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SUMMARY

Dopamine signaling through D1 receptors in the prefrontal cortex (PFC) plays a critical role in the maintenance of higher cognitive functions, such as working
memory. At the cellular level, these functions are
predicated to involve alterations in neuronal calcium
levels. The dendrites of PFC neurons express D1 receptors and N-type calcium channels, yet little information exists regarding their coupling. Here, we
show that D1 receptors potently inhibit N-type channels in dendrites of rat PFC neurons. Using coimmunoprecipitation, we demonstrate the existence of
a D1 receptor-N-type channel signaling complex
in this region, and we provide evidence for a direct
receptor-channel interaction. Finally, we demonstrate
the importance of this complex to receptor-channel
colocalization in heterologous systems and in PFC
neurons. Our data indicate that the N-type calcium
channel is an important physiological target of D1
receptors and reveal a mechanism for D1 receptormediated regulation of cognitive function in the PFC.
INTRODUCTION
In the mammalian brain, the major catecholamine neurotransmitter dopamine (DA) plays an instrumental role in the regulation of
physiological functions, including locomotion, cognition, emotion, and endocrine function (Jackson and Westlind-Danielsson,
1994; Koshikawa, 1994; Missale et al., 1998; Wise and Rompre,
1989). Disturbances in dopaminergic signaling are implicated in
neuropathological disorders, including schizophrenia, Parkinson’s disease, and addiction (Bernheimer et al., 1973; Birkmayer
and Hornykiewicz, 1961; Carlezon et al., 1995; Creese et al.,
1976; Hoebel et al., 1983; Phillips et al., 1994; Seeman and
Lee, 1975). The physiological actions of DA are mediated via
five distinct subtypes of G protein-coupled receptors (GPCRs).
Among these, the D1 and D2 receptors are the main subtypes
expressed in the mammalian brain. The dorsal striatum, nucleus

