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Activation of B1-Adrenoceptors Excites Striatal Cholinergic
Interneurons through a cAMP-Dependent, Protein Kinase-
Independent Pathway
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Therole of noradrenergic neurotransmission was analyzed in striatal cholinergicinterneurons. Conventional intracellular and whole-cell
patch-clamp recordings were made of cholinergic interneurons in rat brain slice preparations. Bath-applied noradrenaline (NA) (1-300
M) dose-dependently induced both an increase in the spontaneous firing activity and a membrane depolarization of the recorded cells.
In voltage-clamped neurons, an inward current was induced by NA. This effect was not prevented by a-adrenoceptor antagonists,
whereas it was mimicked by the 3-adrenoceptor agonist isoproterenol and blocked by the 31 antagonists propranolol and betaxolol.
Interestingly, forskolin, activator of adenylate cyclase, mimicked and occluded the membrane depolarization obtained at saturating
doses of both dopamine and NA. Accordingly, SQ22,536, a selective adenylate cyclase inhibitor, reduced the response to NA. Analysis of
the reversal potential of the NA-induced current did not provide homogeneous results, indicating the involvement of multiple membrane
conductances. Because cAMP is known to modulate I , the effects of ZD7288, a selective inhibitor of I, current, were examined on the
NA-induced membrane depolarization/inward current. ZD7288 mostly reduced the response to NA. However, both KT-5720 and H-89,
selective protein kinase A (PKA) blockers, failed to prevent the excitatory action of NA. Likewise, calphostin C, antagonist of PKC,
genistein, inhibitor of tyrosine kinase, and 8-Bromo-cGMP, blocker of PKG, did not affect the response to NA. Finally, double-labeling
experiments combining B1-adrenoceptor and choline acetyltransferase immunocytochemistry by means of confocal microscopy re-
vealed a strong 31-adrenoceptor labeling on cholinergic interneurons. We conclude that NA depolarizes striatal cholinergic interneurons

via B1-adrenoceptor activation, through a cAMP-dependent but PKA-independent mechanism.
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Introduction

The locus coeruleus, the origin of noradrenergic fibers innervat-
ing the forebrain, has been found to be affected in Parkinson’s
disease (PD) (Bernheimer et al., 1973; Mavridis et al., 1991; Gesi
et al., 2000). Clinical and experimental evidence suggests that
degeneration of the locus coeruleus might be partially responsible
for certain symptoms of PD. Indeed, the significant loss of nor-
adrenergic innervation has been shown to cause behavioral man-
ifestations such as loss of attention and interests, somnolence,
and depression (Mavridis et al., 1991; Gesi et al., 2000). In vivo
recordings from striatal neurons of behaving monkeys have dem-
onstrated that different neuronal subtypes are enrolled in specific
aspects not only related to motor planning and execution, but
also to cognitive and motivational functions. Tonically active
neurons (TANs) represent a peculiar class of striatal interneurons
that respond in a temporally related manner to stimuli that are
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conditioned by association with primary rewards. There is rea-
sonable evidence that among striatal neuronal subtypes, TANs
correspond to the large aspiny cholinergic interneurons (Gray-
biel et al., 1994; Kawaguchi et al., 1995). These interneurons show
an irregular tonic firing of 3-9 Hz in the absence of movements
(Kimura, 1990; Wilson et al., 1990; Apicella et al., 1991) and a
tendency to discharge synchronously in pairs (Raz et al., 1996,
2001). Although TANs account for the remaining 2% or less of
the total neuronal striatal population, they are unique in their
responsiveness to behavioral signals in classical conditioning
tasks (Apicella et al., 1991, 1997, 1998; Graybiel et al., 1994). The
dopaminergic innervation of the striatum is critical for these
mechanisms because of its influence on a wide range of high
order functions of the brain, including sensorimotor integration
attention, memory, and motivational processes that operate in
behavioral learning (Graybiel et al., 1994; Watanabe and Kimura,
1998). Accordingly, unilateral dopamine (DA) loss in monkeys
treated with the toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine hydrochloride (MPTP), which is able to destroy the
nigrostriatal dopaminergic pathway, dramatically reduced the
responsiveness of in vivo recorded TANs (Aosaki et al., 1994; Raz
et al, 1996). More importantly, the reinstatement of TAN
responses by the dopaminergic agonist apomorphine in MPTP-
treated monkeys suggests that DA is essential in establishing the
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expression of motor-related behavior in the striatum (Aosaki et
al., 1994).

Previous studies on the distribution of B-adrenergic sites in
the human brain have shown that 81 receptors are most enriched
in the neostriatum and globus pallidus and 32 sites predominat-
ing in the cerebellum (Pazos et al., 1985). Given the importance
of catecholaminergic transmission in the control of motor and
behavioral aspects of striatal function and the prominent distri-
bution of adrenoceptors in this brain area, we investigated the
role of NA on cholinergic interneurons and the possible interac-
tions with the DA system. Such functional interplay might have
potential implications in the pharmacological approach to PD
and motor complications related to long-term treatment with
DA precursors.

We characterized the pharmacological aspects of NA-
mediated excitation and identified the adrenoceptor subtype in-
volved. By means of a immunohistochemical approach, we dem-
onstrated the presence of Bl-adrenoceptors on this neuronal
subtype. Then, the transduction mechanism was analyzed using a
pharmacological approach. From these results it is concluded
that activation of B1l-adrenoceptors depolarizes cholinergic in-
terneurons by modulating multiple membrane conductances via
a cAMP-dependent but protein kinase A (PKA)-independent
mechanism.

Materials and Methods

Tissue preparation. The animal experimental protocols performed in this
study were in accordance with the guidelines of the European Union
Council (86/609/EU) and the Animal Act (1986). All efforts were made to
minimize animal suffering and the number of animals used. Preparation
of striatal slices has been described previously in detail (Calabresi et al.,
1998; Pisani et al., 1999, 2000). Male Wistar rats, 3—4 weeks old, were
anesthetized and killed by cervical dislocation. After rapid removal of the
brain from the skull, corticostriatal coronal slices (180200 wm) were
prepared from tissue blocks with the use of a vibratome in oxygenated
Krebs’ solution (see composition below) maintained at 33°C. Slices were
left to recover for 30—60 min. Then a single slice was transferred in a
recording chamber (0.5-1 ml volume) mounted on the stage of an up-
right microscope (Zeiss Axioskop FS) equipped with a 60X, 0.90 numer-
ical aperture water immersion objective (LUMPlan FI, Olympus) and
submerged in a continuously flowing (2—3 ml/min) solution at 33-34°C
gassed with 95% O,/5% CO,. At this flow rate, chemicals reached the
chamber within 30-50 sec. The composition of the solution was (in mm):
126 NaCl, 2.5 KCl, 1.3 MgCl,, 1.2 NaH,PO,, 2.4 CaCl,, 10 glucose, 18
NaHCO,.

Differential interference contrast infrared videomicroscopy. Individual
interneurons were visualized in situ using a differential interference con-
trast (DIC) (Nomarski) optical system combined with an infrared (IR)
filter, a monochrome CCD camera (C3077, Hamamatsu, and an 11 inch
monitor (Sony). Cholinergic interneurons were impaled under visual
guidance, according to their characteristic shape and size, between 50
and 100 wm beneath the surface of the slice.

