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Abstract. A hyperpolarization-activated current recorded
from the pyramidal cells of the dorsal cochlear nucleus
was investigated in the present study by using 150- to
200-mm-thick brain slices prepared from 6- to 14-day-old
Wistar rats. The pyramidal neurones exhibited a slowly
activating inward current on hyperpolarization. The re-
versal potential of this component was –32 ± 3 mV
(mean ± SE, n = 6), while its half-activation voltage was
–99 ± 1 mV with a slope factor of 10.9 ± 0.4 mV (n = 27).
This current was highly sensitive to the extracellular ap-
plication of both 1 mM Cs+ and 10 mM ZD7288. The
electrophysiological properties and the pharmacological
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sensitivity of this current indicated that it corresponded to
a hyperpolarization-activated non-specific cationic cur-
rent (Ih). Our experiments showed that there was a corre-
lation between the availability of the h-current and the
spontaneous activity of the pyramidal cells, suggesting
that this conductance acts as a pacemaker current in these
neurones. Immunocytochemical experiments were also
conducted on freshly isolated pyramidal cells to demon-
strate the possible subunit composition of the channels
responsible for the genesis of the pyramidal h-current.
These investigations indicated the presence of HCN1,
HCN2 and HCN4 subunits in the pyramidal cells.
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The pyramidal (or fusiform) cells form one of the promi-
nent cell types of the dorsal cochlear nucleus. These neu-
rones have a triangular cell body approximately 25 mm in
diameter [1], from which basal and apical dendritic trees
extend [2–4]. The apical dendritic tree reaches the mole-
cular layer of the nucleus, and makes several contacts
with the glutamatergic parallel fibre network provided by
the cochlear granule cells. The basal dendrites, on the
other hand, are contacted with primary acoustic nerve fi-
bres, also forming glutamatergic synapses. The axons of
the pyramidal neurones are understood to enter the dorsal
acoustic stria and eventually project to the contralateral
inferior colliculus [5, 6].

* Corresponding author.

A previous study demonstrated that the resting membrane
potential of the pyramidal cells is between –50 and
–60 mV [7]. These neurones produce spontaneous activ-
ity, whose mechanism and genesis are not yet clearly un-
derstood. Some of the membrane properties of the pyra-
midal cells, however, have been extensively studied. The
pyramidal cells are commonly accepted to produce sev-
eral distinct firing patterns in response to incoming stim-
uli (generally known as ‘pauser’, ‘chopper’ and ‘buildup’
firing characteristics [3, 8]), and the availability of a
rapidly inactivating A-type K+ current has been shown to
have essential roles in determining the type of response
pattern observed after stimulation [9]. In addition to the
rapidly inactivating current, however, a more slowly inac-
tivating, tetraethyl-ammonium (TEA)+-and 4-aminopyri-
dine (4-AP)-sensitive component has also been described



[9]. Besides these transient current components, pyrami-
dal cells possess a persistent Na+ current as well [10],
which becomes activated near to the resting membrane
potential.
Pyramidal cells also express several depolarization-acti-
vated Ca2+ channels [11]. In fact, every known type of
Ca2+ current has been identified in the membrane of the
fusiform neurones, and the presence of some of the Ca2+

channel components was confirmed using immunocyto-
chemistry [11]. Activation of GABAB receptors could re-
versibly depress the amplitude of the N-type Ca2+ current,
indicating that GABA-ergic inputs to the pyramidal cells
may be involved in determining the membrane properties
of these neurones. 
Despite recent advances in describing the major mem-
brane currents of the pyramidal cells, the previously con-
ducted studies somehow ignored the possible contribu-
tion of the hyperpolarization-activated conductances to
the overall membrane properties of the pyramidal cells.
This seems surprising, especially if one considers that the
possible source of the spontaneous activity of the pyra-
midal cells might be a hyperpolarization-activated non-
specific cationic current, as indicated in some other
structures with pacemaker activity (e.g. heart and neu-
rones) [12–16]. We therefore decided, to seek evidence
for the presence of this kind of current on the pyramidal
cells, and to investigate whether this conductance (if pre-
sent) is involved in their spontaneous activity.
Our results show that pyramidal cells express a hyperpo-
larization-activated non-specific cationic conductance
recognised as Ih. Immunocytochemical techniques
demonstrated that HCN1, HCN2 and HCN4 subunits
were present in the membrane of the pyramidal cells. This
study also shows that the activity of the spontaneously ac-
tive pyramidal cells was substantially reduced when Ih

was inhibited (by the extracellular application of either
CsCl or the more specific ZD7288), suggesting that this
non-specific cationic conductance makes a major contri-
bution to the genesis of the spontaneous firing.