accumbens, and prefrontal cortices (PFC) receive dense dopaminergic innervation, and both the D1 and D2 receptor subtypes
are highly expressed in these areas (Benoit-Marand et al., 2001;
Dearry et al., 1990; Fremeau et al., 1991; Levey et al., 1993; Paspalas and Goldman-Rakic, 2005; Tepper et al., 1997; Weiner
et al., 1991; Wu et al., 2006). The D1 receptor (D1R) is the principal target of DA signaling in the PFC and plays a critical role in the
maintenance of higher cognitive functions, such as working
memory (Brozoski et al., 1979; Goldman-Rakic, 1992; Seamans
et al., 1995; Simon, 1981), yet the cellular mechanisms by which
this is accomplished remain unclear. Numerous lines of evidence
indicate that the intracellular concentration of calcium is a critical
parameter for synaptic plasticity and the induction of mnemonic
processes (Cull-Candy et al., 2006). This raises the possibility
that the action of DA on PFC function results from its ability to
alter activity-dependent changes in intracellular calcium levels.
Consistent with this hypothesis, D1Rs regulate high-voltage
activated (HVA) calcium currents in the PFC (Yang et al., 1999).
However, the molecular composition of these channels and the
intracellular signaling mechanisms through which DA may affect
calcium influx have not been determined.
D1Rs are known to couple to Gas to activate protein kinase A
(PKA), which enhances L-type calcium channel activity (Catterall, 2000). In contrast, little precedent exists for Gas-linked
receptor modulation of N-type (also known as Cav2.2) channels
(but see Surmeier et al., 1995). As both D1Rs and N-type channels are highly expressed in the apical dendrites of the PFC
(Goldman-Rakic et al., 2000; Lidow et al., 1991; Schiller et al.,
1998; Westenbroek et al., 1992), we speculated that the actions
of DA in this region might depend on a D1R-mediated regulation
of N-type channel activity. Here, we show that D1R activation
potently inhibits N-type channel activity in apical dendrites of
rat PFC neurons. We functionally dissect this inhibitory effect,
using HEK293T cells, to reveal that D1Rs mediate both voltage-dependent (VD) and voltage-independent (VI) channel modulation. Finally, we show that D1Rs physically associate with
N-type calcium channels, thereby supporting receptor-mediated increases in channel surface expression, agonist-mediated
channel internalization, and regulation of channel distribution at
specific subcellular compartments in neurons. Collectively, our
data demonstrate that the N-type channel is an important
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physiological target of D1Rs and they provide a molecular mechanism that may account for dopaminergic regulation of calcium
signaling in PFC neurons.
RESULTS
D1Rs Mediate Cav2.2 Channel Inhibition in PFC Neurons
The PFC is a brain region that is critical for high-level executive
functions, such as working memory, planning, and attention
(Fuster, 2000). It is densely innervated by dopaminergic projections from the midbrain ventral tegmental area (VTA) and
expresses high levels of D1Rs. DA regulates the physiological
functions of the PFC, perhaps by modulating calcium influx via
dendritic voltage-gated calcium channels during back-propagating action potentials (Markram et al., 1995). To examine this
possibility, we filled layer V/VI PFC pyramidal neurons with calcium green and used two-photon laser-scanning microscopy
to measure DA receptor-induced changes in dendritic calcium
influx (Figure 1A). Compared with control, application of either
DA (n = 8) or the D1R agonists SKF-38393 (n = 8) and
SKF-81297 (n = 6) (but not the D2 agonist quinpirole) reliably
depressed spike-evoked dendritic calcium influx by 56% ± 3%,
52% ± 4%, and 53% ± 4%, respectively (Figures 1B, 1C, and
1E). Another three cells were unresponsive to DA, and two cells
were unresponsive to SKF38393, consistent with the notion that
not all layer V/VI pyramidal cells express D1Rs. The D1R-mediated depression was only partially recovered by washout (DA,
76% ± 6%; SKF-38393, 71% ± 8%; SKF-81297, 60% ± 4%),
which is typical of the persistent DA actions on pyramidal neurons in the PFC (Gorelova and Yang, 2000; Gulledge and Jaffe,
2001; Yang et al., 1996), although in some cases, reversible actions of DA have also been reported. The characteristics of the
somatic action potential did not change during agonist application or washout (Figures 1B and 1C, top right). In contrast to
evoked conditions, resting dendritic calcium levels and membrane potential were unaffected by agonist application (data
not shown). The D1R antagonist SCH-23390 prevented the agonist -mediated response (SCH-23390 + SKF-38393, 105% ±
5%; SCH-23390 + SKF-81207, 99.8% ± 5%) (Figures 1D and
1E), thus confirming that inhibition was indeed mediated by the
D1R.
To determine to what extent the inhibitory effects of D1R activation during back-propagating action potentials relied on
N-type calcium channels, similar experiments were carried out
in the presence of the selective N-type calcium channel blocker
u-conotoxin-GVIA. When GVIA was applied alone, the evoked
calcium transient was rapidly (<5 min) reduced to 67% ± 3% of
control (Figures 1F and 1G). As before, the characteristics of
the somatic action potential did not change during control or
experimental conditions (Figure 1F, bottom). Preapplication of
GVIA resulted in a significant reduction in the ability of either
DA or SKF-38393 to inhibit spike-induced calcium influx (DA,
47% ± 3%; GVIA + DA, 10% ± 4%; SKF-38393, 52% ± 4%;
GVIA + SKF-38393, 19% ± 2%, p < 0.001, t test), and GDPbS
blocked the effects of D1R activation (Figure 1G). Taken together, these data indicate that D1R activation in PFC dendrites
robustly decreases calcium influx via a G protein-linked pathway
and, in large part, via inhibition of N-type calcium channels.
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D1Rs Inhibit Cav2.2 Channels via VD and VI Pathways
To elucidate the molecular mechanism that underlies D1R-mediated inhibition of N-type calcium channels, Cav2.2 subunits (+b1b
and a2-d1 subunits) and D1Rs were coexpressed in HEK293T
cells, and their response to DA characterized via whole-cell
patch clamp. All cells expressing exogenous D1Rs exhibited
robust inhibition of Cav2.2 channel currents (Figures 2A and
2B). Following stabilization of the inhibitory response, peak current amplitudes were reduced by 51.6% ± 5.3% (Figure 2A), in
a partially reversible manner (90.5% ± 1.9% upon washout). In
contrast, channel activity in cells lacking exogenous D1Rs was
unaffected by DA (data not shown). Activation of the D1R resulted in the hallmark characteristics of voltage-dependent
Gbg-mediated inhibition (i.e., kinetic slowing, a depolarizing shift
in the position of the current voltage relation, and relief of inhibition by a strong depolarizing prepulse), as well as VI inhibition of
channel activity (Figures 2B–2D). The relative contribution of
voltage-dependent and voltage-independent mechanisms to
overall current inhibition was approximately 50:50 (voltage-dependent, 28.1% ± 4.1%; voltage-independent, 27.6% ± 5.0%)
(Figure 2D). Neither the extent of inhibition nor the relative contributions of the VD and VI pathways were significantly affected
when the amount of receptor or channel cDNA used in the transfection was reduced by 75% (see Figure S1 available online).
D1Rs are known to signal to their downstream effectors via the
Gas subunit, and the functional effects on channel activity should
thus be insensitive to inhibitors of Gai/o signaling. Indeed, pretreatment of D1R expressing cells with pertussis toxin (PTX)
did not prevent DA-mediated inhibition of channel activity
(Figure 2E). Interestingly, the extent of inhibition was augmented
to 70%. This increase may be due to interference with an
endogenous PTX-sensitive pathway that would normally
antagonize the D1-mediated response. Moreover, pretreatment
of D1-expressing cells with PTX resulted in the inability to recover current following washout, suggesting that a PTX sensitive
component is involved in the recovery from D1R-mediated inhibition. We note that D2 receptor-mediated inhibition of N-type
channel activity was almost completely abolished following
PTX treatment (data not shown), confirming the efficacy of the
toxin. Coexpression of the Gbg-binding protein bark-ct almost
completely abolished VD modulation, while sparing VI inhibition
(Figure 2F). In contrast, application of the PKA inhibitor H-89 significantly reduced the extent of VI modulation, while leaving VD
regulation unaffected (Figure 2F). Inclusion of GDPbS in the
patch pipette virtually abolished all D1R-mediated effects on
N-type current activity (Figure 2F). Overall, these data indicate
that D1Rs effectively inhibit N-type calcium channels via a combination of voltage-dependent (i.e., Gbg-mediated) and voltageindependent (partially PKA mediated) pathways.
D1Rs Physically Associate with Cav2.2 Channels
in Native Tissue and In Vitro
The vast majority of GPCRs that are known to inhibit N-type
channels in a voltage-dependent manner are linked to the Gai/o
subunit (for review see Tedford and Zamponi, 2006). The observation that the Gas-linked D1R produced a robust voltagedependent modulation suggests that these receptors might
be localized in close proximity to N-type channels to facilitate
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Figure 1. Activation of D1Rs Reduces Calcium Influx in Apical Dendrites of Rat PFC
Neurons via Inhibition of Cav2.2 Calcium
Channels
(A) Back-propagating action potential-induced
calcium influx into the apical dendrite of layer V/VI
pyramidal neurons of the prefrontal cortex. (1)
3D reconstruction of a recorded neuron from a Z
series stack (40 steps of 1 mm) of two-photon images. The cell was a typical pyramidal neuron in
layer V/VI of the medial prefrontal cortex and filled
with 200 mM Calcium green-1 (scale = 50 mm). (2)
A characteristic current-clamp recording during
a 250 pA depolarizing pulse taken from the imaged
pyramidal cell showing a typical layer V/VI pyramidal cell firing pattern. (3) Two-photon image of the
apical dendrite 150 mm from the soma at a depth of
50 mm below the surface of the slice is shown at
higher magnification (30 mm region of dendrite).
The red line along the dendrite (1 + 2) indicates
the defined region from which the series of line
scans that make up the image seen in (4) were
taken. (5) Trace illustrating the transient fluorescence increase that was evoked in the apical
dendrite by the action potential illustrated in (6).
(B and C) (Top, left) Representative traces of apical
dendritic calcium transients during evoked backpropagating action potentials in the presence
of dopamine (DA) (B) or the D1R agonist SKF38393 (C). (Top, right) Representative electrophysiological recordings of somatic action potentials
obtained during the course of the experiments. In
both (B) and (C), numbers indicate the corresponding time points at which traces were obtained from plots of calcium influx versus time (below). (Bottom) Plots of calcium influx (DF/F) versus
time illustrate that evoked transients are reduced
to 56% ± 3% and 52% ± 4% of control in the presence of DA (B) or the D1 agonist SKF-38393 (C),
respectively.
(D) (Top) Representative traces of apical dendritic
calcium transients during evoked back-propagating action potentials in the presence of the D1
antagonist SCH-23390 and the D1 agonist SKF38393. (Bottom) A plot of calcium influx (DF/F)
versus time illustrates that preapplication of SCH23390 prevents depression of the transient by
SKF-38393.
(E) Summary of the effects of D1- and D2-specific
agonists and antagonists on calcium transients in
apical dendrites of rat PFC during back-propagating action potentials. Sample means are plotted ±
SEM.
(F) (Top) Representative traces of apical dendritic
calcium transients during evoked back-propagating action potentials in control conditions (left), in
the presence of the specific N-type calcium channel blocker u-conotoxin-GVIA (middle, left), in the presence of GVIA and DA (middle, right), and following washout (right). (Bottom) Representative electrophysiological recordings of somatic action potentials obtained during control and experimental conditions.
(G) Summary of the effects of D1 agonists on calcium transients in apical dendrites of rat PFC neurons during back-propagating action potentials, following preapplication of GVIA. Note that measurements of calcium transients obtained in the presence of DA or SKF-38393, following preapplication of GVIA, were normalized to the values obtained after straight GVIA application, indicating that GVIA substantially occludes the depression by DA or by SKF38393; *p < 0.001,
t test. Sample means are plotted ± SEM.