Electrophysiological recordings. Intracellular sharp microelectrode re-
cordings were performed in the current-clamp mode with electrodes
filled with 2 M KCl. An Axoclamp 2B was used for such experiments.
Traces, displayed on an oscilloscope (Gould Classic 6000), were acquired
and stored on AxoScope 7.0 (Axon Instruments, Foster City, CA) run-
ning on a PC, and off-line analysis was performed with pClamp 8
(Clampfit). Whole-cell patch-clamp recordings were made with borosili-
cate glass pipettes (1.8 mm outer diameter; 3—5 M{}) containing (in mm):
125 K +—gluconate, 10 NaCl, 1.0 CaCl,, 2.0 MgCl,, 0.5 BAPTA, 19
HEPES, 0.3 GTP, 1.0 Mg-ATP, adjusted to pH 7.3 with KOH. Membrane
currents were monitored using an Axopatch 1D patch-clamp amplifier
(Axon Instruments). Whole-cell access resistances measured in voltage
clamp were in the range of 5-30 M() before electronic compensation
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(60—80% was routinely used). Voltage ramps and digital subtractions of
the resulting currents were obtained by using pClamp 8 software.

To compare correctly current—voltage relationships before and after
NA perfusion, series resistance (8—15 M{)) were monitored by the peak
amplitude of the capacitive transient induced by a —5 mV step applied
before a voltage ramp (from —120 mm to —40 mV, 6 mV/sec). Neurons
in which series resistance changed by >10% during NA application were
discarded from the statistics. Intrastriatal synaptic stimulation evoked
EPSCs in the recorded cells. The amplitude of averaged EPSCs was mea-
sured before and after drug application.

Values given in the text and in the figures are mean * SEM of changes
in the respective cell populations. Student’s ¢ test (for paired and un-
paired observations) was used to compare the means. Action potential
frequency was analyzed off-line using the Mini Analysis Program (Syn-
aptosoft). Values given in the text and in the figures are mean = SEM of
changes in the respective cell populations. Student’s ¢ test (for paired and
unpaired observations) was used to compare the means.

Drug source and handling. Betaxolol, genistein, propranolol, forskolin,
ZD7288, phenylephrine, maprotiline, and desipramine were from Tocris
Cookson (Bristol, UK); clonidine, noradrenaline, isoproterenol, TTX,
and SQ22,536 were from Sigma (Milan, Italy); H-89, KT-5720, and cal-
phostin C were purchased from Alomone Labs (Jerusalem, Israel). Co-
caine was a gift from Dr. N. B. Mercuri (Fondazione Santa Lucia
LR.C.C.S., Rome, Italy).

Drugs were applied by dissolving them to the final concentration in the
saline and by switching the perfusion from control saline to drug-
containing saline, after a three-way tap had been turned on.

Immunohistochemistry. We evaluated the possible expression of nor-
adrenergic fibers in the rat striatum by means of DA B-hydroxylase
(DBH) antibodies and the distribution of B1-adrenoceptors by using
selective antibodies for B1 receptors. The cell type-specific expression of
B1 receptor subtype was studied in large interneurons of rat striatum by
means of double-labeling immunocytochemistry. Animals were anesthe-
tized deeply with chloral hydrate (400 mg/kg, i.p.) and perfused through
the ascending aorta with a solution of NaCl for 5 min, followed by 4%
paraformaldehyde in 0.1 M PB, pH 7.4, for 30 min. Brains were removed
from the skulls, postfixed in 4% paraformaldehyde for 2 hr, and then
placed in PBS for 20 min at 4°C. Coronal sections were cut (50 wm thick)
with a vibratome and collected in 0.1 m PBS, pH 7.4. For DBH and
Bl-adrenoceptor immunoreactivity, sections were preblocked by incu-
bating in goat serum (10% in PBS) for 1 hr at room temperature and
incubated in a solution containing anti-DBH (mouse anti-DBH, 1:100;
Chemicon) or anti-B1-adrenoceptor (rabbit anti-B1, 1:100; Sigma) di-
luted in 0.1 M PB containing 0.3% Triton X-100 and 2% goat serum for 24
hr at room temperature. Control sections were incubated in preimmune
serum instead of primary antibody. After several washes in PBS, the
sections were incubated in a solution containing biotinylated anti-mouse
or anti-rabbit antibodies (goat anti-rabbit/mouse 1:100; Vectastain Elite)
and ABC. Then, the peroxidase reaction was revealed by incubating in
PBS plus 3,3’-diaminobenzidine (0.05%) and H,0, (0.003%). This re-
action produced a dark-brown staining of the sections. Then, sections
were mounted on gelatin-coated slides and observed at the light micro-
scope. A dual-labeling immunofluorescence study was performed to de-
termine the Bl-adrenoceptor immunoreactivity in striatal cholinergic
neurons. Thus, sections were incubated in a solution containing anti-31
receptor (1:100 rabbit, anti-B1-receptor; Sigma) and anti-choline acetyl-
transferase (ChAT) (1:500, mouse anti-ChAT; Chemicon) diluted in PB
0.1 M—0.3% Triton X-100 for 24 hr at room temperature. After repeated
washes in PBS, sections were incubated in a solution containing goat
anti-rabbit IgG fluorescein-conjugated secondary antibody (FITC) (Sig-
ma) at a dilution of 1:100 and horse anti-mouse IgG rhodamine-
conjugated secondary antibody (TRITC) (Sigma) at a dilution of 1:100
for 2 hr at room temperature and then washed in PBS and mounted in
anti-fading medium (Vectashield, Vector). The immunolabeled sections
were observed under an epiluminescent microscope (Olympus BX51)
and subsequently with a Zeiss LSM 510 confocal laser scanning micro-
scope (CLSM) (Zeiss). From each animal a set of five sections was se-
lected along the rostrocaudal extent of the dorsal striatum. Both hemi-
spheres were examined for each section. Then, striatal labeling for ChAT
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and B1-adrenoceptor was examined in three separate fields (dorsolateral,
medial, and one in the middle, each of 1 mm diameter) using a 20X
objective lens (Zeiss). The number of ChAT neurons immunolabeled for
or devoid of Bl receptors was counted. The distribution of B1-
adrenoceptor immunoreactive neurons among the cholinergic interneu-
rons was evaluated by using a Pearson x~ test.

Results

Identification of the recorded neurons

The results presented were obtained from 198 striatal interneu-
rons identified as cholinergic large aspiny interneurons. By
means of IR-DIC videomicroscopy, the large and polygonal
shape of the soma allowed the visual identification of these cells
up to ~80 wm beneath the surface of striatal slices. These neu-
rons displayed electrophysiological characteristics that have been
attributed previously to striatal cholinergic interneurons
(Kawaguchi, 1993; Kawaguchi et al., 1995; Aosaki et al., 1998;
Bennett and Wilson, 1999; Pisani et al., 1999). Approximately
half of the recorded cells showed a spontaneous, tonic, irregular
action potential discharge. The overall resting membrane poten-
tial was close to firing threshold (—60 = 4.5 mV). A high input
resistance (145 * 56 M{)) was another distinctive feature of these
cells, measured with intracellular sharp electrodes. In the whole-
cell configuration, the input resistance was 375 = 61 M{). Injec-
tion of small depolarizing current pulses elicited few action po-
tentials (amplitude 68 = 10 mV; width 1.4 £ 0.5 msec) followed
by an afterhyperpolarization of larger amplitude and longer du-
ration (350 * 130 msec). Hyperpolarizing current pulses (100—
400 pA, 1-3 sec) evoked a prominent sag that has been attributed
to a hyperpolarization-activated cation current (I,) (Jiang and
North, 1991; Kawaguchi 1993; Aosaki et al., 1998). All of the
results shown in the present study were obtained from neurons
with these electrophysiological characteristics.

