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Abstract. The potency and specificity of a novel organic
Ih current blocker DK-AH 268 (DK, Boehringer) was
studied in cultured rat trigeminal ganglion neurons using
whole-cell patch-clamp recording techniques. In neu-
rons current-clamped at the resting potential, the appli-
cation of 10mM DK caused a slight hyperpolarization of
the membrane potential and a small increase in the
threshold for action potential discharge without any ma-
jor change in the shape of the action potential. In volt-
age-clamped neurons, DK caused a reduction of a hy-
perpolarization-activated current. Current subtraction
protocols revealed that the time-dependent, hyperpolar-
ization-activated currents blocked by 10mM DK or ex-
ternal Cs+ (3 mM) had virtually identical activation prop-
erties, suggesting that DK and Cs+ caused blockade of
the same current, namelyIh. The block ofIh by DK was
dose-dependent. At the intermediate and higher concen-
trations of DK (10 and 100mM) a decrease in specificity
was observed so that time-independent, inwardly recti-
fying and noninactivating, voltage-gated outward potas-
sium currents were also reduced by DK but to a much
lesser extent than the time-dependent, hyperpolarization-
activated currents. Blockade of the time-dependent, hy-
perpolarization-activated currents by DK appeared to be
use-dependent since it required hyperpolarization for the
effect to take place. Relief of DK block was also aided
by membrane hyperpolarization. Since both the time-
dependent current blocked by DK and the Cs+-sensitive
time-dependent current behaved asIh, we conclude that
10 mM DK can preferentially reduceIh without a major
effect on other potassium currents. Thus, DK may be a

useful agent in the investigation of the function ofIh in
neurons.
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Introduction

Ih is a time-dependent, hyperpolarization-activated cur-
rent which is found in both excitable and nonexcitable
cells [e.g., 14, 21, 25–27, 30, 39]. In primary afferent
somatosensory neurons,Ih is found in the cell bodies of
trigeminal ganglion (TG) [34] and dorsal root ganglion
(DRG) neurons [30] and in dorsal root fibers [3]. The
level of expression ofIh among DRG neurons is not
uniform and appears to be related to soma diameter [37]
and sensory modality [15, 23]. The functional implica-
tions are presently not clear.

In CNS neurons,Ih modulates the pattern of rhyth-
mic firing and cell resting potential. The current is in-
volved in the sleep-waking cycle and rhythmic oscilla-
tions of thalamic neurons [31], in epileptic discharges of
cortical neurons [15, 13], and possibly in the induction of
long-term depression of synaptic transmission in the hip-
pocampus [19, 24]. In cardiac cells, where it is labeledif,
this current plays a pacemaking role [8, 9, 12].

Under physiological conditions,Ih is carried by both
sodium and potassium ions [30, 39]. The current is sub-
ject to modulation by hormones and neurotransmitters
[32] acting through the cyclic AMP second messenger
system [1, 18, 21].

It has been known for a long time thatIh is blocked
strongly by cesium [30], rubidium [6] and strontium
[33], but these blockers are not compatible with electro-
physiological studies in vivo. In addition, cesium and
rubidium strongly interfere with permeation through a
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variety of voltage-dependent as well as agonist-induced
potassium currents. Thus, specific h-channel blockers
would be useful in studies on the physiological role ofIh

in primary afferent neurons.
In recent years, there have been reports of organic

blockers of if [4, 10, 11, 38]. However, at the present
time there is still no known substance which blocks the
neuronalIh current exclusively. In this study we have
examined the properties of DK-AH 268, a known
blocker of if in cardiac cells, as a potentially selective
blocker of Ih in neurons. Part of this study has been
published in abstract form [20].

Materials and Methods

CELL CULTURE

Adult Sprague-Dawley rats (n 4 3), were euthanized with an overdose
(2–3 ml) of sodium pentobarbital (Abbott). The trigeminal ganglia
were dissected and the cells dispersed using a procedure described in
detail previously [2]. Briefly, the trigeminal ganglia were minced and
allowed to dissociate in a mixture of trypsin/collagenase/DNAse for
approximately 1 hr at 37°C. The dissociated cells were then washed
free of digestive enzymes and suspended in an L-15/air growth medium
containing supplements, nerve growth factor (mouse, 7S, Chemicon),
and horse serum (HyClone). The cell suspension was plated onto poly-
lysine and laminin-coated glass coverslips and the cultures maintained
in an incubator at 37°C. The growth medium was refreshed 3 times per
week.

