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Hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels mediate the hyperpolarization-activated current Ih
and thus play important roles in the regulation of brain excit-
ability. The subcellular distribution pattern of the HCN chan-
nels influences the effects that they exert on the properties and
activity of neurons. However, little is known about the mecha-
nisms that control HCN channel trafficking to subcellular com-
partments or that regulate their surface expression. Here we
studied the dynamics of HCN channel trafficking in hippocam-
pal neurons using dissociated cultures coupled with time lapse
imagingof fluorophore-fusedHCNchannels.HCN1-green fluo-
rescence protein (HCN1-GFP) channels resided in vesicle-like
organelles that moved in distinct patterns along neuronal den-
drites, and these properties were isoform-specific. HCN1 traf-
ficking required intact actin and tubulin and was rapidly inhib-
ited by activation of either NMDA or AMPA-type ionotropic
glutamate receptors in a calcium-dependent manner. Gluta-
mate-induced inhibition of the movement of HCN1-GFP-ex-
pressing puncta was associated with increased surface expres-
sion of both native and transfected HCN1 channels, and this
surface expression was accompanied by augmented Ih. Taken
together, the results reveal the highly dynamic nature of HCN1
channel trafficking in hippocampal neurons and provide a novel
potential mechanism for rapid regulation of Ih, and hence of
neuronal properties, via alterations of HCN1 trafficking and
surface expression.

The ion channel repertoire of neurons contributes critically
to the regulation of neuronal activity. The response of a neuron
to an incoming input depends (among other factors) on the
molecular composition of its ion channels, their relative abun-
dance, their subcellular location, and the fine tuning of their
biophysical properties (1, 2).Mechanisms that control the func-

tion, expression levels, and/or subcellular localization of ion
channels can influence neuronal function in many ways and at
different time scales (1, 2). During the past decade, dynamic
regulations of ion channel trafficking and surface expression
have emerged as pivotal mechanisms in many forms of neuro-
nal plasticity. However, whereas substantial advances have
been made in uncovering the cellular dynamics of synaptic ion
channel trafficking (3), less is known about the transport of
extrasynaptic dendritic channels that contribute to intrinsic
excitability.
Hyperpolarization-activated cyclic nucleotide-gated (HCN)2

channels are a family of voltage-gated ion channels that medi-
ate a non-selective cationic current named Ih.Unlike other volt-
age-gated ion channels, members of the HCN family are acti-
vated upon hyperpolarization of the cell membrane, and this
unusual feature endows themwith unique and versatile roles in
the regulation of neuronal excitability (4). The subcellular dis-
tribution of HCN channels varies in different cell types and
brain regions and is important for determining the effects that
these channels exert on neuronal excitability (5). For example,
in CA1 hippocampal pyramidal neurons, HCN1 channels are
concentrated in the apical dendrites, and channel density is
muchhigher in the distal comparedwith the proximal dendritic
span (6). This gradient has been shown to contribute to normal-
izing dendritic inputs arriving at different locations along the
dendrite (7). In another region of the hippocampal formation,
the entorhinal cortex, HCN1 channels are enriched in axon
terminals during development, and this localization is develop-
mentally regulated, diminishing in the adult (8). Interestingly,
patterns of distribution of HCN1 channels have been recently
shown to depend on neuronal network activity. Elimination of
synchronized neuronal input to the distal dendrites of CA1
pyramidal neurons abolished the gradient of HCN1 channel
distribution (9), and manipulation of activity levels modified
the axonal presynaptic expression of HCN1 in entorhinal cor-
tex neurons (8). These forms of activity-dependent regulation
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of HCN channel distribution take place at time scales of days.
However, it is unknown if HCN channel transport to subcellu-
lar compartments and modulation of surface expression of the
channels may take place more rapidly, at the time scale of min-
utes. These alterations in channel distribution, in turn, might
provide the basis for rapid changes in Ih that contribute to types
of neuronal plasticity that take place within minutes (10, 11).
In this study, we sought to examine directly the dynamics of

HCNchannel trafficking and surface expression and their rapid
regulation by neuronal activity. Although heterologous expres-
sion systems provide valuable information regarding basic cel-
lular processes, the complexity of neuronal systems imposed by
the polarized morphology of neurons and their unique electri-
cal activity cannot be reproduced in heterologous models.
Therefore, we expressed GFP-fused HCN channels in cultured
hippocampal neurons and employed time lapse imaging to
study the kinetics of the trafficking of these channels.We found
that HCN1-GFP channel proteins were expressed on the cell
membrane of hippocampal neurons, where they exhibited bio-
physical properties similar to wild-type channels. Time-lapse
live imaging revealed that HCN1-GFP channel protein was
present in vesicle-like organelles that moved bidirectionally
along dendrites, and these distribution patterns and mobility
differed from those of the HCN2 channel isoform. Trafficking
of HCN1-GFP puncta required actin andmicrotubules andwas
drastically inhibited by exposure to the excitatory amino acid
glutamate, via a process that involved calcium and both
NMDA- and AMPA-type glutamate receptors. The rapid glu-
tamate-induced arrest of HCN1 channel movement was asso-
ciated with a reversible increase of HCN1 channel surface
expression and with augmented Ih. Taken together, these find-
ings demonstrate the dynamic nature of HCN1 channel traf-
ficking and suggest a novel mechanism by which neuronal
activity can up-regulate Ih within minutes via alterations of
HCN1 channel trafficking and surface expression.

EXPERIMENTAL PROCEDURES

Hippocampal Cell Culture

Dissociated hippocampal primary cultures were prepared
from postnatal day 0 (P0) Sprague-Dawley rats. Hippocampi
were quickly dissected, removed from adherent meninges, and
incubated for 30 min in buffered salt solution containing 10
units/ml papain (Worthington). After removal of the papain,
cells were mechanically triturated and plated at a density of
400–600 cells/mm2 on 12-mm coverslips that were precoated
with poly-D-lysine (Sigma). Cultures were initially maintained
in Neurobasal Medium with B-27 supplement (Invitrogen) at
36 °C and 5% CO2. 3–4 h after plating, half of the culture
medium was replaced with a Neurobasal Medium/B-27-based
medium that was preconditioned for 24 h by 1–2-week old
non-neuronal cell culture prepared from P3-P4 rat cortices.
Cultures were subsequently refreshed every 3–4 days with the
conditioned medium. On the third day in vitro (DIV), 1 �M

cytosine-arabinoside (Sigma) was added to the culturemedium
to inhibit glial proliferation. All experiments complied with
National Institutes of Health (Bethesda, MD) and University of
California, Irvine (Irvine, CA) animal care regulations.

Plasmid DNA Constructs

cDNA constructs containing the GFP sequence in the C ter-
minus of themouseHCN1cDNA (inserted between amino acid
residues 885 and 886) or the hemagglutinin (HA) tag at the
HCN1 extracellular domain between transmembrane domains
S3 and S4 (residues 231–232) were generated as described pre-
viously (12). The N terminus GFP-conjugated mHCN1
(HCN1-GFPn) and mHCN2 (HCN2-GFP) constructs were a
gift from Dr. Santoro (Columbia University); previous studies
found that the two constructs yielded functional Ih with bio-
physical properties typical for the respective isoform expressed
in heterologous systems (13). mCherry-HCN1 was created by
inserting the cDNA encoding mCherry from pRSET-B-
mCherry (generously provided by Dr. Roger Tsien, University
of California, San Diego) instead of the GFP in the AgeI/XhoI
site of the HCN1-GFPn construct.

