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Abstract—A hyperpolarization-activated cation conductance contributes to the membrane properties of a
variety of cell types. In the thalamus, a prominent hyperpolarization-activated cation conductance exists in
thalamocortical cells, and this current is implicated in the neuromodulation of complex firing behaviors. In
contrast, the GABAergic cells in the reticular nucleus in the thalamus appear to lack this conductance. The
presence and role of this cation conductance in the other type of thalamic GABAergic cells, local inter-
neurons, is still unclear. To resolve this issue, we studied 54 physiologically and morphologically identi-
fied local interneurons in the rat dorsal lateral geniculate nucleus using anin vitro whole-cell patch
recording technique. We found that hyperpolarizing current injections induced depolarizing voltage
sags in these geniculate interneurons. TheI–V relationship revealed an inward rectification. Voltage-
clamp study indicated that a slow, hyperpolarization-activated cation conductance was responsible for
the inward rectification. We then confirmed that this slow conductance had properties of the hyperpolar-
ization-activated cation conductance described in other cell types. The slow conductance was insensitive
to 10 mM tetraethylammonium and 0.5 mM 4-aminopyridine, but was largely blocked by 1–1.5 mM Cs1.
It was permeable to both K1 and Na1 ions and had a reversal potential of244 mV. The voltage depen-
dence of the hyperpolarization-activated cation conductance in interneurons was also studied: the activa-
tion threshold was about255 mV, half-activation potential was about280 mV and maximal conductance
was about 1 nS. The activation and deactivation time constants of the conductance ranged from 100 to
1000 ms, depending on membrane potential. The depolarizing voltage sags andI–V relationship were
further simulated in a model interneuron, using the parameters of the hyperpolarization-activated cation
conductance obtained from the voltage-clamp study. The time-course and voltage dependence of the
depolarizing voltage sags andI–V relationship in the model cell were very similar to those found in
geniculate interneurons in current clamp.

Taken together, the results of the present study suggest that thalamic local interneurons possess a
prominent hyperpolarization-activated cation conductance, which may play important roles in determining
basic membrane properties and in modulating firing patterns.q 1999 IBRO. Published by Elsevier Science
Ltd.
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In mammals, the thalamus plays an important role in
the transmission of sensory signals to cortex.46,47It is
clear that inhibitory mechanisms contribute signifi-
cantly toward determining the character of the
ascending sensory signal, altering the time-course
of sensory responses as well as the tuning of sensory
receptive field properties.2,3,36,54,61,62 Inhibitory
mechanisms also play a role in a second major
thalamic function; they contribute to the genesis

and synchronization of oscillatory activity,52 and
inhibitory mechanisms have been implicated in
the manifestation of aberrant oscillations of
epilepsy.25,49,52,55,56

Thalamic functions are mediated largely by three
basic cell types.27 Thalamocortical cells are excita-
tory neurons, and they alone project to the cortex.
Inhibition in the thalamus arises primarily from two
GABAergic neurons:27 interneurons and cells in the
thalamic reticular nucleus (TRN), which reside
respectively within and adjacent to the thalamic
nuclei. Both interneurons and TRN cells innervate
thalamocortical cells and shape the signal that is sent
to the cortex. The nature of this inhibitory shaping
depends in part on the response properties of the
interneurons and TRN cells. Numerous studies of
the electrophysiological properties of TRN cells
have shown that they are endowed with active
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membrane conductances that alter their firing beha-
vior.4,5,10,24In contrast, interneurons have been little
studied, and until recently, the membrane properties
of interneurons were thought to be largely linear,48

suggesting a relatively simple contribution to
thalamic function. It is now clear that the inhibitory
role of interneurons can be more complex. For
example, like thalamocortical and TRN cells, inter-
neurons are endowed with the voltage-dependent
low-threshold calcium conductance,IT.43,65 This
conductance can produce highly non-linear burst
responses.26,65

Another voltage-dependent conductance, a hyper-
polarization-activated cation conductance (Ih), is
also heavily involved in regulating the neuronal
firing properties.Ih has been implicated in altering
the level of many fundamental membrane properties
of neurons, such as resting membrane potential and
input resistance, and it is also involved in more
complex patterns of activity, including modulating
the amplitude and time-course of postsynaptic
responses, altering integrative ability, and pacing
the frequency of oscillations.18,29,33,50In addition,Ih

kinetics are regulated by many neurotransmitters.40

This makes the role ofIh in thalamic cells particu-
larly important, since thalamic firing patterns can be
dramatically altered by neurotransmitters.31