Materials and methods

Preparation of dorsal cochlear nuclear slices
The basic steps of the preparation were similar to those
described earlier [17], but the method had to be adapted
to the slicing of the dorsal cochlear nucleus. Briefly, brain
slices were prepared from 6- to 14-day-old Wistar rats,
killed by decapitation. The brain was then transferred into
ice-cold (~–2°C) low-sodium artificial cerebrospinal
fluid (aCSF). The meninges and blood vessels were care-
fully removed, and the brain was bisected along the mid-
line. After removal of the cerebral hemispheres, both
brain halves were glued to a Teflon block with cyano-
acrylate glue. The cerebellum was removed from both tis-
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sue pieces, and a 600-mm-thick slice was cut to remove
the ventral part of the cochlear nucleus. After discarding
the ventral cochlear nucleus, three to five 150- to 200-
mm-thick slices were prepared from the dorsal cochlear
nucleus, which contained the pyramidal cells. The slicing
was carried out employing a Campden vibratome (Camp-
den Instruments, Loughborough, UK). The slices were
then transferred to an incubation chamber containing nor-
mal aCSF, preheated to 37°C, and bubbled with 95%
O2/5% CO2. The slices were maintained in this solution
for 1 h and were then allowed to cool to room temperature
(~20–22°C).
The composition of the normal aCSF was (mM):
NaCl, 125; KCl, 2.5; NaHCO3, 26; glucose, 10;
NaH2PO4, 1.25; NaHCO3, 26; CaCl2, 2; MgCl2, 1; myo-
inositol, 3; ascorbic acid, 0.5; sodium pyruvate, 2. In the
low-sodium aCSF, NaCl was replaced by sucrose. The pH
of both solutions was 7.2 when gassed with 95% O2/5%
CO2, the osmolarity of the solutions was 310 mosm/l. All
chemicals were purchased from Sigma (St. Louis, Mo.),
unless stated otherwise.

Data recording
The slices were placed into an environmental chamber
(~200 ml) and continuously perfused (~1 ml/min) with
gassed aCSF solution, using an eight-channel Minipulse
3 peristaltic pump (Gilson, Villiers Le Bel, France).
When the spontaneous activity of the cells was to be 
inhibited, the extracellular solution contained 1 mM
tetrodotoxin (TTX; Alomone Labs, Jerusalem, Israel).
For some of the measurements, various K+ channel block-
ers (1 mM TEA+, 2 mM 4-AP), CsCl and ZD7288 (a kind
gift from Dr. I.D. Forsythe) were also applied, by switch-
ing perfusion between the available channels of the peri-
staltic pump.
Whole-cell patch-clamp pipettes were fabricated from
thin-walled borosilicate glass (Clark Electromedical In-
struments, Reading, UK), and filled with a solution con-
taining (mM): KCl, 130; HEPES, 10; MgCl2, 1; EGTA, 5;
MgATP 2; Na3-GTP 0.5; pH 7.3; osmolarity set to
300 mosm/l. The resistance of these patch-pipettes varied
between 2 and 2.5 MW when filled with the pipette solu-
tion. Cells with large, triangular cell bodies were selected
for this study. These neurones were patch-clamped under
visual guidance, without prior cleaning. The series resis-
tance was usually between 2–8 MW and was compen-
sated by 60–80%. The series resistance was kept as con-
stant as possible during the measurements, by occasional
light suction or repositioning of the pipettes. Both the
voltage- and current-clamp configurations of the patch-
clamp technique were employed. An Axopatch 200A
patch-clamp amplifier was used for recording, together
with a DigiData 1200 interface (Axon Instruments, Fos-
ter City, Calif.). For data acquisition and analysis, the
pClamp 6.0 software was used. The whole-cell capaci-



tance was electronically compensated. Results are given
as means ± SE.

Differential interference contrast microscopy
The recording chamber was mounted on an Axioskop
fixed-stage microscope (Zeiss, Oberkochen, Germany),
equipped with Nomarski optics (differential interference
contrast; DIC) and an epifluorescent attachment. A Zeiss
Achroplan water immersion objective was used (¥63) for
cell visualization. Cell identity was confirmed by includ-
ing Lucifer Yellow (dipotassium salt, 0.5 mg/ml) in the
pipette solution and by switching to the epifluorescent il-
lumination of the experimental microscope after the
recordings. As the pipette solution contained Lucifer Yel-
low, the light of the microscope was switched off prior to
entering the whole-cell configuration. 