Neuronal Transfection of Plasmid DNA

Primary neuronal cultures were transfected with plasmid
DNA constructs on DIV 7–10, using the Lipofectamine 2000
method (Invitrogen). Transfection mixtures that included 100
�l of Opti-MEM I (Invitrogen), 2 �g of Lipofectamine, and
0.5–1�g of plasmid DNAwere incubated at room temperature
for 20 min and then added to each coverslip. To reduce poten-
tial toxicity of the lipocationic transfection reagent, the trans-
fection mixture was removed entirely at 1.5–2 h post-transfec-
tion, and cultures were refreshed with Neurobasal Medium
plus B-27medium thatwasCO2- and temperature-equilibrated
prior to transfection, as described in a previously published
protocol (14). The membrane capacitance of transfected neu-
rons as measured by whole-cell voltage clamp recording
(32.2 � 2.5 picofarad; n � 19) was not different from that of
age-matched, naive, non-transfected neurons (33.8 � 6.4 pico-
farads; n� 9; p� 0.05) or of non-transfected neurons that were
exposed to the Lipofectamine 2000 reagent for a similar dura-
tion of time (33.0 � 5.0 picofarad; n � 6; p � 0.05). GFP signal
was detected in transfected neurons as early as 6 h after trans-
fection, was stable during the 24–48 h time window, and per-
sisted for a minimum of 72 h post-transfection. Therefore, all
experiments were performed 24–48 h post-transfection. Pilot
experiments demonstrated that transfection efficiency was
2–6% when using 0.5–1 �g of plasmid DNA per coverslip.
Increasing DNA concentrations did not result in higher trans-
fection efficiency, and reducing DNA amounts below 0.5 �g
resulted in a significant reduction in transfection efficiency
(�1%).

Disruption of Microtubules and Actin

To test the involvement of cytoskeletal elements in HCN
trafficking, jasplakinolide (Invitrogen) or nocodazole (Sigma)
was freshly diluted from frozen stock aliquots to a final concen-
tration of 0.5 and 10 �M, respectively, in 0.06% DMSO (vehicle
control).

Time Lapse Live Imaging and Analysis

Live cultured neurons expressingHCN1-GFP orHCN2-GFP
were either kept in bath solution (see below) or subjected to
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increased synaptic excitation via the application of glutamate
(10 �M for 10 min). In experiments testing the involvement of
ionotropic glutamate receptors, the specific NMDA receptor
blocker amino-5-phosphonovaleric acid (100�M; Sigma) or the
AMPAreceptor blocker 6-cyano-7-nitroquinoxaline-2,3-dione
(50 �M; Sigma) was added to the bath solution 10 min prior to
imaging. Neurons were imaged using a Nikon TE-2000U
inverted microscope, using a �40 objective (numerical aper-
ture 0.60). Coverslips were placed in a bath chamber containing
HEPES-buffered bath solution: 110 mM NaCl, 5 mM KCl, 1.8
mMCaCl2, 1.3 mMMgCl2, 10 mM D-glucose, 10 mMHEPES, pH
7.40. The bath solution was adjusted with sucrose to 290–300
mosM and kept at 34–36 °C throughout the experiment. In
experiments testing the role of extracellular calcium, calcium
was excluded from the HEPES-buffered solution described
above, and 5mMEGTAwas added. Cells with a healthy appear-
ance and relatively low HCN1-GFP or HCN2-GFP expression
levels were selected for imaging and analysis. Only one cell was
chosen from each coverslip, to minimize interdependence of
observations. In most time lapse sessions, 39 images were
acquired at intervals of 5 s (total time, 190 s), with an exposure
time of 500ms/image. In experiments involvingmore than two
imaging sessions (e.g. studies of the reversibility of the gluta-
mate effect on HCN1-GFP trafficking), only 20 or 25 images
were taken per session, to limit photobleaching. Images were
captured using a CCD monochrome 12-bit camera (Retiga
2000R; Qimaging), acquired with NIS-Elements-D software
(Nikon), and colorized for presentation.
For the analysis of puncta mobility, a custom-written pro-

gram inMATLAB (Mathworks) was used, which enabledman-
ual tracking of single puncta and storage of relevant informa-
tion for each punctum (such as the kinetic properties of the
movement, location, size, and light intensity). To be classified
as “mobile,” puncta had to move �0.36 �m (equivalent to �2
pixels) at least twice during the sampling period. Analyses of
velocity, pause time, and directionality (Figs. 3 and 4) were
based on mobile puncta only, which comprised 27.7% of the
total HCN1-GFP puncta population (based on �1500 puncta
from11 neurons) and 6.1% ofHCN2-GFP (based on 498 puncta
from 6 neurons; see Fig. 4). The directionality index presented
in Fig. 3F was calculated for each punctum using the following
formula,

Directionality �
�Ddistal � �Dproximal�Dtotal

(Eq. 1)

where Ddistal represents the distance traveled by a punctum
away from the soma during the sampling period, Dproximal rep-
resents the distance traveled toward the soma, andDtotal repre-
sents the total distance traveled in both directions. If a punctum
moved exactly the same distance toward and away from the
soma, its directionality index would be 0 (representing a bidi-
rectional punctum), whereas a movement solely in one direc-
tion would yield a value of �1 for a pure centripetal movement
and �1 for a pure centrifugal movement. The absolute value of
directionality (Fig. 3G) represents the degree to which a puncta
was uni- or bidirectional.

The time course of the glutamate-induced arrest shown in
Fig. 6B was calculated by quantifying the fraction of mobile
puncta (normalized to the total puncta population for each cell)
throughout the sampling period and then binning it into 30-s
time frames (the first 10 s of the 190-s imaging period were not
included in the analysis to enable equally binned periods of
30 s). Pooled, quantitative analysis of HCN1-GFP mobility
under different conditions (Fig. 6E) was performed as follows.
The fraction of mobile puncta was calculated for each cell dur-
ing the 3-min imaging epoch prior to treatment and during the
3-min epoch starting 7 min following treatment. The post-
treatment value was then expressed as a percentage of the pre-
treatment value for each cell. Statistical significance was deter-
mined using a paired t test (two-tailed). Kymographs were
generated in ImageJ (National Institutes of Health), using the
“multiple kymograph” plug-in (J. Rietdorf and A. Seitz). All
analyses were performed without knowledge of the experimen-
tal condition.