While previous studies have shown that thalamo-
cortical cells are richly endowed withIh channels,
and TRN cells lack them,5,10,33the prevalence ofIh in
interneurons is unclear. Earlier work concluded that
interneurons lackedIh,28 but recent studies have
demonstrated a depolarizing “sag” of membrane
potential in some interneurons, as well as an
inwardly rectifying I–V relationship.32,42,58 Though
suggestive ofIh, these studies did not further char-
acterize the conductance underlying the observed
responses. Further, the depolarizing sag and inward
rectification reported in the interneurons was small
and inconsistent, which may reflect the effects of
sharp electrode impalement.51 This issue warrants
further study, given the importance of inhibition to
thalamic function and the limited information about
the basic membrane and firing properties of thalamic
interneurons. Thus, in the present study, we used the
whole-cell recording technique to study the hyper-
polarization-evoked responses in physiologically
and morphologically identified local interneurons
in the rat dorsal lateral geniculate nucleus (LGN).

EXPERIMENTAL PROCEDURES

Physiology

Experiments were performed in thalamic slices from
four- to 10-week-old Sprague–Dawley rats (100–300 g;
Harlan Sprague Dawley). All efforts were made to minimize
suffering and the number of animals used. The rats were
deeply anesthetized by halothane and decapitated. The
brain was quickly removed into cold (6–88C) physiological
solution containing (in mM): NaCl 126, KCl 2.5, NaH2PO4
1.25, NaHCO3 26, MgSO4 1, dextrose 20, CaCl2 2, at pH

7.35. The solution was continuously bubbled with 95% O2/
5% CO2. Slices containing the LGN, each 500mm thick,
were cut from the tissue blocks with a DTK-1000 micro-
slicer (Dosaka Em Co.). These slices were kept in oxy-
genated physiological solution for at least 2 h before
recording. During the recording, slices were submerged in
a Plexiglas chamber and stabilized using a fine nylon net
attached to a platinum ring. The chamber was perfused with
warmed and oxygenated physiological solution, and the
half-time for the bath solution exchange was about 7 s.
The temperature of the bath solution in the chamber was
kept at 34.0̂ 0.58C. All antagonists were bath-applied.

The whole-cell recording technique7,13,19was used in this
study. Patch electrodes were made from borosilicate tubing
and their resistances were 7–9 MV with the intracellular
solution. The standard intracellular solution (in mM) was:
potassium gluconate 120, HEPES 10, EGTA 5, MgCl2 2,
ATP 4, GTP 0.1, CaCl2 0.5, KCl 10 and 0.25% biocytin, at
pH 7.25. A 10-mV liquid junction potential was subtracted
from all membrane potentials. An Axoclamp-2A amplifier
(Axon Instruments) was used to perform both current-clamp
and voltage-clamp recordings. The electrode capacitance
and series resistance compensation was made in discon-
tinuous current-clamp mode, with the head stage output
monitored continuously on a second oscilloscope. The series
resistance was then read directly from the amplifier, while
the input resistance was estimated by measuring the voltage
change in response to a small hyperpolarizing current.
Single-electrode continuous voltage-clamp study was
performed only on the cells with low access resistance,
ranging from 15 to 30 MV (20.4^3.7 MV; mean̂ S.D.).
During the voltage-clamp study, access resistance was
compensated with sourcing or sinking excess current,
which effectively pushes the voltage beyond that measured
through the electrode by manually programming or by using
the internal compensation circuit of the Axoclamp 2A
amplifier. Access resistance compensation of 70–85% was
routinely achieved (cf. Ref. 24). Unless stated otherwise,
4mM tetrodotoxin, 500mM 4-aminopyridine, 10 mM tetra-
ethylammonium and 400mM Ni 21 were included in the bath
solution during the voltage-clamp recordings. Currents were
often averaged three times to increase the signal-to-noise
ratio. After recordings, slices were fixed by immersion in
4% paraformaldehyde in 0.1 M phosphate buffer, resec-
tioned, histologically reacted for biocytin21 and subse-
quently drawn with the aid of a camera lucida system. All
chemicals were purchased from Sigma.