RECORDING SOLUTIONS

During the recordings, the neurons were bathed in a balanced salt
solution (BSS) containing (in mmoles/1): NaCl 137.7, KCl 5.0, CaCl2

1.0, MgSO4 1.2, H3PO4 2.0, D,L-alanine 5.0, glucose 5.5, N-[2-
hydroxyethyl] piperazine-N8-[2-ethanesuflonic acid] (HEPES) 32.0
(pH adjusted to 7.35 with 1 N NaOH). The 3 mM cesium solution was
made by diluting cesium stock solution (1M CsCl in BSS). Patch
electrodes were filled with a sulfate-containing solution [40] of the
following composition (in mM): 75 KCl, 75 KCH3SO4, 10 HEPES, 2
Na2ATP, 0.3 Na3GTP (pH adjusted to 7.2 with 1 N KOH).

DRUGS

DK-AH 268 ((R)(−)-3-[3,4-dimethoxyphenethyl)-3-piperidinyl meth-
yl]-1,3,4,5 tetrahydro-7,8-dimethoxy-2H-3 benzazepin-2-one HCl,
Boehringer) was dissolved as a stock solution (10 mM in distilled,
deionized water). The stock solution was stored at −20°C. Dilutions
(1, 10, and 100mM DK-AH 268) were made in BSS. (For the remain-
der of the paper DK-AH 268 is referred to as DK.)

ELECTROPHYSIOLOGICAL RECORDING

After 4 to 11 days in culture, the glass coverslips containing neurons
were placed in a bathing chamber and continuously superfused with
BSS (0.4 ml/min) via a glass capillary located approximately 100mm
from the neuron under study. A patch-clamp amplifier (Dagan 3900/
3911A) was used to obtain tight-seal, whole-cell recordings [17, 28,

29]. Patch electrodes were made from borosilicate glass and had an
average resistance of 5MV when filled with the internal solution.

Upon breaking into the cell, the series resistance and capacitance
were neutralized. The recording mode was switched to current clamp
and the resting membrane potential measured. Threshold for action
potential discharge was measured under standardized conditions (i.e.,
from a membrane potential of −60 mV,n 4 26). (Small positive or
negative holding currents were applied if needed to bring the neuron to
−60 mV.) However, action potentials for those neurons used to study
the effects of DK under current-clamp conditions (n 4 4) were evoked
from the cell’s resting potential. To evoke action potentials, brief con-
stant current pulses (39.5 msec duration, 100 pA increments), were
applied at a repetition rate of 1 per 5 sec until threshold for action
potential discharge was reached.

Fig. 1. Hyperpolarization-activated currents in a TG neuron and their
block by cesium. (A1 Control; (A2) blocked by 3 mM Cs; (B) steady-
state current-voltage relationship of another TG neuron in the absence
(Control) and the presence of cesium (instantaneous currents were sub-
tracted from the steady-state currents when constructing theI-V rela-
tionship in B). Hyperpolarization-activated currents elicited by step-
ping the membrane potential to −125 mV (in steps of −5 mV) from a
holding potential (HP) of −40 mV. Each hyperpolarizing pulse was
terminated by a brief step to −140 mV to activate the residual current
prior to return to HP. Only data for every other trace is shown.
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For most cells, after recording action potentials, the recording
mode was switched and responses to Cs or DK were made under
voltage-clamp conditions (see figure legends for details). All signals
were low-pass filtered at 2 kHz (Frequency Devices, Model 902) and
acquired by pClamp 6.0 software (TL-1 interface, Axon Instruments).
The DK or cesium-containing solutions were applied by manually op-
erating a 6-way valve. All recordings were performed at room tem-
perature (approximately 21°C), and only one neuron per coverslip was
studied to avoid possible drug carryover effects.

Unless otherwise stated, descriptive statistics are reported as
means and standard deviations.

Results

Recordings were made from a total of 34 cultured tri-
geminal ganglion (TG) neurons. The mean resting mem-
brane potential was −62 ± 4 mV (n 4 34). None of the
neurons displayed spontaneous action potential dis-
charge. All current-clamped cells which were tested
with depolarizing current pulses responded with one or
two action potentials (mean threshold4 857 ± 556 pA,
n 4 30). Soma diameters were measured in 31/34 neu-
rons (range 27 to 49mm).