Enzymatic isolation of dorsal cochlear nuclear
pyramidal neurones
Dorsal cochlear nuclear neurones were isolated using a
technique described earlier in detail [18]. In brief, 3- to 8-
day-old rats were decapitated, their brain removed in low
Na+ aCSF, and the dorsal cochlear nuclei incubated in
aCSF containing 0.03 mg/ml collagenase (type IA) and
0.12 mg/ml pronase (type XIV) for 40 min at 31°C. Dur-
ing the enzyme treatment, the incubating solution was
bubbled with 95% O2/5% CO2 throughout. The enzyme
exposure was terminated by the application of trypsin-in-
hibitor (type I-S, 1 mg/ml). At the end of the isolation
procedure, the cells were dispersed using gentle mechan-
ical trituration in HEPES-buffered aCSF (in mM:
NaCl, 135; KCl, 3; glucose, 10; HEPES, 10; sucrose, 30;
CaCl2, 2; MgCl2, 1; osmolarity and pH were set to
335 mosmol/l and 7.2, respectively).

Immunocytochemistry
Immunocytochemical labelling was performed on
acutely isolated dorsal cochlear nuclear neurones. After
enzymatic dissociation, the cells were fixed with con-
centrated (99%) acetone (5 min at 4°C). Aspecific bind-
ing was prevented and permeabilization was carried 
out by bathing the cells in phosphate-buffered saline
(PBS) containing bovine serum albumin (BSA, 1%) and
Triton X-100 (0.6%) for 30 min. The cells were then in-
cubated with the primary antibody [rabbit anti-HCN1, 2
or 4 (1:200); Alomone Labs.] for 60 min at room tem-
perature. The cells were rinsed in PBS (3 ¥ 5 min), incu-
bated with goat anti-rabbit FITC-conjugated or horse
anti-rabbit Texas-Red-conjugated secondary antibodies
(1:400) for 60 min at room temperature, followed by
rinsing in PBS again (3 ¥ 5 min). Neurone-specific im-
munoreaction was carried out using anti-neurone-spe-
cific enolase (mouse anti-NSE; 1:100) antibodies, and
horse anti-mouse FITC- or Texas-Red-conjugated sec-
ondary antibodies (1:400). At the end of the procedure,

the nuclei were stained with DAPI followed by coverslip
mounting.
In the other set of experiments, the acutely isolated cells
were allowed to adhere to adhesive-coated (3-amino-
propyltrethoxysilane) coverslips for 20 min, and were
then washed with PBS. The cells were fixed with 96%
ethanol (10 min at 4°C), followed by antigen retrieval in
a pressure cooker (lasting for 2 min). In the cases of the
HCN1 and HCN2 immunolabelling, antigen retrieval was
performed in 0.01 M citrate buffer (pH = 6.0), while the
HCN4 antigen exposure was carried out in 0.001 M Tris-
HCI buffer (pH = 8.8). Inhibition of the endogenous per-
oxidase was achieved using 3% H2O2 solution for 10 min
at room temperature. Aspecific binding was prevented by
incubating the cells in Tris-buffered saline (TBS) con-
taining 1% BSA (1 h at room temperature). The primary
antibodies (both the anti-HCN and NSE; DAKO,
Glostrup, Denmark) were dissolved in 1% BSA, and the
cells were bathed in these solutions at room temperature
for 1 h (anti-HCN1 and anti-HCN-2 1:20; anti-HCN4
1:10; anti-NSE 1:200). The cells were then rinsed in TBS
(3 ¥ 5 min) and the secondary antibodies were applied
(biotinylated goat anti-rabbit and anti-mouse IgG 1:100)
for 30 min, and rinsed again in TBS (3 ¥ 5 min). The im-
munoreactions were then visualized using diamino-ben-
zidine (DAB) and Fast Blue. At the end of the procedure,
the cells were washed with distilled water and mounted
onto a coverslip.
When the immunolabelling was finished, the cells were
viewed employing a Nikon Axiovert 600 microscope
equipped with a ¥200 objective. 