Computer modeling

Computer modeling was performed on a Sun workstation
using NEURON.20 The model interneuron had 15 cylin-
drical compartments, representing a soma, two equivalent
proximal dendrites and 12 equivalent distal dendrites.
Diameters (D) and lengths (L) of these cylinders, estimated
from stained geniculate interneurons and adjusted to fit the
membrane time constantt� 95 ms, are listed below:

Dsoma�10mm andLsoma�16mm;
Dproximal dendrite� 3.25mm andLproximal dendrite� 240mm;
Ddistal dendrite�1.75mm andLdistal dendrite�180mm.

As with previous modeling studies,12,30,53 the specific
membrane capacitance (Cm) and cytoplasmic resistance
(Ri) for the model cell were set to be 1mF/cm2 and
100V cm, respectively.

The model cell was equipped with a Hodgkin–Huxley
style conductance (Ih) and a leak conductance (I leak). Thus,
the model can be described by the following equation:

CmdV=dt � 2I leak 2 Ih 1 I inj ; �1�
whereCm is the specific membrane capacitance andI inj the
injected current from the soma.

J. J. Zhuet al.446



The leak current,I leak, is described as

I leak� gleak�V 2 Eleak�; �2�
where gleak�0.008 mS/cm2 is the conductance and
Eleak� 2 72.5 mV the reversal potential.

The hyperpolarization-activated cation current,Ih, is
described as

Ih � ghh∞�V 2 Eh� �3�

dh=dt � �h∞�V�2 h�=th�V�; �4�
wheregh�0.03–0.37 mS/cm2 is the maximal conductance,
Eh�244 mV is the reversal potential,

h∞�V� � 1={1 1 exp��V 1 79�=7:4�}
and

th�V� � exp��V 1 293:3�=29:7�={1 1 exp��V 1 76:7�=7:8�} :

These values were determined based on the voltage-
clamp data (see Results section).

I leak was inserted uniformly in the soma and dendrites.
Since the distribution ofIh in the subcellular compartments
in geniculate interneurons is unclear,Ih was only inserted in
the soma to simplify the simulation. The maximal conduc-
tances of these two currents and reversal potential ofI leak
were adjusted so that the model cell had a resting membrane
potential of269 mV and input resistance of 600 MV. The
ratio of these two conductance-mediated inward currents,
evoked by a voltage step from260 to 2100 mV, was
kept at 2:1.

The time step for the simulations was typically set at
0.025 ms. Sometimes, a shorter time step (e.g., 0.01 or
0.005 ms) was also used to repeat the simulations. The
results were nearly identical.

RESULTS

Neuronal identification

A hyperpolarization-activated cation conductance
was studied in 54 interneurons in the rat LGN. The
recordings usually lasted 1–4 h and cells typically
showed no consistent sustained change in resting
membrane potential or input resistance throughout
the experiment. Our previous study has demon-
strated that geniculate interneurons, when recorded
with patch pipettes, exhibit a dramatically higher
input resistance and a longer membrane time
constant than relay cells.63 These two properties
are sufficient to unambiguously distinguish inter-
neurons from relay cells. In this study, the same
criteria (i.e. input resistance larger than 300 MV
and/or time constant longer than 50 ms) were used
to identify interneurons prior to subsequent morpho-
logical confirmation (Fig. 1B). For these inter-
neurons the input resistance was 605^209 MV,
the time constant was 93.1̂24.2 ms and the resting
membrane potential was268.6^ 4.8 mV.

The morphology of all 54 interneurons was
recovered, which confirmed that the recordings
were obtained from interneurons.15–17,37,38,57,58 A
representative morphological example is illustrated
in Fig. 1A. It has a bipolar appearance, with two
dendrites arising from a small soma. The dendrites,
which are beaded and have intricate branching

patterns, encompass a relatively large area within
the LGN (Fig. 1C). In most interneurons, an axon
originated from the soma or proximal dendrite and
ramified locally in the LGN. The axonal and den-
dritic arbors tended to be spatially offset from each
other, with the axon arbor occupying a relatively
smaller area near the soma.

