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Involvement of I, in Dopamine Modulation of Tonic Firing
in Striatal Cholinergic Interneurons

Ping Deng, Yuchun Zhang, and Zao C. Xu
Department of Anatomy and Cell Biology, Indiana University School of Medicine, Indianapolis, Indiana 46202

Striatal cholinergic interneurons are tonically active neurons and respond to sensory stimuli by transiently suppressing firing that is
associated with sensorimotor learning. The pause in tonic firing is dependent on dopaminergic activity; however, its cellular mechanisms
remain unclear. Here, we report evidence that dopaminergic inhibition of hyperpolarization-activated cation current (I, ) is involved in
this process. In neurons exhibiting regular firing in vitro, exogenous application of dopamine caused a prolongation of the
depolarization-induced pause and an increase in the duration of slow afterhyperpolarization (sAHP) after depolarization. Partially
blocking I, with specific blocker ZD7288 (4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride) reduced firing and
mimicked the effects of dopamine on sAHP. The I, being active at membrane potentials negative than —50 mV, was inhibited by
dopamine via activation of the D,-like receptor, but not D,-like receptor. The inhibitory effects of the D, receptor activation on I, were
mediated through a protein kinase A-independent cyclic AMP pathway. Consistently, D,-like receptor agonist quinpirole showed com-
parable effects on sSAHP and firing rate as those induced by I, channel blocker. Moreover, dopamine was unable to further affect the SAHP
duration in neurons when I, was blocked. These findings indicate that D, receptor-dependent inhibition of I; may be a novel mechanism

for modulating the pause response in tonic firing in cholinergic interneurons.
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Introduction

Cholinergic interneurons are fundamental to striatal functions,
including movement control and sensorimotor learning (Gray-
biel et al., 1994). Recordings of cholinergic interneurons in vivo
(Wilson et al., 1990; Reynolds et al., 2004) and in vitro (Jiang and
North, 1991; Bennett and Wilson, 1999; Goldberg and Wilson,
2005; Wilson, 2005) have revealed that these cells correspond to
the tonically active neurons (TANs) in the striatum. The TANs
exhibit pauses in tonic firing in response to salient stimuli during
associative learning (Aosaki et al., 1994a,b; Apicella, 2002; Morris
et al., 2004), which are dependent on dopaminergic inputs from
the substantia nigra (Aosaki et al., 1994a; Watanabe and Kimura,
1998). However, the cellular mechanisms underlying the pause
response are still unclear. Previous studies suggest that activity-
dependent changes in both synaptic efficacy and intrinsic mem-
brane property are involved in the occurrence of firing pause
(Bennett et al., 2000; Suzuki et al., 2001; Maurice et al., 2004;
Reynolds et al., 2004; Wilson, 2005; Wilson and Goldberg, 2006).
In addition, the time course of the pause response may be deter-
mined by intrinsic membrane properties, because cholinergic in-
terneurons possess ionic conductances that are capable of main-
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taining tonic spiking and reshaping synaptic inputs (Wilson,
2005; Wilson and Goldberg, 2006).

The majority of cholinergic interneurons in vitro exhibit a
regular single-spiking pattern, independent of any synaptic input
and apparently controlled by apamin-sensitive calcium-
dependent potassium currents (Bennett and Wilson, 1999; Wil-
son, 2005; Wilson and Goldberg, 2006). After bursts or sub-
threshold depolarizing pulses, these neurons are able to develop a
slow afterhyperpolarization (sAHP) lasting several seconds,
which in turn results in a decrease in firing rate or a pause in tonic
spiking (Bennett et al., 2000; Reynolds et al., 2004; Wilson, 2005).
Indeed, it has been shown that dopaminergic augmentation of
sAHP through enhancing excitatory synaptic inputs induces
pause responses in cholinergic interneurons in vivo (Reynolds et
al., 2004). Several ionic conductances contribute to the SAHP in
cholinergic interneurons (Bennett et al., 2000; Wilson, 2005; Wil-
son and Goldberg, 2006). The onset of sSAHP is primarily medi-
ated by an apamin-insensitive calcium-dependent potassium
current (I ,pp), and can be amplified regeneratively by a rapidly
activating hyperpolarization-activated potassium current. The
recovery from sAHP is dependent on a hyperpolarization-
activated cation current (I,,). Thus, modulations on these cur-
rents may cause changes in the onset and time course of sSAHP.
Considering the slow kinetics in the decay of I ,p (Wilson and
Goldberg, 2006), it is possible that the sSAHP duration is mainly
controlled by I, activation. The present study was therefore de-
signed to examine the impacts of I, activation on sSAHP and to
determine whether I, is involved in the dopamine-dependent
pause response in cholinergic interneurons.
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Materials and Methods

Male Wistar rats (100—180 g; Charles River Laboratories, Wilmington,
MA) were used in the present study. Experimental protocols were ap-
proved by the Institutional Animal Care and Use Committee of Indiana
University School of Medicine in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