Results

To ensure that only pyramidal cells were investigated in
the present study, cells with large (up to 20 mm in diame-
ter), triangular cell bodies were selected in the brain
slices. As the pipette solution always contained Lucifer
Yellow, the shape of the soma could be confirmed and the
morphology of the dendritic tree could also be assessed
(fig. 1A–E). Figure 1E demonstrates the image of a cell
identified as a pyramidal neurone. In general, pyramidal
neurones had triangular cell bodies which gave rise to
three major processes, corresponding to the apical and
basal dendrites and to the axon. Cells without these mor-
phological features were omitted from the subsequent
data analysis.
As shown in figure 2A, when the pyramidal cells were
subjected to hyperpolarizing stimuli from a holding po-
tential of –60 mV, they produced a slowly activating in-
ward current. The current had an instantaneous compo-
nent, which became obvious after the decay of the capac-
itive transient. The current showed slow activation and
demonstrated no inactivation during the 2-s-long (or in
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Figure 1. A pyramidal cell in a brain slice prepared from the dorsal
cochlear nucleus. The images were recorded using a Zeiss Axioskop
FS equipped with epifluorescent illumination and a ¥63 water-im-
mersion objective. (A–D) The same cell, whose image was taken at
various optical depths (A, deepest layer; D most superficial one).
Besides the various parts of the cell, the microelectrode used for 
the filling and electrophysiological recording is also visible in B, C.
(E) Merge of A–D.

Figure 2. General characteristics of the hyperpolarization-activated current recorded from cochlear pyramidal cells. (A) The current
recorded under voltage-clamp conditions when 2-s-long hyperpolarizing stimuli were applied from a holding potential of –60 mV. Arrows
demonstrate the times when the instantaneous and steady-state current amplitudes were determined. (B) The instantaneous (squares) and
steady-state (circles) current amplitudes as a function of the membrane potential. The voltage-dependence of the difference current (ob-
tained by subtracting the instantaneous current amplitude from the steady-state current; triangles) is also presented. (C) The reversal po-
tential of the hyperpolarization activated current was determined by determining the instantaneous current amplitudes from holding po-
tentials of –60 mV (squares), –70 mV (circles) and –80 mV (triangles) and plotting them as a function of the membrane potential. The in-
tersection point gives the reversal potential of the current (for further explanation see Results). (D) The steady-state activation
characteristics of the hyperpolarization-activated current. In these experiments, hyperpolarizing voltage steps were employed from a hold-
ing potential of –60 mV in 10-mV increments. After each hyperpolarizing step, the amplitude of the tail current was determined, and the
individual values were normalized to the tail current amplitude observed after the –140-mV hyperpolarization. The normalized current val-
ues (mean ± SE) are plotted against the membrane potential of the preceding hyperpolarizing voltage steps, and the individual data fitted
to a Boltzmann distribution (fitted curve). 
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some instances during the 15-s-long) hyperpolarizing
stimuli. When the membrane potential was switched back
to the holding potential, the current produced an inward
tail component. The current-voltage relationship of both
the instantaneous (measured just after the capacitive tran-
sient) and the steady-state current were determined as
shown in figure 2B.
The slow activation, the lack of the inactivation tendency,
along with the inward tail current occurring at the hold-
ing potential (–60 mV) suggested that the current ob-
served here possibly corresponded to a non-specific
cationic conductance known as Ih. As the h-current is a
mixed cationic current, its reversal potential is expected
to be around –30 mV. However, at this membrane poten-
tial, several depolarization-activated K+ and Ca2+ currents
may interfere with the determination of the reversal po-
tential if a tail-current protocol is employed. For this rea-
son, a different method was used in this work, where the
reversal potential of Ih was sought by determining the in-
stantaneous current voltage relationship between –90 and
–130 mV from three different holding potentials (–60,
–70 and –80 mV), and the intersection points were then
determined as shown in figure 2C. The intersection point
provided the equilibrium potential of this mixed cationic
current, which proved to be –32 ± 3 mV (n = 6).
The steady-state activation parameters of Ih are known to
show a certain degree of variation depending on the type
of neurone investigated. The half-activation voltage (E50)
of the Ih expressed by neurones of the auditory apparatus
are usually more negative than the E50 reported for other
types of neurones, hence we deemed interesting an inves-
tigation of whether the pyramidal cells of the dorsal
cochlear nucleus fit into this trend (fig. 2D).
The steady-state activation of the h-current was investi-
gated using a tail-current protocol. First, 2000-ms-long
prepulses were applied between –70 and –140 mV from a
holding potential of –60 mV, and the tail-current ampli-
tudes were determined at –60 mV. These current ampli-
tudes were then normalized to the maximum tail-current
amplitude, which was measured after the application of
the most negative prepulse potential (to –140 mV). The
normalized tail current amplitudes were plotted against
the prepulse potential and the resulting values gave a sig-
moid curve, which was fitted to a Boltzmann distribution
of the following form:

E50 – E –1

I/Imax = �1 + exp �03�� , (1)
s

where I is the current evoked after the prepulse potential
E, Imax is the maximal current, E50 is the prepulse poten-
tial at which half of the channels are activated, while s is
the slope factor.
In the cases of the pyramidal cells of the dorsal cochlear
nucleus, the half activation voltage was –99 ± 1 with a
slope factor of 10.9 ± 0.4 (n = 27).
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Figure 3. Voltage dependence of the activation time constants of
the hyperpolarization-activated current. In these experiments, cur-
rent traces were evoked from a holding potential of –60 mV to the
membrane potential indicated in the figure. The capacitive transient
of the current traces was omitted from the analysis, and the remain-
ing current was fitted to a double exponential function. The data
plotted in the diagram show the mean values (± SE) of both the
faster (t1; filled circles) and slower (t2; open circles) activation time
constants.

Figure 4. Effect of extracellular CsCl on the hyperpolarization-ac-
tivated current. (A) The current traces were evoked by applying 2-s-
long hyperpolarizing stimuli from a holding potential of –60 mV.
The hyperpolarizing steps followed each other in 10-mV incre-
ments to a maximum hyperpolarization of –140 mV. (B) After
recording the control current, 1 mM CsCl was employed in the ex-
tracellular solution and the same voltage protocol repeated. (C) The
current which could be recorded from the same neurone after a 
9-min wash-out period.



To describe the kinetic properties of the Ih activation, the
activation time constants were determined by fitting the
current traces to an appropriate exponential function.
Traces recorded between –140 and –100 mV were fitted
only, as at less negative membrane potentials the fitting
became unreliable. Both single and double exponential
functions were tried to achieve proper fits, and the appli-
cation of the double exponential function resulted in
more reliable results. Figure 3 demonstrates the voltage
dependence of both time constants. The relative contribu-
tion of the two components to the total current was ap-
proximately 50% at all membrane potentials tested.
The hyperpolarization-activated cationic current is
known to be sensitive to the extracellular application of
CsCl, which was the case in the cochlear pyramidal cells
as well (fig. 4). First, the current traces were evoked in the
control extracellular solution, by using the same voltage
protocol introduced in conjunction with figure 2A, then
1 mM CsCl was applied in the bath solution, and the same
pulse protocol was repeated. As can be seen, this ma-
noeuvre almost completely abolished the slowly activat-
ing inward current. It is also demonstrated that the effect
of Cs+ could be reversed to a certain extent. Considering
all the cells tested, 1 mM CsCl reduced the hyperpolar-
ization-activated current amplitude (which was calcu-
lated by subtracting the instantaneous current from the

steady-state current) by 85 ± 9% (n = 12; –140 mV). In
some of experiments, the Cs+ concentration was in-
creased to 5 mM and the blocking effect was similar to
that found in the presence of 1 mM CsCl (87 ± 7%,
n = 5).
During the experiments, a certain portion of the pyrami-
dal cells showed spontaneous activity (69 cells out of 98).
Such activity is demonstrated in figure 5A, and we de-
cided to assess whether the h-current in the pyramidal
neurones made any contribution to the spontaneous ac-
tivity recorded. To reveal the significance of the h-current
in the genesis of the spontaneous activity, first the intrin-
sic activity of the neurones was determined in control ex-
tracellular solution, then the procedure was repeated in
the presence of 1–5 mM CsCl (fig. 5B; 5 mM CsCl). As
demonstrated (particularly in fig. 5C), the slow depolar-
ization, which preceded the action potential firing, be-
came shallower, and thus the frequency of the sponta-
neous firing decreased, although it was not eliminated en-
tirely. Similar experiments were repeated on four more
neurones, with the same result. A summary of these ex-
periments is indicated in figure 5D. To construct this fig-
ure, the spontaneous firing frequency was measured in
control solution first, then in the presence of 1–5 mM
CsCl. Note that the columns represent normalized fre-
quencies, which were calculated by dividing the firing
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Figure 5. Effect of extracellular CsCl on the spontaneous activity of the pyramidal cells. (A, B) Spontaneous action potential firing of a
pyramidal cell under control conditions (A) and in the presence of 5 mM CsCl (B). In these experiments the whole-cell configuration was
established, the membrane potential was recorded, but no stimulation was applied to the cell. (C) The time scale was changed and the con-
trol and Cs+-affected firings were overlapped to compare the two situations. (D) Synopsis of all data recorded under similar circumstances.
The frequency of the spontaneous action potential produced in the presence of CsCl was normalized to the control activity in each cell, and
the mean value (± SE) of these normalized frequencies is shown.