Presence of Ih in interneurons

We determined theI–V relationship by examining
their responses to depolarizing and hyperpolarizing
current steps (Fig. 2). The large hyperpolarization
caused sags of membrane potential back toward
the resting membrane potential during the later
portion of the current step (n�33; Fig. 2A). The
I–V relationship at this late point of the hyperpolar-
ization revealed a prominent inward rectification
(Fig. 2B), which was observed consistently in all
33 cells. The derivation of theI–V curve from
the linear relationship typically started at about
260 mV and increasingly deviated with greater
hyperpolarizations, suggesting an underlying
voltage-dependent conductance activated at about
260 mV.

Voltage-clamp study was then performed to deter-
mine the cellular mechanism underlying the inward
rectification in 28 interneurons. In voltage-clamp
mode, these cells responded to hyperpolarizing
voltage steps with slowly activated inward currents
(Fig. 3A). The result suggests that a slow hyper-
polarization-activated conductance was responsible
for the non-linearI–V relationship.

The slow kinetics of the inward currents suggest
that the underlying conductance might beIh.40 This
idea was tested with pharmacological approaches
(Fig. 3). Bath application of 500mM 4-aminopyri-
dine and 10 mM tetraethylammonium had little
effect on the inward current (not illustrated).
However, when cesium (Cs1; 1–1.5 mM), a potent
Ih blocker,40 was applied to the bath solution, it
blocked the slow inward currents (n�3; Fig. 3B).
The Cs1 application also revealed thatI leak in inter-
neurons was voltage independent, since the instan-
taneous current increased linearly with the increase
in hyperpolarization. After washing out Cs1, the
slow inward currents recovered (Fig. 3C). The
results thus suggest that the slow inward currents
are mediated byIh.

To confirm the idea that the slow inward currents
were mediated byIh, a cation conductance,59 the ion
selectivity of the conductance was investigated by
changing the extracellular concentration of K1 and
Na1 (Fig. 4). After the control currents were
obtained by hyperpolarizing voltage steps in the
normal bath solution (Fig. 4A), the extracellular
K1 was increased from 2.5 to 7.5 mM. This manip-
ulation increased the amplitudes of inward currents
(n�4; Fig. 4B). The control currents recovered after
washing in the normal bath solution (Fig. 4C). In the
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same experiment, extracellular Na1 concentration
was then decreased from 153 to 39 mM by substitut-
ing extracellular Na1 ions with NMDG1 ions. The
manipulation decreased the amplitudes of inward
currents (n�4; Fig. 4D). The control currents
again recovered after washing in the normal bath
solution (Fig. 4E). Together, the results indicate
that the slow inward currents carry both K1 and
Na1 ions, supporting the idea thatIh is responsible
for the non-linearI–V relationship found in inter-
neurons. This experiment also suggested thatI leak

carried both K1 and Na1 ions in interneurons,
since the instantaneous currents were sensitive to
the changes in extracellular K1 and Na1 concentra-
tions (Fig. 4F).

Reversal potential of Ih in interneurons

We also measured the reversal potential ofIh,
using two different methods (Fig. 5). One way to
estimate the reversal potential is by measuring the

instantaneousI–V relationships at different holding
potentials (cf. Ref. 6). Since the instantaneous
current consists only ofIh and a linear leakage
current (see Fig. 3), the instantaneousI–V relation-
ships obtained at different holding potentials will
intersect at the point where the driving force for
Ih is zero (i.e.Vm�Eh). Figure 5A–D shows an
example of how this method gave an estimated
reversal potential ofIh in an interneuron. The cell
was initially held at260, 265 or 270 mV before
being stepped to a series of potentials from255 to
2105 mV. The instantaneous currents in response to
the voltage steps were then measured to obtain the
I–V relationships. TheI–V relationships were linear,
consistent with the fact thatI leak in interneurons was
a linear conductance, and intersected at about
247 mV, which was the reversal potential ofIh for
this cell. The mean reversal potential of theIh esti-
mated by this measure in four interneurons was
244.7^ 2.9 mV.

