attenuation of low-frequency inputs by HCN1
channels is illustrated by the much smaller z ratio for input frequencies less than 2 Hz compared with input frequencies above 5 Hz.

straints on learning by damping postsynaptic changes provide clear evidence that the same channel can have
distinct functional roles in different forms of learningin membrane potential that at distal dendrites might

otherwise trigger synaptic plasticity. depending on the cellular context and neuronal circuitry
in which the channel participates.

HCN1 Channels Constrain Short-
and Long-Term Memory HCN1 Channels Constrain LTP at Perforant Path

Synapses by Influencing the IntegrativeSeveral previous studies have found an enhancement
in performance of learning and memory tasks using ge- Properties of Pyramidal Neurons

We find that HCN1 channels strongly influence the integ-netic modifications that either downregulate intracellu-
lar signaling pathways that constrain synaptic plasticity, rative properties of CA1 pyramidal cells. They act as a

temporal filter that preferentially attenuates low-fre-overexpress molecules involved in the expression of
synaptic plasticity, or modify the properties of receptors quency components of input waveforms and as a spatial

filter that preferentially dampens distal inputs. Thus,involved in the induction of synaptic plasticity (Abel et
al., 1998; Malleret et al., 2001; Routtenberg et al., 2000; HCN1 channels open at the resting membrane potential

shunt synaptic inputs, and voltage-dependent gating ofTang et al., 1999). Other genetic modifications that in-
crease synaptic plasticity cause impairments in memory HCN1 channels further opposes membrane responses.

The greater effect of HCN1 deletion on perforant pathperformance, indicating that the relationship between
the two phenomena is complex and unpredictable compared with Schaffer collateral inputs can be ex-

plained by the preferential distribution of HCN1 channels(Sanes and Lichtman, 1999). So far genetic deletion of
other neuronal voltage-gated ion channels has been to distal dendrites (Lorincz et al., 2002), supporting a

preferential role for the channel in integration of distalfound to impair performance of various forms of learning
and memory (Kubota et al., 2001; Meiri et al., 1997; Nolan dendritic inputs (Magee, 1998). As pyramidal cells in

the subiculum and in layer V of the neocortex have aet al., 2003). By contrast, the performance of HCN1f/f,cre

mice was enhanced in specific components of behav- dendritic distribution of Ih and HCN1 subunits similar
to CA1 pyramidal neurons, HCN1 channels may haveioral tasks involving spatial reference memory. Together

with the finding that HCN1�/� mice have a profound similar functions in these neurons (Berger et al., 2001;
Lorincz et al., 2002; Williams and Stuart, 2000).motor learning deficit (Nolan et al., 2003), these data
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Figure 6. Effects of HCN1 Knockout on Schaffer Collateral and Perforant Path EPSPs in CA1 Pyramidal Cells

(A and B) Schematic illustration of the recording configuration and examples of somatically recorded EPSPs evoked by stimulation of Schaffer
collateral inputs (A) and perforant path inputs (B). Subthreshold Schaffer collateral EPSPs from HCN1f/f mice (n � 8) and HCN1f/f,cre mice (n �

10) had 10%–90% rise times of 6.3 � 0.9 ms and 6.7 � 1.6 ms, respectively (p � 0.84), decay times of 38.6 � 7.0 ms and 51.3 � 4.8 ms (p �

0.14), and areas of 366.2 � 55.9 mV.ms and 617.2 � 74.6 mV.ms (p � 0.02). The mean amplitude for HCN1f/f and HCN1f/f,cre Schaffer collateral
EPSPs respectively, was 10.6 � 1.6 mV and 11.5 � 1.7 mV (p � 0.7) with a stimulus of duration of 0.1 ms and intensity of 6 � 0.8 V and 5.7 �

0.5 V (p � 0.75). Subthreshold perforant path EPSPs from HCN1f/f mice (n � 8) and HCN1f/f,cre mice (n � 12) evoked by stimuli of amplitude
15 V and duration 0.1 ms had 10%–90% rise times of 7.14 � 0.52 ms and 8.82 � 0.80 ms, respectively (p � 0.14), halfwidths of 38.8 � 6.4
ms and 57.6 � 4.6 ms (p � 0.03). The mean amplitude for HCN1f/f and HCN1f/f,cre perforant path EPSPs, respectively, was 1.6 � 0.4 mV and
2.4 � 0.3 mV (p � 0.1) in response to stimuli with amplitude of 15 V and 1.7 � 0.5 mV and 3.59 � 0.6 mV (p � 0.04) in response to stimuli
with amplitude of 25 V.
(C) Plot of the relationship between stimulus strength and the slope of EPSPs in CA1 pyramidal cells, from HCN1f/f mice (n � 6) and HCN1f/f,cre

mice (n � 8), evoked by stimulation of Schaffer collateral inputs.
(D and E) Plot of the amplitude (D) and the area (E) as a function of stimulus strength for perforant path EPSPs recorded from CA1 pyramidal cells.
(F and G) Plot of relationship between stimulus strength and the slope of field EPSPs recorded from stratum radiatum (F) (HCN1f/f, n � 10,
HCN1f/f,cre, n � 16) or stratum lacunosum moleculare (G) (HCN1f/f, n � 8, HCN1f/f,cre, n � 11) in response to activation of Schaffer collateral or
perforant path inputs, respectively.