rate in the presence of the blocker with that recorded un-
der control circumstances. Considering all the cells
tested, CsCl reduced the intrinsic activity to 26 ± 10% of
the control situation (n = 5). These results suggested that
the h-current was indeed involved in the genesis of the
spontaneous activity of the pyramidal cells, acting as a
pacemaker conductance.
CsCl is not specific to Ih but is capable of inhibiting other
currents as well. Our results in the presence of CsCl could
also have been explained, therefore, as (at least partial)
effects on other ionic channels, reducing the impact of the
previously suggested findings. To exclude this possibil-
ity, another channel blocker, known to be specific to the
pacemaking current, was also tried. The effect of 10 mM
ZD7288 is demonstrated in figure 6, where its effect on
the spontaneous firing was tested first. Similar to the ap-
plication of CsCl, ZD7288 effectively reduced the spon-
taneous firing to approximately 20% of the control value
(fig. 6A, B), an effect very similar to that obtained in the
presence of extracellular CsCl. Under voltage-clamp con-
ditions (fig. 6C), ZD7288 reduced the amplitude of the
hyperpolarization-activated current. Considering all the
neurones tested with ZD7288 (n = 5), the blocking effect

was very similar to that observed in the presence of 1 mM
CsCl (fig. 6D and 4B). These experiments supported our
view that the spontaneous firing of the pyramidal cells
was mainly the consequence of the presence and activity
of a pacemaker current identified as Ih. 
As the majority of the experiments were conducted on
relatively young animals, specific measurements were
performed to see whether the current reported here was
available on pyramidal cells of older (aged 18–23 days)
rats. When these – more mature – nerve cells were sub-
jected to hyperpolarizing stimuli, the activation of Ih was
observed, indicating that this current was not only present
at a relatively early stage of postnatal development, but
also remained available in adult animals as well.
In the next step of the experiments, the possible subunit
composition of the channels responsible for the genesis
of the h-current was determined. For these experiments,
acutely isolated pyramidal cells were employed, thus we
looked for the presence of an h-type current in these neu-
rones as well, to ensure that the enzyme treatment did not
diminish these channel proteins. In all cases tested
(n = 4), the presence of the h-type current could be
demonstrated in freshly isolated pyramidal cells, and the
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Figure 6. Effect of the h-current-specific blocker, ZD7288, on the hyperpolarization-activated current and spontaneous activity of the pyra-
midal cells. (A) The spontaneous activity of a pyramidal cell under control conditions and in the presence of 10 mM ZD7288. (B) Synop-
sis of all experiments conducted in a similar way. The frequency of the spontaneous action potential produced in the presence of ZD7288
was normalized to the control activity in each cell, and the mean value (± SE) of these normalized frequencies in this part of the figure.
(C) The effect of ZD7288 on the hyperpolarization-activated current produced by a pyramidal cell. In this (and similar) experiment(s), the
current traces were evoked by applying 2-s-long hyperpolarizing stimuli from a holding potential of –60 mV. The hyperpolarizing steps fol-
lowed each other in 10-mV increments to a maximum hyperpolarization of –140 mV. After recording the control current, 10 mM ZD7288
was employed in the extracellular solution and the same voltage protocol repeated. The third set of traces presents the drug-sensitive cur-
rent. The traces were obtained by subtracting the current traces yielded in the presence of ZD7288 from those recorded under control con-
ditions. (D) The result of all similar experiments. The current amplitude (defined as the steady-state current minus the instantaneous com-
ponent measured at –140 mV) recorded in the presence of ZD7288 was normalized to that obtained in control extracellular solution
(mean ± SE).



major characteristic features of the current were identical
to those found in pyramidal cells, situated in slices (data
not shown). In these experiments, pyramidal cells were
identified on the basis of the triangular cell body, and the
multiple processes arising from the soma. The identity of
the h-current was verified by the application of 1 mM
CsCl as well as by the application of 10 mM ZD7288
(data not shown).
After confirming the presence of the Ih, immunocyto-
chemical experiments were conducted to check whether
the HCN subunits for which commercially available anti-
bodies exist (HCN1, HCN2 and HCN4) contribute to the
assembly of the functioning channels in the pyramidal
cells of the dorsal cochlear nucleus. In these experiments,
immunostaining was usually combined with DAPI la-
belling of the nuclei to demonstrate the integrity of the
neurones. Figure 7A shows an isolated pyramidal cell un-
der phase-contrast optics, while figure 7B demonstrates
an HCN2-subunit-specific immunoreaction on the same
neurone. Similar to the HCN2 subunits, a positive im-
munorection was found when anti-HCN1 and anti-HCN4
antibodies were tested (fig. 7C, D, respectively, different
cells). Besides the application of the FITC- and Texas-
Red-conjugated secondary antibodies, all immunoreac-
tions were performed with DAB-conjugated antibodies as
well (fig. 8). In the immunocytochemical experiments,
every cell which was identified as a pyramidal neurone
showed immunopositivity for all subunits tested. The
specificity of the immunolabelling was confirmed in two
ways. HCN-specific immunostaining was carried out on
cochlear astrocytes maintained in tissue culture, and no
positive immunolabelling could be observed in these ex-
periments. This finding is in good agreement with our