The reversal potential ofIh was also obtained by
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Fig. 1. Characterization of a geniculate interneuron. (A) Morphology of a geniculate interneuron, reconstructed
by camera lucida. (B) Responses of the same interneuron to depolarizing and hyperpolarizing current pulses. The
resting potential of this cell was2 73 mV and the access resistance of the recording was 18 MV. (C) Location of

the cell in the LGN.



directly measuring the membrane potential at which
the slowIh tail current reversed from being inward to
being outward (Fig. 5E, F). In this case,Ih was first

activated by stepping the voltage to2 105 mV.
After the Ih-mediated slow current reached its
maximal value, the voltage was stepped back to a
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Fig. 2. Responses of a rat geniculate interneuron to current injections. (A) Step hyperpolarizing current injections
revealed an inward rectification in a geniculate interneuron. Note that the recording traces were averaged five
times. TheI–V relationship at the point indicated by a dot in A is plotted in B. The dashed line is a linear line. The

resting potential of this cell was263 mV and the access resistance of the recording was 19 MV.

Fig. 3. Hyperpolarization-activated slow inward currents in a geniculate interneuron. (A) Hyperpolarizing
voltage steps revealed slowly activated inward currents in the interneuron. (B) The inward currents were largely
blocked by 1.5 mM Cs1 in the bath solution. (C) The inward currents recovered after the washout of Cs1 in the
bath solution. Insert in B shows the voltage protocol used in experiments in A–C. The holding potential between
the trials was260 mV. (D) I–V relationships for instantaneous currents (I i, filled symbols) and steady-state
currents (Iss, open symbols) obtained by experiments in A and B. The resting membrane potential of this cell was

2 67 mV and the access resistance of the recording was 24 MV.



series of test potentials from285 to 245 mV (Fig.
5E). The amplitudes of theIh tail currents were then
plotted against test potentials to reveal the reversal
potential (Fig. 5F). The mean reversal potential ofIh

in five interneurons obtained using this method was
244.2^3.0 mV.

Kinetics of Ih in interneurons

To better understand the action ofIh in inter-
neurons, the kinetics of this current were also
studied. BecauseIh does not inactivate, the voltage
dependence of steady-state activation can be directly
measured from the amplitudes ofIh tail currents,
whereIh was isolated from the instantaneousI leak.40

However, the full experiment was successful in only
four interneurons whoseIh tail currents were large
enough to be measured. The experiment showed that
the amplitudes ofIh tail currents were dependent
upon the preceding hyperpolarization (Fig. 5A, B).

Plotting the amplitudes ofIh tail currents against the
preceding command potentials resulted in the
steady-state activation curve [h∞(V)] for Ih. The
h∞(V) was fitted by the Boltzmann equation (Fig.
6C), which provided estimates of the half-activation
and steepness ofh∞(V) for Ih in interneurons to be
280.8 mV and27.2, respectively.

Both activation and deactivation time constants of
Ih were highly voltage dependent. These time
constants were quantified by fitting the recording
traces with exponential functions (n�5). Single
exponential processes satisfactorily described all
activation and deactivation current traces, while
two exponential functions sometimes improved the
fit. To simplify the analysis and simulation, all
current traces were fitted by single exponential func-
tions. The time constants resulting from the fitting
were plotted against the command potentials (Fig.
6D). These experimental data were then fitted with a
bell-shaped function, which resulted in the
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Fig. 4. Ionic selectivity of the slow inward currents in a geniculate interneuron. (A) Hyperpolarizing voltage steps
revealed slowly activated inward currents. (B) Increasing K1 concentration in the bath solution increased the
amplitudes of slow inward currents. (C) The controls recovered after washing in the normal bath solution. (D)
Current amplitude decreased when the concentration of Na1 ions was decreased by substitution of NMDG1 ions.
(E) Recovery to control level after washing in the normal bath solution. Insert in C shows the voltage protocol
used in experiments in A–E. The holding potential between the trials was260 mV. (F) I–V relationships for
instantaneous currents (I i, filled symbols) and steady-state currents (Iss, open symbols) obtained by experiments in
A, B and D. The resting membrane potential of this cell was263 mV and the access resistance of the recording

was 15 MV.



time constant functionth(V)�exp[(V1 294)/30]/
{1 1 exp[(V1 74)/7.6]}.