Immunocytochemisty

Fixed Cells—Neurons were fixed in phosphate-buffered
saline with 4% paraformaldehyde for 20 min on ice, permeabi-
lized with 0.1% Triton X-100, and blocked with 5% normal goat
serum and 1% bovine serum albumin. Antibodies used in-
cluded rabbit anti-HCN1 (1:4000; Chemicon; Lot number
0605029427), guinea pig anti-HCN1 (1:4000) (9), or mono-
clonal mouse anti-HCN1 (1:4000; NeuroMab; clone N70/2);
mouse anti-GAD-65 (1:1000; Roche Applied Science); mouse
anti-MAP-2 (1:16000; Sigma); and monoclonal mouse anti-�-
tubulin (1:1000 Sigma). Immunolabeling of endogenous HCN1
(Fig. 3A) was accomplished using tyramide signal amplification
according to themanufacturer’s instructions (PerkinElmer Life
Sciences). Labeling of F-actin was accomplished by incubating
neurons with 165 nM Alexa-Fluor 568-conjugated phalloidin
(Invitrogen) for 30 min, followed by rigorous washes.
Differential Labeling of Internal and Surface HCN1 Channel

Protein—Labeling of surface HA-HCN1 channels was per-
formed on live neurons without detergents (to avoid cell per-
meabilization). First, HA-HCN1-transfected cultures were
incubated with either glutamate or bath solution (vehicle) at
36 °C in a manner similar to that described for the time lapse
imaging experiments. After a 10-min incubation, cultures were
transferred to 4 °C (to arrest trafficking processes) and incu-
bated with mouse monoclonal HA antibody (1:100; Covance;
clone 16B12) for 40 min, followed by a 15-min incubation with
Alexa-488-conjugated anti-mouse IgG (1:600; Invitrogen).
Cells were then fixed, permeabilized, and blocked, followed by
overnight incubation with monoclonal rat anti-HA (1:500;
RocheApplied Science; clone 3F10) at 4 °C, to label the remain-
ing (intracellular) HA-HCN1 channels. Antibody displacement
was unlikely in this experimental set-up because fixation of the
cells after surface labeling with the first primary antibody sta-
bilized the antibody-antigen complex. Images were captured
using a laser-scanning confocal microscope (Olympus IX-70),
with a LaserSharp 2000 (Bio-Rad) acquisition software. Images
were acquired with a �60 objective (numerical aperture 1.40),
except for the image in Fig. 1D, which was obtained with a �20
objective. Imaging of surface HA-HCN1 channels was per-
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formed with equal exposure parameters for all neurons of the
same experiment, and neurons from three independent exper-
iments (2–4 coverslips/condition/experiment) were imaged
and analyzed. Three apical dendritic segments, located 50–200
�m away from the soma, were selected per neuron. For each
dendritic segment, background intensity levels were measured,
and only pixels that had intensity values significantly higher
(p � 0.05) than background were included in the analyses.
Using the histogram function in the ImageJ software (National
Institutes of Health), pixels with significant signal intensity in
the green or red color channels (representing surface and intra-
cellular HA-HCN1 channels, respectively) were counted, and a
surface/total ratio was derived. In total, 33 dendritic segments
from 11 cells were analyzed per condition.

Electrophysiology

Ih was recorded from visually identified pyramidal-like neu-
rons in dissociated hippocampal cell cultures using standard
whole-cell patch clamp techniques. The bath solution con-
tained 125 mM NaCl, 4 mM KCl, 1.25 mM NaH2PO4, 25 mM

NaHCO3, 2.0 mM CaCl2, 1.0 mM MgCl2, and 20 mM dextrose.
The bath solution was bubbled with 95% O2, 5% CO2 and con-
tinuously superfused at a rate of 1–1.5 ml/min. In initial exper-
iments aimed to characterize Ih in cultured hippocampal neu-
rons, BaCl2 (0.5 mM) was added to block inward rectifier
potassium currents (Ik(ir)), and NiCl2 (0.1 mM) was added to
block low threshold calcium currents. Tetrodotoxin (0.5–1
mM) was added to suppress action potentials, and amino-5-
phosphonovaleric acid (20 �M), 6-cyano-7-nitroquinoxaline-
2,3-dione (10 �M), and bicuculline (5 �M) were added to block
spontaneous synaptic events.Whenmodulation of Ih by activity
was examined, none of the blockers mentioned above were
added. Recording electrodeswere pulled fromborosilicate glass
capillaries (Sutter Instruments). The pipette was filled with 120
mM potassium gluconate, 20 mM KCl, 2 mM MgCl2, 0.5 mM

CaCl2, 5 mM EGTA, 20 mM HEPES, 4.0 mM Na2-ATP, 0.3 mM

Na2-GTP, adjusted to pH 7.3 with Tris-Cl and adjusted to 295
mosM. Pipette resistance as measured in the bath solution was
4–6 megaohms. Data were collected using an Axopatch 700A
amplifier, a Digidata 1322A 16-bit data acquisition system, and
pClamp software version 9.2 (Molecular Devices). Voltage and
current traces were filtered at 1 and 5 kHz and digitized at 10
and 20 kHz, respectively. Measurements of membrane input
resistance (Rm) and capacitance (Cm) were performed by
applying a 10-mV test pulse from a holding potential of �70 to
�60 mV for a duration of 10 ms. Calculation of final Cm and
Rm values followed the method first described by Lindau and
Neher (15). Ih was evoked by 5-s-long hyperpolarizing pulses
starting from a holding potential of �50 mV and carried out in
increments of�10mV (maximal step� �120mV). At the end
of the hyperpolarizing pulse, the membrane potential was
stepped to �65 mV to record tail currents. To measure the
effect of neuronal activation on Ih, a base line was first obtained
by recording Ih 7–10 min after reaching the whole-cell config-
uration; glutamate (10 �M) was then applied to the bath solu-
tion for 10–15 s, followed by recordings of Ih (voltage steps
were applied from resting holding potential to �100 mV) in
intervals of 5 min. Recordings were made at 30–32 °C.

The amplitude and kinetic properties of Ih were analyzed
usingClampfit 9.2,Origin 6 (OriginLab), andGraphPad PRISM
2.0 (GraphPad). Final graphswere produced in Igor Pro (Wave-
metrics). Current amplitudewas determined by subtracting the
instantaneous current at the beginning of the voltage step from
the sustained component at the end of the pulse. To determine
the time constants of Ih activation, a double exponential func-
tionwas used, applying theChebyshev fitting routine of Clamp-
fit 9.2. For analysis of activation curves, the tail current ampli-
tudes were normalized to the maximal tail current amplitude
evoked by a command potential of �120 mV and plotted
against the corresponding precedent command potential. The
resulting data points were fit with a Boltzmann equation. Sta-
tistical significance was assessed using Student’s t test (two-
tailed, unpaired), the Mann-Whitney test, or analysis of vari-
ance, as indicated. Data are presented as means � S.E.