HYPERPOLARIZATION-ACTIVATED CURRENTS AND THEIR

BLOCK BY CESIUM

All 30 TG neurons tested under voltage-clamp condi-
tions displayed a time-dependent, hyperpolarization-
activated current upon membrane hyperpolarization from
a holding potential (HP) of either −40 or −70 mV. The
current was variable in magnitude (ranging from −182 to
−4306 pA, mean4 −1344 pA at −120 mV,n 4 30) but
displayed reproducible time- and voltage-dependent ac-
tivation patterns analogous to those described forIh in
dorsal root ganglion neurons [30].

Figure 1 illustratesIh in a TG neuron held at
−40 mV. Ih grew larger in size with larger hyperpolar-
izing commands, and current increases were associated
with faster activation at more negative potentials (Fig.
1A1). Extracellular application of a solution containing
3 mM cesium abolished the current (Fig. 1A2). Figure 1B
depicts theI-V plot of the Ih current recorded from an-
other TG neuron under identical experimental conditions
(Control and 3 mM Cs). Cs-blockade ofIh occurred in a
voltage-dependent manner since fully activated currents

Fig. 2. Block of hyperpolarization-activated currents by DK. (A1) control; (A2) block by 10mM DK. (B) steady-state current-voltage relationship
for Ih in the absence (control) and the presence of DK (instantaneous currents were subtracted). (C) Lack of effect of DK on instantaneous
hyperpolarization-activated current, even following a prolonged (5 min) DK exposure. Same neuron and drug application inA, B,andC. (A1 was
in fact wash following previous DK application under current clamp conditions,data not shown).
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were more sensitive to Cs blockade than currents evoked
by weaker hyperpolarization [39].

To further investigate the properties of the current
blocked by Cs, we digitally subtracted currents recorded
after Cs application from control currents (Fig. 3A1).
This procedure revealed that Cs acted primarily on the
time-dependent (Ih) current component, albeit a small
effect on the time-independent instantaneous current was
also observed (as indicated by the dashed lines). All the
effects of 3 mM Cs were fully reversible upon removal of
the blocking agent from the extracellular solution.

BLOCK OF Ih BY DK-AH 268

In an analogous set of experiments,Ih was challenged
with extracellular application of 10mM DK. Figure 2
shows the profile ofIh activation before (A1), and after
perfusion with a low (10mM) concentration of DK (A2).

The I-V plots of control and DK-blocked currents (Fig.
2B) show that hyperpolarization-activated time-
dependent currents were blocked substantially. DK was
without effect on the instantaneous currents in the same
neuron (Fig. 2C). The current subtraction procedure
used for the study of the Cs-sensitive current (Fig. 3A1)
was also applied to the neuron exposed to DK (Fig. 3A2).
The subtraction confirmed that DK had negligible effect
on instantaneous currents (note the nearly superimposed
dashed lines) and most of the current affected by 10mM

DK could be accounted for by the blockade ofIh.
To compare the current sensitive to blockade by Cs

to that inhibited by DK, we examined the activation pro-
files (Fig. 3B) of the currents obtained after performing
the subtraction procedure. Both Cs- and DK-sensitive
currents activated at potentials negative to −60 mV and
peak activation was reached at or around −130 mV. The
Cs-sensitive current was half-activated at −83 mV, while
the current blocked by DK had mid-activation point at

Fig. 3. Net effects of cesium and DK on hyperpolarization-activated currents. (A1) Arithmetic difference between currents observed under control
conditions and during the exposure of the neuron to 3 mM Cs. (A2) arithmetic difference between currents observed under control conditions and
during the exposure of the neuron to 10mM DK. Voltage-clamp protocols as in Figs. 1 and 2. The dashed lines inA1 andA2 show the relative
contribution of the time-independent, instantaneous currents (as measured at the beginning of the voltage-step) to the Cs- or DK-subtracted currents.
(B) Current activation curves for ‘‘cesium subtracted’’ currents (A1) and ‘‘DK subtracted’’ currents (A2) (3 neurons in each group, data expressed
as mean ±SEM). To construct the activation curves, the ‘‘tail’’ currents obtained by activating the residual current available at each test potential
were measured and their values were plotted against the test potential (as described previously [21, 25]). (C) Voltage-dependence of the time
constants of activation obtained by fitting single exponential functions to the net (‘‘cesium subtracted’’ and ‘‘DK subtracted’’) currents at each test
potential. Data from 2 different neurons.
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−85 mV. These results suggest that the Cs- and DK-
sensitive current components share the same activation
properties and that both currents are activated near the
resting potential.

