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Most in vitro studies of D, dopaminergic modulation of excit-
ability in neostriatal medium spiny neurons have revealed in-
hibitory effects. Yet studies made in more intact preparations
have shown that D, receptors can enhance or inhibit the re-
sponses to excitatory stimuli. One explanation for these differ-
ences is that the effects of D; receptors on excitability are
dependent on changes in the membrane potential occurring in
response to cortical inputs that are seen only in intact prepa-
rations. To test this hypothesis, we obtained voltage recordings
from medium spiny neurons in slices and examined the impact
of D, receptor stimulation at depolarized and hyperpolarized
membrane potentials. As previously reported, evoked dis-
charge was inhibited by D, agonists when holding at negative
membrane potentials (approximately —80 mV). However, at
more depolarized potentials (approximately —55 mV), D, ago-

nists enhanced evoked activity. At these potentials, D, agonists
or cAMP analogs prolonged or induced slow subthreshold
depolarizations and increased the duration of barium- or TEA-
induced Ca®"-dependent action potentials. Both effects were
blocked by L-type Ca®* channel antagonists (nicardipine, cal-
ciseptine) and were occluded by the L-type channel agonist
BayK 8644 —arguing that the D, receptor-mediated effects on
evoked activity at depolarized membrane potential were medi-
ated by enhancement of L-type Ca®" currents. These results
reconcile previous in vitro and in vivo studies by showing that
D, dopamine receptor activation can either inhibit or enhance
evoked activity, depending on the level of membrane
depolarization.
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Neostriatal projection neurons are a major target of dopaminergic
afferents. Despite the importance of this innervation, the impact
of dopamine on the excitability of spiny neurons is controversial.
One of the factors underlying the disagreement is receptor het-
erogeneity (Civelli et al., 1991; Sibley and Monsma, 1992; Sur-
meier et al., 1992). There are at least five dopamine receptor
genes coding for D, (D,,, D;;,) and D, (D,, D5, D,) receptor
classes (Sibley, 1995), all of which are expressed in the neostria-
tum. To some extent, heterogeneity in physiological responses
may be a reflection of receptor heterogeneity. However, this does
not seem to be the case for D, class responses, because medium
spiny neurons express predominantly D,;, mRNA (Gerfen, 1992;
Bergson et al., 1995; Hersch et al., 1995; Surmeier et al., 1996). In
vitro, D, class agonists generally have been found to inhibit
evoked discharge (Uchimura et al., 1986; Akaike et al., 1987;
Calabresi et al., 1987; Hernandez-Lépez et al., 1996a; Pacheco-
Cano et al., 1996) (cf. Rutherford et al., 1988). However, in vivo,
dopamine and D, receptor activation can either inhibit or excite
evoked or spontaneous discharge (Gonzalez-Vegas, 1974; Kitai et
al., 1976; Norcross and Spehlmann, 1978; Herrling and Hull, 1980;
Mercuri et al., 1985; Hu et al., 1990; Kiyatkin and Rebec, 1996).
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Indirect evidence for an excitatory action of D, agonists comes
from their ability to induce immediate early gene expression
(Berretta et al., 1992; Cenci et al., 1992; Cole et al., 1992; Steiner
and Gerfen, 1993). These observations have been used (Gerfen,
1992; Alexander, 1995) to argue that D, receptor activation pro-
motes discharge in spiny neurons—in clear contradiction to most
physiological studies in vitro as well as many studies in vivo.

The difficulty in the interpretation of these results is that the
activation of G-protein-coupled receptors exerts its effects in large
measure by modulating the properties of voltage-dependent ionic
conductances (Nicoll, 1988; Nicoll et al., 1990). However, activity
of ionic conductances and neuronal firing patterns depends on
membrane potential (Llinds, 1988; Bargas and Galarraga, 1995).
As a consequence, the impact of receptor activation may be
different at different membrane potentials.

Voltage-clamp techniques have provided a biophysical under-
pinning for some of the inhibitory effects of D, receptor activation
seen in current-clamp recordings: activation of D, receptors leads
to suppression of Na™ currents, as well as N- and P-type Ca®*
currents (Surmeier et al., 1992, 1995; Cepeda et al., 1995; Schiff-
mann et al., 1995). However, D, receptor activation also has been
shown to enhance L-type Ca** currents in spiny neurons (Sur-
meier et al., 1995). These currents are activated at relatively
negative membrane potentials in neostriatal neurons (Bargas et
al., 1994), suggesting that they may play a role in the maintenance
of repetitive firing (Hounsgaard and Mintz, 1988). Enhancement
of L-type Ca®" currents could lead to increased discharge at
depolarized membrane potentials.