Hippocampal Organotypic Slice Cultures and Biotinylation
Assay

Organotypic hippocampal slice cultures were prepared from
P8 Sprague-Dawley rats, using previously described methods
(8, 16). OnDIV 6–7, sister cultureswere exposed to phosphate-
buffered saline (controls) or to 50 �M L-glutamate for 10 min at
36 °C. Slice cultures were then washed quickly with ice-cold
phosphate-buffered saline (pH 7.4), followed by a 30-min incu-
bation with 2 mM Sulfo-NHS-SS-biotin (Pierce) at 4 °C. Excess
biotin was quenched with 100 mM glycine in Tris-buffered
saline, and the tissuewas homogenized in lysis buffer composed
of 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, and protease inhibitor mixture. One-third of the
protein sample was reserved (�80 °C; representing the total
pool of both surface and intracellular protein), and the remain-
ing two-thirds were precipitated with ImmunoPure immobi-
lized Streptavidin beads (Pierce) at 4 °C. Western blots were
performed as previously described (16, 17), using the following
primary antibodies: monoclonal mouse anti-HCN1 (1:500;
NeuroMab), rabbit anti-HCN2 (1:2000; Alomone), rabbit anti-
Kv4.2 (1:2000; Abcam), anti-actin (1:200,000), and anti-synap-
tophysin (1:200,000). Signal intensities were analyzed using
ImageTool software (University of Texas Health Science Cen-
ter). The quantified data (n � 6, 4, and 3 independent experi-
ments for HCN1, HCN2 and Kv4.2, respectively) were pooled
and averaged and are presented as the normalized ratio of sur-
face/total channels, with mean � S.E.

RESULTS

Characterization of HCN1-GFP Expression and Function in
Cultured Hippocampal Neurons—To study the trafficking
dynamics ofHCN1 channels in neurons directly, we established
a system that enables pharmacological manipulations and good
optical access while preserving the basic properties of a neuro-
nal system (imposed by the unique polarized morphology of
neurons and their patterns of electrical activity). We utilized
primary hippocampal neuronal culture, where many of the in
vivo properties of neurons are recapitulated, and which has
been instructive in numerous studies of trafficking and mem-
brane expression of both native and transfected neuronal ion
channels (18, 19). In the developing rat hippocampus, HCN1
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protein expression can be detected as early as P1–2 (20, 21), and
substantial levels of channel protein are found in dendrites of
principal neurons starting from the 2nd week of life (8, 20, 21).
In line with these in vivo observations, immunoreactive HCN1
channels were detected in both somata and dendrites of cul-
tured hippocampal neurons during the 2nd, 3rd, and 4th week
in culture (supplemental Fig. 1).

To visualize HCN1 channels in live neurons, we transfected
DNAplasmids that encodeGFP-fusedHCN1 channel proteins.
To control for possible interferences of the GFP moiety with
channel function or trafficking, we used two independent chan-
nel constructs in which a GFP molecule was attached to either
the C or N terminus of the channel (termed HCN1-GFP and
HCN1-GFPn, respectively). Both constructs had similar
expression patterns in transfected neurons, as evident by the
direct emission ofGFP signal (Fig. 1A), whichwas distributed in
both somata and processes. Immunolabeling of transfected
neurons with two separate HCN1 antisera (see “Experimental
Procedures”) resulted in an overlap of the GFP signal with
HCN1 immunoreactivity (Fig. 1B and supplemental Fig. 2),
confirming that the GFP signal in these neurons was derived
from the presence of HCN1-GFP channel proteins. Immu-
nostaining of HCN1-GFP-transfected neurons with the den-
dritic marker MAP2 demonstrated that HCN1-GFP local-
ized to dendrites (Fig. 1C). Because we aimed to study the
HCN1 trafficking in pyramidal cells, we confirmed that
HCN1-GFP molecules were expressed in this type of neu-
rons. Immunostaining against the interneuronal marker
GAD-65 revealed that the majority of the neurons in culture
(22) as well as the neurons that expressed HCN1-GFP were

GAD-65-negative and possessed a typical pyramidal-like
shape (Fig. 1D; see supplemental Fig. 2 for the less frequent
expression of HCN1-GFP in interneurons).
To test if the transfected HCN1-GFP molecules in principal

hippocampal neurons were expressed on the cell membrane and
formed functional channelswithpropertiesof endogenousHCN1,
we conductedwhole-cell recordings of transfected andnon-trans-
fected neurons and compared their responses to hyperpolarizing
voltage steps. Measuring whole-cell responses of non-transfected
neurons to hyperpolarizing steps resulted in Ih with properties
similar to those observed in hippocampal neurons in vivo at
matchingdevelopmental stages (21, 23) andwhichmost likely rep-
resent the contributionof bothHCN1andHCN2channels (Fig. 2)
(20, 21, 23). Neurons expressing HCN1-GFP possessed a large Ih
(maximal amplitude� �535�107pA; current density� �14.12
pA/picofarad; n � 12; Fig. 2, B and C, and Table 1), that was sig-
nificantly augmentedcomparedwith the Ih recorded innon-trans-
fectedneurons (F� 6.964,p� 0.01, one-way analysis of variance).
Further analysis of Ih in transfected neurons revealed biophysical
properties similar to those previously reported for channels com-
posed of cloned HCN1 subunits (4, 24); activation kinetics were
best fit to a double-exponential function and showed the typical
accelerationatmorehyperpolarizedmembranepotentials (Fig.2D
and Table 1). The gating properties of Ih in neurons expressing
HCN1-GFP were assessed by plotting a tail current activation
curve fit by the Boltzmann equation (see “Experimental Proce-
dures”). This yielded a V1⁄2 value of �77.1 � 2.6 mV (Fig. 2D and
Table 1), in general accord with previous reports on the gating
properties of channels composed of HCN1 subunits in heterolo-
gous systems co-transfected with the neuronal HCN1-interacting
protein TRIP8b; V1⁄2 values of �75 to �78 mV were reported by
one study (12), and values ranging from �71 to �75 mV were
reported by another (25). In addition, both native Ih and the cur-
rent generated in HCN1-transfected neurons were inhibited by
extracellular Cs� (1–2 mM; Fig. 2A and supplemental Fig. 3), as
established for this conductance (4). The membrane input resist-
ance ofHCN1-GFP-expressing neuronswas reduced (Table 1), as
expected forneurons inwhich Ihwasup-regulated (4, 10, 11). Both
the expressionpattern and the functional properties of theHCN1-
GFPn construct were similar in N and C terminus-fused HCN1-
GFP, demonstrating that the site of GFP insertion did not influ-
ence channel expression and function (supplemental Fig. 4). Thus,
in cultured hippocampal neurons, GFP-fused HCN1 channels
were delivered to the cell membrane and possessed functional
properties typical of cloned, untagged HCN1 channels.
Analysis of HCN1-GFP Channel Trafficking in Live Neurons—

HCN1-GFP channel proteins expressed in neurons were dis-
tributed along dendrites in a mixed punctate-diffuse pattern
that recapitulated the expression pattern of endogenous HCN1
channels (Fig. 3, A and B). Visualizing GFP-fused HCN1 chan-
nel protein in live neurons using time lapse imaging techniques,
we found that many of the HCN1-containing puncta traveled
along dendrites (Fig. 3, C and D, and supplemental Movies S1
and S2) as well as in the perisomatic region (supplemental
Movie S3). Analysis of over 1500 puncta from 11 neurons
revealed that 27.7 � 5.1% of the puncta were mobile (mean
velocity � 0.13 � 0.01 �m/s; Fig. 3E). Mobile puncta exhibited
several patterns of movement; the majority traveled bidirec-