Brain slice preparation. Brain slices were prepared using procedures
similar to those described previously (Pang et al., 2002; Deng et al., 2005).
Briefly, the animals were anesthetized with ketamine-HCI (1 mg/kg, i.p.)
and perfused transcardially with an ice-cold (4°C) sucrose solution con-
taining (in mm) 230 sucrose, 26 NaHCO;, 2.5 KCl, 1.25 NaH,PO,, 0.5
CaCl,, 10 MgSO,, and 10 glucose, pH 7.4, 290-305 mOsm/L, equili-
brated with 95% O, and 5% CO,. The brains were quickly removed, and
transverse striatal slices (300 wm) were cut using a vibratome (VT1000S;
Leica, Nussloch, Germany) in the sucrose solution. The slices were main-
tained in an artificial CSF (ACSF) containing (in mm) 130 NaCl, 3 KCI, 2
CaCl,, 2 MgCl,, 1.25 NaH,PO,, 26 NaHCOj, and 10 glucose, pH 7.4,
295-305 mOsm/L. The ACSF was continuously equilibrated with 95%
0, and 5% CO,, and slices were incubated for >1 h before recording.

Electrophysiological recording. Recording electrodes were prepared
from borosilicate glass (World Precision Instruments, Sarasota, FL) us-
ing a horizontal electrode puller (P-97; Sutter Instruments, Novato, CA).
Electrodes had resistances of 2—4 M() when filled with an intracellular
solution containing (in mm) 120 KMeSO,, 12 KCI, 1 MgCl,, 1 EGTA, 0.2
CaCl,, 10 HEPES, 2 Mg-ATP, and 0.4 Na-GTP, pH 7.4, 295-300
mOsm/L. Oxygenated ACSF was used as bath solution, and the flow rate
was adjusted to 2—-3 ml/min. Cholinergic interneurons were visualized
with an infrared-differential interference contrast microscope (BX50WI;
Olympus Optical, Tokyo, Japan) and a CCD camera. All recordings were
performed at 32 * 1°C with an Axopatch 200B amplifier (Molecular
Devices, Foster City, CA). After tight-seal (>1 G(2) formation, the elec-
trode capacitance was compensated. For cell-attached recordings,
voltage-clamp mode was used and data acquisition was terminated if the
seal resistance fell <1 G(). During whole-cell recordings, series resistance
(8—15 M{2) was monitored periodically, and cells with >15% change
were excluded from the analysis. For current-clamp recordings, fast
I-clamp mode was used. Signals were filtered at 2 kHz and digitized at a
sampling rate of 5 kHz using a data-acquisition program (Axograph 4.6;
Molecular Devices).

Histochemical staining. To identify the recorded cells morphologically,
2% neurobiotin (Vector Laboratories, Burlingame, CA) was included in
intracellular solution in some experiments and iontophoresed into the
cell by passing depolarizing current pulses after successful recording.
Slices were fixed overnight with 4% paraformaldehyde at 4°C and then
incubated in 0.1% horseradish peroxidase-conjugated avidin D (Vector
Laboratories) in 0.01 M potassium PBS (pH 7.4) with 0.5% Triton X-100
for 24 h at room temperature (24°C). After the detection of peroxidase
activity with 3,3'-diaminobenzidine as chromogen, slices containing la-
beled cells were mounted on gelatin-coated slides and processed for his-
tological examination.

Drug application. All drugs were purchased from Sigma (St. Louis,
MO) unless otherwise noted and were bath applied. Drugs were dissolved
as concentrated stocks in either water or DMSO and stored at —20°C.
Sodium metabisulfite (50 um) was used as an antioxidant. Working so-
lutions were prepared immediately before use. When DMSO or sodium
metabisulfite was used to prepare the drug solution, equivalent amounts
were added to ACSF as controls. To examine the dopaminergic modula-
tion in cholinergic interneurons, dopamine (5-100 wm) was used as the
agonist for dopamine receptors. (*)-1-phenyl-2,3,4,5-tetrahydro-
(1H)-3-benzazepine-7,8-diol hydrochloride (SKF38393) (20 um) and
R(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-
3-benzazepine hydrochloride (SCH23390) (20 M) were used as the se-
lective D, -like receptor agonist and antagonist, respectively. Quinpirole
(20 uMm) and (*)sulpiride (20 um) were used as the selective D,-like
receptor agonist and antagonist, respectively. Membrane permeable
8-bromo-cAMP (100 um) and Rp-cAMP (50 um) were used as the analog
and inhibitor of cAMP signaling pathway, respectively. H-89 (5 um) was
used as the selective inhibitor of protein kinase A (PKA). To characterize
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the I, in cholinergic interneurons, 4-ethylphenylamino-1,2-dimethyl-6-
methylaminopyrimidinium chloride (ZD7288; 5 or 30 um; Tocris Bio-
science, Ellisville, MO) and CsCl (2 mm) were used as blockers of I,
channels. Tetrodotoxin (TTX; 1 uM) was used to block Na * channels. In
experiments for recording I, CACI** (300 wm), 4-aminopyridine (2
mM), and tetraethylammonium (5 mm) were also added to bath solution
to block voltage-dependent Ca** and K * channels. In the present study,
synaptic blockers were not used because the spontaneous activity of cho-
linergic interneurons is independent of synaptic input (Bennett and Wil-
son, 1999).