Can this pattern of effects explain the discrepancy? In vivo,
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Figure 1. Actions of dopaminergic D, recep-
tor agonists are inhibitory or excitatory, de-
pending on membrane potential. A, The fir-
ing response to a step depolarization at a
resting membrane potential of approximately
—82 mV (top, 7 action potentials) is reduced
in the presence of 1 um SKF 81297 (middle, 3
action potentials). Stimulus current is at the
bottom. Stimulus and membrane potential are
maintained for both conditions. B, In the same
neuron the firing evoked from a membrane
potential of approximately —57 mV (top, 10
action potentials) is increased by 1 um SKF
81297 (middle, 14 action potentials). Stimulus
at the bottom was maintained constant in B.
Box plot in B shows mean firing increase for a
sample of neurons (n = 6) in the presence of
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neostriatal neurons move between “up” and “down” states (Wil-
son, 1993; Wilson and Kawaguchi, 1996). In the absence of cor-
tical input, spiny neurons are quiescent, with resting membrane
potentials near —80 mV (“down-state”). This is the state seen in
vitro. In response to cortical input, medium spiny neurons depo-
larize, with a mean membrane potential more positive than —60
mV (“up-state”). It was our working hypothesis that the voltage-
dependent conductances known to be reduced by D, agonists play
a role in the up-state transition and the integration of synaptic
inputs but that the D, receptor-mediated enhancement of L-type
Ca?" channels would lead to an elevation of evoked discharge
once the up-state had been achieved.

A portion of this work has been presented in abstract form
(Hernandez-Lépez et al., 1996b).

MATERIALS AND METHODS

Rat neostriatal slices were prepared as described previously (Bargas et
al., 1988). In brief, male adult albino Wistar rats (200-300 gm) were
anesthetized, and their brains were removed into ice-cold control saline
(see below). Brain slices 400 wm thick were cut on a vibratome and placed
in artificial cerebrospinal solution at 25°C. After 1 hr, slices were placed
in a submerged recording chamber. Slices were superfused with saline
containing (in mMm): 120 NaCl, 3 KCl, 25 NaHCO3, 2 CaCl,, 1 MgCl,, and
11 glucose (290 mOsm/l with glucose, pH 7.4 after bubbling with 95%
0,/5% CO,, at 32-34°C). Tetraethylammonium chloride (TEA), cesium
chloride (Cs), barium chloride (Ba), and dibutyryl cAMP (db-cAMP)
were obtained from Sigma (St. Louis, MO); dopamine, SKF 38393, SKF
81297, SKF 82958, SCH 23390, sulpiride, quinpirole, and BayK 8644 were
obtained from Research Biochemicals (Natick, MA); calciseptine was
obtained from Peptides International (Louisville, KY); nicardipine was
obtained from Alomone Labs (Jerusalem, Israel). All reagents were
added from freshly prepared stock solutions to the bath saline. Intracel-
lular recordings were performed with microelectrodes filled with 3—-4 M
K-acetate (80-120 M(). Records were obtained with an active bridge
electrometer (Neurodata Instruments), digitized, and saved on VHS
tapes at 40 kHz to be analyzed off-line with the help of a PC-clone
computer and programs designed using the LabView environment (Na-
tional Instruments, Austin, TX). Recordings were always made at the
head of the caudate—putamen nucleus (see Fig. 1 in Surmeier et al.,
1995). After recording, some neurons were injected with biocytin as

L 1 um SKF 81297.

previously described (Horikawa and Armstrong, 1988; Flores-Hernandez
et al., 1994). Approximately 140 neurons were recorded, and 40 of
them were filled and reconstructed. All of them were medium-sized
spiny projection neurons. Stimulation consisted in intracellular depo-
larizing current steps that, once chosen, were maintained during test
observations.