FIGURE 1. Expression pattern of HCN1-GFP channel protein in hippocampal
neurons. A, images of live neurons transfected with GFP-fused HCN1 constructs.
Patterns of C terminus (top) and N terminus (bottom) GFP-fused HCN1 channel
expression were similar. B–D, confocal images of HCN1-GFP-transfected neurons.
B, a monoclonal HCN1 antibody (�HCN1)-generated signal that co-localized with
the GFP signal emitted directly from the HCN1-GFP molecules. Similar results
were generated using a commercial anti-HCN1 serum (supplemental Fig. 2).
Insets, higher magnification of a segment of a dendrite. C, labeling with an anti-
body against MAP-2, a dendritic marker, revealed that HCN1-GFP channel pro-
tein was expressed along dendrites. D, HCN1-GFP was expressed in principal
neurons, as indicated by the lack of its co-localization with a GAD-65 antibody.
Note the GAD-65-positive bipolar shaped neuron adjacent to the HCN1-GFP
transfected, GAD-65-negative cell. Scale bars, 10 �m. The similarity between the
expression pattern of HCN1-GFP and native HCN1 channels is apparent when
comparing this figure to supplemental Fig. 1.
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tionally, whereas others moved in one direction only (Fig. 3, D
and F). Different patterns were also found in the continuity of
motion; a small subpopulation traveled continuously, whereas
most were immobile for relatively long periods, interspersed
with bursts of movement. Interestingly, the frequency and
duration of puncta mobility correlated with directionality; the
same subpopulation of puncta that tended to move continu-
ously traveled unidirectionally over relatively long dendritic

distances, whereas punctawith little or fragmentedmotion typ-
ically traveled bidirectionally (Fig. 3G). The mobility of HCN1-
GFP-containing puncta was independent of the site of GFP
insertion (see supplemental Fig. 4). Trafficking dynamics of the
HCN1-GFP channels differed significantly from that of chan-
nels composed of HCN2 subunits, a distinct channel isoform
that is also expressed in hippocampal neurons; HCN2-GFP dis-
tribution was less punctate, a smaller proportion of the HCN2-

FIGURE 2. Properties of native Ih in non-transfected hippocampal neurons, compared with current properties in HCN1-GFP-transfected neurons.
A, examples of whole-cell traces of hyperpolarization-activated currents from naive, non-transfected neurons (3rd week in vitro). Application of hyperpolarizing
voltage steps resulted in a typical slowly developing inward current that was sensitive to Cs� (1 mM). B, transfection of HCN1-GFP resulted in augmented Ih,
compared with non-transfected, same age neurons (DIV 9 –10). Traces represent whole-cell, unsubtracted currents. C, Ih current density in HCN1-GFP-trans-
fected neurons (DIV 7–10; n � 12) was significantly higher than in non-transfected (n.t.) neurons of the same age (n � 8 Ih-positive cells; note that at this age
only 36% of cells had detectable Ih), and DIV 14 –17 (n � 11). D, activation curves from cells transfected with HCN1-GFP showed a depolarizing shift, consistent
with Ih composed primarily of HCN1 channels. E, Ih kinetics in transfected (filled symbols) and non-transfected (empty symbols) neurons. The faster kinetics in
transfected neurons is consistent with a primarily HCN1-mediated Ih. Values are mean � S.E. See “Experimental Procedures” for details of the analyses.

TABLE 1
Comparison of Ih properties in neurons transfected with the HCN1-GFP construct and non-transfected neurons of two age groups
Both kinetic and gating properties of Ih in non-transfected neurons were consistent with amixed Ih contributed to by HCN1 andHCN2 subunits. Neurons transfected with
HCN1-GFP exhibited faster kinetics and more depolarized gating properties, consistent with a current mediated primarily by the HCN1 channel subunit.

Non-transfected (2nd
week in culture)

Non-transfected (3rd
week in culture)

HCN1-GFP (2nd
week in culture)

V1⁄2 (mV) �83.7 � 2.4 (n � 5) �85.2 � 2.3 (n � 10) �77.1 � 2.6a (n � 12)
Slope factor 11.7 � 0.7 (n � 5) 11.6 � 0.1 (n � 10) 10.9 � 0.2 (n � 12)
� fast (ms) at �120 mV 197 � 55 (n � 5) 185 � 6 (n � 5) 46 � 3a (n � 12)
� slow (ms) at �120 mV 1314 � 588 (n � 5) 1831 � 369 (n � 5) 260 � 42a (n � 12)
Rm (megaohms) 437 � 8.2 (n � 9) 330 � 38 (n � 12) 290 � 28a (n � 14)
Ih density (pA/picofarad), at �120 mV �1.97 � 0.58 (n � 8) �2.39 � 0.48 (n � 11) �14.12 � 2.16a (n � 12)

a Significantly different (p � 0.05) in comparison with non-transfected neurons at the 2nd week in culture.
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GFP puncta were mobile, and mobile puncta traveled shorter
distances and had longer pause periods (Fig. 4). These distinc-
tive properties of each of the HCN channel isoforms persisted
when both isoformswere co-transfected in a single neuron (Fig.
4, F and G).
To examine if the mechanisms of the trafficking of HCN1

channels in neurons involved actin
and/or microtubules, we analyzed
the mobility of HCN1-GFP-con-
taining puncta in transfected neu-
rons following pharmacological
manipulation of these cytoskeletal
networks. Incubation with the
microtubule depolymerizing agent
nocodazole (10 �M, 30 min) selec-
tively disrupted the integrity of the
tubulin network, as evident by the
substantial reduction in �-tubulin
immunoreactivity, but did not dis-
rupt phalloidin labeling of F-actin
(Fig. 5A). Although the number and
distribution of total HCN1-GFP
puncta in transfected neurons were
not influenced by nocodazole treat-
ment (Fig. 5B), the fraction of
mobile puncta was reduced (p �
0.05; Fig. 5C). Interestingly,
nocodazole-treated cells exhibited
a specific reduction in the fraction
of puncta that moved relatively
long distances (defined as a dis-
placement of at least 8 �m during
a 2-min imaging session; Fig. 5D).
Thus, the population of puncta
that remained mobile after
nocodazole treatment (�50% of
the original mobile population;
Fig. 5C) exhibited a reduction in
the total distance traveled from
7.08 � 0.73 �m before treatment
to 4.65 � 0.55 �m (n � 137 mobile
puncta; p � 0.05).
Upon application of the cell-per-

meable toxin jasplakinolide (0.5 �M,
30 min), a selective stabilizer of
actin filaments (26, 27), phalloidin
labeling of F-actin in neurons was
markedly reduced, as expected
because of the competition between
jasplakinolide and phalloidin for the
same actin binding site (26, 27). Jas-
plakinolide did not influence �-tu-
bulin immunoreactivity (Fig. 5A),
suggesting that in these experi-
ments, jasplakinolide was efficiently
bound to F-actin without interrupt-
ing themicrotubulenetwork.Disrup-
tion of F-actin dynamics reduced the