To estimate the maximal conductance ofIh in
interneurons, interneurons were initially held at
260 mV, where most of theIh channels were deac-
tivated, then stepped to2100 mV, where most of
the Ih channels were slowly activated (n� 28; Fig.
7A; also see Fig. 6C). By measuring the difference
between the instantaneous and steady-state inward
currents, the maximalIh-mediated inward currents
were obtained. The amplitudes ofIh currents exhib-
ited a scattered distribution between 12.8 and
159.5 pA, with a mean value of 56.6̂32.1 pA
(Fig. 7B). This gave a maximalIh conductance
of 1.02 nS, assuming its reversal potential to
be 244 mV {i.e. g� I/(Vm 2 Eh)�257 pA/
[2100 mV2 (244 mV)]� 1.02 nA}. This conduc-
tance value might be slightly underestimated
becauseIh was activated by the commanding hyper-
polarizing voltage step from2 60 mV, where about
5% of Ih channels were already activated (see Fig.
6C). The inward currents were correlated with the

instantaneousI leak currents (Fig. 7C; r� 0.649,
P, 0.0005, ANOVA), suggesting that if an inter-
neuron has a largeI leak conductance, it will also
have a large Ih conductance, and vice versa.
Figure 7D shows the distribution of the ratio of
Ih in total inward current. As expected, this dis-
tribution is more concentrated, ranging from
17.4% to 49.6% and having a mean value of
31.5^8.7%.

Simulation of Ih in a model interneuron

A simulation was then performed on a model
interneuron, using theIh kinetics obtained in the
voltage-clamp study, to test whether theIh alone
was sufficient to produce the inward rectification
found in geniculate interneurons (Fig. 8). As with
voltage-clamp recording on geniculate interneurons,
the model neuron also responded to the hyperpolar-
ization voltage steps with slowly activated inward
currents (Fig. 8A). In addition, in current-clamp
mode, the model cell formed voltage sags back
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Fig. 5. Reversal potential ofIh in a geniculate interneuron. (A–C) The instantaneous responses evoked by a series
of voltage steps in the same cell at different holding potentials. (D) InstantaneousI–V curves intersected at the
reversal potential ofIh. (E) The slow inward current was initially activated by a hyperpolarizing voltage step and
relaxed at different holding potentials. (F) Plotting the amplitudes ofIh tail currents against holding potentials
revealed the reversal potential ofIh. Inserts in A–C and E show the voltage protocols. The holding potential
between the trials was260 mV. The resting membrane potential of this cell was268 mV and the access

resistance of the recording was 21 MV.



toward the resting potential during hyperpolariza-
tions (Fig. 8B). Figure 8A and B are based on the
average conductance seen experimentally and are
not based on the specific data in any of the previous
figures. Figure 8C shows theI–V curve for this
model (filled circles), as well as results from models
utilizing the maximum (open squares) and minimum
(filled squares) conductances observed. This range
encompasses the experimental data illustrated in the
previous figures. The results further support the idea
that Ih is the major reason for the anomalousI–V
relationship in interneurons.

The steady-state activation curve ofIh indicates
that about 20% ofIh channels are activated at the
resting membrane potential in geniculate inter-
neuronsin vitro (see Fig. 6C), suggesting thatIh

may be involved in determining the basic membrane
properties and in modulating the postsynaptic
responses. We thus modeled small signal-evoked

responses in the presence and absence ofIh. Inserting
Ih from the model shifted the resting membrane
potential by 3.5 mV in the depolarizing direction.
This was associated with a decrease in the input
resistance by 29%. The membrane time constant
decreased slightly due to the increased resting
conductance. Interestingly, the results were the
same for either small hyperpolarizations or small
depolarizations. With hyperpolarization,Ih turned
on, producing an inward current that resisted the
hyperpolarization. With depolarization,Ih turned
off, reducing the resting inward current and hence
resisting the depolarization as well. In this way,Ih

provides negative feedback that stabilizes the resting
membrane potential against small deviations.

DISCUSSION

In the present whole-cell recording study, we
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Fig. 6. Activation and deactivation kinetics ofIh in geniculate interneurons. (A)Ih was activated by hyperpolar-
izing voltage steps in a geniculate interneuron.Ih tail currents are expanded in B. Note that the two exponential
and single exponential fitting curves are superimposed on the slow inward current traces (A) and tail current
traces (B), respectively. The resting potential of this cell was263 mV and the access resistance of the recording
was 14 MV. (C) The amplitudes of the instantaneousIh tail currents, obtained from four geniculate interneurons,
were plotted against the preceding hyperpolarizing command voltage potentials. The dashed line is the best fit for
the functionh∞(V). (D) Activation and deactivation time constants ofIh currents, obtained from five geniculate
interneurons, were plotted against the command voltage potentials. The dashed line is the best fit for the function

th(V). The different symbols in C and D represent the data obtained from different neurons.