coupling. To examine this possibility, we performed coimmunoprecipitation experiments between D1Rs and N-type channels
using rat PFC and striatal homogenate. D1Rs and N-type chan-

nels could be effectively coimmunoprecipitated from PFC tissue,
indicating the existence of a receptor channel signaling complex
(Figure 3A). Interestingly, despite repeated attempts, similar
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Figure 2. Agonist Activation of the D1R
Results in Robust Voltage-Dependent and
Voltage-Independent Inhibition of Cav2.2
Channel Activity
(A) Summary of peak current versus time during
DA agonist application from individual HEK293T
cells coexpressing the Cav2.2 channel and the
D1R. Agonist application results in 50% current
inhibition. (Inset) Representative current recording
from an individual cell expressing the Cav2.2 channel and the D1R, before (control) and after (DA)
stimulation with DA. Horizontal bar corresponds
to 15 ms and vertical bar corresponds to 150 pA.
(B) Representative whole-cell current voltage relations obtained from a cell expressing the Cav2.2
channel and the D1R in the absence and the presence of DA (with or without a voltage prepulse).
Note the rightward shift in the position of the IV curve
and its reversal upon application of the prepulse.
(C) Schematic diagram of the electrophysiological
protocol used to determine the degree of VD and
VI current inhibition following activation of the
D1R. Individual cells were held at 100 mV, and
a step potential to +20 mV was followed by a prepulse facilitation protocol in which a step to +20
mV was immediately preceded by a depolarizing
step to +150 mV. Recordings were made in the
absence (control) and the presence (DA) of DA.
The degree of Gbg-mediated voltage-dependent
(VD) inhibition was defined as the amount of inhibition relieved by the application of the prepulse,
and the degree of voltage-independent (VI) inhibition was defined as the remaining inhibition.
(D) Summary of the contribution of VD and VI pathways to the overall magnitude of Cav2.2 current inhibition, following D1R activation with DA. Sample
means are plotted ± SEM.
(E) Peak current amplitude as a function of time during DA application from individual HEK293T cells
coexpressing the Cav2.2 channel and the D1R, after
PTX pretreatment. (Inset) Representative current recordings from PTX-treated cells coexpressing the
Cav2.2 channel and the D1R, before (control) and
after (DA) DA application. Vertical bar indicates
250 pA and horizontal bar indicates 15 ms.
(F) Pharmacological analysis of VD and VI inhibition of N-type calcium channels by D1R activation. Asterisks denote statistical significance relative to D1R modulation
as shown in panel (D) (GDPbS, 1 mM in the patch pipette; H89, pretreatment of cells with 100 nM, bark-ct, coexpressed as cDNA). Sample means are plotted ± SEM.