Data analysis. Recording data were analyzed with Axograph 4.6. The
firing rate was obtained from a 2 min sample of spontaneous spike. The
coefficient of variation (CV), a measure of irregularity in interspike in-
tervals, was calculated for cells with a firing rate of >1 Hz. The
depolarization-induced pause was defined as the time difference between
the termination of the depolarizing current pulse and the peak of the first
subsequent spike. The SAHP amplitude was measured as the difference in
voltage between the mean subthreshold membrane potential and the
maximum hyperpolarization. The time-to-peak of SAHP was calculated
as the time between the onset of SAHP and the sAHP peak. The sAHP
duration was defined as the time between the onset of SAHP and return of
the membrane potential to half SAHP amplitude. For cells in which drug
application caused depolarization or hyperpolarization, current injec-
tion was used to reset the preapplication membrane potentials.

The I, in cholinergic interneurons was evoked by a series of hyperpo-
larizing voltage commands (from —60 to —150 in 10 mV steps, 2 s) from
a holding potential of —50 mV. The I, amplitude was calculated as the
current difference between the instantaneous current (measured just af-
ter the decay of the capacitive transient) and the steady-state current
(mean current of 50 ms before the termination of each voltage step).
Voltage-dependent activation of I, was determined by normalizing the
peak amplitudes of tail currents at —50 mV after various hyperpolarizing
voltage commands, and then by fitting the current—voltage relationship
with a Boltzmann function. The time constants of activation and deacti-
vation were estimated by fitting I, traces evoked by various hyperpolar-
izing steps and tail currents at various potentials after a —150 mV step,
respectively, with single exponential functions.

The data are presented as mean = SEM. Statistical difference was
detected using paired or unpaired Student’s ¢ test (StatView 5.0; Aba-
cus Concepts, Berkeley, CA). Changes were considered significant
when p < 0.05.

Results

Cholinergic interneurons in the neostriatum were identified
based on their morphological and electrophysiological features
(Kawaguchi, 1993; Bennett and Wilson, 1998). As shown in Fig-
ure 1 A, these cells had large somata with thick primary dendrites
and smaller higher-order dendrites bearing few spines. Whereas
depolarization induced repetitive spiking followed by a large-
amplitude and long-duration afterhyperpolarization, negative
current injection produced an initial hyperpolarization followed
by a depolarizing sag in the membrane potential, indicating the
presence of a cation current [,.. In slices, cholinergic interneurons
were tonically active, and most neurons exhibited a single-
spiking pattern (Bennett and Wilson, 1999; Wilson, 2005). On
average, these neurons discharged spontaneously at a firing rate
0f3.19 = 0.32 Hz, with a CV 0f 0.22 in the interspike interval (n =
36) (Fig. 1B).

Dopaminergic potentiation of depolarization-induced
suppression in tonic firing

Previous studies have shown that, in cholinergic interneurons in
vivo, both subthreshold and suprathreshold depolarizations pro-
duce an sAHP associated with a pause in tonic firing (Reynolds et
al., 2004). Similar responses were observed in our in vitro record-
ings. Brief depolarizations with sufficient current injection
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(=100 pA, 80-100 ms), but not hyperpo-
larizing current pulses, induced an sAHP
that resulted in a transient suppression (or
pause) in tonic firing (Fig. 1C). The dura-
tion of induced pauses was positively re-
lated to the extent of depolarization that
has profound effects on the amplitude and
time course of SAHP (Reynolds et al.,
2004). Depolarizing pulses of 100 and 200
pA elicited pauses of 1.61 * 0.33 and
2.35 * 0.56 s (n = 8), respectively. These
data further support that the sAHP after
driven activity may underlie the pause re- B1 B2 80;
sponses in cholinergic interneurons Rate = 3.62 Hz
(Reynolds et al., 2004; Wilson and Gold- CV=0176
berg, 2006).

Dopaminergic activity is involved in
the pause response (Aosaki et al., 1994a,b;
Watanabe and Kimura, 1998), presum-
ably by potentiating excitatory synaptic MAMMAN
inputs that increase sAHP amplitude 61mv - ’ 0 O' 5 1 0

20 mV . .

(Reynolds et al., 2004). However, synaptic | ike i |
inputs can be amplified by intrinsic mem- 2s nterspike interval (s)

brane conductances (Wilson, 2005), rais-
ing a possibility that dopaminergic modu- C1 Control
lation of these conductances may also
contribute to the pause response. We
therefore examined whether activation of
dopamine receptor has effects on the
depolarization-induced pause by exoge-
nous application of dopamine. Hyperpo-
larizing current was used to maintain
membrane potentials at the predrug lev-

A2

-60 mV A s0my

0.8s

o —— 100 pA|

els, because dopamine caused a baseline 65mV //'WWNW{/‘K UL b //'N'
depolarization (Aosaki et al., 1998) that ~ ~ m & & A A
might affect SAHP. In the presence of do- -200 pA -100 pA 100 pA 200 pA

pamine (50 uMm), the pause was prolonged
significantly by 33.7 = 10.7 and 41.8gi C2 DA (50 uM)
9.4% when induced with depolarizing
pulses of 100 and 200 pA, respectively
(n = 8; p <0.01), whereas the SAHP am-
plitude remained about the same (99.6 *
3.7% of control at 100 pA; 101.8 = 2.0% of
control at 200 pA) (Fig. 1C). These results
demonstrate that dopamine is effective to

prolong pauses in tonic firing. 4 Il M I Wi/ _(W_WH /MKMMW MY %/f/
The dopamine-mediated prolongation -64 mV I / /
of pauses might be attributable to regula- = 1052\/ A A

tions on the recovery of sSAHP. To test this
possibility, the effects of dopamine on the
time course of SAHP after depolarizing
pulses (50—150 pA, 1 s) were examined.