Noradrenaline excites cholinergic interneurons and increases

spontaneous firing rate

Brief bath application of NA (1-300 uM) invariably induced a
membrane depolarization that was sufficient to trigger a train of
action potentials in the recorded neurons (Fig. 1 Aa). The depo-
larizing effect persisted in the presence of 1 um TTX, excluding an
involvement of both TTX-sensitive transmitter release and
voltage-gated Na ™ channels (Fig. 1Ab). A dose-response curve
for the excitatory effect produced by NA revealed an EC;, of
16.8 = 1.28 uM (Fig. 1 B) (n = 49), with a peak effect at 100 pMm.
Part of the recorded cells exhibited a spontaneous firing activity.
In all of these recorded neurons, perfusion with NA (10 um)
induced a rapid increase in the firing activity (Fig. 1C,D) (n = 35;
p < 0.001) that slowly returned to control values ~20 min after
drug washout.

The excitatory effect of NA was also analyzed under whole-cell
voltage-clamp at a holding potential of —60 mV. In the presence
of TTX (1 uM) in the external solution, NA caused an inward
current in all the recorded neurons (n = 26), with an average
amplitude of the NA-induced current of 43.2 = 9.1 pA (Fig. 2A).
To identify the conductances underlying the NA-induced inward
current, current—voltage relationships were obtained with volt-
age ramps (from —120 to —40 mV), applied before and during
the maximal effect of NA. In 13 of 26 cells, the NA-induced
inward current was associated with a reduction in membrane
conductance and had an apparent reversal potential close to
—120 mV (Fig. 2Ba) (n = 13). Instead, in seven other neurons,
the NA-induced inward current was coupled to an increase in
membrane conductance and had an estimated reversal potential
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Figure 1.  Noradrenaline excites cholinergic interneurons. 4, Brief bath perfusion with nor-

adrenaline (NA) (50 wum, 40 sec) induced a membrane depolarization leading the cell to action
potential discharge (). This excitatory action was reversible after drug washout. In the pres-
ence of TTX (1 pum), NA produced a similar membrane depolarization, ruling out a TTX-sensitive
transmitter release (b). B, Dose—response curve of NA-induced membrane depolarization. EC;,
was 16.8 = 1.28 um. (, In spontaneously firing interneurons, NA (10 wm, black bar) signifi-
cantly increased the frequency rate of action potentials (the dotted line shows the trace at
higher sweep speed), returning to control 15-20 min after drug washout. Interruption of the
trace between two dashed lines indicates >15 min drug wash-out. D, Time-frequency histo-
grams of spontaneous action potentials recorded in current-clamp mode in control condition
and in the presence of NA 10 m (black bar).

of —45 to —20 mV (Fig. 2Bb) (n = 7). In the remaining six
neurons, no clear changes in membrane conductance were ob-
served, and the current—voltage relation did not appear to cross in
the voltage range tested or at more positive or negative values
(Fig. 2Bc) (n = 6). These results were confirmed by digital cur-
rent subtraction in the three distinct groups of neurons to calcu-
late the net NA-induced current (Fig. 2 B). To evaluate the rela-
tive contribution of potassium currents, in another set of
experiments the NA-induced inward current was analyzed by
changing the extracellular potassium concentrations ([K*],)
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Figure2. Multiple conductances underlie the NA-induced response. Voltage ramps (from —120to —40mV) wereappliedto  betaxolol (data not shown; p < 0.05). Both

cholinergic interneurons before and during the peak effect produced by NA application (100 wm). A, NA-induced inward current
in a voltage-clamped interneuron (holding potential —60 mV). The deflections represent the voltage ramps applied before,
during the maximal effect of NA, and after drug washout. B, Representative example of a recording in which the estimated reversal
potential was close to — 120 mV (a). In another set of recordings the apparent reversal potential was close to —40 mV (b). In the
remaining cells, the current—voltage relation did not appear to cross in the voltage range tested or at more positive or negative
values (c). The traces shown on the right represent the net NA current recorded at different voltage values obtained by digital
subtractions for the corresponding /—V curves shown on the left. C, Changes in extracellular potassium concentration modify the

amplitude of the NA-induced current in a dose-dependent manner.

(2.5mM, n =7;5mM, n = 5;7.5mM, n = 5). A dose-dependent
reduction in the NA-induced current amplitude was observed,
supporting an involvement of potassium ions as major carrier of
the NA current (Fig. 2C).

PB1-adrenoceptors mediate the noradrenergic response in
cholinergic interneurons

To identify the receptor subtype involved in the excitatory effect
produced by NA, we used pharmacological agents capable of dis-
tinguishing between NA receptor subtypes. In particular, we
tested the broad spectrum B-adrenoceptor antagonist proprano-
lol (30 wm, 20 min preincubation) or the selective B1-
adrenoceptor antagonist betaxolol (10 uM, 20 min pretreat-
ment). The membrane depolarization induced by NA (30 um)

the dose-response curve for isoproterenol
and the ECs, value resembled those ob-
tained with NA (3 um = 2.1 £ 0.3 mV; 10
UM =4+ 0.2mV;30 uM = 8 = 1.4mV; 50
UM =94 £2mV; 100 um = 11.3 * 2.1
mV; 300 um = 10.7 £ 1.9 mV;
EC5y = 20.4 = 1.2 pum; n = 12; data not
shown). The two curves for NA and iso-
proterenol were not statistically different
(p > 0.05). In another set of experiments we tested selective
drugs acting at a-adrenoceptors. The a-1-adrenoceptor antago-
nist prazosin (0.3 uM) was bathed in the perfusing solution 15-20
min before NA (50 um) application. However, no detectable ef-
fect was obtained on the NA-induced membrane depolarization
(Fig. 3D) (control = 10.1 * 1.2 mV;in prazosin = 9.6 = 0.9 mV;
n = 7; p > 0.05). Similarly, the a-2-adrenoceptor antagonist
yohimbine (1 uM, 20 min pretreatment) failed to alter the re-
sponse to NA (control = 9 = 2.9 mV; in yohimbine 10.9 = 1 mV)
(Fig. 3D) (n = 5; p > 0.05). Accordingly, bath application of both
phenylephrine (10 uM; n = 4) and clonidine (10 uM; n = 4)
agonists at the -1 and a-2-adrenoceptor subtypes, respectively,
failed to affect the resting membrane potential as well as the input
resistance of the recorded cells ( p > 0.05; data not shown). Fi-
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Pharmacology of the noradrenergic excitation of cholinergicinterneurons. 4, In the presence of TTX, the membrane depolarization caused by NA (30 wum) was mostly reduced when the

slice was pretreated with betaxolol (10 ) (). Isoproterenol (30 wum), a 31-adrenoceptor agonist, mimicked the NA-induced membrane depolarization. B, Similarly, time-frequency histograms
show the increase in number of action potentials induced by bath-applied NA (30 wum), prevented by pretreatment with the 31-adrenoceptor antagonist betaxolol (10 rum). Pretreatment with
betaxolol is indicated by the interruption on the x-axis. C, Dose—response curve of the membrane depolarization, expressed as percentage of maximal response, caused by increasing doses of NA
(0.3-1000 g, filled circles) in control conditions and in the presence of betaxolol (10 wum, open triangles). The rightward shift revealed the competitive nature of its antagonism. The ECy, for the
NA response was dramatically increased in betaxolol, whereas the Hill slope did not differ significantly (for details, see Results). D, Summary plot of noradrenergic drugs tested on the NA-induced
membrane depolarization: prazosin (0.3 wum), yohimbine (1 wum), propranolol (30 wum), and betaxolol (10 wm). *p << 0.01; **p << 0.001.

nally, we analyzed the possible synaptic effects mediated by 1-
adrenoceptors on amplitude of synaptic potentials evoked by in-
trastriatal stimulation. Indeed, because isoproterenol application
produced a significant membrane depolarization, these experi-
ments were performed in the whole-cell configuration by analyz-
ing changes in EPSCs amplitude. The synaptic response to iso-
proterenol, however, was negligible in the recorded cells (30 uM,
5 min; n = 5; p > 0.05; data not shown).