fractionofmobileHCN1-GFPpunctaby�75%(p�0.05; Fig. 5C).
However, unlike nocodazole, jasplakinolide reduced the popula-
tion of mobile puncta without altering the average distance trav-
eled by the remaining mobile population (5.53 � 0.51 �m before
treatment versus 5.61 � 0.85 after treatment; n � 158 mobile
puncta; p � 0.05; Fig. 5D). Treatment with the DMSO (0.06%)
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vehicle did not affect the fraction of
mobile puncta (Fig. 5C) or their
mobility patterns. These results indi-
cate that intactmicrotubule and actin
networks are essential for the traffick-
ing of populations of HCN1 channels
in neurons.
Regulation of HCN1-GFP Traf-

ficking by Ionotropic Glutamate
ReceptorActivation—Wenext stud-
ied if neuronal stimulation regu-
lated HCN1 channel trafficking.
Application of the excitatory amino
acid L-glutamate (10 �M) resulted in
a rapid inhibition of HCN1-GFP
motion (Fig. 6 and supplemental
Movie S4) in 17 of 18 neurons. This
reduction of the proportion of mov-
ing puncta commenced within 1
min following glutamate applica-
tion and persisted in the presence of
glutamate (Fig. 6B). Glutamate-in-
duced arrest of mobility was revers-
ible; by 30 min following the
removal of glutamate from the bath
solution, the mobility of HCN1-
GFP-containing puncta returned
to base levels (Fig. 6D and
supplemental Movie S5). Vehicle
treatment did not influence puncta
mobility (Fig. 6, B and E), indicating
that potential artifacts from the
application procedure or from
reduced neuronal viability (e.g. from
phototoxicity) were unlikely to
account for the observed effect of
glutamate on HCN1-GFP-puncta
movement. The inhibitory effect
of glutamate on HCN1 mobility
required activation of ionotropic
receptors; application of 10�M gluta-
mate in the presence of the specific
NMDA receptor blocker amino-5-
phosphonovaleric acid (100 �M) or

FIGURE 3. Dynamics of HCN1 channel trafficking in dendrites. A, a mature (25 DIV), non-transfected hippocampal neuron immunolabeled with HCN1
antibody (left), exhibiting a typical mixed punctate-diffuse pattern of dendritic HCN1 expression. The distribution of HCN1-GFP in transfected neurons
recapitulated this pattern, as demonstrated by a transfected neuron imaged live (right). B, the dendritic distribution of native HCN1 in primary hippocampal
neurons was apparent at different ages (10 –24 DIV), as shown by immunolabeling of non-transfected neurons with a specific HCN1 antibody (9). C, upper
panels, time-lapse images of HCN1-GFP puncta along a dendritic segment. Fast moving (filled arrowhead) and slow moving (empty arrowhead) puncta are
indicated. Lower panel, Kymograph summarizing puncta movement during 190 s in the dendritic segment shown in the upper panel. D, kymograph of a static
punctum (i) and of three examples of mobile puncta that exhibited either unidirectional (ii) or bidirectional trajectories (iii and iv). Movement of puncta was
often interspersed with periods of immobility (ii and iv). Scale bar, 4 �m. E, mean velocity (corrected for immobile periods) and maximal velocity (defined as the
fastest movement recorded per punctum) in the population of HCN1-GFP-containing puncta. F, directionality distribution of mobile puncta. The directionality
index represents the relative amount of time in motion in a direction toward or away from the soma over the total mobile time (see “Experimental Procedures”).
G, correlation between directionality and continuity of the movement of HCN1-GFP puncta. Black symbols refer to the left y axis, which represents the mean
distance traveled by a given punctum during the imaging session (190 s), and gray symbols refer to the right y axis, which represents the mean percentage of
time in which the puncta were immobile. Puncta that moved bidirectionally (and therefore had low values of “absolute directionality”; see “Experimental
Procedures”) tended to cover shorter distances and to experience longer periods of immobility compared with puncta that moved unidirectionally (high values
of absolute directionality). Analyses in E–G were based on 384 mobile puncta from 11 neurons derived from five independent cultures. Values are mean � S.E.
Scale bars in A and B, 10 �m.

FIGURE 4. Isoform specificity of the expression and trafficking patterns of the HCN1 and HCN2 chan-
nel isoforms. A, an image of the GFP signal emitted by a live neuron (9 DIV), 26 h after transfection with
the HCN2-GFP channel construct. Whereas, similar to HCN1-GFP, HCN2-GFP expression was apparent in
soma and dendrites, the distribution pattern of HCN2-GFP was more diffuse, with fewer identifiable
puncta (for a comparison, see live neuron expressing HCN1-GFP in Fig. 3A). B, analysis of 498 dendritic
HCN2-GFP puncta from six cells (derived from three independent experiments with separate cultures)
revealed that only a small subpopulation of HCN2-GFP puncta was mobile (6.1% � 2.1%), significantly less
than for HCN1-GFP (27.7% � 6.1%). C–E, the small subpopulation of mobile HCN2-GFP puncta traveled
smaller distances compared with HCN1-GFP, as quantified by the mean total distance traveled during the
190-s imaging period (C). The reduced mobility of HCN2-GFP puncta coincided with their longer station-
ary periods (D), whereas mean velocity corrected for immobile periods did not differ between HCN1- and
HCN2-GFP puncta (E). F, the isoform-specific distribution of HCN1- and HCN2-GFP channels persisted
when they were co-transfected in the same neurons; in a live neuron co-transfected with mCherry-fused
HCN1 and GFP-fused HCN2 at a 1:1 cDNA ratio, HCN1 molecules were distributed in a more punctate
pattern when compared with HCN2. G, an enlarged image of a dendritic segment taken from the cell in F.
Puncta are indicated by arrows. Values are expressed as mean � S.E. *, p � 0.05; **, p � 0.01, unpaired
two-tailed t test; n.s., non-significant effect. Scale bars, 10 �m.
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the specific AMPA receptor blocker 6-cyano-7-nitroquinoxa-
line-2,3-dione (50�M) fully blocked the glutamate-induced halt
of HCN1-GFP mobility (Fig. 6E). These experiments indicate
that both NMDA and AMPA receptor activation contributed
to the suspension of HCN1 channel trafficking. The involve-
ment of calcium in this process was supported by the fact that
eliminating calcium from the bath solution abolished the effect
of glutamate on HCN1-GFP puncta mobility (Fig. 6E).
Increased Glutamatergic Input Up-regulates the Surface

Expression of TransfectedHCN1—To test if glutamate-receptor
activation resulted in increased surface expression of trans-

fected HCN1 channels, we used an
HCN1 channel construct tagged
with an extracellular HA recogni-
tion sequence (see “Experimental
Procedures”). The expression pat-
tern of HA-HCN1 channels in neu-
rons was similar to that of the
HCN1-GFP construct (Fig. 7A). To
differentiate between surface-ex-
pressed and intracellular HA-HCN1
channels, we first incubated live
neuronswith amonoclonal anti-HA
antibody under non-permeabilizing
conditions to visualize surface
channels. This was followed by fixa-
tion, membrane permeabilization,
and incubation with a different
anti-HA antibody, to visualize the
remaining intracellular HA-HCN1
channels (see “Experimental Proce-
dures”). Exposure of HA-HCN1-ex-
pressing neurons to 10 �M gluta-
mate for 10 min led to marked
augmentation of the surface-ex-
pressed channel signal in both
somatic and dendritic compart-
ments (Fig. 7, B–E). These results
indicate that HA-HCN1 channel
proteins resided in both intracellu-
lar and surface domains and that
increased excitatory input signifi-
cantly augmented their surface
expression.
Increased Glutamatergic Input