RESULTS

D, agonists enhance the evoked response from
depolarized membrane potentials

The most reproducible action of dopamine and D, receptor
agonists is to decrease discharge evoked by intracellular current
injection. For example, Figure 14 shows the response of a me-
dium spiny neuron to a current step in the absence (top) and
presence (bottom) of a D, receptor agonist (SKF 81297, 1 um)
when the resting membrane potential was near —80 mV. Similar
effects of D, class agonists have been reported previously by a
number of groups (Uchimura et al., 1986; Akaike et al., 1987;
Calabresi et al., 1987; Pacheco-Cano et al., 1996). This reduction
in evoked discharge has been attributed to the modulation of Na™
channels (Calabresi et al., 1987; Surmeier et al., 1992; Cepeda et
al., 1995), subthreshold K* channels (Pacheco-Cano et al., 1996),
and channels participating in the early afterhyperpolarization
(AHP; Hernandez-Lopez et al., 1996a).

When medium spiny neurons are held at depolarized mem-
brane potentials similar to those found in the up-state (approxi-
mately —55 mV), the response to D, receptor agonists changes
dramatically. An example is shown in Figure 1B. Here, the neuron
has been depolarized by intracellular current injection to —57
mV. Current steps from this potential evoked repetitive discharge
(Fig. 1B, top). The addition of SKF 81297 (1 um) led to an
enhancement in the evoked discharge (Fig. 1B, bottom), in con-
trast to the effect at negative membrane potentials. This change in
evoked firing was blocked by the D, class antagonist SCH 23390
(1 uM, n = 4), arguing that the effect was mediated by D, or Dy,
receptors. The D, receptor agonist increased the number of spikes



3336 J. Neurosci., May 1, 1997, 17(9):3334-3342

evoked by a 200-300 msec current step given at relatively low
frequency (0.1-0.2 Hz) by 34% (n = 6; p < 0.01 by Wilcoxon’s ¢
test). Similar facilitatory effects were produced by two other D,
receptor agonists (1-5 um SKF 82958, n = 4; 1-5 um SKF38393,
n = 6). This facilitatory effect was clearly evident in 16 of 20
neurons tested.

How might changing the resting membrane potential produce
such a qualitative alteration in the effects of D, class agonists?
One possibility is that membrane depolarization inactivates or
closes ionic conductances that are important determinants of
responsiveness from hyperpolarized potentials. Several ionic con-
ductances that are prominent in medium spiny neurons fall into
this category, including inward rectifiers and slowly inactivating
K" conductances (Surmeier et al., 1991; Galarraga et al., 1994;
Nisenbaum and Wilson, 1995; Nisenbaum et al., 1996; Pacheco-
Cano et al., 1996). Some of these conductances are the subject of
inactivation on depolarization (Nisenbaum et al., 1996) or are
blocked by extracellular Cs* (Galarraga et al., 1994).

The inactivation of these outward currents then could unmask
a D, receptor-mediated enhancement of the L-type Ca®" current,
allowing it to depolarize the neuron further and augment the
evoked discharge. So that this hypothesis could be tested, medium
spiny neurons were driven by long current pulses (2 sec) at
relatively high frequency (0.33 Hz). In this situation, D, receptor
agonists first inhibited and then enhanced the evoked firing. At
the top of Figure 2 is shown the response to the long current step
before superfusion of the D, agonist. After beginning superfusion,
the D, agonist suppressed the initial component of the response
(as seen with the short steps), but the evoked discharge late in the
step was enhanced (Fig. 2, middle). With more prolonged repet-
itive stimulation (and presumably greater inactivation of depolar-
ization activated K* currents), the response was enhanced
throughout the current step (Fig. 2, bottom), just as when the cell
was held at the depolarized potential. Similar effects were seen in
all five of the other neurons tested.

Extracellular Cs* mimics the effects of depolarization
To examine further the role of K* currents in shaping the re-
sponse to D, agonists, we studied the impact of Cs* on the
modulation. Extracellular application of Cs* (2 mm) broadens
action potentials, diminishes the spike afterhyperpolarization
(Fig. 34; n = 9), and reduces inward rectification (Galarraga et
al., 1994). The spike discharge evoked by current injection from
hyperpolarized membrane potentials also is enhanced by Cs™
(Fig. 3B). To test whether Cs™-sensitive conductances were re-
sponsible for shaping the qualitative features of the response to
D, receptor agonists from hyperpolarized membrane potentials,
we applied agonists in the presence of Cs™ (2 mm). In accord with
the inferred importance of K* currents, D, receptor agonists
enhanced the response to current steps from hyperpolarized
membrane potentials (between —75 and —80 mV) when Cs* was
present (Fig. 3C; see also Pacheco-Cano et al., 1996). On average,
D, receptor agonists increased the number of evoked spikes by
nearly 60% in the presence of Cs* (n = 6; p < 0.01 by Wilcoxon’s
t test). These results argue that alterations in the complement of
K™ conductances that govern the transition from the down- to the
up-state or maintain the down-state qualitatively change the im-
pact of D, receptor stimulation.