Adenylate cyclase activation is required for the excitatory
effect of NA

Bl-adrenoceptors are known to be positively coupled to G, class
protein and to an adenylate cyclase-cAMP pathway. Hence, it was
our aim to test the effects of forskolin, a lipophilic adenylate
cyclase activator, on the excitability of these interneurons. In
current-clamp recordings, brief bath application of forskolin
(3-30 uM) mimicked the membrane depolarization caused by
NA in a dose-dependent manner, leading the cell to action po-
tential discharge (Fig. 4A) (n = 20; p < 0.001). In whole-cell
voltage-clamp recordings, a saturating dose of forskolin (30 um)
induced a large inward current (88 * 18.6 pA). Because activa-
tion of adenylate cyclase would mimic both DA and NA actions,
we performed occlusion experiments, among forskolin, DA, and

NA. As shown in Figure 4B, the effects of 100 um DA were no
longer evident after the forskolin-induced inward current
reached a steady state. Interestingly, even the addition of NA (100
uM) did not induce any further current (Fig. 4B) (n = 115 p >
0.05). Finally, to verify the involvement of cAMP in the B1-
adrenoceptor-mediated effect, the selective adenylate cyclase in-
hibitor SQ22,536 was tested. Pretreatment with Q22,536 (300
M, 15-20 min) significantly reduced both the membrane depo-
larization (Figs. 4C, 6 B) (51 % 11% of control; n = 8; p < 0.001)
and the increase in firing frequency induced by 50 um NA (Fig.
4D) (n = 6; p < 0.0001). These results suggest that adenylate
cyclase transduces B1-adrenoceptor-mediated excitation in stri-
atal cholinergic interneurons.

Pharmacological analysis of the possible NA/DA interaction

The observation that both DA and NA converge on cAMP acti-
vation and, on the other hand, the mismatch between the paucity
of noradrenergic innervation and the clear Bl-adrenoceptor-
dependent pharmacological effect led us to address a crucial is-
sue: do DA and NA interact within the striatum? To answer this
question, distinct groups of experiments were performed. First,
we tested whether the NA response was affected by blocking D1-
like DA receptors. In the presence of 10 um SCH23390, the mem-
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Figure 4.  cAMP activation mediates the membrane depolarization induced by noradrena-
line. 4, The adenylate cyclase activator forskolin (30 wum, 5 min) induced a membrane depolar-
ization and action potential discharge. B, A whole-cell voltage-clamp recording showing the
inward current induced by a saturating dose of forskolin (30 rum). When both NA (100 M) and
DA (100 um) were added to the perfusing solution at the steady-state level of forskolin-induced
inward current, no further effect was observed. C, In the presence of the selective adenylate
cyclase inhibitor 5Q22,536 (300 tum, 20 min preincubation), the response to NA (50 wum, 40 sec)
was mostly attenuated. D, Similarly, the increase in firing frequency induced by 50 um NA was
prevented by pretreatment with 5Q22,536 (300 m).

brane depolarization induced by 50 um NA was unaffected (con-
trol = 9.21 = 1.4 mV; SCH23390 = 9.98 = 0.7 mV) (Fig. 5Aq)
(n = 12; p > 0.05). Then, the response to DA was tested in the
presence of betaxolol. DA (100 uM, 1 min) produced a mem-
brane depolarization that was not significantly altered by 10 um
betaxolol (control = 9.5 + 4.2 mV,; betaxolol = 10.1 + 4.4 mV)
(Fig. 5Ab) (n = 9; p > 0.05). As expected, the DA response was
fully blocked by the selective D1-like receptor antagonist
SCH23390 (Fig. 5Ac) (n = 6; p < 0.001). By increasing DA con-
centration up to 300 uM in the presence of SCH23390 in the
bathing solution, a further, residual depolarizing response could
be detected (Fig. 5Ad) (3.6 = 0.3 mV; n = 11). In this condition,
with 10 uM betaxolol in the perfusing medium, the depolarizing
effect of 300 uMm DA was blocked (Fig. 5Ad) (n = 11; p < 0.05). To
further verify a possible DA/NA interaction, we performed occlu-
sion experiments (Fig. 5Ae) (n = 6; p > 0.05). Bath application of
a saturating dose of NA (50 uM) depolarized the cell membrane.
At the steady-state level of NA-induced depolarization, DA (100
uM) was added to the perfusing solution, but no further depolar-
izing effect was recorded. With NA in the bathing solution, the
recorded cell was repolarized to the control membrane potential
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by injecting hyperpolarizing current through the recording
electrode. In this condition, application of 100 um DA failed to
cause any detectable change in the membrane potential of the
cell (Fig. 5Ae).

To investigate the role of endogenous striatal DA and NA, a
second group of data were collected by using drugs able to inter-
fere with monoamine reuptake. Bath application of cocaine (30
1M, 1 min) induced a slow and long-lasting membrane depolar-
ization in the recorded interneurons (Fig. 5Ba) (8.6 £ 6.1 mV;
n = 10; p < 0.05). Interestingly, this effect was fully prevented by
pretreatment with SCH23390, suggesting a DA-mediated re-
sponse (Fig. 5Ba) (n = 9; p < 0.05). Finally, after perfusion with
the selective NA reuptake blocker, desipramine (10—-100 uMm), no
significant change in the membrane potential was detected (Fig.
5Bb) (n = 9; p > 0.05). Similarly, another selective inhibitor of
NA reuptake, maprotiline (10—100 uM), was unable to cause any
significant change in the membrane properties of the recorded
interneurons (data not shown; n = 6; p > 0.05).

The cAMP-dependent effect on I, partially accounts for the
response to NA

In the striatum, the cholinergic interneuron is the only neuronal
subtype expressing I;, current (Kawaguchi, 1993; Kawaguchi et
al,, 1995). I, is a nonselective cation current activated on hyper-
polarization and is widely distributed in neuronal subtypes. This
current has been shown to be blocked by cesium ions (Jiang and
North, 1991) and by ZD7288 with reasonable selectivity (Chapin
and Andrade, 2001). A key feature of I, is represented by its
regulation by cAMP. Indeed, elevation of intracellular cAMP has
been shown to shift the voltage dependence of activation of I, to
more depolarized potential, thus resulting in a cell excitation
(DiFrancesco and Tortora, 1991). Thus, in another set of exper-
iments, we tested ZD7288 (10-50 uM) on the NA-induced
response.