Augments Surface Expression of
Native HCN1 in a Reversible Man-
ner and Up-regulates Ih—Traffick-
ing of overexpressed, exogenous
proteins may not fully recapitulate
transport of native proteins. In addi-
tion, adding amolecular tag, such as
HA or GFP, might lead to structural
changes that influence the interac-
tion of the HCN channel with other
proteins. To address these potential
caveats, we examined the effects of
glutamate application on both the

surface expression and the function of native hippocampal
HCN1 channels.
Whole-cell recordings of non-transfected neurons revealed

the augmentation of Ih amplitudewithinminutes following glu-
tamate application (Fig. 8, A and B), consistent with previous
reports on the activity dependence of Ih in brain slice prepara-
tions (10, 11). Using biotinylation of endogenous surface pro-
teins in cultured hippocampal slices, we found that surface
expression ofHCN1 channels was significantly elevated follow-
ing 10 min of glutamate exposure (2.6 � 0.7-fold increase, n �
6 experiments; Fig. 8,C andD). This effectwas isoform-specific,

FIGURE 5. Involvement of the actin and microtubule networks in the trafficking of HCN1 channels.
A, images of neurons double-stained with a monoclonal anti-�-tubulin antibody (upper panel) and Alexa-568-
conjugated phalloidin (to label F-actin). Immunoreactivity to �-tubulin was markedly reduced following a
30-min incubation with the microtubule disrupter nocodazole, whereas actin labeling in the same cell was
intact. Conversely, incubation of neurons with jasplakinolide, an actin-stabilizing drug that competes with
phalloidin for the same actin binding site resulted in substantial reduction of the phalloidin signal (indicative of
potent binding of the drug to its target) and did not alter �-tubulin immunoreactivity in the same cell. B, images
of HCN1-GFP signal in dendritic segments of live transfected neurons before and after treatment show a lack of
significant reduction in the number of HCN1-GFP puncta. C, comparison of the fraction of mobile puncta before and
after treatment with DMSO (vehicle), nocodazole (Noc.), or jasplakinolide (Jasp.). For each cell, the fraction of mobile
puncta was calculated before and after treatment (paired t test; *, p�0.05) and then normalized to the pretreatment
value. D, mobile puncta were categorized to long distance (�8 �m) and short distance moving, based on the
distance they traveled during the 2-min imaging session. This dichotomization demonstrated the preferential
reduction in long distance movement following nocodazole but not jasplakinolide treatment. Data are based on
tracking of 486 mobile puncta from 4–5 cells/experimental group. Scale bars in A and B, 10 �m.
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because no significant change inmembrane expressionwas found
for the HCN2 channel isoform. In addition, surface expression of
the voltage-gated potassium channel Kv4.2 did not change signif-
icantly following glutamate application, although a trend for its
reductionwasobserved, consistentwithprevious studies (28).The
glutamate-induced increase in surface HCN1 channels was tran-
sient, resolving within 5 h (Fig. 8,C andD).

DISCUSSION

In this study, we employed live imaging techniques to exam-
ine the trafficking of HCN channels in hippocampal neurons.
We found that both transfected and endogenous HCN1 chan-

nels resided in vesicle-like dendritic
structures. HCN1-GFP puncta trav-
eled rapidly, and their trafficking
was arrested within minutes by dis-
ruption of the cytoskeletal network
or activation of ionotropic gluta-
mate receptors. Glutamate-induced
arrest of HCN1-GFP channels coin-
cidedwith increased surface expres-
sion of both transfected and native
channels and with augmented Ih.

The current experiments visual-
ized HCN channels directly and
employed live imaging to character-
ize their trafficking and its regula-
tion in live neurons.HCN1channels
have been expressed and studied
extensively in heterologous systems
(29–33), which enabled the charac-
terization of their biophysical prop-
erties and basic regulatory mecha-
nisms. However, heterologous
expression systemsmay not capture
the full complexity of channel
behavior and regulation in neurons.
For example, activity-dependent
heteromerization of HCN channel
isoforms cannot be studied in non-
neuronal cells because heteromer-
ization in these cells is almost non-
selective (16, 32). In addition,
studying activity-dependent regula-
tion of channel trafficking and sur-
face expression depends on mem-
brane excitability and thus requires
neuronal systems. Expression of
HCN channels in hippocampal neu-
rons, as described here, enables
study of the repertoire of regulatory
mechanisms of these channels.
The use of HCN1-GFP channels

might raise questions regarding the
similarities between native and
transfected channel behavior. As
described above, the distribution
and properties ofHCN1-GFP in pri-

mary hippocampal neurons recapitulated most but not all of
the features of native HCN1 channels in vivo. Thus, exogenous
HCN channels generated Ih, indicating that they were inserted
within the membrane in a functional manner. Notably, the
properties of Ih in neurons that overexpressedHCN1-GFPwere
consistent with those of channels composed of the HCN1 sub-
unit, which is the major subunit in adult hippocampal CA1
pyramidal cells. Whereas heteromerization of HCN1/HCN2
isoforms may differ in native cells and those transfected with
HCN1, the regulation of HCN1 channel trafficking by the aux-
iliary protein TRIP8b in dissociated hippocampal cultures was
similar to that found in vivo (12, 32). The dendritic distribution

FIGURE 6. HCN1 channel trafficking is reversibly arrested by activation of ionotropic glutamate recep-
tors by an extracellular calcium dependent mechanism. A, kymographs representing HCN1-GFP puncta
movement in dendrites and its inhibition by 10 �M glutamate. B, time course of glutamate-induced arrest of
HCN1 channels; quantitative analysis of puncta movements in two representative neurons (vehicle and gluta-
mate-treated) before as well as during the 1– 4 min epoch and the 7–10 min epochs after treatment. Drastic
suppression of puncta mobility was apparent already at 1 min post-glutamate and persisted for at least 10 min,
whereas no reduction of movement occurred in vehicle-treated neurons. C, quantitative analysis of the num-
ber of mobile puncta in neurons exposed to 10 �M glutamate or to vehicle treatment for 10 min. Paired data
points represent the number of mobile puncta in the same neuron before and after treatment. D, the reduction
in the fraction of mobile puncta at 10 min post-glutamate (gray column in the left column pair) was reversed after an
additional recovery period of 30 min. At that time point, the fraction of mobile puncta (gray column in the right pair
of columns) did not differ significantly from the pretreatment value (blank column). There was no significant change
in puncta mobility in vehicle-treated neurons throughout the duration of the experiment. E, in the presence of either
the AMPA receptor blocker 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) or the NMDA receptor blocker amino-5-
phosphonovaleric acid (APV), glutamate (glut.) no longer arrested puncta mobility (p�0.05). In addition, application
of glutamate in a calcium-free solution failed to suppress HCN1-puncta mobility. Puncta were tracked in 4–9 neu-
rons/group (�7000 puncta in total). Bars, mean � S.E. **, p � 0.01 (paired t test).
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of both transfected and endogenous HCN1 channels in disso-
ciated hippocampal neurons did not show the distal/proximal
gradient found in CA1 hippocampal pyramidal cells in vivo (6,
34, 35). This is not surprising; the establishment and mainte-
nance of the somatodendritic gradient requires long term exci-
tatory input from the temporoammonic pathway (9), and this
laminated input is absent in primary hippocampal cultures.
Neuronal expression of GFP-fused HCN1 channels was