D, receptor agonists lengthen calcium-dependent
action potentials

How does D, receptor activation lead to an enhanced response to
excitatory inputs? In some cells persistent Na* currents may
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Figure 2. Repetitive step current pulses of long duration facilitate the exci-
tatory action of dopaminergic D, agonists. The control (top) shows tonic firing
elicited by a 2 sec current step (bottom trace) from —80 mV. Superfusion with
1 pum SKF81297 induced a decrease in firing frequency initially. However,
after a few minutes (=5 min) some records had both the inhibitory and the
facilitatory responses in the same trace (early). At longer times the only
response remaining was facilitatory (late). [See also Fig. 4 and Surmeier et al.
(1995); Fig. 6 and Uchimura et al. (1986); Fig. 1.]

induce or sustain repetitive firing (Llinas and Sugimori, 1980;
Llinas, 1988; Bargas and Galarraga, 1995). However, Na* cur-
rents are inhibited by D, agonists in spiny neurons (Surmeier et
al., 1992; Cepeda et al., 1995; Schiffmann et al., 1995). In mo-
toneurons, L-type Ca®* currents are responsible for sustained
depolarizations and repetitive firing (Hounsgaard and Mintz,
1988). In medium spiny neurons, L-type Ca®>" currents are en-
hanced by D, receptor activation (Surmeier et al., 1995), suggest-
ing that this conductance may be responsible for the excitatory
action at depolarized potentials. As a first test of this hypothesis,
the impact of D, class agonists on Ca**-mediated action poten-
tials (Ca®>" APs) was examined (see also Fig. 6 in Surmeier et al.,
1995). Ca*" APs were induced by extracellular application of
TEA (10-20 mm) (Kita et al., 1985; Galarraga et al., 1989). SKF
81297 (1 uM) increased the duration of the Ca®™ AP by almost 200
msec (Fig. 44). The maximal effect was seen in ~15 min (Fig. 4B)
and persisted for some time after the agonist was washed. Repo-
larization of a Ca®* AP often was followed by a slow depolariza-
tion (arrowhead in Fig. 44), which may reflect propagation into
the dendrites (Llinas and Sugimori, 1980; Bargas et al., 1991; Jaffe
et al., 1992; Amitai et al., 1993; Reuveni et al., 1993; Larkum et al.,
1996). D, receptor agonists increased the action potential dura-
tion in nearly all of the neurons tested with SKF 81297 (15 of 16
neurons with a mean of increase of 19 * 7%; p < 0.01; Wilcoxon’s
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t test). A similar modulation was observed after the application of
dopamine (10 pum, n = 2), SKF 82958 (1-5 uMm, n = 3), and SKF
38393 (5 uM, n = 2). The effect of D, agonists was blocked by D,
receptor antagonist SCH 23390 (1 uMm, n = 4), but not by the D,
receptor antagonist sulpiride (5 uM, n = 2), arguing that the effect
was mediated by D, receptors. If D, receptors were acting by
stimulating adenylyl cyclase, then the effects of the receptor ago-
nist should be mimicked by cAMP analogs. The cAMP analog
dibutryl-cAMP (1 mm) lengthened the Ca”*-mediated action po-
tentials in a manner very similar to D, receptor agonists (n = 4/4).
These results are consistent with our previous finding that activa-
tion of D, class receptors leads to an enhancement of L-type Ca**
currents and Ca®*-dependent action potentials (Surmeier et al.,
1995). If this conclusion is correct, the response to D; receptor
agonists should be occluded by the L-type channel agonist BayK
8644. As shown in Figure 4C and reported previously (Cherubini
and Lanfumey, 1987), the addition of BayK 8644 (5 um) promotes
an increase in the Ca*>*-dependent AP duration that is similar to
that produced by D, agonists (n = 6). The subsequent addition of
SKF 81297 (1 uMm) failed to produce any further change in the
Ca?" AP (Fig. 4C; n = 4)—suggesting that D, receptors and
BayK 8644 were acting on the same target.