In both current-clamp and voltage-clamp experiments,
ZD7288 (20 uM) mostly reduced the hyperpolarization-activated
I, (Fig. 6Aa) (n = 8; p < 0.01). Moreover, pretreatment of the
slices (20—30 min) with ZD7288 mostly reduced the membrane
depolarization induced by 50 um NA (Fig. 6 Ab,B) (36 * 8.6% of
control; n = 9; p < 0.01). These findings support the hypothesis
that at least partially, a cAMP-dependent regulation of I;, current
is involved in the B1-adrenoceptor response.

Because elevation of intracellular cAMP has been shown to be
involved also in the response of cholinergic interneurons to DA
and D1-like agonists (Aosaki et al., 1998), we tested whether the
response to DA was affected by blocking I, current. In experi-
ments performed in the current-clamp mode, the membrane de-
polarization induced by bath-applied DA (100 uM, 1 min) was
significantly reduced by pretreatment with ZD7288 (data not
shown; 20 um; 44 * 11% of control; n = 9; p < 0.005). Similarly,
the D1-like DA receptor agonist depolarized the recorded cell
SKF38393 (10 uM, 1 min; 9 = 5.1 mV; n = 5); preincubation with
ZD7288 mostly decreased the membrane response to SKF38393
(data not shown; 20 uM; 41 * 8.7% of control; n = 5; p < 0.005).
Together, these results support the idea that NA and DA share
common transduction mechanisms that are linked, at least in
part, to common effects on ion conductances.

Protein kinase activation is not required for the excitatory
action of NA

The observation that forskolin mimicked the NA-induced
response led us to suppose that a cAMP/PKA cascade would un-
derlie the Bl-adrenoceptor-mediated effect. Thus, slices were
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pretreated with the PKA-selective inhibi-
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cation (50 wM) was unaffected (control =
11 £2.2mV;H-8910 um = 10 = 1.7 mV;
control = 9.87 = 1.2 mV; KT-5720 5 uMm
=10 = 1.1 mV) (Fig. 6B) (n = 13; p >
0.05), ruling out an involvement of PKA.

To verify whether protein kinases,
other than PKA, were involved in the NA-
mediated response, we screened other ki-
nase inhibitors. A summary of all the com-
pounds tested is shown in Figure 6 B. In
detail, the PKCinhibitor calphostinC (1-2 e
M) was bathed 20 min before the NA ap-
plication. However, NA (50 um) was still
able to depolarize the cell membrane (con-
trol = 9.5 * 2.3 mV; calphostin C =
10.1 = 1 mV) (Fig. 6 B) (n = 6; p > 0.05).
Similarly, the tyrosine kinase-selective in-
hibitor genistein (30 uM, 20 min preincu-
bation) failed to alter the response to NA
(control = 9.8 = 1.1 mV; genistein =
9.9 = 2 mV) (Fig. 6B) (n = 5; p > 0.05). b
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Finally, both the soluble guanylyl cyclase desipramine 10 mV
inhibitor 1H-[1,2,4]oxadiazolo[4,3-a]quin- —
PSSy min

oxalin-1-one (ODQ) (10 puM; n = 3; p >
0.05; data not shown) and the protein ki-
nase G inhibitor 8-Bromo-cGMP (1 um),
applied intracellularly in the recording
electrode, had no detectable effect on the
membrane depolarization produced by
NA (control = 11.1 = 0.5 mV; ODQ =
9.8 £ 1.4 mV; 8-Bromo-cGMP = 9.7 £ 2
mV) (Fig. 6B) (n = 3; p > 0.05). The lack
of effect of ODQ and 8-Bromo-cGMP was
reliable because both drugs were able to
block the excitatory effect produced by the
nitric oxide donor hydroxylamine, which
has been shown to act via a cGMP-protein kinase G (PKG)-
dependent pathway (Centonze et al., 2001) (data not shown).

Figure 5.

recorded interneuron (b).

Coexpression of ChAT and

B1l-adrenoceptor immunoreactivity

In addition to the pharmacological identification of the receptor
subtype involved in the NA-mediated excitatory effect, we ana-
lyzed the pattern of B1-adrenoceptor immunoreactivity in stria-
tal cholinergic interneurons identified by ChAT immunoreactiv-
ity. The immunohistochemistry for B1-adrenoceptors showed a
dense and diffused labeling of the striatum along the rostrocaudal
extent of the nucleus. The immunolabeling was localized essen-
tially in the cell body. Most of the B1-receptor immunoreactive
cells were medium sized, whereas few of them appeared larger
and round in shape, resembling cholinergic interneurons (Fig.
7A,D). These neurons were more numerous in dorsolateral re-
gions of the striatum than in medial and caudal ones. Our immu-
nofluorescence study showed strongly immunopositive neurons
for ChAT, distributed without a particular pattern. The fluores-
cent marker was localized in the cell body of these neurons, al-
though neuropil appeared to be lightly labeled (Fig. 7B,E). When
the two fluorescent markers for ChAT and B1-adrenoceptor were

Pharmacological analysis of DA/NA interaction. A, NA application (50 wm, T min) induced a membrane depolariza-
tion that was unaffected by pretreatment with 10 um SCH23390 (). Similarly, the excitatory effect caused by 100 um DA was not
prevented by betaxolol (10 wum) (b). Conversely, bath-applied DA (100 wum, 1 min) was able to depolarize the cell via D1 DA
receptor activation. In fact, SCH23390 (10 wum) prevented the DA response (). In the presence of SCH23390, high DA concentra-
tions (300 um) were still able to induce a residual membrane depolarization. The addition of betaxolol (10 wum) to the perfusing
solution blocked the DA-induced depolarizing response (d). The membrane depolarization induced by NA (50 wum) occluded the
excitatory response to DA. Indeed, at the steady-state level of the NA response, the cell was repolarized by injecting negative
current into the cell (150 pA); in this condition DA application was ineffective (). B, Bath application of cocaine (30 wum) caused a
slow membrane depolarization, fully blocked by pretreatment with the D1-like DA receptor antagonist SCH23390 (10 ) (a).
Instead, the selective NA uptake blocker desipramine (100 wum) caused no change in the resting membrane potential of the

merged, a significant superimposition was observed (Fig. 7C,F)
(62 = 1.1%; p < 0.001; n = 124).

DBH immunoreactivity in the striatum

In a final set of experiments we tested for the DBH immunoreac-
tivity in striatal sections. DBH immunoreactivity showed a dif-
fuse network of varicose nerve fibers in the cerebral cortex and
medial septal nuclei, whereas the DBH immunoreactivity was
virtually absent in the underlying striatum (data not shown).