coimmunoprecipitations using rat striatal homogenate were unsuccessful. These observations suggest that tissue-specific differences govern the ability of N-type channels to associate with
D1Rs. Furthermore, they are consistent with our functional data
illustrating D1R-mediated modulation of N-type channel activity
in PFC slices.
To investigate which regions of the D1R and the Cav2.2 channel may be responsible for this association, and to determine
whether it involves a direct receptor-channel interaction, we
conducted in vitro binding assays involving 6xHis- and GST-fusion constructs corresponding to the intracellular regions of
the channel and the receptor, respectively (Figure 3B). These experiments revealed a biochemical interaction between the D1
loop-2 and the proximal portion of the Cav2.2 C terminus,
whereas other intracellular regions of the channel did not interact
with the D1 loop-2 construct (Figure 3C and Figure S2). These
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data are consistent with the co-IP data of Figure 3A and indicate
a direct D1R-Cav2.2 calcium channel interaction.
As an independent verification of the data presented in Figures
3A–3C, we generated YFP-tagged peptides corresponding to
the regions of interaction between the D1R and the Cav2.2 channel. Individual HEK293T cells expressing a YFP-conjugated peptide corresponding to the D1 loop-2, alone or in the presence
of the Cav2.2 channel, were examined for the subcellular distribution of the D1 loop-2 construct. Conversely, individual
HEK293T cells expressing a YFP-conjugated peptide corresponding to the proximal portion of the Cav2.2 channel C terminus, alone or in the presence of a 3xHA-tagged D1R, were similarly examined. Expression of the empty EYFP-N1 vector
resulted in diffuse cytoplasmic distribution of the YFP signal
(data not shown). Likewise, when expressed alone, peptides
corresponding to the D1 loop-2 and the proximal portion of the
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Cav2.2 C terminus were also distributed throughout the cytoplasm (Figure 3D). However, when coexpressed in the presence
of the Cav2.2 channel or 3xHA-tagged D1R, respectively, each
peptide underwent a pronounced translocation to the plasma
membrane (D1 loop-2, 56%; Cav2.2-C terminus, 78%) (Figures
3D and 3E), whereas a YFP-tagged peptide corresponding to
the C terminus of the Cav3.1 T-type calcium channel did not
(Figure S3). These findings are consistent with our protein biochemical data illustrating that the D1 loop-2 and the Cav2.2 C terminus directly interact in vitro.
Taken together, the results of our protein biochemical and
confocal analyses indicate that the D1R is capable of direct,
physical interaction with the Cav2.2 channel. Moreover, our
data imply that this interaction occurs in neurons in a brain
region-specific manner.
D1Rs Regulate Cav2.2 Channel Surface Expression
To determine whether D1Rs can regulate surface expression
levels of Cav2.2 channels, cultured HEK293T cells were transiently transfected with an external HA-epitope-tagged Cav2.2
a1 subunit (+ b1b and a2-d1 subunits) in the absence or the presence of the D1R. The HA-antibody reactivity in permeabilized (total protein expression) and nonpermeabilized (surface protein
expression) cells in the absence and the presence of DA was
read automatically by a luminescence plate reader, thus providing an unbiased means of quantifying relative surface protein
levels. D1R cotransfection mediated a significant increase in
Cav2.2 channel membrane expression (Cav2.2 alone, 0.38 ±
0.05; Cav2.2 + D1, 0.64 ± 0.05, p < 0.001, t test) (Figure 4A).
Upon agonist application, the subcellular distribution of the
Cav2.2 channel alone was unaffected by DA (Figure 4A). In contrast, agonist application in the presence of the D1R resulted in
a loss of channel surface expression (Cav2.2 + D1 control, 0.64 ±
0.05; Cav2.2 + D1 + DA, 0.52 ± 0.04) (Figure 4A). Collectively,
these data are suggestive of a D1R-mediated enhancement of
Cav2.2 channel plasma membrane expression and receptormediated channel internalization in response to agonist.
To further examine this phenomenon, receptor-channel colocalization was investigated using confocal microscopy. Cultured HEK293T cells were transiently transfected with the
wild-type Cav2.2 channel (+ b1b and a2-d1 subunits) in the absence or the presence of a full-length, YFP-tagged D1R. The
ratio of channel/receptor expression at the cell surface to total
cellular expression was quantified in the absence and the presence of DA using Metamorph software. In the absence of agonist, coexpression of the D1R with the Cav2.2 channel produced a significant increase in channel surface expression
(Cav2.2 alone, 0.36 ± 0.02; Cav2.2 + D1, 0.64 ± 0.01, p <
0.001, t test) (Figures 4B and 4C). In response to DA, and consistent with previous reports in HEK293T cells (So et al., 2005),
a significant loss of surface expression of the D1R was
observed (control, 0.77 ± 0.001; DA, 0.48 ± 0.02, p < 0.001, t
test) (Figure 4D). The internalization of the receptor was closely
paralleled by a DA-induced loss of Cav2.2 channel surface
expression (Cav2.2 + D1 control, 0.64 ± 0.01; Cav2.2 + D1 +
DA, 0.40 ± 0.01, p < 0.001, t test) (Figure 4C). In contrast, in
the absence of exogenous receptor expression, N-type channel surface expression was unaffected by DA (Figure 4C). To