D, receptor agonists enhance subthreshold slow
depolarizations dependent on L-type channels

Although D, class receptors were capable of enhancing L-type
currents responsible for the Ca?*-dependent plateau potential, it
remained to be determined whether they could enhance sub-
threshold depolarizations and evoke repetitive discharge at depo-
larized membrane potentials. When medium spiny neurons are
held above —60 mV, brief current steps frequently evoke slow and
sustained subthreshold depolarizations (76/95 neurons). Bay K
8644 (1-5 um) enhanced these slow depolarizations, often leading
to the generation of spikes well after the stimulus was terminated
(delayed firing, Fig. 54,B; n = 8). The L-type channel antagonist
nicardipine (5 uMm) attenuated these depolarizing responses in
cases in which the membrane potential remained below spike
threshold (Fig. 5C) or even when spikes were evoked (Fig. 5D;
n = 4). The L-type channel antagonist calciseptine (1 um) also
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Figure 3. Outward current blockage facil-
itates excitatory action of dopaminergic D
agonists. A, Top records show a superim-
position of single action potentials evoked
by a brief current step (omitted) before
and during superfusion with a 2 mm Cs™-
containing solution (7). Cs™ (2 mM) slows
down action potential repolarization (2)
and reduces the afterhyperpolarization
(AHP) that follows a single action poten-
tial (3). Parts 2 and 3 show events taken
from Part / but displayed at different
sweep speeds. B, Outward current block-
age by Cs* induces an increase in firing
response to the same stimulus at a rela-
tively hyperpolarized membrane potential.
Current stimulus is shown at the bottom.
C, The presence of Cs* effects does not
block a further increase in firing frequency
by the addition of 1 um SKF 81297. Box
plot shows percentage of increase in firing
during SKF 81297 in a sample of neurons
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in the presence of Cs™. Stimulus is shown
at the bottom. B and C illustrate records
from different cells.
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mimicked the effects of nicardipine on the slow depolarizations
(n = 2). In fact, in the presence of these L-channel blockers,
delayed discharge was impossible to obtain.

The slow depolarizations and delayed firing were enhanced
significantly by D, class receptor stimulation. SKF 81297 (1 um)
lengthened the duration of subthreshold depolarizations (Fig.
6A), often leading to a late spike at a time when the membrane
potential normally had returned to baseline (Fig. 6B; n = 6).
Similar results were obtained with dopamine (10 uM, n = 2) or
SKF 82958 (1 um, n = 2). The D, class receptor antagonist SCH
23390 (1 uM; n = 4), nicardipine (5 uM; n = 2), and calciseptine
(200 nm) prevented D; class receptor activation from enhancing
the slow depolarizations or delayed discharge. The D, receptor
agonist quinpirole (5 um) had no effect on the slow depolarization
(n = 3). As expected of a response triggered by D, class receptors,
the cAMP analog dibutyryl cAMP (500 uMm) had effects very
similar to the receptor agonists (Fig. 6C,D; n = 4). Last, the K*
current blockers TEA (2-10 mm; n = 4) and Ba®" (1 mm; n = 2)
were able to facilitate slow depolarizations and delayed firing but
did not occlude D, receptor-mediated effects (data not shown).

Taken together, these experiments strongly suggest that the
dopaminergic D, receptor enhancement of evoked discharge at
depolarized potentials or in the presence of Cs™ is dependent on
a potentiation of L-type Ca®" currents. To test this hypothesis
further, we examined the ability of L-channel antagonists to block
the dopaminergic effect on evoked discharge. First, neurons were
held at depolarized potentials. As shown in Figure 74, SKF 81297
(1 um) enhanced the discharge evoked by a current step from —57
mV. This effect was blocked by nicardipine (5 uM, n = 6). Next,