Can the absence of HCN1 channels from distal den- 2002). Thus, the removal of HCN1 channels may en-
hance theta-related depolarization and promote the in-drites of CA1 pyramidal cells account for the enhanced

perforant path LTP or the modified theta field activity? duction of LTP by allowing increased activation of distal
NMDA receptors at perforant path synapses. DeletionThe modified integrative properties of CA1 pyramidal

cells may lead to a larger postsynaptic response that of HCN1 may also preferentially enhance the firing of
local dendritic Ca2� spikes, which are of particular im-enhances the induction of perforant path LTP and in-

creases the size of theta oscillations. One potential portance for intrinsic theta oscillations and for induction
of LTP at distal synapses on CA1 pyramidal neuronsmechanism is provided by the findings that the NMDA

component of perforant path input is substantially larger (Golding et al., 2002; Kamondi et al., 1998).
We found no evidence for any role of HCN1 in basalthan that of Schaffer collateral input and is opposed

by Ih (Otmakhova and Lisman, 2004; Otmakhova et al., synaptic transmission, and ultrastructural studies have
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Figure 7. HCN1 Constrains LTP at Perforant
Path, but Not Schaffer Collateral Inputs to
CA1 Pyramidal Cells

(A and B) The mean slope of Schaffer collat-
eral (A) (HCN1f/f, n � 7, HCN1f/f,cre, n � 9) and
perforant path (B) (HCN1f/f, n � 7, HCN1f/f,cre,
n � 11) fEPSPs normalized to the average
baseline slope is plotted as a function of time.
LTP is induced at time zero. Insets show rep-
resentative field EPSPs from HCN1f/f and
HCN1f/f,cre mice. Scale bars in (A) are 10 ms
and 0.5 mV and in (B) are 20 ms and 0.2 mV.
There was a significant difference between
HCN1f/f and HCN1f/f,cre mice in the amplitude
of LTP 40 min after induction at perforant path
(p � 0.001), but not Schaffer collateral inputs
(p � 0.05).

localized HCN1 to postsynaptic dendrites, but not pre- Selective Control of Plasticity at Perforant Path
Inputs to the Distal Dendrites of CA1 Pyramidalsynaptic axonal inputs to CA1 or subicular pyramidal

neurons (Lorincz et al., 2002; Notomi and Shigemoto, Cells: A Possible Mechanism for the Influence
of HCN1 Channels on Learning and Memory2004), supporting a postsynaptic integrative role of

HCN1 in modulation of perforant path inputs. Although How might deletion of HCN1 from CA1 pyramidal cells
enhance performance of learning and memory tasks?HCN1 is expressed in some inhibitory interneurons, their

contribution to the enhanced LTP can be ruled out since The hippocampal trisynaptic circuit, from layer II of the
entorhinal cortex via the dentate gyrus to CA3 and thenthe LTP experiments were performed in the presence

of GABAA and GABAB blockers. Although the perforant to CA1, has been thought of as the major pathway for
the relay of information from the associational areas ofpath input to CA1 is the single most important contribu-

tor to the extracellular theta field in the hippocampus the neocortex through the hippocampus (Anderson et
al., 1971). However, synaptic plasticity in the trisynaptic(Buzsaki, 2002), actions of HCN1 channels in interneu-

rons in these in vivo experiments cannot be ruled out. circuit may not be required for some forms of hippocam-
pal-dependent learning and memory. Rather inputs fromHowever, it is unlikely that the modified theta is due to

the loss of HCN1 from septal neurons, which provide layer III of the entorhinal cortex to neurons in CA1 may
also be of functional importance (Figure 8) (Brun et al.,an input to the hippocampus that is important for theta

rhythm generation, as HCN1 expression levels in the 2002; Huang et al., 1995; Witter et al., 2000). Our study
shows that synaptic plasticity at these direct entorhinalmedial septum are low (Santoro et al., 2000) and block-

ade of Ih in this region reduces the frequency and attenu- inputs, but not at the more proximal Schaffer collateral
inputs, is strongly regulated by HCN1 channels. Thus,ates, rather than increases, the power of hippocampal

theta activity (Xu et al., 2004). the enhanced performance in spatial learning and mem-
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Figure 8. The Organization of Medial Temporal Lobe Circuits