electrophysiological results showing no indication of h-
current activation on these glial cells (unpublished obser-
vation). Moreover, the HCN-specific immunostaining
was also performed using preadsorbed controls, giving
only a very weak reaction.

Discussion

In this work, the presence of a hyperpolarization-activated
current was demonstrated in the pyramidal cells of the
dorsal cochlear nucleus. This current was the consequence
of the activation of non-specific cationic channels, and the
general properties of this current were very similar to the
h-current reported on other neurones of the brain, includ-
ing some nerve cells of the auditory pathway. Pyramidal
cells had an intrinsic ability to fire action potentials, and
the firing frequency was reduced to ~20% of the control
if the h-current was inhibited, regardless of whether CsCl
or the more specific ZD7288 was applied in the experi-
mental solution. These experimental findings suggest that
the presence and activity of the h-current provides a pace-
making ability for the pyramidal cells. However, this
mechanism seems not to be the only factor contributing to
the intrinsic firing of these neurones, as spontaneous ac-
tion potentials could be recorded even after the practically
complete inhibition of the h-current.
We have known for some time that some cells respond
with an increased membrane conductance to hyperpolar-
ization. Such a phenomenon was first described by Katz
[19] in skeletal muscles, and this phenomenon is regarded
as the ‘classical’ inward rectification. However, some tis-
sues possess a different type of hyperpolarization-acti-
vated current (Ih), originally described in photoreceptors
[20] and in the heart [12–14].
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Figure 7. Immunocytochemical detection of HCN subunits. Im-
ages were taken with a Nikon Axiovert 600 microscope equipped
with a ¥ 200 objective. (A) Phase-contrast image of an acutely iso-
lated pyramidal cell. (B) HCN2-specific immunoreaction (FITC)
on the same neurone. (C, D) HCN1- and HCN4-specific (Texas
Red) immunostainings, respectively with different neurons.

Figure 8. Immunolabelling of HCN1, HCN2 and HCN4 channel
proteins in acutely isolated pyramidal cells using DAB-based visu-
alization of the immunoreaction. The positive immunoreaction can
be identified on the basis of the dark-brown colour seen on the cells.



Our experimental findings indicate that the activation of
the hyperpolarization activated channels expressed by the
pyramidal cells of the dorsal cochlear nucleus produces an
h-type current. First, the reversal potential of this current
was approximately –33 mV, indicating that it represented
a mixed cationic conductance, rather than a pure K+ cur-
rent. Similar values have been recorded in some other neu-
rones, including the principal cells of the medial nucleus
of the trapezoid body [21], hippocampal neurones [22]
and neurones of the cat sensorimotor cortex [23].
Besides the reversal potential, the pharmacological sensi-
tivity of the current also indicated that the current investi-
gated in the present study was a non-specific conductance.
In accordance with the data found in the literature [21,
24–26], the channels found here proved to be sensitive to
Cs ions, as 1 mM CsCl had a blocking effectivity of ~85%
at –140 mV. Moreover, they were also very effectively in-
hibited by ZD7228, a bradycardic agent known to be spe-
cific for the hyperpolarization-activated non-specific
cationic current providing the pace-making ability of the
sinu-atrial cells [27] and certain neurones [28].
Hitherto, four genes have been found to be responsible
for encoding hyperpolarization-activated non-specific
cationic channel subunits [29–34], and the four subunits
(termed HCN1–HCN4) most likely form tetrameric
channels in either homo- or heterotetrameric fashion. In-
dividual subunits are understood to contain six putative
transmembrane segments, and the HCN channels contain
a cyclic nucleotide-binding domain as well. The activa-
tion time constant of HCN1-containing channels was
found to be about 100 ms, while the HCN2-containing
ones were slower, with an activation time constant of
some 250 ms. HCN3 and HCN4 channels also produce
slowly activating current (particularly the HCN4 sub-
type). In the light of these observations, the activation
time constants reported in the present study
(t1 = 150–400 ms, t2 = 800–1600 ms) suggested that the
channels responsible for the genesis of the hyperpolariza-
tion-activated current of the pyramidal cells contained
relatively slowly activating HCN subunits. This idea was
in accordance with the findings of Santoro et al. [35],
who demonstrated very strong expression of HCN2-spe-
cific mRNA along with the presence of mHCN1 at a
moderate level as well as mHCN4 at a low level in the
cochlear nucleus. Our electrophysiological and immuno-
cytochemical results show that the appropriate genes are
not only transcribed to mRNA but are actually translated
to proteins which are expressed in the surface and form
functional channels in the pyramidal cells. Although the
methods used in this study cannot provide the exact sub-
unit composition of the channels responsible for the gen-
esis of the hyperpolarization-activated current of the
pyramidal cells, those subunits for which commercially
available antibodies exist are present, and are likely to
contribute to the assembly of the functional channels.