Discussion

Pharmacological analysis of the noradrenergic response

Our pharmacological analysis allows the identification of the re-
ceptor signaling the NA-induced depolarization in cholinergic
interneurons. The first line of evidence derives from the data
obtained with isoproterenol, a nonselective [B-adrenoceptor
agonist that mimicked the effects produced by NA: both the
membrane depolarization and the increase in firing rate of the
recorded neurons were reproduced by isoproterenol, in a dose-
dependent manner. Second, the sensitivity to both propranolol
and to the more selective B1-adrenoceptor antagonist betaxolol is
consistent with the involvement of B1-adrenoceptors. The com-
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Figure6. Noradrenaline response involves a modulatory action on /.. A, Pretreatment of the

slice with the selective inhibitor of the /, current, ZD7288 (20 m, 20 min), abolished the /,
evoked by hyperpolarizing voltage steps (). Accordingly, the depolarizing response to 50 um
NA was mostly reduced by 20 um ZD7288 (b). B, Summary plot of the pharmacological analysis
of the post-receptor mechanisms involved in 31-adrenoceptor-mediated response. The ade-
nylate cyclase inhibitor Q22,536 and the /, blocker ZD7288 were the only drugs tested that
were able to affect the NA-induced excitation. Conversely, a dopamine D1 receptor antagonist
SCH23390 (10 ) and two protein kinase A blockers, H-89 (10 M) and KT-5720 (2 um), failed
to affect the response to NA. Likewise, the protein kinase C antagonist calphostin C (1 wm) the
tyrosine kinase blocker genistein (30 wm), and the intracellularly applied PKG inhibitor
8-bromo-cGMP (10 wum) had no effect on the response to NA (*p << 0.01; **p << 0.001).

petitive nature of betaxolol was confirmed (Cavero et al., 1983;
Sharif et al.,, 2001), showing the rightward shift of the dose—
response curve of the membrane depolarization caused by
increasing doses of NA in the presence of betaxolol. A third ob-
servation suggesting the involvement of B1-adrenoceptors is rep-
resented by the finding that forskolin, which increases cAMP
levels, mimicked and occluded the effects of NA. Requirement of
adenylate cyclase activation for the expression of the effects of NA
was also confirmed by the evidence that SQ,22536, an inhibitor of
adenylate cyclase activity, mostly reduced the response to NA.
Finally, the lack of any significant response on the intrinsic mem-
brane properties of the recorded neurons by selective drugs for
al- and a2-adrenoceptor subtypes ruled out the involvement of
a-adrenoceptor subtypes in the noradrenergic effect described.

Ionic and signal transduction mechanisms for the
PB1l-adrenoceptor response

Although the experiments performed by changing the [K*], are
in support of a critical involvement of potassium conductances in
the NA response, the data obtained with the voltage ramps indi-
cate that NA-mediated excitation of striatal cholinergic interneu-
rons might involve multiple ionic conductances. The suppression
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of potassium channels can account for the decrease in membrane
conductance observed in the majority of recorded cells, whereas
in those cases in which an increase in membrane conductance
was obtained, the inward current was most likely caused by an
opening of a nonselective cation channel. Notably, NA has al-
ready been reported to cause neuronal excitation in other neuro-
nal subtypes by suppressing potassium conductances (Pan et al.,
1994; Ansanay et al., 1995) or by opening a nonspecific cationic
conductance (Sun and Guyenet, 1990). In striatal cholinergic in-
terneurons, a similar modulation of different membrane conduc-
tances has been described for the excitatory effect of DA, via
D1-like receptor activation (Aosaki et al., 1998).

In several brain regions, both NA- and serotonin-induced
depolarizations are elicited through modulation of the hyper-
polarization-activated nonselective cation conductance, termed
I,, (McCormick et al., 1991; Shiekhattar and Aston-Jones, 1994;
Cardenas et al., 1999; Saitow and Konishi, 2000; Chapin and
Andrade, 2001). Therefore, we verified whether the modulation
of I, might contribute, at least partially, to the depolarization
evoked by B;-adrenoceptor activation. The evidence that phar-
macological blockade of I, partially reduced the NA-induced
excitation supports the involvement of a hyperpolarization-
activated current in such an effect. Indeed, a crucial characteristic
of I, is its regulation by cAMP. Elevation of intracellular cAMP, in
fact, shifts the voltage dependence of activation of I;, to more
depolarized potentials, thereby activating this current even at
resting membrane potential values (DiFrancesco and Tortora,
1991). Interestingly, we found that similar to what was observed
for the response to NA, both cAMP and activation of I, are im-
plicated in the excitatory effect of DA and D1-like receptor ago-
nists on this striatal cell subtype.

Recent molecular cloning of hyperpolarization-activated cat-
ion channels revealed that the cAMP-binding site located in an
intracellular domain of the channel protein plays a key role in the
modulation of the channel activity (Ludwig et al., 1998). Indeed,
the cAMP-binding site of this channel appeared to be a target of
B-adrenoceptors coupled to cAMP formation via adenylate cy-
clase activation (Madison and Nicoll, 1986; Sun and Guyenet,
1990; Ansanay et al., 1995; Saitow and Konishi, 2000). A recent
study examining the gene expression of hyperpolarization-
activated cation channels in the mouse brain found that the
mRNA for type 4 channel is selectively expressed in large striatal
interneurons, most likely cholinergic (Santoro et al., 2000). No-
tably, one of the distinctive features of type 4 hyperpolarization-
activated cation channels is represented by its capability to
strongly respond to cAMP elevation (Moosmang et al., 1999),
which appears in line with the present results.

The finding that both H-89 and KT-5720, known as selective
PKA blockers, failed to affect the response to NA suggests that
Bl-adrenoceptors transduce their excitatory effect without in-
volvement of PKA-dependent pathways. This notion is in agree-
ment with previous studies showing a 3-adrenergic response to
be mediated by cAMP but independent of PKA (Saitow and Kon-
ishi, 2000). Moreover, our results obtained with several selective
kinase inhibitors seem to exclude an involvement of other pro-
tein kinase-dependent mechanisms in the Bl-adrenoceptor-
mediated action.

Possible interpretations of the NA function in the striatum

The catecholaminergic innervation to the striatum is dopaminer-
gic rather than noradrenergic (Lindvall and Bjorklund, 1974;
Swanson and Hartman, 1975). Accordingly, our results indicate
that the DBH immunoreactivity was sparse throughout the stri-
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Figure 7.
striatum at low magnification. A, 3-1-adrenoreceptor immunoreactivity revealed by FITC (green) fluorescence; medium-sized neurons and a large neuron are immunopositive. 8, ChAT immuno-
reactivity revealed by TRITC (red) fluorescence. G, Merged image. D—F, Same as A—C at high magnification. 31-adrenoceptors colocalize with ChAT in the cholinergic interneuron.

atum. Despite this observation, in the present work we show that
cholinergic interneurons exhibit significant levels of B1-
adrenoceptors. These findings corroborate our pharmacological
investigation and appear in agreement with previous observa-
tions showing an intense labeling of B-adrenoceptors in the stri-
atum (Aoki et al., 1987; Waeber et al., 1991). Moreover, the co-
localization of ChAT and 1-adrenoceptors observed previously
in other brain areas (Nicholas et al., 1993) strengthens the signif-
icance of the pharmacological response to NA. The key issue that
remains unsolved is the source of NA in the striatum. Our mor-
phological data obtained with DBH and pharmacological analy-
sis with desipramine and maprotiline seem to suggest low levels
of noradrenergic innervation.

The dopamine-mediated excitation in the striatum occurs via
activation of D1-like DA receptors, in a cAMP-PKA-dependent
manner (Aosaki et al., 1998); conversely, the NA-dependent ef-
fect requires adenylate cyclase activation but is independent of
PKA involvement. Thus, DA and NA share a common post-
receptor pathway by elevating the levels of intracellular cAMP. Tt
seems plausible that cAMP and cAMP-related mechanisms might
be the final target of both catecholamine actions. Accordingly, we
have shown that both NA and DA exert a modulatory action on I,
current. Moreover, we demonstrated that either DA occludes NA
or NA occludes DA and that pretreatment with forskolin oc-
cludes the response to both DA and NA.