confirm that cytoplasmic Cav2.2 channels were indeed internalized from the cell surface, we conducted antibody-feeding experiments involving coexpression of HA-Cav2.2 channels and
D1-YFP receptors. In this instance, primary HA antibody was
applied to live cells before DA application. After agonist application, cells were fixed, permeabilized, and stained with secondary antibody, thus allowing for selective labeling of only
those channels that were initially localized at the cell surface.
Robust internalization of the HA-tagged channel could be observed under these conditions (HA-Cav2.2 + D1 control, 0.73 ±
0.01; HA-Cav2.2 + D1 + DA, 0.45 ± 0.03, p < 0.001, t test;
Figure 4C). Similar to results obtained using the wild-type channel, the extent of the reduction in HA-tagged channel surface
expression was closely paralleled by the degree of loss of
D1R surface expression (D1-YFP + HA-Cav2.2 control, 0.87 ±
0.008; D1-YFP + HA-Cav2.2 + DA, 0.51 ± 0.04, p < 0.001,
t test) (Figure 4D). These data indicate that the DA-induced increase in cytoplasmic Cav2.2 channels is indeed due to channel internalization rather than an effect of DA on channel trafficking to the plasma membrane. Reducing the amount of
cDNA used in transfection did not affect the degree of channel
internalization (Figure S3). The results from the imaging experiments are consistent with our luminometry data with the exception that the DA-induced loss of Cav2.2 channel surface expression appeared more pronounced. We note that in the
imaging experiments data are selectively obtained from cells
that coexpress both the channel (i.e., by immunoreactivity)
and the receptor (i.e., by YFP fluorescence). In contrast, in
the luminometry experiments, a large and more heterogeneous
population of cells is sampled, thus potentially masking receptor-induced changes in channel surface expression levels.
To determine the specificity of our observations with D1Rs and
N-type channels, we examined the ability of the b2 adrenergic receptor to promote internalization of N-type channels. Like the
D1R, the b2-AR couples via Gas and is known to undergo robust
internalization in response to agonist treatment (Ferguson et al.,
1996). Upon application of isoproterenol, the b2-AR could be effectively internalized, whereas the channel remained localized to
the plasma membrane (Figure S4). Conversely, the D1R was incapable of internalizing coexpressed HA-tagged Cav1.2 L-type
calcium channels (Figure S4). Consistent with these findings,
these receptor-channel combinations could not be coimmunoprecipitated (Figure S4).
Collectively, these results support the notion that D1Rs form
signaling complexes with Cav2.2 channels that dynamically regulate channel cell surface expression.
Association of D1Rs and Cav2.2 Is Essential for
Receptor-Mediated Regulation of Channel Distribution
To determine whether the DA-induced internalization and functional inhibition of Cav2.2 channels are dependent on the formation of physical D1R-channel complexes, we competitively
disrupted the channel-receptor interaction by coexpressing
a cDNA construct corresponding to the D1R loop-2 region (contained in a pIRES-GFP vector). Expression of the D1 loop-2 peptide, which (as we showed in Figure 3) is effectively targeted to
the plasma membrane by the channel, did not significantly affect
acute (i.e., short term) agonist-induced D1R-mediated channel
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Figure 3. The D1R Interacts with the Cav2.2 Channel in Native Tissue and In Vitro
(A) (Left) Coimmunoprecipitation experiments involving rat PFC homogenate reveal a protein-protein complex involving the D1R and the Cav2.2 channel. Control
experiments were carried out in the absence of precipitating N-type channel antibody. Input indicates PFC homogenate added directly to the gel. (Right) Control
Western blot showing enrichment and detection of Cav2.2 after Cav2.2 pull-down. Molecular weight markers are indicated in kDa to the right of each panel.
(B) Schematic diagrams illustrating the 6xHis/Xpress-Cav2.2 channel proteins (top) and the GST-D1R proteins (bottom), which were used to carry out in vitro
binding assays. Numbers indicate amino acid residues and text in parentheses indicates the corresponding cytosolic region of each protein.
(C) In vitro binding assays detect a direct, biochemical interaction between the D1 loop-2 and the proximal portion of the Cav2.2 C terminus. Molecular weight
markers are indicated in kDa to the right of the panel. Additional controls are presented in Figure S2.
(D) Representative confocal microscope images of HEK293T cells illustrating the subcellular distribution of YFP-tagged peptides corresponding to the D1
loop-2 (top) and Cav2.2 C terminus (bottom). When expressed alone, individual YFP-tagged peptides are diffusely expressed throughout the cytoplasm
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Figure 4. The Cav2.2 Channel Cell-Surface Expression Is Regulated by the D1R
(A) Relative cell-surface expression levels of Cav2.2 channels in the presence of the D1R, assayed by immunoluminometry. (*p < 0.001, t test.) Sample means are
plotted ± SEM.
(B) Representative confocal microscope images of HEK293T cells expressing the Cav2.2 channel alone (left panels) or in the presence of the D1R (right panels), in
the absence (control, top panels) or the presence (DA, bottom panels) of DA. When expressed alone, the Cav2.2 channel is located throughout the cytoplasm, and
its subcellular distribution is unaffected by DA (left panels). Upon coexpression with the D1R, the channel is localized mainly to the plasma membrane (top, right
panels). Conversely, following stimulation with DA, channel and receptor internalization is observed (bottom, right panels). Scale bars indicate 10 mM.
(C) Relative cell-surface expression levels of wild-type Cav2.2 channels or HA-Cav2.2 channels in the presence of the D1R, assayed by confocal microscopy. (*p <
0.001, t test.) WT Cav2.2 channels were detected with a Cav2.2 antibody. In the case of the HA-tagged Cav2.2 channels, live cells were treated with primary HA
antibody prior to DA treatment, thus selectively labeling only those channels that were at the cell surface prior to DA application. Sample means are plotted ±
SEM.
(D) Relative cell-surface expression levels of YFP-tagged D1Rs (coexpressed with either WT Cav2.2 or HA-tagged Cav2.2 channels), assayed by confocal
microscopy. Note that the degree of receptor internalization closely parallels that observed for the Cav2.2 channel (panel [C]). (*p < 0.001, t test.) Sample means
are plotted ± SEM.