Information flows through the hippocampal trisynaptic circuit from layer II of the entorhinal cortex (EC) via the dentate gyrus (DG) to CA3 and
then to CA1. The input from CA3 to CA1, via the Schaffer collateral pathway, targets the proximal dendrites of CA1 pyramidal neurons and
is indicated by the dashed line. In addition, CA1 neurons receive a direct input from the EC to their distal apical dendrites via the perforant
path indicated by the bold line. The distal apical dendrites of CA1 pyramidal neurons contain the highest density of HCN1 channels. This
figure was modified from Huang et al., 1995.

ory tasks in the HCN1f/f,cre mice may reflect the removal mation capacity of pyramidal cells by normalizing the
somatic waveform of synaptic inputs so that temporalof the inhibitory constraint on LTP at the perforant path

inputs to CA1 neurons. It has been suggested that CA1 summation of EPSPs becomes independent of their syn-
aptic location (Magee, 1999). Neuromodulators that gatepyramidal neurons compare sensory information pro-

vided via the direct cortical perforant path inputs with the ability to store information during different behav-
ioral states may shift the relative importance of proximalpredictions made by the dentate/CA3 region on the ba-

sis of previously stored information (Lisman, 1999). In- versus distal synaptic inputs by modulating HCN1 chan-
nel activity. Both possibilities are compatible with ourcreased LTP of perforant path inputs in the absence of

HCN1 may, thus, facilitate recall when stored associa- findings as the demands placed on forebrain neurons
during the behavioral tasks that we have used may betions from CA3 match information about a familiar envi-

ronment provided by the perforant path input to CA1. well below the maximum capacity to which they have
evolved. Thus, the dendritic mechanisms for normaliza-Because HCN1 was deleted throughout the forebrain,

we cannot definitively assign the behavioral phenotype tion or modulation of synaptic inputs may have evolved
at a modest cost to the ability to modify the strength ofto any one cell type. In addition to CA1 pyramidal neu-

rons, HCN1 is also strongly expressed in pyramidal neu- synaptic connections.
rons in the subiculum, the postsynaptic target of the CA1

Experimental Procedurespyramidal neurons, and in neocortical layer V pyramidal
neurons. Since HCN1 also shows its characteristic gra-

The generation of the lines of mice used in this study has been
dient of increasing expression in the apical dendrites described previously (Nolan et al., 2003). HCN1f/f,cre and HCN1f/f lit-
of these pyramidal cells, deletion of HCN1 may also termates with mixed average 50/50% 129SVEV/C57 background

were used in experiments. Mice were maintained and bred underenhance plasticity at their distal synaptic inputs. More-
standard conditions, consistent with National Institutes of Healthover, the present data do not rule out a contribution of
guidelines and approved by the Institutional Animal Care and UseHCN1 in nonpyramidal neurons, for example entorhinal
Committee. Mean values are stated as � standard error of the meanstellate cells, to the behavioral phenotype. Further spa-
(SEM). On figures in which error bars are absent the SEM is smaller

tial restriction of the HCN1 deletion will be required to than the symbol size.
distinguish these possibilities.

In summary, our findings suggest that learning and Behavior
For all behavioral tasks, mutant and control littermates (males, 3memory is constrained by the spatial and temporal in-
months old) were used. Statistical analyses used ANOVAs with ge-tegrative properties of neuronal dendrites. The ability to
notype as the between-subject factor. The experimenter was blindenhance the performance of a behavior by deleting an
to the genotype in all studies.

ion channel is surprising and leads to the question of The water maze task was performed as previously described (Mal-
what evolutionary advantageous function the channel leret et al., 1999) with three training phases: 2 days with a visible

platform followed by 4 days with a hidden platform in quadrantmay perform. HCN1 channels may maximize the infor-
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number 3, followed by 8 days with the hidden platform in quadrant phosphocreatine (10). Series resistances were 	15 M� for voltage-
clamp experiments and 	40 M� for current-clamp experiments.number 1. For the first two phases, four trials, 120 s maximum

duration and 15-min intertrial interval, were given daily. For the third There was no significant difference between the series resistance
of recordings between experimental groups in either configuration.phase, only one trial was given each day. In the first experiment,