Figure 1.  Potentiation of depolarization-induced pause in tonic firing by dopamine. 4, Morphological and physiological characteriza-
tion of striatal cholinergicinterneurons. A7, This neuron had large soma with dendrites bearing no spines. A2, During whole-cell recording,
> / ; negative current injection produced an initial hyperpolarization followed by a depolarizing sag in the membrane potential, whereas
Application of dopamine led to an in- depolarizing current induced repetitive spiking followed by a large-amplitude and long-duration afterhyperpolarization. B, A cholinergic
crease of 55.1 = 8.9% (n = 6; p < 0.01) intemeuron exhibited reqular single-spike patter spontaneously. B7, B2, The firing rate and CV in interspike interval of tonic firing (BT)
in the duration (measured at half ampli-  were shown in the histogram (B2). €, Brief depolarizations, but not hyperpolarizations, produced transient suppression (pauses) in tonic
tude) of sSAHP elicited by the same cur- firing. The pauses wereassociated with the SAHP after depolarizing pulses (100 ms, 100 or 200 pA). Hyperpolarizing pulses (100 ms, — 100,
rent pulse. However, neither the ampli-  of —200 pA) were followed by increased firing caused by rebound depolarization. (7, €2, Compared with that of control (C7), the time
tude nor the time-to-peak of SAHP was ~ ourse of pauses induced with the same current pulse was prolonged in the presence of dopamine (€2).

altered (Fig. 2). These findings indicate

that dopamine causes a deceleration in the recovery from  sodium currents. Together with previous reports (Wilson,
sAHP. Importantly, this effect occurs at membrane potentials ~ 2005), it is strongly suggested that dopaminergic modulation
more negative than the half sSAHP amplitude (—67.2 = 1.3 of I}, at least partially, is responsible for the slowdown of
mV; n = 6), a voltage range that unlikely activates persistent  recovery from sAHP.
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Figure3.  Expression of |, in cholinergic interneurons. 4, The time- and voltage-dependent
currents evoked by a series of hyperpolarizing voltage steps from a holding potential of —50
mV. These currents were activated at membrane potentials negative than —50 mV. B, Phar-
macological properties of .. The /;, was blocked by ZD7288 in a dose-dependent manner and by
(s ™. Additionally, application of 8-bromo-cAMP dramatically enhanced the current amplitude.
Data were measured at —90 mV voltage steps. C, Plot of normalized tail current showing the
voltage-dependent activation of /,, with a half-activation voltage of —88 mV. D, Both activa-
tion and deactivation rate of /;, were voltage dependent. *p << 0.01.

Characterization of I, in cholinergic interneurons

To test whether I, plays roles in determining the time course of
sAHP, we first examined the characteristics of I, in cholinergic
interneurons. A time- and voltage-dependent inward current was
activated by hyperpolarizing steps more negative than —50 mV
(Fig. 3A). This low activation threshold (—50 to —60 mV) indi-
cates that I}, channels are active during sSAHP. The current ampli-
tude was 409.3 = 15.1 pA (n = 29) when evoked with a command
voltage of —90 mV. Application of ZD7288, a specific I, channel
blocker, blocked the current by 37.7 = 8.1% (n = 6) and 90.6 =

Dopamine-mediated increase in SAHP duration. A, The typical responses of a cholinergic interneuron to depolarizing
pulses before and after dopamine application. Note that the SAHP duration was prolonged by dopamine (arrows). B, Histogram
showing that the sSAHP duration was increased in the presence of dopamine. The amplitude and time-to-peak of SAHP remained
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3.2% (n = 5) at concentrations of 5 and 30
M, respectively. The I, was also blocked
by 2 mm Cs™ (80.1 = 3.4%; n = 7), but
not by Ba** (200 um) (data not shown).
Intracellular cAMP modulates [, in neu-
rons independent of PKA activity (Pedar-
zani and Storm, 1995). In the presence of
8-bromo-cAMP (100 uM), the I, in cho-
linergic interneurons was dramatically en-
: hanced by 49.9 * 18.3% (n = 5; p < 0.05)
> (Fig. 3B).

The voltage-dependent activation of I,
was analyzed based on the tail current, and
showed a half-activation voltage (V;,,) of
—88.2 = 1.9 mV (n = 18) (Fig. 3C). The
rate of both activation and deactivation of
I, was voltage dependent. Whereas the
time constant of activation decreased
sharply with more hyperpolarization, the
deactivation became faster with increasing
depolarization (Fig. 3D). The I, displayed an activation time con-
stant of 386.3 = 23.6 ms when evoked with a hyperpolarizing step
of =90 mV (n = 12), and a deactivation time constant of 237.3 *
17.3 ms when measured at —70 mV after a hyperpolarization of
—150 mV (n = 10). These measures are consistent with previous
observations that cholinergic interneurons express I, channel
subtypes that exhibit slow activating kinetics (Santoro et al., 2000;
Robinson and Siegelbaum, 2003; Notomi and Shigemoto, 2004).