inhibition (Figure 5A). Note that these functional experiments
were performed on a timescale where there are no contributions
from receptor-mediated channel internalization. This finding indicates that the formation of the D1R-Cav2.2 channel complex
is not essential for channel inhibition under circumstances where
receptors and channels are expressed at artificially high levels.
Furthermore, it confirms that the D1 loop-2 peptide does not affect receptor function. In contrast, the D1R-mediated internaliza-

tion of Cav2.2 channels was dramatically reduced by a YFPfused version of the D1 loop-2 peptide (control, 0.66 ± 0.02,
DA, 0.38 ± 0.03; D1-loop-2-YFP + DA, 0.57 ± 0.02, p < 0.05,
one-way ANOVA) (Figures 5B and 5C), without any effect on
D1R internalization per se (control, 0.72 ± 0.02; DA, 0.46 ±
0.04; D1 loop-2-YFP + DA, 0.51 ± 0.02) (Figures 5D and 5E).
These data indicate that the primary role of the signaling complex is not to enhance the functional coupling of the receptor

and/or cell nucleus. However, plasma membrane localization is observed in the presence of full-length receptors and channels (arrows), respectively. Scale bars
indicate 10 mm.
(E) Summary of the number of cells exhibiting membrane translocation of YFP-conjugated peptides, in the absence and the presence of full-length receptors and
channels.

Neuron 58, 557–570, May 22, 2008 ª2008 Elsevier Inc. 563

Neuron
Dopamine Modulation of N-Type Channels

Figure 5. Association of D1Rs and Cav2.2
Channels Is Essential for Receptor-Mediated Colocalization
(A) Summary of the overall magnitude of Cav2.2
current inhibition from individual HEK293T cells
coexpressing the Cav2.2 channel and the D1R, in
the absence (control) and the presence of the D1
loop-2 peptide. Sample means are plotted ± SEM.
(B) (Top) Representative confocal microscope
images of individual HEK293T cells coexpressing
the wild-type D1R and the Cav2.2 channel, in the
absence (control) and the presence (DA) of DA. Under control condition, the channel is located mainly
at the plasma membrane. In contrast, in response
to DA, channel internalization is observed (arrows).
(Bottom) Representative confocal microscope
image of an individual HEK293T cell coexpressing
the wild-type D1R, the Cav2.2 channel, and a D1
loop-2-YFP peptide, following DA application.
(C) Relative cell-surface expression levels of
Cav2.2 channels in the presence of the D1 loop2-YFP peptide (*p < 0.05, one-way ANOVA, Dunnett’s method). Sample means are plotted ± SEM.
(D) (Top) Representative confocal microscope
images of individual HEK293T cells expressing
a 3xHA-D1R, in the absence (control) and the presence (DA) of DA. Under control conditions, the receptor is located mainly at the plasma membrane. In contrast,
in response to DA, receptor internalization is observed (arrows). (Bottom) Representative confocal microscope images of an individual HEK293T cell coexpressing
the 3xHA-D1R and the D1 loop-2-YFP peptide, following DA application. Receptor internalization is observed (arrows).
(E) Relative cell-surface expression levels of 3xHA-D1Rs in the presence of the D1 loop-2-YFP peptide. The extent of agonist-induced receptor internalization is
unaffected by the peptide (n.s., one-way ANOVA, Dunnett’s method). Sample means are plotted ± SEM.