We further investigated the identity of Cs- and DK-
sensitive currents by comparing the voltage-dependence
of the time constants of their activation (Fig. 3C). Time-
dependent currents obtained after the subtraction proce-
dure were fitted individually by an exponential func-
tion according to DiFrancesco [7] and the exponents
plotted against the test potentials. Both Cs- and DK-
sensitive components showed a marked voltage-
dependence of the speed of current activation. The pro-
files of the fit of the time-constantvs.membrane poten-
tial were virtually identical. These findings are
compatible with the hypothesis that the time-dependent,
hyperpolarization-activated currents blocked by Cs and
DK are identical.

USE-DEPENDENCE

The effect of DK was use-dependent. Membrane hyper-
polarization was necessary for DK to exert its blocking
effect on Ih (Fig. 4). Intermittent hyperpolarization of

the neuron during drug application (Fig. 4A) resulted in
a gradual reduction ofIh by DK (compare tracesa andb).
In the absence of membrane hyperpolarization during the
drug application the action of DK was greatly attenuated
(Fig. 4B, again compare tracesa andb). However, when
the intermittent hyperpolarization resumed at the begin-
ning of the washout period, the effect of the drug was
evident in the same neuron (tracec). Figure 4C illus-
trates a control experiment and shows that interruption of
the hyperpolarizing stimulus alone exerted no major ef-
fect uponIh (compare Fig. 4C with B).

DOSE-DEPENDENCE

Eight neurons were exposed sequentially to 1, 10, and
100 mM DK. In the neuron illustrated in Fig. 5A, brief
exposure to 1mM DK was without an overt effect, while
the two higher concentrations of DK caused a progres-
sive reduction in the amplitude ofIh. This result was
typical of the entire sample of 8 neurons tested in this
manner (Fig. 5B1). Even though steady state was not
reached before application of the next higher concentra-
tion of the drug (or wash) (seeFig. 5A), 10 and 100mM

DK caused a highly significant average reduction in the

Fig. 4. Use-dependence of the block ofIh by DK. (A) block by DK of currents evoked by intermittent hyperpolarizing stimuli. (B) Maximal DK
effect is shown to be hyperpolarization dependent. Note the relative lack of effect when the neuron was held at −40 mV during the entire application
of the drug and the development of a block when hyperpolarizing stimulation resumed during the washout period. (C) Control to demonstrate lack
of effect of pausing hyperpolarizing stimulation in the absence of DK. Continuous traces in the left panels (A1, B1, andC1) show membrane currents
on a slow time-scale; right panels (A2, B2, andC2) are overlaid responses to individual hyperpolarizing stimuli (a, b, c,marked by arrows in left
panels). Currents evoked by two-level hyperpolarizing stimuli (−120 mV for 3750 msec, stepped to −140 mV for 125 msec) from a holding potential
of −40 mV. Three different neurons inA, B, andC. Same vertical scale inA1 andB1.
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amplitude ofIh by 27 and 85%, respectively. This de-
crease far exceeded the expected rundown ofIh during
the same period of time (Fig. 5B1, see legend for details
of analysis).

In a separate set of experiments, 10mM DK was
applied to 3 TG neurons until maximal inhibition ofIh

was observed (usually after more than 4 min). In this
case, DK caused 68% inhibition ofIh (value corrected for
rundown) but had no effect on delayed rectifier or tran-
sient outward currents in the same neurons (Fig. 6).

RECOVERY

While the effects of Cs were promptly reversed upon
removal of the blocking agent from the bathing solution
(not illustrated), DK blockade ofIh was more persistent
(Fig. 5A). Very limited recovery ofIh was seen even
after a 4-min washout period in neurons exposed sequen-
tially to 1, 10, and 100mM DK. All 8 neurons (same
collective as in Fig. 5B) showed a lack of recovery simi-
lar to the neuron depicted in Fig. 5A.