* (2 mm) was applied. As shown in Figure 7B, SKF 81297 (1
uM) enhanced the discharge evoked by a current step from —70
mV in this condition. The enhancement was blocked by the
L-channel antagonist calciseptine (200 um, n = 2). These exper-
iments show not only that L-type Ca®>* currents contribute to the
regulation of repetitive discharge in medium spiny neurons (see
also Galarraga et al., 1989; Bargas et al., 1991; Pineda et al., 1992;
Hernédndez-Lépez et al., 1996a) but that D, class receptors are
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Figure 4. D, agonists increase the duration of TEA-induced Ca®*-
dependent action potentials. 4, Superimposed records of Ca**-dependent
action potentials induced by short current steps (bottom) delivered at low
frequency (0.1 Hz) in the presence of 20 mm TEA. SKF 81297 (1 uMm)
increases the duration of these events. Hyperpolarizing current steps were
interspersed between the depolarizing stimulus to prevent changes caused
by current inactivation. Traces shown were taken at times numbered in B.
Note slow depolarization at the end of the fast action potential repolar-
ization (arrowhead). Membrane potential is approximately equal to —70
mV. B, Time course of SKF 81297 action on Ca?* entry. Bar shows time
of D, agonist in the superfusion. C, The dihydropyridine L-type channel
agonist BayK 8644 produced a similar increase in duration of the TEA-
induced Ca®" action potential and occluded the effect of the D, agonists.
Membrane potential is approximately equal to —60 mV. Stimulus is shown
at bottom.

capable of enhancing evoked activity by augmenting these
currents.

DISCUSSION

D, dopamine receptor activation is capable of enhancing evoked
discharge by augmenting L-type Ca®" currents. Our results show
that activation of D,; dopamine receptors on medium spiny neu-
rons can have excitatory, as well as inhibitory, effects on evoked
discharge (see Fig. 1). The D, receptor-mediated enhancement of
evoked activity was evident when the membrane potential was
held above —60 mV—a potential close to that observed in vivo
during cortically driven episodic discharge (Wilson, 1993; Wilson
and Kawaguchi, 1996). The enhancement in activity also was seen
when the membrane potential was held at —80 mV. However,
long current steps repeated at relatively high frequency were
necessary to reveal the excitatory effect (see Fig. 2). The slow,
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Figure 5. L-type channels participate in firing mechanisms. 4, B, Re-
sponses to a brief current stimulus may elicit passive (control in A) or
small active responses (control in B). BayK 8644 (5 um) facilitated slow
depolarizations that outlasted the stimulus and delayed firing (spike is
clipped). Current stimulus is shown at bottom. C, D, Slow subthreshold
depolarizations and delayed firing induced by a brief stimulus are abol-
ished by nicardipine (5 um). Inset shows a small AHP reduction by
nicardipine. Current stimulus is shown at bottom.

progressive nature of the changes seen with this protocol suggests
that the alteration in the D, receptor effects are likely to be a
consequence of the inactivation of slowly inactivating A currents
that are prominent in medium spiny neurons (Bargas et al., 1989;
Surmeier et al., 1991; Nisenbaum et al., 1996). This conclusion
was supported by the ability of extracellular Cs* to mimic the
effects of membrane depolarization insofar as the D, effects were
concerned (Bargas et al., 1989; Surmeier et al., 1991; Galarraga et
al., 1994; Nisenbaum and Wilson, 1995; Pacheco-Cano et al.,
1996) (see Fig. 3). This concentration of Cs* (2 mM) attenuates
prominent K* currents, probably inwardly rectifying or inactivat-
ing conductances (Bargas et al., 1989; Surmeier et al., 1991;
Galarraga et al., 1994; Nisenbaum and Wilson, 1995). In addition
to blocking A currents, Cs* at this concentration will block
inwardly rectifying K* currents (Galarraga et al., 1994; Pacheco-
Cano et al., 1996). These K" currents either are closed or are
inactivated at depolarized membrane potentials (see also Ruth-
erford et al., 1988). Hence, reducing the availability of a subset of
K*-selective conductances unmasks the excitatory consequences
of D, receptor activation on evoked activity.

The mechanism by which D, receptors enhanced evoked activ-
ity did not seem to involve further diminution of K* currents but,
rather, the augmentation of inward L-type Ca®" currents. Several
pieces of evidence support this conclusion. One piece of evidence
was that D, agonists lengthened the Ca®** APs seen in the pres-
ence of TEA or Ba** (see Fig. 4). These plateau potentials long
have been known to be dependent, in part, on L-type Ca>*
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Figure 6. Dopaminergic D, receptor agonists and cAMP analogs facili-
tate slow depolarizations and delayed firing. 4, B, Superimposed
records show that D, agonists (e.g., 1 uM SKF 81297) greatly enhance slow
subthreshold depolarizations and promote delayed firing if they are
evoked by a brief stimulus (bottom) at approximately —55 mV. C, D,
These effects can be mimicked by cAMP analogs (e.g., 500 uM db-cAMP).

channels (Kita et al., 1985; Cherubini and Lanfumey, 1987; Ga-
larraga et al., 1989), as in other cell types (Llinds and Sugimori,
1980; Hounsgaard and Mintz, 1988; Amitai et al., 1993). In agree-
ment with this conclusion, the L-type channel agonist Bay K 8644
mimicked the D, receptor modulation and occluded any further
modulation by receptor activation.