to the channel but, instead, to allow for effective receptor-mediated regulation of channel cell surface levels.
D1Rs Regulate Subcellular Targeting of N-Type
Channels in Cultured PFC Neurons
To elucidate the physiological roles of these D1R-N-type calcium channel interactions, we conducted a series of experiments using cultured PFC neurons. Double labeling with D1
and Cav2.2 channel antibodies reveals a punctuate distribution
of both receptors and channels along both proximal and distal
processes (Figure 6A). Quantitative analysis of the degree of colocalization of channel and receptor puncta/clusters reveals that
65% of the Cav2.2 channels are colocalized with D1Rs,
whereas fewer than 15% of the receptors are colocalized with
Cav2.2 (Figure 6B). These data suggest that D1Rs may regulate
the subcellular distribution of Cav2.2 channels, whereas the
converse does not appear to occur. To further examine this
possibility, we transfected PFC neurons with a cDNA construct
encoding the proximal Cav2.2-C terminus region fused to the
CD4 receptor. This construct contains the D1R interaction domain and is membrane anchored due to the CD4 sequence. Expression of this construct, as visualized by CD4 immunoreactivity, results in a punctuate distribution that is qualitatively similar
to that observed with the native Cav2.2 channel (Figure 6C),
consistent with a mechanism by which endogenous D1Rs
define the subcellular localization of the CD4-Cav2.2-COOH
construct. In contrast, a CD4 receptor construct fused to the
domain II-III linker region of the channel was distributed
ubiquitously (Figure 6C), consistent with its inability to bind
to D1Rs. To corroborate our findings, we coexpressed a YFPtagged D1R construct alone, or in the presence of CD4-
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Cav2.2-Cter, and examined colocalization in neurons. Expression of D1-YFP resulted in a punctuate distribution that resembled that observed with native D1Rs (Figure 6D). Coexpression
of the CD4-Cav2.2-Cter construct did not noticeably alter the
distribution of D1-YFP but revealed a high degree of colocalization between both exogenously expressed proteins (Figures 6D
and 6E). These data confirm that the Cav2.2 C terminus is the
key interaction motif for D1R binding. Moreover, they are consistent with the localization of Cav2.2 channels at D1R clusters
in PFC neurons.
If D1Rs are indeed responsible for determining the subcellular
localization of Cav2.2 channels, then disrupting the receptorchannel association should interfere with Cav2.2 distribution.
We therefore expressed the D1 loop-2-YFP peptide in PFC neurons to competitively inhibit receptor-channel binding and examined the consequences on Cav2.2 channel distribution along
neuronal processes. As shown in Figures 7A and 7C, compared
with control, expression of the D1 loop-2-YFP construct drastically reduced the number of endogenous Cav2.2 puncta.
Furthermore, the peptide interfered with the targeting of a coexpressed CD4-Cav2.2-Cter construct (Figures 7B and 7C). These
data suggest that the D1R is indeed an important determinant of
N-type channel distribution in PFC neurons and that this function
depends on the ability of the receptor to physically interact with
the channel.
DISCUSSION
In the CNS, dopaminergic neurons originating in the substantia
nigra and the VTA give rise to several major dopaminergic tracts
that course to the dorsal striatum, the nucleus accumbens, and
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Figure 6. Distribution of D1Rs and Cav2.2 Calcium
Channels in Cultured PFC Neurons
(A) Confocal images obtained from a cultured PFC neuron after double labeling for D1Rs (green) and Cav2.2 calcium channels (red). The bottom images show a double-labeled process
under higher magnification. Note the punctuate distribution of
Cav2.2 channels and D1Rs and the partial overlap (yellow).
The clusters shown in white indicate Cav2.2 channel puncta/
clusters that costain for D1 (using the ImageJ colocalization
finder function). Scale bars indicate 10 mm.
(B) Quantification of the extent of colocalization between D1Rs
and Cav2.2 channel puncta/clusters using Metamorph software. Note that 65% of Cav2.2 channels are colocalized
with D1Rs, whereas only 15% of D1Rs are colocalized with
Cav2.2, suggesting an excess of D1Rs. Sample means are
plotted ± SEM.
(C) Distribution of CD4 receptor-fused Cav2.2 C-terminal peptides (left) or CD4 receptor-fused Cav2.2 domain II-III linker
peptides (right) when expressed in cultured PFC neurons.
Constructs were visualized by CD4 antibody staining. Note
the punctuate distribution of the Cav2.2 C terminus in comparison with the diffuse distribution of the II-III linker. Scale bars
indicate 10 mm.
(D) Colocalization of the CD4 Cav2.2 C terminus construct
(red) with exogenously expressed D1-YFP (green) in a representative PFC neuron. The white boxed area in each panel
shows a magnification of the corresponding process highlighted in the left image. Scale bars indicate 10 mm.
(E) Quantification of the extent of colocalization between D1YFP and the CD4-Cav2.2-C-ter construct as described in
panel (B). Note the high degree of colocalization of channel
construct with coexpressed receptors. Sample means are
plotted ± SEM.

the PFC (Lindvall and Bjorklund, 1978). The D1R is highly expressed in these regions, where it is responsible for the regulation of physiological functions including locomotion, rewardrelated behaviors, and working memory. However, the precise
mechanisms underlying these functions remain unclear. Here,
we show that D1Rs modulate dendritic N-type calcium channels
in the PFC, thus altering postsynaptic calcium influx. Furthermore, we provide evidence for a D1-N-type signaling complex
in this region, which appears to promote colocalization of channels and receptors.
We note that a previous study, based on confocal imaging
rather than the two-photon approach employed by us, con-