Fig. 5. The dose-response relationship of the block of
hyperpolarization-activated currents by sequentially increasing
concentrations of DK (1, 10, and 100mM, each applied for 1 min).
(A) data for an individual neuron (triangles: peak currents measured
for each hyperpolarizing voltage-step from −70 to −120 mV, applied
every 10 sec). (B1) Normalized data from a total of 8 cells exposed to
DK and from 4 neurons serving as matched time-controls forIh

rundown. DK suppressedIh in a dose-dependent fashion (Repeated
Measures ANOVA, 1-tailed,P < 0.0005). All pairwise comparisons
among DK concentrations were significantly different (Tukey’s,
P < 0.001) with the exception of 1mM vs.control. The decrement in
Ih for all DK doses except 1mM was significantly different from that
observed due to rundown alone (t-test, one-tailed,P < 0.0005 for both
10 and 100mM DK). (B2) Corresponding instantaneous current data
for the neurons inB1. DK reducedI inst. in a dose-dependent fashion
(P < 0.0005). Compared with rundown control,I inst. was reduced by
10 and 100mM DK (t-test, one-tailed,P < 0.025 andP < 0.0005,
respectively). Symbols inB correspond to amplitudes of currents at
the end of either the control or drug-application periods (mean ±SD).
The current amplitudes for each neuron were normalized to that
neuron’s control value. Average control values forIh and I inst. were
−1172 ± 871 and −793 ± 579 pA, respectively.
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SPECIFICITY OF THE EFFECTS OFDK-AH 268

Instantaneous currents activated by hyperpolarization
were reduced by DK to a far lesser extent thanIh (com-
pare Fig. 5B1 with 5B2, data from the same 8 neurons).

The relative specificity of the block by DK was fur-
ther investigated in TG neurons displaying large tran-
sient outward currents upon return to the holding poten-
tial (HP 4 −40 mV) following the activation ofIh (Fig.
7A). While Ih was almost completely blocked by 10mM

DK, the effect on the transient outward current was neg-
ligible even after a 4-min exposure. Likewise, in another
population of TG neurons, outward currents evoked by
prolonged depolarization to −45 mV (from a holding
potential of −70 mV) were only slightly reduced by
10 mM DK which almost fully blockedIh (Fig. 7). A
higher concentration of DK (100mM), however, blocked
the outward current (Fig. 7B). Prolonged application of

10 mM DK was without effect on delayed rectifier or
transient outward currents in 3 other neurons (Fig. 6).

DK (10 mM) had no overt effect on the shape of the
action potential evoked by injection of depolarizing cur-
rent pulses in 4 current-clamped neurons (Fig. 8, com-
pareA with B).

Discussion

The use of ions and molecules that alter ion channel
permeation properties is a powerful tool in the investi-
gation of the physiological role of ion channels. The
results presented in this publication are consistent with
the description of a preferential blockade of a neuronal
h-type current [30] in rat trigeminal ganglion neurons by
a novel organic compound, DK-AH 268 (DK). The ac-
tions of DK were compared to those of extracellular

Fig. 6. Reduction ofIh current by 10mM DK (steady-state values,
mean ±SEM). Note the absence of any effect on the transient outward
and delayed rectifier currents in the same TG neurons (n 4 3). Ih was
evoked by voltage pulses to −140 mV from a holding potential of
−70 mV. Transient outward currents were activated by a depolarization
from −140 to +40 mV, delayed rectifier currents were evoked by a
depolarization from −70 to +40 mV. Neurons were exposed to DK for
4.3 min.

Fig. 7. Specificity of the block ofIh by DK. (A) Lack of an effect on
a transient outward current (activated by repolarization from −140 mV
to the holding potential of −40 mV) even after 4 min of exposure to
10mM DK which nearly completely blockedIh in this particular neuron
(compare Control to 48). (B) Minimal effect of lower concentrations of
DK (1 and 10mM) on a sustained outward current evoked by a depo-
larization from −70 to −45 mV. Note full block ofIh by 10 mM in the
same neuron and loss of specificity at 100mM DK. For clarity, holding
currents were digitally set to zero inB. Two different neurons inA andB.
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cesium ions, which are known to cause a dramatic re-
duction of h-type as well as other voltage-activated cur-
rents.