Another observation implicating L-type currents in the excita-
tory actions of D, agonists had to do with their role in the
generation of slow subthreshold depolarizations (see Fig. 5).
These active responses to current injection from depolarized
potentials were mimicked by L-type channel agonists (BayK 8644)
and blocked by L-type channel antagonists. D, agonists facilitated
these slow depolarizing events (see Fig. 6). L-type Ca** channels
antagonists blocked the D, effect. This finding is consistent with
voltage-clamp work in medium spiny neurons showing that L-type
channels are activated at more negative membrane potentials
than other Ca®* channels (Bargas et al., 1994). It is also consistent
with work in hippocampal pyramidal (Avery and Johnston, 1996)
and motoneurons (Hounsgaard and Kiehn, 1993) in which L-type
currents contribute to low-voltage-activated spikes or slow
depolarizations.

The last and most conclusive evidence is that blocking L-type
channels prevented D, agonists from enhancing evoked discharge
either from depolarized membrane potentials or from hyperpo-
larized membrane potentials in the presence of Cs* (see Fig. 7).
All of these findings argue that D, receptors are capable of
initiating a signaling cascade resulting in the enhancement of
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L-type Ca** current. This modulation leads to a potentiation of
evoked discharge when the influence of some K* currents in this
process is reduced. This conclusion is in agreement with the
observation that D, receptors in medium spiny neurons are capa-
ble of enhancing L-type currents via a protein kinase A signaling
cascade (Surmeier et al., 1995). One notable difference with this
previous work is that the percentage of neurons in which D,
agonists were capable of enhancing L-type currents was signifi-
cantly higher here. There are several possible reasons for the
apparent discrepancy. One is that whole-cell recordings may com-
promise signaling via the PKA cascade by dialyzing away critical
protein constituents. Another possibility is that sustained D, re-
ceptor stimulation seems to be necessary for expression of the L
channel modulation, and agonist application may not have been
sufficiently long in our previous study. A third possibility is that
the striatonigral neurons may have been sampled preferentially in
this study. Combined patch-clamp and single-cell RT-PCR studies
(Surmeier et al., 1996) in slices currently are being performed to
resolve this question.

Functional implications

The implications of the D, receptor-mediated modulation are
best understood within the context of the natural behavior of
medium spiny neurons. In vivo, medium spiny neurons move
between two membrane potential ranges, referred to as “down”
and “up” states (Wilson, 1993; Wilson and Kawaguchi, 1996). At
rest, neurons are in the down-state, near —80 mV. In response to
cortically originating excitatory synaptic input, neurons move to
and stay in a more depolarized membrane potential (the up-
state), near —55 mV, for hundreds of milliseconds or seconds.
Although the up-state transition is driven by cortical input, the
membrane potential trajectory in achieving the up-state, the mean
potential once the up-state is achieved, and the duration of the
up-state all are influenced by intrinsic voltage-dependent ion
channels (Surmeier et al., 1991; Galarraga et al., 1994; Nisenbaum
and Wilson, 1995; Wilson and Kawaguchi, 1996).

Most of the previous work examining the impact of D, receptor
stimulation on evoked activity has been performed in striatal slices
in which the normal cortical input has been disrupted. Neurons
are typically in the down-state in this preparation, with resting
membrane potentials near —80 mV. From this resting membrane
potential, D, receptor agonists consistently have been shown to
reduce the response to somatic current injection (Akaike et al,,
1987; Calabresi et al., 1987; Pacheco-Cano et al., 1996). This has
been shown to be a consequence of the apparent enhancement of
inward rectification (Pacheco-Cano et al., 1996) and the reduction
of depolarizing Na™ currents (Surmeier et al., 1992; Cepeda et al.,
1995). As a consequence of these effects, cortically originating
excitatory input to medium spiny neurons should be less effective
in promoting an up-state transition and discharge.