It is now evident that the phenomenon of “heterologous up-
take,” a promiscuous monoamine uptake, takes place in different
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[31-adrenoceptors are expressed, at protein level, on striatal cholinergic interneurons. A—C, CLSM image of dual-label immunofluorescence for ChAT and 31-adrenoceptors in the

brain regions, including the dorsal and ventral striatum (Carboni
et al., 1990; Di Chiara et al., 1992; Mundorf et al., 2001). In
addition, it has been shown that the affinity of DA for NA recep-
tor subtypes is equal if not higher than that of NA for its receptors
(Zhang et al., 1999).

Alternative explanations for mismatch between receptor and
ligand distribution have been considered. First, NA released from
a relatively small group of afferent fibers might act in a paracrine
manner (Kuhar, 1985; Herkenham, 1987). In support of this view
is our finding that the residual membrane depolarization caused
by high doses of DA in the presence of SCH23390 is blocked by
Bl-adrenoceptor antagonists. We are aware that such concentra-
tions might be considered too high. However, interestingly, it has
been demonstrated recently that in response to salient stimuli of
behavioral and motivational significance, DA can be phasically
released in the striatum, reaching elevated concentrations and
recruiting promiscuously B1l-adrenoceptors (Robinson et al.,
2002).

Pharmacological implications

The demonstration of functional B1-adrenoceptors and the ex-
perimental findings supporting a close interaction between DA
and NA within the striatum disclose a potential relevance of these
receptors from pharmacological and therapeutic points of view.
Unilateral dopamine loss in monkeys treated with the toxin
MPTP, which destroys the nigrostriatal dopaminergic pathway,
dramatically reduces the responsiveness of in vivo recorded cho-
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linergic interneurons (Aosaki etal., 1994). Moreover, after MPTP
treatment, both striatal cholinergic interneurons and pallidal
neurons exhibit an oscillatory firing pattern in a frequency range
that resembles the range of parkinsonian tremor frequencies (Raz
et al., 2001). Thus, in a parkinsonian state, these interneurons
might serve as a source of oscillations, representing a key element
in the generation of parkinsonian tremor (Raz et al., 2001). Pro-
pranolol is commonly used in the treatment of tremor
(Marijama-Lyons and Koller, 2000; Silverdale et al., 2003); how-
ever, the mechanism underlying its therapeutic effect is not
known. It might be hypothesized that B1-adrenoceptor blockers
would reduce the excitability of striatal cholinergic interneurons,
thereby limiting the oscillatory behavior generating tremor.

Another putative therapeutic target of Pl-adrenoceptor
blockers might be represented by the side-effects caused by long-
term treatment with DA precursors. Indeed, on a long-term ba-
sis, treatment of PD symptoms with both DA precursors and DA
receptor agonists is not devoid of serious complications such as
dyskinesias and motor fluctuations. The cellular mechanisms un-
derlying such disabling effects are unknown. One possibility
could be that during levodopa treatment DA would exceed phys-
iological levels, recruiting “silent” B1-adrenoceptors, leading to
the motor complications. Thus, in PD patients with chronic levo-
dopa treatment who develop such motor fluctuations, B1-
adrenoceptor blockers might prove useful.

References

Ansanay H, Dumuis A, Sebben M, Bockaert J, Fagni L (1995) cAMP-
dependent, long-lasting inhibition of a K+ current in mammalian neu-
rons. Proc Natl Acad Sci USA 92:6635—6639.

Apicella P, Scarnati E, Schultz W (1991) Tonically discharging neurons of
monkey striatum respond to preparatory and rewarding stimuli. Exp
Brain Res 84:672—675.

Apicella P, Legallet E, Trouche E (1997) Responses of tonically discharging
neurons in the monkey striatum to primary rewards delivered during
different behavioral states. Exp Brain Res 116:456—466.

Apicella P, Ravel S, Sardo P, Legallet E (1998) Influence of predictive infor-
mation on responses of tonically active neurons in the monkey striatum.
] Neurophysiol 80:3341-3344.

Aoki C, Joh TH, Pickel VM (1987) Ultrastructural localization of B-adrenergic
receptor-like immunoreactivity in the cortex and neostriatum of rat brain.
Brain Res 437:264-282.

Aosaki T, Graybiel AM, Kimura M (1994) Effect of the nigrostriatal dopa-
mine system on acquired neural responses in the striatum of behaving
monkeys. Science 265:412—415.

Aosaki T, Kiuchi K, Kawaguchi Y (1998) Dopamine D1-like receptor activa-
tion excites striatal large aspiny neurons in vitro. ] Neurosci 18:5180—5190.

Bennett BD, Wilson CJ (1999) Spontaneous activity of neostriatal cholin-
ergic interneurons in vitro. ] Neurosci 19:5586-5596.

Bernheimer H, Birkmayer W, Hornykiewicz O, Jellinger K, Seitelberger F
(1973) Brain dopamine and the syndromes of Parkinson and Hunting-
ton. ] Neurol Sci 20:415—455.

Calabresi P, Centonze D, Pisani A, Sancesario G, North RA, Bernardi G
(1998) Muscarinic IPSPs in rat striatal cholinergic interneurones.
J Physiol (Lond) 510:421-427.

Carboni E, Tanda GL, Frau R, Di Chiara G (1990) Blockade of the noradren-
aline carrier increases extracellular dopamine concentrations in the pre-
frontal cortex: evidence that dopamine is taken up in vivo by noradren-
ergic terminals. ] Neurochem 55:1067-1070.

Cardenas CG, Mar LP, Vysokanow AV, Arnold PB, Cardenas LM, Surmeier
DJ, Scroggs RS (1999) Serotoninergic modulation of hyperpolarization-
activated current in acutely isolated rat dorsal root ganglion neurons.
J Physiol (Lond) 518:507-523.

Cavero I, Lefevre-Borg F, Manoury P, Roach AG (1983) In vitro and in vivo
pharmacological evaluation of betaxolol, a new, potent and selective
beta-1 adrenoceptor antagonist. In: L.E.R.S. Betaxolol and other beta-1
adrenoceptor antagonists, Vol I (Morselli PL, Kilborn JR, Cavero I, Har-
rison DC, Langer SZ), pp 31-42. New York: Raven.

Centonze D, Pisani A, Bonsi P, Giacomini P, Bernardi G, Calabresi P (2001)

J. Neurosci., June 15,2003 - 23(12):5272-5282 + 5281

Stimulation of nitric oxide-cGMP pathway excites striatal cholinergic in-
terneurons via protein kinase G activation. ] Neurosci 21:1393-1400.
Chapin EM, Andrade R (2001) A 5-HT, receptor-mediated depolarization
in the anterodorsal thalamus. II. Involvement of the hyperpolarization-

activated current [;. ] Pharmacol Exp Ther 297:403—409.

Di Chiara G, Tanda GL, Frau R, Carboni E (1992) Heterologous mono-
amine reuptake: lack of transmitter specificity of neuron-specific carriers.
Neurochem Int 20:2315-235S.

DiFrancesco D, Tortora P (1991) Direct activation of cardiac pacemaker
channels by intracellular cAMP. Nature 351:145-147.

Gesi M, Soldani P, Giorgi FS, Santinami A, Bonaccorsi I, Fornai F (2000)
The locus coeruleus in the development of Parkinson’s disease. Neurosci
Biobehav Rev 24:655-668.