Our experiments have shown that, in contrast to ce-
sium, DK blockade (at 10mM) is virtually voltage-
independent (seeFig. 2B) and relatively specific forIh

(compared with the instantaneous inward current). DK-
induced blockade was effective at potentials whereIh

displayed only minimal activation (−70 to −80 mV). De-
polarized cells were minimally affected by the exposure
to the drug (Fig. 4). DK required channel activation to
exert its blocking action (Fig. 4), suggesting the devel-
opment of a ‘‘use-dependent’’ blockade similar to that
described for UL-FS 49, a blocker of theif current in the
heart [10]. It appears that DK block requires only pre-
activation of Ih through hyperpolarization, whereas ce-
sium block requires channel activation and electrostatic
interaction of the Cs+ ion with the pore to be effective.

In addition to hyperpolarization-activated currents,
we also examined the extent of DK block of outward
potassium currents. At concentrations capable of induc-
ing a significant block of h-currents, DK had a minimal
effect on outward currents (Figs. 6 and 7). The actions
of DK appeared to be more pronounced on a persistent,
delayed potassium current (activated by depolarization
from −40 mV), since a transient, A-type current activated
from more negative holding potentials was virtually un-

affected (compare Fig. 7A with B). Results obtained
from current clamp experiments (and presented in Fig. 8)
clearly demonstrate that application of 10mM DK did not
result in any appreciable effect on neuronal firing prop-
erties, including after-spike repolarization. In fact, the
only tangible effect observed after application of DK in
current-clamped neurons was a slight cell membrane hy-
perpolarization, consistent with a specific action of the
drug on an inward current activated at rest, i.e.,Ih.

Voltage-dependent ion currents play a pivotal role in
the regulation of both spontaneous and synaptically
evoked electrical signals in neurons [16]. A systematic
analysis of ion currents activated at or around resting
potential has yielded the characterization of a family of
hyperpolarization-activated mixed Na+/K+ currents
namedIh or Iq [22, 24, 25, 35, 36]. In addition,Ih cur-
rents are involved in the generation of repetitive neuronal
firing [31], thus resembling the functional role of its
cardiac counterpart,if [12].

Definitive analysis of the function of h-like currents
in neurons has been hindered by the lack of a specific
blocker for Ih. Cesium ions have been extensively used
as a tool for suppressing mixed Na+/K+ currents in neu-
rons [24, 25, 36], but due to their poor specificity and
steep voltage-dependence, Cs+ blocking actions have
been difficult to interpret. In fact, cesium blockade is
weak around the resting membrane potential [25] andIh

activation profiles overlap considerably with those of
another cesium-sensitive current, the inward rectifier
[21].

Due to its preferential block of hyperpolarization-
activated Na+/K+ currents, DK may become a useful tool
for improving our understanding of the physiological
role of Ih in the regulation of diverse neuronal functions.
In addition, DK may be of therapeutic usefulness due to
its ‘‘use-dependent’’ action.

This work was supported in part by grants from the National Institutes
of Health (NS 51614 D.J.), the National Science Foundation (IBN
94-12518, T.K.B.), the National Headache Foundation (T.K.B.), and
the American Cancer Society, Oregon Chapter (T.K.B.). We would
like to thank Peggy Ganong of Boehringer-Ingelheim for a free sample
of DK-AH 268.

References

1. Banks, M.I., Pearce, R.A., Smith, P.H. 1993. Hyperpolarization-
activated cation current (Ih) in neurons of the medial nucleus of the
trapezoid body: Voltage-clamp analysis and enhancement by nor-
epinephrine and cAMP suggest a modulatory mechanism in the
auditory brain stem.J. Neurophysiol.70:1420–1432

2. Baumann, T.K. 1993. Cultures of adult trigeminal ganglion neu-
rons.In: In Vitro Biological Models. Methods in Toxicology, vol.
1, C.A. Tyson and J.M. Frazier, editors. pp. 61–69. Academic
Press, NY

3. Birch, B.D., Kocsis, J.D., Digregorio, F., Bhisitkul, R.B., Wax-
man, S.G. 1991. A voltage-dependent and time-dependent rectifi-
cation in rat dorsal spinal root axons.J. Neurophysiol.66:719–728

Fig. 8. Effect of DK-AH 268 (DK) on current-clamped trigeminal
ganglion (TG) neurons. (A) Action potentials evoked by constant cur-
rent pulses. Note lack of effect of 10mM DK other than a slight
hyperpolarization of the resting membrane potential (from −61 mV in
A and −64 mV inB), coupled with a slight increase in the threshold for
action potential discharge (from 400 pA in A to 500 pA inB).