compared with that of the HCN2 isoform. In the rodent hip-
pocampus, both HCN1 and HCN2 channel subunits are
expressed, often in the same neurons (35, 36), and can form
either homomeric or heteromeric channel complexes (32, 36)
with distinct functional properties (37, 38). In vivo, there are
several lines of evidence for differential regulation of the HCN1
and HCN2 isoform trafficking. For example, different spatio-
temporal distribution patterns of these subunits have been
found in the developing hippocampus, and their expression is
differentially regulated by seizure activity (20, 35). Recent stud-

ies have reported differences in the
regulation of HCN1 and HCN2 by
the auxiliary protein TRIP8b, which
influences surface expression of
these channels (25, 39). Accord-
ingly, we found here isoform-spe-
cific trafficking dynamics; HCN2-
containing puncta had overall
reduced mobility compared with
HCN1-containing puncta. In addi-
tion, unlike HCN1, surface expres-
sion of the native HCN2 isoform
was unaltered after exposure to glu-
tamatergic excitation. These find-
ings raise the possibility that the dis-
tinctive regulation of HCN1 and
HCN2 channel trafficking and sur-
face expression are a result of differ-
ential interaction with auxiliary
proteins (33).
Activation of ionotropic gluta-

mate receptors resulted in a dra-
matic and rapid suspension of
motion that was associated with
increased surface expression, mea-
sured using selective immunolabel-
ing of surface channels. Selective
blockade of either AMPA- or
NMDA-type glutamate receptors as
well as removal of calcium from the
bath solution abolished the inhibi-
tory effect of glutamate on HCN1
trafficking. The contribution of
both of these receptors might be
sequential; glutamatergic signaling
first activates AMPA receptors,
leading to membrane depolariza-
tion that promotes the removal of
theMg2� block fromNMDA recep-
tors. The latter facilitates ionic

influx through the NMDA receptors, thus contributing to the
rise in intracellular calcium levels. Alternatively, Ca2�-perme-
able AMPA receptors have been shown to reside in dendrites of
hippocampal pyramidal neurons (40, 41) and therefore may
provide a direct route for Ca2� influx, which may be further
enhanced by NMDA receptors and other sources of calcium.
The glutamate-induced arrest of the dendritic mobility of

HCN1-GFP channels was associated with an increase in their
surface expression. An association between reduced or arrested
protein mobility and the insertion of the same protein into the
membrane has been reported in a number of studies, suggesting
that vesicular insertion of intracellular protein-carrying
organelles into the plasma membrane may result in the inhibi-
tion of their movement. This might be a result of the more
viscous properties of the membrane compared with the cyto-
plasm, of the action of anchoring complexes, or both. Such an
activity-dependent relationship has been established for Sema-
phorin 3A (42, 43) and for the ion channel TRPC5, which was

FIGURE 7. Glutamate-dependent surface expression of HCN1 channels. A, distribution pattern of total
(intracellular � surface) HA-tagged HCN1 protein expressed in a hippocampal neuron as visualized using a
monoclonal anti-HA antibody under cell-permeable conditions. Similar to the HCN1-GFP construct, HA-HCN1
was distributed in a mixed diffuse-punctate pattern. B and C, selective immunolabeling of surface HA-HCN1
(see “Experimental Procedures”) revealed a punctate surface pattern in both dendrites and somata; application
of 10 �M glutamate increased the ratio of surface to intracellular puncta in both perisomatic regions (B) and
dendrites (C). D, the increase in surface HA-HCN1 puncta in dendrites was demonstrated using a line plot (y axis
shows arbitrary intensity units, 0 –255), representing the dendritic segments shown in C. In B–D, a vehicle-
treated control neuron was compared with a glutamate-treated cell, and the ratios of surface (green) HCN1-HA
channels/total channel signal for the cell (green � blue) were compared. E, quantitative summary of HA-HCN1
surface expression. Analysis was based on three independent experiments, each performed at a minimum in
duplicate (see “Experimental Procedures”). Values are mean � S.E. **, p � 0.01 (unpaired t test). Images in B are
confocal images with a virtual slice thickness (z) of �1 �m; images in C are stacked representations of two
virtual sections. Scale bars, 20 �m (A) and 5 �m (B and C).
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studied in HEK293 cells (44). Future studies will attempt to
examine if the same HCN1-GFP channel puncta that are
arrested by glutamate are inserted into the membrane.
Although overexpression of ion channels might overwhelm

or alter cellular processes, we found here that surface expres-
sion of both transfected and native, endogenous HCN1 chan-
nels was enhanced by glutamate application. Augmentation of
Ih within minutes of neuronal stimulation by direct glutamate
application, by �-burst-induced LTP, or by pharmacologically
induced synaptic activity has been previously reported (10, 11).
This up-regulation is thought to serve an important homeo-
static role; by reducing input resistance, increased Ih functions
to dampen neuronal excitability in response to enhanced depo-
larizing input. The results of the current studies suggest that
up-regulation of Ih may be accomplished via altered trafficking
and increased surface expression of HCN1 channels.
The findings described above demonstrate for the first time

rapid HCN1 trafficking in neurons as a dynamic process that is
regulated by neuronal activity within a time scale of minutes.
These channels can thus be added to the roster of ion channels
whose trafficking is regulated rapidly by activity, an effect that

may influence intrinsic neuronal excitability (28, 45–47).
Whereas for HCN1 we found activity-dependent arrest of
mobility and augmented membrane expression, the trafficking
of other channels was influenced by network activity in distinct
ways, including alterations of internalization (28, 46), recycling
(47), or clustering (45). Thus, regulation of ion channel traffick-
ing provides a mechanism for rapid alterations in neuronal
excitability, which in turn contributes to neuronal plasticity. In
addition, orchestrated co-regulation of the trafficking of several
ion channels, such as HCN and potassium channels, might be
the basis of the observed coordinated regulation of Ih and IA (48,
49) or Ik-leak (50, 51). This coordinated regulation of channels
with opposing properties helps preserve neuronal properties
and permit their fine tuning. Future studies will examine
whether the mechanisms involved in activity-dependent traf-
ficking and surface expression of HCN and co-regulated chan-
nels share common molecular mediators.
In summary, we demonstrate and characterize here the

dynamics and activity-dependent regulation of HCN channel
trafficking and surface expression in neurons. We suggest that
the rapid regulation ofHCN1 channel surface expression found
here might provide a novel mechanism for activity-dependent
changes in Ih. These, in turn, influence neuronal excitability in
changing physiological and perhaps pathological contexts.
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