15 min before the first trial of each phase, the mice were primed by Series resistance in voltage-clamp recordings was compensated
by 50%–80%. For current-clamp recordings appropriate bridge andallowing them to rest on the platform for 15 s. The second experi-

ment used a new group of mice and the same experimental para- electrode capacitance compensation were applied. Membrane cur-
rent and voltage were filtered at 1–2 KHz and 4–20 KHz and sampleddigm, expect that the priming procedure was omitted. Probe trials,

during which the platform was removed from the maze, lasted 60 at 5–10 KHz and 10–50 KHz for voltage- and current-clamp experi-
ments, respectively.s. The trajectories of mice in the maze were recorded with a video

tracking system (HVS Image Analysis System VP-118). Glutamatergic EPSPs were investigated in the presence of either
bicuculline or picrotoxin and CGP55845 to block GABAA and GABAB

receptors, respectively. CA3 was removed from the slice to preventIn Vivo Electrophysiology
emergence of epileptiform discharges after blocking GABA recep-Male HCN1�/� (n � 9) and HCN1�/� (n � 6) mice were implanted with
tors. A concentric bipolar stimulating electrode was placed in stra-chronic recording tetrodes (four 12-
m polyimide-coated nichrome
tum radiatum to evoke Schaffer collateral inputs or stratum lacuno-wires) or 60-
m wires under anesthesia (Buhl et al., 2003). The
sum molecularae to evoke perforant path inputs. A patch electrodeelectrodes were gradually moved to the CA1 pyramidal layer. The
containing ACSF was placed in the same layer as the stimulatingposition of the electrode in the CA1 pyramidal layer was determined
electrode at a distance of 100–200 
m to record the correspondingby the presence of fast oscillations (“ripples”) in association with
field EPSP. Selective activation of perforant path axons was con-synchronous discharge of neurons (Buzsáki et al., 2003). Once in
firmed by observation of a reversal in the polarity of the field EPSPthe layer, maximum ripple amplitudes were used as an online refer-
when it was recorded from stratum radiatum (Colbert and Levy,ence for consistent electrode placement between animals.
1993). Synaptic responses to various intensities of stimulationElectrical activity was recorded from each animal during slow
(3–20 V, 0.1 ms) were recorded locally with field electrodes andwave sleep (SWS) and rapid eye movement sleep (REM) in its home
in the whole-cell configuration from the soma of individual CA1cage and during the wake cycle while the animal was running in a
pyramidal cells. The stimulus strength was then set to give a fieldwheel. The mice were allowed to freely explore the apparatus which
EPSP with slope approximately 50% of the maximum. A 10–15 minconsisted of a running wheel (29.5 cm in diameter) and adjacent
baseline was obtained before giving four theta-burst trains of stimulibox (30 cm � 40 cm � 35 cm; Czurko et al., 1999). Field potential
at 20 s intervals. Each theta-burst train consisted of five bursts atand unit activity were recorded after being amplified (2000�) and
a frequency of 5 Hz with each burst containing 10 stimuli at a fre-band-pass filtered (1–5 kHz; model 12-64 channel; Grass Instru-
quency of 100 Hz. Synaptic responses were then recorded for aments, Quincy, Massachusetts), digitized with 14-bit resolution con-
further 40 min and in most cases for �60 min. Protocols used fortinuously at 20 kHz, and recorded on a PC using custom Labview
additional LTP experiments are described in Supplemental Figuresoftware (National Instruments, Austin, Texas). Running speed of
S6 on the Cell website.the mouse was measured from the output of an optical encoder

Data were analyzed in IGOR pro (Wavemetrics) using customattached to the wheel. The data were analyzed offline. When bilateral
written routines. To determine impedance-frequency relationships,recordings were made, recordings from each hemisphere were
membrane potential response to current inputs that oscillated withtreated as independent data.
linearly increasing frequency were recorded (Strohmann et al., 1994).The beginning, middle, and end of CA1 ripple events were de-
Membrane impedance was calculated from the ratio of the Fouriertected by applying an amplitude threshold (mean �7 SD) to the
transform of membrane potential to the Fourier transform of injectedpreviously bandpass-filtered (150–250 Hz) EEG. Theta and gamma
current. The field EPSP slope was determined by fitting a straightepochs, amplitudes, and phases were detected by applying a Hilbert
line to the initial rising phase following the fiber volley. An identicaltransform to the previously bandpass-filtered (4–12 Hz and 30–80
time window (width 1–2 ms) was used for slope measurements ofHz, respectively) EEG (Buhl et al., 2003). The mean gamma amplitude
all field EPSPs from the same experiment. Statistical significancewas then calculated for every 10� of the theta cycle. All comparisons
was tested with Student’s t test.of ripples, theta, and gamma events were taken from the same

electrode location in the CA1 pyramidal layer. At the end of the
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