The view that the hyperpolarization-activated channels of
the pyramidal cells are unlikely to be HCN1 homote-
tramers is further emphasized by the fact that the activa-
tion time constants of the h-current obtained here were
reasonably similar (t1: 420 versus 591 ms; t2: 1700 versus
4970 ms) to those obtained from recombinant HCN2
channels (at membrane potentials of –100 mV and
–104 mV, respectively). Recombinant HCN1 channels,
on the other hand, had much faster gating (t1 and t2: 79
and 339 ms, respectively). Quite interestingly, the activa-
tion time constants of the pyramidal h-current and the re-
combinant HCN2 channels are similar but not the same,
suggesting that other subunits (for example HCN4) may
also contribute to the final assembly of the channels.
One must note that the activation time constants found in
the present study are very similar to those reported on
thalamic relay neurones (364 and 2140 ms [16]). Thala-
mic relay neurones are also capable of producing sponta-
neous action potentials, and the hyperpolarization-acti-
vated current has a major contribution to this phenome-
non.

Functional considerations
The expression of the hyperpolarization-activated
cationic channels is remarkably widespread along the
acoustic pathway, as the activity of these channels has
been reported on inner hair cells, type I spiral ganglion
neurones, bushy cells, principal cells of the medial nu-
cleus of the trapezoid body and cells of the superior olive
[21, 36–38]. The h-current is known to be involved in
several different functions in other neurones, as it may set
the resting membrane potential of the cells [39] and may
also prevent long-lasting inhibition of the neurones [40].
Such a role seems to be possible in the cases of the pyra-
midal cells as well, since pyramidal cells are clearly con-
tacted by inhibitory interneurones and the presence of in-
hibitory postsynaptic potentials and currents has also
been demonstrated [7]. A particularly interesting function
of the Ih is its involvement in the genesis of spontaneous
activity of certain types of neurones [15, 16], such as thal-
amic relay neurones. Previous studies have shown that the
inhibition of the h-current by Cs+ reduced the frequency
of the spontaneous activity in these neurones in certain
cases (although it was also able to increase the frequency
of the intrinsic firing). A similar function was noted on
the pyramidal cells of the cochlear nucleus in this study,
and this observation indicates that pyramidal cells are (at
least partially) responsible for the intrinsic activity of the
dorsal cochlear nucleus.
However, as the almost complete inhibition of the h-cur-
rent did not abolish the intrinsic firing of the pyramidal
cells, one must assume that other cells also contribute to
the pacemaking activity of the dorsal cochlear nucleus.
One possibility is that the activity of some synaptic inputs
to the pyramidal cells may serve as another source of the
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activity of the pyramidal cells, although detailed investi-
gation of this possibility remains to be completed.
The suggestion has been made that HCN1 subunits are
mainly found in large principal neurones showing rich
dendritic arborization and possessing far-reaching axons.
In these neurones, Ih would help in the propagation of
dendritic inputs, which, in turn, would help the integra-
tion of the various incoming signals [35]. Pyramidal cells
do possess an extensive dendritic tree and they are im-
portant output neurones of the dorsal cochlear nucleus,
and they do seem to present HCN1 subunits along with
HCN2 and HCN4 subunits. Such a combination of the
various subunits is not unheard of, as HCN2 subunits
were found on GABA-ergic inhibitory neurones as well
as on thalamocortical relay neurones, where they are
combined with HCN4 subunits. As the thalamocortical
interneurones are also capable of producing spontaneous
action potentials, similar to the pyramidal cells, the
HCN2/HCN4 subunit composition may provide the pace-
making ability of these two cell types.
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