Contribution of I, to sSAHP duration
The I, is critical to the pacemaking activity in various neuron
types. In cholinergic interneurons, this current provides depolar-
izing influence at subthreshold potentials, and together with per-
sistent sodium current, ensures tonic firing (Bennett et al., 2000).
Application of ZD7288 produced a progressive reduction in fir-
ing rate and regularity in all neurons tested (Fig. 4A, B). Notably,
the effects of ZD7288 on tonic firing were concentration-
dependent, correlating with the blockade of I, (Fig. 3B). At ~15
min in the presence of ZD7288, the firing rate decreased from
3.22 = 0.51 Hz (control; n = 16) to 1.24 = 0.21 Hz (5 uM
ZD7288;n = 7; p < 0.05) and 0.55 * 0.11 Hz (30 uMm ZD7288;
n = 9; p < 0.01); meanwhile, the CV in interspike interval in-
creased from 0.26 (control; n = 16) to 0.58 (5 um ZD7288; n = 7;
p <0.01) and 1.12 (30 uM ZD7288; n = 9; p < 0.01). Blockade of
I, caused quiescence in spontaneous firing in most neurons (five
of seven with 5 um ZD7288, and nine of nine with 30 um
ZD7288) within 20 min. These results confirm that the firing rate
and regularity in spontaneous activity are mostly controlled by I,
in cholinergic interneurons.

The effects of ZD7288 on sAHP were then examined because
I,, is active during SAHP and is responsible for the recovery from
sAHP. When ZD7288 (5 uM) was applied, the voltage sag ob-
served during a hyperpolarizing pulse and the subsequent re-
bound depolarization were remarkably reduced (Fig. 4C), indic-
ative of the partial blockade of I. Moreover, application of
ZD7288 resulted in a moderate hyperpolarization (—5.9 = 2.1
mV; n = 8), and a decrease in SAHP amplitude (4.0 = 1.6 mV;
n = 5). Current injection was thus used to maintain membrane
potentials at preapplication levels. Under this condition, block-
ade of I, with 5 um ZD7288 caused a significant increase in SAHP
duration (by 74.0 * 8.4%; n = 13; p < 0.01), but no detectable
change was obtained in both sSAHP amplitude and time-to-peak
(Fig. 4C,D). These results are comparable with that of dopamine
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application, and indicate that partially
blocking I, is sufficient to prolong sAHP
duration.

Dopaminergic modulation of I}, in
cholinergic interneurons
If I, was involved in the dopamine-
induced prolongation of sAHP, it should
be regulated by dopamine. As expected,
application of dopamine reversibly inhib-
ited I, in a dose-dependent manner,
reaching a maximal effect at a concentra-
tion of 50 uMm (by 38.2 £ 6.3%; n = 6;p <
0.01) (Fig. 5A,B). In addition, dopamine
(50 wm) caused a hyperpolarizing shift in
the voltage-dependent activation of I,
(V)5 in control, —86.2 * 1.3 mV; V,, in
dopamine, —92.3 = 2.0 mV; n = 5; p <
0.05) (Fig. 5C).

Cholinergic interneurons express both
D, and D5 dopamine receptors (Yan et al.,
1997). D,- and D,-like receptor agonists
and antagonists were used to determine
which subtype of dopamine receptor con-
tributed to the dopamine-mediated inhi-
bition of I,,. As shown in Figure 5D, appli-
cation of D,-like receptor agonist
quinpirole (20 uMm) reversibly reduced I,
in all neurons tested (by 43.3 % 5.6%; n =
6; p < 0.01), which mimicked the effects of
dopamine. However, the D,-like receptor
agonist SKF38393 (20 um) showed incon-
sistent effects on I,. Application of
SKF38393 caused an increase of I, in three
of six neurons (by 22.4 = 5.5%;n = 3; p <
0.01), but had no obvious effect on the
other three cells. Overall, no significant
change of I}, was detected in the presence
of SKF38393 (7.8 = 10.2%; n = 6; p >
0.05). These results support that the inhib-
itory effects of dopamine are mainly me-
diated by D, receptors (Fig. 5E). Both D, -
like receptor antagonist SCH23390 (20
uM) and D,-like receptor antagonist
sulpiride (20 uMm) failed to alter I,,, indicat-
ing that there is no tonic modulation of I,
by dopamine. Our data argue against a re-
cent report that D, receptor stimulation
had no obvious effect on I}, (Maurice et al.,
2004). This apparent discrepancy may sim-
ply stem from the different D, receptor ago-
nists applied at different concentrations
[20 um quinpirole vs 10 um R(—)-
propylnorapomorphine], because dopa-
minergic modulation of I, is dose-
dependent. At higher concentrations,
quinpirole may activate 5-hydroxytrypt-
amine (5-HT) receptors and, thus, cause
nonspecific acts; however, activation of
5-HT receptors has no effect on I, in cho-
linergic interneurons (Blomeley and
Bracci, 2005). In supporting the above
data, application of sulpiride (20 um), but
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Figure4.  Contribution of /, to tonicfiring and SAHP. A, Cell-attached recordings demonstrating that, in the presence of ZD7288