108 D. Janigro et al.: Block ofIh in TG Neurons by DK-AH 268



4. BoSmith, R.E., Briggs, I., Sturgess, N.C. 1993. Inhibitory actions
of ZENECA ZD7288 on whole-cell hyperpolarization activated
inward current (If) in guinea-pig dissociated sinoatrial node cells.
Br. J. Pharmacol.110:343–349

5. Destexhe, A., Babloyantz, A. 1993. A model of the inward current
Ih and its possible role in thalamocortical oscillations.NeuroReport
4:223–226

6. DiFrancesco, D. 1982. Block and activation of the pace-maker
channel in calf purkinje fibres: Effects of potassium, caesium and
rubidium.J. Physiol.329:485–507

7. DiFrancesco, D. 1984. Characterization of the pace-maker current
kinetics in calf Purkinje fibres.J. Physiol.348:341–367

8. DiFrancesco, D. 1991. The contribution of the ‘pacemaker’ current
(if) to generation of spontaneous activity in rabbit sino-atrial node
myocytes.J. Physiol.434:23–40

9. DiFrancesco, D. 1991. Generation and control of cardiac pacing—
The pacemaker current.Trends Cardiovasc. Med.1:250–255

10. DiFrancesco, D. 1994. Some properties of the UL-FS 49 block of
the hyperpolarization-activated current (if) in sino-atrial node myo-
cytes.Pfluegers Arch.427:64–70

11. DiFrancesco, D., Porciatti, F., Janigro, D., Maccaferri, G.,
Mangoni, M., Tritella, T., Chang, F., Cohen, I.S. 1991. Block of
the cardiac pacemaker current (if) in the rabbit sino-atrial node and
in canine Purkinje fibres by 9-amino-1,2, 3,4- tetrahydroacridine.
Pfluegers Arch.417:611–615

12. DiFrancesco, D., Tromba, C. 1989. Channel activity related to
pacemaking.In: The heart cell in culture, vol. 2, A. Pinson, editor.
pp. 97–115. CRS Press, Boca Raton, FL

13. Foehring, R.C., Waters, R.S. 1991. Contributions of low-threshold
calcium current and anomalous rectifierIh to slow depolarizations
underlying burst firing in human neocortical neurons in vitro.Neu-
rosci. Lett.124:17–21

14. Guatteo, E., Stanness, K.A., Janigro, D. 1996. Hyperpolarization-
activated currents in cultured rat cortical and spinal cord astro-
cytes.Glia 16:196–209

15. Heyman, I., Rang, H.P. 1985. Depolarizing responses to capsaicin
in a subpopulation of dorsal root ganglion cells.Neurosci. Lett.
56:69–75

16. Hille, B. 1992. Ionic channels of excitable membranes, 2nd ed. 607
pp. Sinauer, Sunderland, MA

17. Ingram, S.L., Martenson, M.E., Baumann, T.K. 1993. Responses
of cultured adult monkey trigeminal ganglion neurons to capsaicin.
NeuroReport4:460–462

18. Ingram, S.L., Williams, J.T. 1994. Opioid inhibition ofIh via ad-
enylyl cyclase.Neuron13:179–186

19. Janigro, D., Gasparini, S., D’Ambrosio, R., McKhann, G.I.I., Di-
Francesco, D. 1997. Reduction of K+ uptake in glia prevents long-
term depression maintenance and causes epileptiform activity.J.
Neurosci.17:2813–2824

20. Janigro, D., Martenson, M.E., Baumann, T.K. 1995. Preferential
blockade ofIh in rat trigeminal ganglion neurons by DK-AH 268.
Biophys. J.68:A23 (Abstr.)