Once the up-state transition has occurred, however, the situa-
tion changes. With the maintained depolarization in the up-state,
depolarization-activated Na* and K™ currents begin to inactivate,
and inwardly rectifying K currents shut off. At the same time, our
results suggest that L-type currents begin to activate, helping to
maintain the depolarized state. As predicted by this model, D,
agonists can potentiate the responses of medium spiny neurons to
sustained glutamate application (Hu and Wang, 1988; Kiyatkin
and Rebec, 1996) (see also Cepeda et al., 1993). So, this constel-
lation of D, receptor-mediated effects should produce a dimin-
ished sensitivity to weak, transitory cortical inputs but an en-
hanced response to strong, maintained cortical synaptic inputs.
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57 mV

Figure 7. Firing enhancement induced by D, recep-
tor agonists is blocked by L-type channel antagonists.
A, Repetitive firing was evoked at =57 mV (top row, "”‘/
8 action potentials). In these conditions, addition of 1
um SKF 81297 to the superfusion increases the firing
frequency to the same stimulus (2nd row, 11 action
potentials). This effect is reduced by addition of 5 um
nicardipine (3rd row). Bottom row is current stimulus.
B, Repetitive firing was evoked at —70 mV in the
presence of Cs* (top row, 7 action potentials). In ~/
these conditions, addition of 1 um SKF 81297 to the
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-70 mV
CONTROL Cs*

20 mV
250 mV

SKF 81297 Cs* + SKF 81297

superfusion increases the firing frequency to the same SKF 81297 + NICARDIPINE Cs* + SKF 81297

stimulus (2nd row, 11 action potentials). This effect is
reduced by 0.2 uM calciseptine (3rd row). Bottom row

+ CALCISEPTINE

is current stimulus. —

This is a type of signal-to-noise enhancement (Chiodo and Berger,
1986; Woodward et al., 1991). A conceptually similar pattern of
effects has been described for dendritically originating synaptic
events in medium spiny neurons. Here, D, agonists attenuate fast
excitatory synaptic potentials attributable to activation of gluta-
matergic receptors of the AMPA/KA class and enhance the
slower depolarizations attributable to NMDA receptors (Cepeda
et al., 1993). These effects may be mediated in part by presynaptic
mechanisms (Calabresi et al.,, 1987; Flores-Hernandez et al.,
1997), but they definitely have a postsynaptic component (Colwell
and Levine, 1995). This postsynaptic component may involve
voltage-dependent channels known to be targeted by the D,
receptor pathway. D, receptor-mediated attenuation of Na™ and
N-type Ca®* currents (Surmeier et al., 1992, 1995; Schiffmann et
al., 1995) or augmentation of inwardly rectifying K" currents
(Pacheco-Cano et al., 1996) could reduce the amplification of
electrotonically remote synaptic AMPA /KA inputs (Amitai et al.,
1993; Kim et al., 1993). However, if the depolarization of the
dendrites is sustained, NMDA receptors are relieved of their
Mg?" block and become functional. D, receptor activation and
PKA phosphorylation of NMDA channels lead to an augmenta-
tion of this component of the cortically evoked response (Cepeda
et al., 1993). The collateral enhancement of L-type currents
should help support this facilitatory effect and potentially play a
role in synaptic plasticity (Magee and Johnston, 1997). Last, the
facilitatory effects of D, receptor agonists found here are also
similar to those found in neocortical cells, except that neocortical
neurons use other ionic mechanisms (Yang and Seamans, 1996).

What might this mean for cortical control of basal ganglia
circuitry? By promoting activity in those neurons receiving sus-
tained, convergent cortical excitatory input and suppressing activ-
ity in neurons receiving weak, transient inputs, D; receptor acti-
vation should focus activity effectively in the population of
medium spiny neurons processing cortical signals. This modula-
tion should be felt primarily by medium spiny neurons projecting
to the globus pallidus and substantia nigra (Kawaguchi et al,,
1989), because these neurons express high levels of D, receptor
mRNA and protein (Ariano, 1988; Gerfen, 1992; Surmeier et al.,
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1992, 1996; Hersch et al., 1995). It long has been suspected that
D, receptor activation in some manner promoted the activity of
medium spiny neurons projecting to the substantia nigra (Alex-
ander et al., 1995), but until now it has been unclear how this
could happen. Our results give physiological ground to these
conjectures for the first time and reconcile them with the bulk of
the striatal electrophysiological literature by showing that the
effect of D, dopamine receptor activation is not excitatory or
inhibitory—it is both!
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