at concentrations of either 5 um (A7) or 30 um (42), both of the firing rate and regularity were gradually decreased. B, Group data
showing the effects of ZD7288 on firing rate (B7) and CV in interspike interval (B2). ZD7288 of higher concentration was more
effective. C, Partial blockade of /, with 5 um ZD7288 reduced the depolarizing sag during hyperpolarizing pulses and the subse-
quent rebound depolarization (top). Meanwhile, the SAHP duration was increased (arrows, bottom). D, Group data showing that
blockade of /, significantly prolonged sAHP, but had no effect on sAHP amplitude and time-to-peak. *p << 0.05; *p < 0.01.
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Figure 5. Inhibition of /, by dopamine through D, receptor activation. A, Dopamine reversibly inhibited /,, in a cholinergic
interneuron. B, Histogram showing the dose-dependent effect of dopamine on /. , Application of dopamine caused a shift of
voltage-dependent activation of /, in the hyperpolarizing direction. D, Quinpirole, the D,-like receptor agonist, showed similar
effects on /, at a concentration of 20 um as dopamine. E, The inhibitory effect of dopamine on /, was mediated by D, receptor
activation. D,-like receptor antagonist (sulpiride, 20 wm), but not D;-like receptor antagonist (SCH23390, 20 wum) blocked the
inhibition of /, by dopamine. Both D;-receptor agonist (SKF38393, 20 wum) and antagonist (SCH23390, 20 wum) had no discernable
effecton /.. The |, amplitude was not altered in the presence of PKA inhibitor (H-89, 5 wum). In addition, coapplication of H-89 and
dopamine (50 m) still significantly reduced /,. *p << 0.05; *p < 0.01.
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Figure 6. Involvement of /, in dopaminergic modulation of SAHP. A, Cell-attached recordings showing that D, receptor activation with quinpirole (20 m) reduced spontaneous firing,

accompanied by an increase in irreqularity. B, After TTX treatment (1 ), application of quinpirole reduced the depolarizing sag during hyperpolarizing pulses and the subsequent rebound
depolarization (top), and prolonged sAHP (arrows, bottom). C, Group data showing that, in the presence of TTX, quinpirole significantly increased sAHP duration, but was ineffective on sSAHP
amplitude and time-to-peak. D, A neuron was treated first with ZD7288 (30 ) and then with dopamine (50 wum). Dopamine was unable to further prolong SAHP when /, was mostly blocked
(arrows). E, Histogram showing the changes of sAHP in the presence of ZD7288 alone or ZD7288 plus dopamine. The effects of dopamine on sAHP duration were completely occluded by ZD7288.

*p <0.01.

not SCH23390 (20 um), completely blocked the inhibitory effects
of dopamine on I, (Fig. 5E).

One of the signaling pathways for the D, receptor is inhibition
of intracellular cAMP accumulation (Neve et al., 2004). We
tested whether the same pathway mediated the I, modulation.
Application of Rp-cAMP (50 uM), an inhibitor of the cAMP
signaling pathway, resulted in a significant reduction of I
(33.1 = 4.0%; n = 7; p < 0.01). In agreement with that the
signaling was mediated by cAMP, activation of D, receptor by
quinpirole (20 uMm) showed no further inhibition on I, in the
presence of Rp-cAMP (4.1 = 1.3%; n = 5; p > 0.1). To test
whether the cAMP pathway was PKA-dependent, we applied a
selective PKA inhibitor H-89 that has been shown to be effective
on potassium currents (Deng et al.,, 2005). The I, was not
changed by H-89 (5 um) application (92.7 £ 3.8% of control; n =
5; p > 0.1). In addition, dopamine (50 uM) was still effective to
inhibit I, when coapplied with H-89 (by 40.2 * 6.1%;n = 7; p <
0.01) (Fig. 5E). These data support the conclusion that D, recep-
tor activation mediates the dopaminergic inhibition of I, through
a PKA-independent cAMP pathway.

Involvement of I, in dopamine-induced prolongation

of sSAHP

The preceding data are consistent with the idea that D, receptor
activation reduces tonic firing and prolongs sAHP duration,
which resemble the effects of I, channel blocker ZD7288. In fact,
application of quinpirole (20 um) led to a significant decrease in
firing rate (from 3.15 * 0.77 t0 0.84 £ 0.17 Hz; n = 6; p < 0.01)

(Fig. 6A), and an increase in CV in interspike interval (from 0.30
to 1.06; n = 6; p < 0.01). We then examined the effects of quin-
pirole on sAHP duration. Sodium channels were blocked with
TTX (1 um) before quinpirole application, to eliminate the con-
cern of persistent sodium current. As shown in Figure 6 B, the
depolarizing sag during hyperpolarizing current pulses and the
subsequent rebound depolarization were reduced by quinpirole
(20 uM). Furthermore, quinpirole application produced a pro-
longation in SAHP duration (by 44.2 = 8.1%; n = 6; p < 0.01),
without affecting the amplitude and time-to-peak (Fig. 6 B, C).