Graybiel AM, Aosaki T, Flaherty AW, Kimura M (1994) The basal ganglia
and adaptive motor control. Science 265:1826-1831.

Herkenham M (1987) Mismatches between neurotransmitter and receptor lo-
calizations in brain: observations and implications. Neuroscience 23:1-38.

Jiang ZG, North RA (1991) Membrane properties and synaptic responses of
rat striatal neurones in vitro. ] Physiol (Lond) 443:533-553.

Kawaguchi Y (1993) Physiological, morphological and histochemical char-
acterization of three classes of interneurons in rat neostriatum. ] Neurosci
13:4908-4923.

Kawaguchi Y, Wilson CJ, Augood SJ, Emson PC (1995) Striatal interneu-
rons: chemical, physiological and morphological characterization.
Trends Neurosci 18:527-535.

Kimura M (1990) Behaviorally contingent property of movement-related
activity of the primate putamen. ] Neurophysiol 63:1277-1296.

Kuhar MJ (1985) The mismatch problem in receptor mapping studies.
Trends Neurosci 8:190-191.

Lindvall O, Bjorklund A (1974) The organization of the ascending catechol-
amine neuron systems in the rat brain as revealed by the glyoxylic acid
fluorescence method. Acta Physiol Scand [Suppl] 412:1-48.

Ludwig A, Zong X, Jeglitsch M, Hofmann F, Biel M (1998) A family of hy-
perpolarization-activated mammalian cation channels. Nature 393:587-591.

Madison DV, NicollRA (1986) .Cyclic-adenosine 3,5-monophosphate me-
diates beta-receptor actions of noradrenaline in rat hippocampal pyrami-
dal cells. ] Physiol (Lond) 372:245-259.

Marijama-Lyons J, Koller W (2000) Tremor-predominant Parkinson’s dis-
ease. Approaches to treatment. Drugs Aging 16:273-278.

Mavridis M, Degryse AD, Lategan AJ, Marien MR, Colpaert FC (1991) Effects
of locus coeruleus lesions on parkinsonian signs, striatal dopamine and sub-
stantia nigra cell loss after 1-methyl-phenyl-1,2,3,6-tetrahydropyridine in
monkeys: a possible role for the locus coeruleus in the progression of Parkin-
son’s disease. Neuroscience 41:507-523.

McCormick DA, Pape HC, Williamson A (1991) Actions of norepinephrine
in the cerebral cortex and thalamus: implications for function of the
central noradrenergic system. Prog Brain Res 88:293-305.

Moosmang S, Biel M, Hofmann F, Ludwig A (1999) Differential distribu-
tion of four hyperpolarization-activated cation channels in mouse brain.
] Biol Chem 380:975-980.

Mundorf ML, Joseph JD, Austin CM, Caron MG, Wightman RM (2001)
Catecholamine release and uptake in the mouse prefrontal cortex. ] Neu-
rochem 79:130-142.

Nicholas AP, Pieribone VA, Hokfelt T (1993) Cellular localization of mes-
senger RNA for beta-1 and beta-2 adrenergic receptors in rat brain: an in
situ hybridization study. Neurosci 56:1023-1039.

Pan ZZ, Grudt TJ, Williams JT (1994) Alpha 1 adrenoceptors in rat dorsal
raphe neurons: regulation of two potassium conductances. J Physiol
(Lond) 478:437—-447.

Pazos A, Probst A, Palacios JM (1985) B-adrenoceptor subtypes in the hu-
man brain: autoradiographic localization. Brain Res 358:324—328.

Pisani A, Calabresi P, Centonze D, Marfia GA, Bernardi G (1999) Electro-
physiological recordings and calcium measurements in striatal large as-
piny interneurons in response to combined O,/glucose deprivation.
J Neurophysiol 81:2508-2516.

Pisani A, Bonsi P, Centonze D, Calabresi P, Bernardi G (2000) Activation of
D2-like dopamine receptors reduces synaptic inputs to striatal cholin-
ergic interneurons. ] Neurosci 20:RC69(1-6).

Raz A, Feingold A, Zelanskaya V, Vaadia E, Bergman H (1996) Neuronal
synchronization of tonically active neurons in the striatum of normal and
parkinsonian primates. ] Neurophysiol 76:2083-2088.

Raz A, Frechter-Mazar V, Feingold A, Abeles M, Vaadia E, Bergman H



5282 - J. Neurosci., June 15, 2003 - 23(12):5272-5282

(2001) Activity of pallidal and striatal tonically active neurons is corre-
lated in MPTP-treated monkeys but not in normal monkeys. ] Neurosci
21:RC128(1-5).

Robinson DL, Heien MLA, Wightman RM (2002) Frequency of dopamine
concentration transients increases in dorsal and ventral striatum of male
rats during introduction of conspecifics. ] Neurosci 22:1047-10486.

Saitow F, Konishi S (2000) Excitability increase induced by p-adrenergic
receptor-mediated activation of hyperpolarization-activated cation chan-
nels in rat cerebellar basket cells. ] Neurophysiol 84:2026-2034.

Santoro B, Chen S, Luthi A, Pavlidis P, Shumyatsky GB, Tibbs GR,
Siegelbaum SA (2000) Molecular and functional heterogeneity of
hyperpolarization-activated pacemaker channels in the mouse CNS.
] Neurosci 20:5264-5275.

Sharif NA, Xu SX, Crider JY, McLaughlin M, David TL (2001) Levobetaxo-
lol (Betaxon) and other beta adrenergic antagonists: preclinical pharma-
cology, IOP-lowering and sites of action in human eyes. ] Ocular Phar-
macol Ther 17:305-317.

Shiekhattar R, Aston-Jones G (1994) Activation of adenylate cyclase atten-
uates the hyperpolarization following single action potentials in brain
noradrenergic neurons independently of protein kinase A. Neuroscience
62:523-529.

Pisanietal.  3-1-Adrenoceptors on Striatal Cholinergic Interneurons

Silverdale MA, Fox SH, Crossman AR, Brotchie JM (2003) Potential non-
dopaminergic drugs for Parkinson’s disease. Adv Neurol 91:273-291.
Sun MK, Guyenet PG (1990) Excitation of rostral medullary pacemaker
neurons with putative sympathoexcitatory function by cyclic AMP and

beta-adrenoceptor agonists “in vitro”. Brain Res 511:30—40.

Swanson LW, Hartman BK (1975) The central adrenergic system. An im-
munofluorescence study of the location of cell bodies and their efferent
connections in the rat utilizing dopamine-B-hydroxylase as a marker.
J Comp Neurol 163:467-505.

Wilson CJ, Chang HT, Kitai ST (1990) Firing patterns and synaptic poten-
tials of identified giant aspiny interneurons in the rat neostriatum. J Neu-
rosci 10:508-519.

Waeber C, Rigo M, Chinaglia G, Probst A, Palacios JM (1991) Beta-
adrenergic receptor subtypes in the basal ganglia of patients with Hun-
tington’s chorea and Parkinson’s disease. Synapse 8:270-280.

Watanabe K, Kimura M (1998) Dopamine receptor-mediated mechanisms
involved in the expression of learned activity of primate striatal neurons.
J Neurophysiol 79:2568 -2580.

Zhang W, Klimek V, Farley JT, Zhu M-Y, Ordway GA (1999) «2C adreno-
ceptors inhibit adenylyl cyclase in mouse striatum: potential activation by
dopamine. ] Pharmacol Exp Ther 289:1286-1292.