found that geniculate interneurons consistently
exhibited a depolarizing “sag” in response to hyper-
polarizing current pulses. We further demonstrated
that the inward rectification underlying the sag was
due to the hyperpolarization-activated conductance,
Ih. In addition to Ih, deactivation of potassium
conductances, such asIM, may also contribute to
inward rectification.1 However, it seems unlikely
that potassium conductances are substantially
involved in the inward rectification in interneurons,
since the slow inward currents were not reversed at
2 100 mV, the potassium equilibrium potential. In
addition, pharmacological experiments showed that
the slow inward currents were insensitive to tetra-
ethylammonium and 4-aminopyridine, but were
largely blocked by low concentrations of Cs1,
arguing against the involvement of potassium
conductances. Furthermore, computer simulation
showed thatIh parameters obtained from voltage
clamp were entirely consistent with the depolariz-
ing sag seen in current clamp. Therefore, the

contributions from potassium conductances to the
inward rectification, if they do exist, must be very
small.

Use of single-electrode voltage clamp in small cells

The small soma size of thalamic interneurons
made recording from them difficult and necessitated
the use of correspondingly small electrodes. Such
small electrodes have a relatively high resistance
to current flow, causing errors due to the voltage
being measured through a voltage divider between
the electrode’s access resistance and the varying
membrane resistance of the cell itself. To some
extent, this can be compensated for by sourcing or
sinking excess current, which effectively pushes the
voltage beyond that measured through the electrode.
There will be some remaining irreducible error
which affects our estimates of the voltages at
which Ih turns on and at which it saturates. By
Ohm’s law, this voltage error will be the product
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Fig. 7. Conductance ofIh in geniculate interneurons. (A) A hyperpolarizing voltage step from260 to2100 mV
activated Ih-mediated slow current in a geniculate interneuron. The holding potential before the trial was
260 mV. The resting membrane potential of this cell was267 mV and the access resistance of the recording
was 19 MV. (B) The histograms show a large variance in the amplitude ofIh-mediated current in geniculate
interneurons. (C) The amplitude ofIh-mediated slow current was correlated with the amplitude of instantaneous
I leak current in interneurons. The line is the regression line. (D) Frequency distribution showing reduced variance
whenIh amplitude is normalized byI leak amplitude in the same cell.N is the total number of cells sampled in the

histograms.



of the access resistence and the injected current.
Therefore, the error will be worse for determination
of Ih maximal opening, since these data points are
determined using the highest currents. This will then
tend to make the steady-stateI–Imax curve (Fig. 6C)
appear slightly less steep. Additionally, the entire
curve will be shifted slightly to the left. However,
in most of our recordings, the errors were minimal.
For the worst case of Fig. 6, the uncompensated
error at the channel saturation is,5.2 mV
(370 nA, ×14 MV). With compensation we would
estimate this error to be,1.6 mV. Uncompensated
error at near channel threshold would be even
smaller and would be brought down to a negligible
value with compensation.

Comparison with other studies

An early study reported that geniculate inter-
neurons had a relatively linearI–V relationship,28

which led to the conclusion thatIh was absent in
local interneurons in the thalamus.48 However, the

cells were studied with short current pulses, which
would not have revealed the effects induced by slow
conductances, such asIh. Indeed, other studies, using
longer pulses, showed that some geniculate inter-
neurons generated an evident depolarizing sag
back toward the resting membrane potential during
hyperpolarization and had a non-linearI–V relation-
ship.32,42,58Our findings that geniculate interneurons
respond to hyperpolarizing current steps with an
inward rectification are consistent with these studies,
although we report this effect in all, rather than a
minority, of our cells.