To further determine the role of I,,, we tested whether I, chan-
nel blocker can occlude the effects of dopamine on sAHP. Cho-
linergic interneurons were first exposed to ZD7288 (30 um; =15
min), and then dopamine (50 uM) was applied in the presence of
ZD7288. Whereas the amplitude and time-to-peak were not
changed, the time course of SAHP was significantly increased by
ZD7288; importantly, dopamine had no additional effect on
sAHP duration (ZD7288 alone, 77.2 * 7.6%, n = 10; ZD7288
plus dopamine, 74.7 + 10.4%, n = 6; p > 0.1) (Fig. 6 D, E). These
results lead to the conclusion that inhibition of I;, contributes to
the dopamine-induced prolongation of sAHP in cholinergic
interneurons.

Discussion

Our findings demonstrate that dopamine increases the time
course of depolarization-induced sAHP. This effect results from a
partial inhibition of I, through D, receptor activation. Because
sAHP accounts for the transient suppression of tonic firing,
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dopamine-dependent I;, inhibition may be one of the mecha-
nisms for modulating the pause response in cholinergic interneu-
rons that relates to associative learning.

Properties and functional implications of I, in

cholinergic interneurons

Striatal cholinergic interneurons exhibit tonic firing both in vivo
and in vitro, which is dependent on intrinsic membrane conduc-
tances, but not synaptic inputs (Bennett and Wilson, 1999;
Bennett et al., 2000). The results reported here support the con-
clusion that I, is essential to the spontaneous activity by provid-
ing depolarizing currents at subthreshold membrane potentials
(Bennett et al., 2000; Wilson, 2005). These currents are active at
membrane potentials below —50 mV, with a half-activation volt-
age of —88 mV. Thus, I, channels can be activated during AHP,
depolarizing the membrane potential to a voltage range that is
enough to activate subthreshold sodium currents that drive the
neuron to the spike threshold.

The properties of I}, and its functional roles are primarily de-
termined by channel composition (Ludwig et al., 1998; Santoro et
al., 1998; Monteggia et al., 2000). Previous studies have shown
that cholinergic interneurons express I, channel subtypes
(HCN), such as HCN2 and HCN4 (Santoro et al., 2000), and
HCNS3 (Notomi and Shigemoto, 2004). Consistent with morpho-
logical observations, I, in these neurons displayed a slow activat-
ing and deactivating kinetics. The absence of fast component
(usually with activating time constant <100 ms at —90 mV in
native neurons) suggests that cholinergic interneurons do not
express HCN1 subtypes (Ludwig et al., 1998; Santoro et al., 1998;
Chenetal., 2001; Wilson, 2005). Based on its slow kinetics of both
activation and deactivation, I;, may play a major role in determin-
ing firing rate in cholinergic interneurons that spontaneously
discharge at a mean rate of 2-5 Hz (Bennett and Wilson, 1999;
Bennett et al., 2000; Maurice et al., 2004). Our data show that
partial blockade of I, (30—40%) is sufficient to induce a decrease
of firing rate and an increase of CV in the interspike interval.
However, I; may not be the only current responsible for control-
ling firing rate and regularity, because a reduction of sodium
currents can produce similar changes in tonic firing (Maurice et
al., 2004).

Dopaminergic modulation of I, in cholinergic interneurons
One of the characteristics of I, is its sensitivity to cyclic nucleo-
tides (e.g., CAMP). Whereas HCN1 subunits composed channels
are weakly sensitive to cAMP, HCN2- to HCN4-mediated cur-
rents are highly sensitive to cAMP (Santoro et al., 1998; Chen et
al., 2001; Wang et al., 2002; Ulens and Siegelbaum, 2003). The
present study demonstrated that I, in cholinergic interneurons
was significantly enhanced by exogenous application of
8-bromo-cAMP. Furthermore, inhibition of cAMP pathway with
Rp-cAMP reduced I, indicating a constitutional regulation of I,
channels by intracellular cAMP in these neurons.