21. Janigro, D., West, G.A., Nguyen, T.-S., Winn, H.R. 1994. Regu-
lation of blood-brain barrier endothelial cells by nitric oxide.Circ.
Res.75:528–538

22. Jones, S.W. 1989. On the resting potential of isolated frog sym-
pathetic neurons.Neuron3:153–161

23. Koerber, H.R., Druzinsky, R.E., Mendell, L.M. 1988. Properties of

somata of spinal dorsal root ganglion cells differ according to
peripheral receptor innervated.J. Neurophysiol.60:1584–1596

24. Maccaferri, G., Janigro, D., Lazzari, A., DiFrancesco, D. 1994.
Cesium prevents maintenance of long term depression in rat hip-
pocampal CA1 neurons.NeuroReport5:1813–1816

25. Maccaferri, G., Mangoni, M., Lazzari, A., DiFrancesco, D. 1993.
Properties of the hyperpolarization-activated current in rat hippo-
campal CA1 pyramidal cells.J. Neurophysiol.69:2129–2136

26. Maccaferri, G., McBain, C.J. 1996. The hyperpolarization-
activated current (Ih) and its contribution to pacemaker activity in
rat CA1 hippocampal stratum oriens-alveus interneurones.J. Phys-
iol. 497:119–130

27. Maricq, A.V., Korenbrot, J.I. 1990. Inward rectification in the
inner segment of single retinal cone photoreceptors.J. Neuro-
physiol.64:1917–1928

28. Martenson, M.E., Ingram, S.L., Baumann, T.K. 1994. Potentiation
of rabbit trigeminal responses to capsaicin in a low pH environ-
ment.Brain Res.651:143–147

29. Marty, A., Neher, E. 1983. Tight-seal whole-cell recording.In:
Single Channel Recording, B. Sakmann and E. Neher, editors. pp.
107–122, Plenum Press, New York

30. Mayer, M.L., Westbrook, G.L. 1983. A voltage-clamp analysis of
inward (anomalous) rectification in mouse spinal sensory ganglion
neurones.J. Physiol.340:19–45

31. McCormick, D.A., Pape, H.C. 1990. Properties of a hyperpolar-
ization-activated cation current and its role in rhythmic oscillation
in thalamic relay neurones.J. Physiol.431:291–318

32. McCormick, D.A., Pape, H.C. 1990. Noradrenergic and serotoner-
gic modulation of a hyperpolarization-activated cation current in
thalamic relay neurones.J. Physiol.431:319–342

33. Ono, K., Maruoka, F., Noma, A. 1994. Voltage- and time-
dependent block ofIf by Sr2+ in rabbit sino-atrial node cells.Pflue-
gers Arch.427:437–443

34. Puil, E., Spigelman, I. 1988. Electrophysiological responses of
trigeminal root ganglion neurons in vitro.Neurosci.24:635–646

35. Schwindt, P.C. 1992. Ionic currents governing input-output rela-
tions in Betz cells.In: Single Neuron Computation, T. McKenna,
J. Davis and S.F. Zornetzer, editors. pp. 235–258. Academic Press,
Boston

36. Schwindt, P.C., Spain, W.J., Crill, W.E. 1988. Influence of anoma-
lous rectifier activation on afterhyperpolarizations of neurons from
cat sensorimotor cortex in vitro.J. Neurophysiol.59:468–481

37. Scroggs, R.S., Todorovic, S.M., Anderson, E.G., Fox, A.P. 1994.
Variation in IH, IIR, and ILEAK between acutely isolated adult rat
dorsal root ganglion neurons of different size.J. Neurophysiol.
71:271–279

38. Van Bogaert, P.P., Goethals, M., Simoens, C. 1990. Use- and
frequency-dependent blockade by UL-FS of theif pacemaker cur-
rent in sheep cardiac Purkinje fibres.Eur. J. Pharmacol.187:241–
256

39. Wollmuth, L., Hille, B. 1992. Ionic selectivity ofIh channels of rod
photoreceptors in tiger salamanders.J. Gen. Physiol.100:749–765

40. Zhang, L., Weiner, J.L., Valiante, T.A., Velumian, A.A., Watson,
P.L., Jahromi, S.S., Schertzer, S., Pennefather, P., Carlen, P.L.
1994. Whole-cell recording of the Ca2+-dependent slow afterhy-
perpolarization in hippocampal neurones: effects of internally ap-
plied anions.Pfluegers Arch.426:247–253

109D. Janigro et al.: Block ofIh in TG Neurons by DK-AH 268