The reasons for this discrepancy in incidence may
arise from differences in technique, as we used the
whole-cell recording technique and previous studies
used sharp electrodes, which may introduce a non-
selective leak conductance.51 Consistent with this
idea, we find much higher values for input resistance
than were reported in the sharp electrode studies.
Under conditions of high input resistance, the rela-
tively small Ih current in interneurons (see below)
would result in fairly large deflections in voltage,
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Fig. 8. Simulation of theI–V relationship in a model thalamic interneuron. (A) Voltage-clamp simulations ofIh-
mediated slow inward currents in the model cell using the mean value ofIh conductance (0.13 mS/cm2). The
holding potential between the trials was260 mV. (B) Current-clamp simulation ofIh-mediated inward rectifica-
tion in the same model cell. (C) SummaryI–V curves, derived from current-clamp simulations, for three models
corresponding to the range of conductance values measured physiologically: meanIh conductance shown in A and
B (filled circles), maximumIh conductance (open squares) and minimumIh conductance (filled squares). TheI–V

values were obtained at the end of the current step (e.g., dot in B).



whereas the effect might be shunted (or simply too
small to see) under conditions of lower input
resistance.

The maximal conductance ofIh in interneurons
appears to be smaller than that described in other
cell types, where values of 2–10 nS have generally
been reported. In thalamocortical cells, in particular,
a maximalIh conductance of 10–40 nS was found
with a sharp electrode33 or 3–15 nS with a patch
electrode (our unpublished data; also see Ref. 9).
TRN cells, on the other hand, appear to have noIh

channels.5,10Despite its small maximal conductance,
Ih in interneurons can produce a pronounced depo-
larizing sag with hyperpolarizing current clamp.
This is possibly due to the high input impedance
of interneurons, which require less current to
produce a noticeable effect. Our simulation was
able to confirm the internal consistency of our data
by demonstrating that the conductance value we
calculated under voltage clamp could fully explain
the effect observed under current clamp.

Functional considerations

A variety of complex functions have been
suggested forIh.6,28,40 For example, in many cell
types, including thalamocortical cells,Ih plays a
key role in generating and pacing intrinsic oscilla-
tions.23,33,49While interneurons also have an intrinsic
oscillation,58,64 Ih appears not to be involved, since
the oscillation occurs at depolarized levels, out of
the activation range ofIh.

Ih is also implicated in more fundamental cellular
functions,33,40 and several observations suggest that
Ih is indeed involved in basic membrane properties
of interneurons. For example,Ih has a prominent
maximal conductance with about 20% of channels
activated at the resting membrane potential, and the
maximal conductance ofIh is correlated withI leak,
suggesting that, as withI leak, Ih also plays a crucial
role in determining the basic membrane properties.
Our modeling results indicate thatIh is implicated in
damping deviations from the resting membrane
potential. In addition, the input resistance decreased
with hyperpolarization, since equivalent current
injection resulted in reduced voltage change due to
the increase inIh. Similarly, the input resistance
increased with depolarization due to a decrease in

voltage change with decrease inIh. At the same time,
the time constant shortened, since a smaller voltage
deflection was required to reach the appropriate
percentage of the final value. TheseIh-mediated
alterations in membrane properties will determine
how the interneurons integrate and respond to
synaptic stimuli.8,64 Furthermore,Ih can be activated
by inhibitory postsynaptic potentials and afterhyper-
polarizations, and in turn,Ih can curtail the ampli-
tude and time-course of the inhibitory postsynaptic
potentials and afterhyperpolarizations;18,29,45,50,60this
conductance is likely involved in modulating the
firing characteristics of interneurons.

An important property ofIh is that its kinetics can
be modulated by a variety of neuromodulators,40

thus providing a mechanism for modulating
these fundamental membrane properties. In LGN
thalamocortical cells, acetylchlorine, noradrenaline,
serotonin, histamine and nitric oxide increase the
maximal conductance ofIh and positively shift its
activation curve,34,35,39,66 while other substances
(e.g., adenosine) do the opposite.41 At present, it is
not clear what effects the various neuromodulators
may have on Ih in interneurons (cf. Ref. 42).
However, if interneuronIh channels can be modu-
lated, this could have pronounced effects on the
fundamental properties of the cells.

CONCLUSIONS

Our in vitro data suggest that the hyperpolarization-
activated cation conductance,Ih, is likely to play an
important role in modulating the electrophysiologi-
cal behaviors of interneurons. Since interneurons are
able to provide complicated forms of inhibition on
thalamocortical cells,2,11,14,22,44,48it will be interest-
ing to further study howIh regulates the firing
patterns in interneurons and the interneuron-
mediated inhibition in thalamocortical cells.
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