Accumulating evidence shows that the activity of the I}, chan-
nel is regulated by a variety of neuromodulators (Pape, 1996;
Frere etal., 2004). Such regulation of I;, is of fundamental impor-
tance for the neuronal activity. Cholinergic interneurons receive
innervation of several neuromodulators such as dopamine (Yan
et al., 1997; Aosaki et al., 1998; Bennett and Wilson, 1998), nor-
adrenaline (Pisani et al., 2003), and 5-HT (Ward and Dorsa,
1996; Blomeley and Bracci, 2005). Among these neuromodula-
tors, 5-HT has no effect on I, (Blomeley and Bracci, 2005),
whereas activation of B1 noradrenergic receptor enhances I
through a cAMP-dependent mechanism without PKA activation
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(Pisani et al., 2003). Because neuromodulators can regulate I, by
either increasing or decreasing intracellular cAMP levels (Robin-
son and Siegelbaum, 2003; Frere et al., 2004), the dopaminergic
modulation of I;, may depend on receptor subtypes (i.e., D;- or
D,-like receptors). Previous studies have shown that dopamine
inhibits I, via activation of D,-like receptors in ventral tegmental
neurons (Jiang et al., 1993) and rod photoreceptors (Akopian and
Witkovsky, 1996). Conversely, in neocortex layer I interneurons,
dopamine enhances I, via a synergistic activation of D;- and
D,-like receptors, which involves cAMP-dependent PKA activa-
tion (Wu and Hablitz, 2005). Those observations suggest that
dopamine may differentially modulate I, in different types of
neuron. In the present study, we have shown a dose-dependent
inhibition of I, by exogenous dopamine. Cholinergic interneu-
rons express both D, and D5 dopamine receptors (Yan et al.,
1997). The modulatory effects of D5 receptor activation on I, are
inconsistent (Aosaki et al., 1998; Pisani et al., 2003) as D,-like
receptor agonist SKF38393 slightly affects I;, in about half of the
neurons. Our data suggest that D5 receptors may not be involved
in the dopaminergic modulation of I,,. Instead, D, receptor acti-
vation is responsible for the dopaminergic inhibition of I, in
cholinergic interneurons. The most convincing evidence comes
from the data that D,-like receptor agonist quinpirole mimicked
the inhibitory effects of dopamine, and that the effects of dopa-
mine could be blocked by D,-like receptor antagonist sulpiride,
but not by D,-like receptor antagonist SCH23390. The finding
that cAMP pathway inhibitor Rp-cAMP occluded the effects of
quinpirole strongly suggests that the dopaminergic modulation
of I, involves a cAMP-dependent mechanism. In addition, the
PKA inhibitor H-89 failed to block the effects of dopamine, indi-
cating that cAMP-dependent PKA activation is not required.
These results are consistent with that the efforts of neuromodu-
lator are most likely mediated by direct binding of cAMP to I,
channels (Pedarzani and Storm, 1995; Robinson and Siegelbaum,
2003). Notably, dopamine resulted in a hyperpolarizing shift of
the voltage-dependent activation of I, which may contribute to
the reduction of this current.

Implications of SAHP modulation in pause response in TANs

In cholinergic interneurons, sSAHP can occur after driven firing
or prolonged subthreshold depolarizations (Bennett et al., 2000,
Reynolds et al., 2004; Wilson, 2005). The amplitude and duration
of SAHP are primarily controlled by complex interactions of ion
currents, among which I, is critical to the recovery from hyper-
polarization and thus determines the duration of sSAHP (Wilson,
2005; Wilson and Goldberg, 2006). Indeed, our data have shown
that partial blockade of I, results in an increase of sSAHP duration.
Previous studies have indicated that sSAHP may underlie the
pause response in cholinergic interneurons (Reynolds et al., 2004;
Wilson and Goldberg, 2006). If so, modulation of I, may affect
the time course of pause in tonic firing. It is known that the pause
response in TAN’s is dependent on dopaminergic activity (Aosaki
et al., 1994a; Watanabe and Kimura, 1998). Our findings, to-
gether with previous observations, suggest that at least three
mechanisms may be responsible for the time course of firing
pause. Firstly, dopamine facilitates sSAHP (both amplitude and
duration) by enhancing excitatory synaptic inputs, probably
through Ds receptor activation (Suzuki et al., 2001; Reynolds et
al., 2004). Secondly, via activating D, receptors, dopamine re-
duces subthreshold sodium currents that may contribute to the
generation of spikes after sSAHP (Maurice et al., 2004). Finally, as
reported in the present study, dopamine causes an increase in
sAHP duration, which results from D, receptor-mediated inhi-
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bition of I;.. In our experiments, activation of D, receptor had no
effect on sSAHP amplitude. The most compelling explanation is
that the calcium channels coupled to I,y are insensitive to D,
receptor activation (Yan et al,, 1997; Goldberg and Wilson,
2005). It is plausible that, although dopamine-induced potentia-
tion of excitatory inputs triggers the occurrence of sSAHP and,
thus, the generation of pause in tonic firing in single-spiking
neurons, inhibition of I, influences the time course of pause re-
sponse. This is consistent with reports that the pause response in
TANs is mainly dependent on D, receptors (Watanabe and
Kimura, 1998). Although it is notable that the time course of
sAHP (and pause) of cholinergic interneurons in vitro differs
from that of TANSs in vivo, our observation may provide some
explanation for the changes in pause response in TANs during
behavioral learning. For example, in addition to an increase in the
number of responsive TANS, the pauses become coordinated and
tend to last longer after conditioning stimuli (Aosaki et al., 1995).
It is possible that the dopaminergic prolongation of sAHP via I,
inhibition may be one of the mechanisms for the longer pause
responses. It has been speculated that the pause periods of most
responsive TANSs are likely overlapping (Aosaki et al., 1995). If
this is true, prolongation of sSAHP, which increases pause dura-
tion, may contribute to the coordination of pause responses. Fur-
thermore, D, receptor-mediated I, inhibition is sufficient to
cause a suppression of tonic firing, which may account for the
pause response in TANs without preceding excitation. In be-
having animals, midbrain dopamine neurons and striatal
TANs show coincident responses to rewards and signals pre-
dicting rewards, with burst firing and firing pause, respectively
(Morris et al., 2004). It is suggested that the pause response in
TANs may provide a time window for dopamine to modify the
efficacy of corticostriatal synapses. Therefore, dopamine-
dependent modulation of pause duration may affect the syn-
aptic plasticity in corticostriatal circuit, which is crucial to
behavioral learning.
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