cluded that DA does not modulate back-propagating action potentials (Gulledge and Stuart, 2003).
However these authors reported a progressive decrease in DF/F, of 50%, under control conditions.
This instability, which our experimental conditions
were designed to prevent (see Experimental Procedures), may have precluded their ability to detect
the actions of DA. Alternatively, it is possible that
different subpopulations of layer V/IV pyramidal
cells with different DA sensitivities were examined
in the two studies.
It is well established that activation of D2 receptors antagonizes the release of neurotransmitters
via inhibition of presynaptic N-type calcium channel activity (Momiyama and Koga, 2001; Pisani et al., 2000;
Stefani et al., 2002; Svensson et al., 2003). Furthermore, this
inhibition is known to involve both voltage-dependent and voltage-independent pathways (Brown and Seabrook, 1995; Leroy
et al., 2005; Yan et al., 1997). Voltage-independent inhibition occurs over a slower time course than voltage-dependent inhibition and typically involves soluble second messengers (Beech
et al., 1992; Schiff et al., 2000). In contrast, voltage-dependent
inhibition is membrane delimited and caused by binding of
Gbg subunits directly to the channel, stabilizing a closed channel conformation (Herlitze et al., 1996; Ikeda, 1996; Zamponi
et al., 1997; Zamponi and Snutch, 1998a; Zamponi and Snutch,
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Figure 7. Effect of Disrupting the Cav2.2-D1R Interaction on Cav2.2
Distribution in PFC Neurons
(A) Images of a PFC neuron transfected with the D1 loop-2-YFP construct (top
two rows) or a YFP control (bottom row) and stained with a Cav2.2 antibody
(red). The area boxed in white in the top right panel is magnified in the middle
row panels. Note that Cav2.2 shows a punctuate distribution in the D1 loop-2YFP-negative neuron (white arrow). In contrast, the neuron expressing the D1
loop-2-YFP construct (green arrow, middle row) shows a reduced number of
Cav2.2 puncta per unit length, whereas neurons expressing the YFP control
(green arrow, bottom row) show normal Cav2.2 distribution. Scale bars
indicate 10 mm.
(B) Effect of the D1 loop-2-YFP construct on the distribution of coexpressed
CD4-Cav2.2-C-ter constructs. Note that, compared with Figure 6D, there are
fewer CD4-positive puncta. Scale bar indicates 10 mm.
(C) Numbers of puncta/mm for WT Cav2.2 channels (black bars) or exogenously
expressed CD4-Cav2.2-C-ter (white bars) in untransfected PFC neurons or
in neurons transfected with either YFP or D1 loop-2-YFP. Asterisks denote
statistical significance relative to control (one-way ANOVA). Sample means
are plotted ± SEM.
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1998b). While voltage-dependent inhibition has been reported
for a series of Gai/o-linked receptors (for review see Tedford
and Zamponi, 2006), our data clearly show that Gas-coupled receptors, such as the D1R, are also capable of supporting this
type of N-type channel modulation. However, because we did
not explicitly test whether the VD modulation was in fact due
to Gas activation, we cannot rule out the possibility that D1Rs
may show some promiscuity in their Ga subunit coupling.
D1Rs are known to stimulate adenylyl cyclase activity, thereby
influencing cAMP production and protein kinase A (PKA) activity
(Dearry et al., 1990; Monsma et al., 1990; Zhou et al., 1990). It
has been reported that activation of D1Rs in neostriatal neurons
inhibits N-type calcium channel activity via a PKA-dependent
pathway (Surmeier et al., 1995). This fits with our observation
that application of PKA inhibitor H89 resulted in a robust decrease in D1R-mediated VI modulation of transiently expressed
Cav2.2 channels and is consistent with a Gas pathway. It remains to be determined to what extent the D1R-mediated inhibition of dendritic calcium entry in PFC neurons is due to VD,
VI, or both pathways or perhaps even due to receptor-mediated
channel internalization.
Our finding that D1Rs physically interact with the N-type channel adds to an accumulating body of evidence in support of the
existence of macromolecular signaling complexes that allow for
efficiency and specificity of intracellular signaling (Rebois and
Hebert, 2003). Indeed, the D1R has been shown to regulate
NMDA receptor function via direct, protein-protein interactions
(Lee et al., 2002). Similarly, the b-adrenergic receptor forms
complex with L-type calcium channels to enhance signaling efficiency (Davare et al., 2001). Results from our own laboratory
demonstrate that N-type channels participate in similar signaling
complexes. The N-type channel interacts directly with the ORL1
receptor (Beedle et al., 2004), which promotes membrane trafficking of the channel and results in receptor-channel cointernalization in the presence of prolonged agonist exposure (Altier
et al., 2006). Signaling complexes are also observed between
N-type channels and GABAB receptors (Tombler et al., 2006).
The results presented here reveal an analogous complex between the D1R and the N-type calcium channel, both in native
tissue and in expression systems. Although such complexes
may rely on distinct structural determinants, in all instances their
net effect appears to be increased Cav2.2 channel surface expression and receptor-mediated channel internalization. It is unclear why D1Rs and Cav2.2 channels associate with each other
in PFC neurons and not in the striatum. As shown recently, the
association of receptor-channel complexes in the ER is regulated by chaperones (Dupre et al., 2006), which may be differentially expressed in striatum and PFC. Furthermore, D1Rs and
channels may be competitively uncoupled in the striatum by another channel and/or receptor-binding partner. Finally, alternate
splicing of the Cav2.2 C terminus may allow for a selective interaction between the channel and D1Rs in one brain region versus
another. Although further experimentation will be required to dissect the neuron-subtype specificity of the observed interactions,
such differential interactions must be considered when comparing functional data obtained in different populations of neurons.
Interference with the receptor-channel association using the
D1 loop-2 peptide resulted in loss of membrane colocalization
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in both HEK293T cells and PFC neurons, indicating effective disruption of the complex. This was particularly evident in PFC neurons where the distribution of endogenous Cav2.2 channels as
well as that of CD4-Cav2.2 C-terminal fusion constructs was
dramatically altered. These data indicate that the D1R can not
only promote plasma membrane expression levels of the channel (i.e., in heterologous systems) but can also serve as an
important determinant of subcellular localization of N-type channels in the PFC. In contrast, functional regulation of channel activity in HEK293T cells was unaffected by the D1 loop-2 peptide.
It is important to note, however, that overexpression of
receptors and channels in a heterologous system such as
HEK293T cells likely results in crowding of receptors and channels in the plasma membrane. This may allow for effective DA
receptor-mediated channel modulation even upon disruption
of the receptor-channel complex. The functional regulation of
channel activity by D1Rs was maintained at lower receptor
and channel transfection levels where one might expect the formation of specific receptor-channel signaling complexes to play
a more important role. Compared with HEK293T cells, dendrites
of PFC neurons exhibit a vastly different geometry and expression level of receptors/channels. Considering the punctuate distribution of D1Rs along proximal and distal processes in both
cultured PFC neurons (see Figure 6) and in PFC slices (Paspalas
and Goldman-Rakic, 2005), effective modulation of channel activity (especially by Gbg but possibly also PKA) necessitates that
the channels are in close proximity to the receptors. The formation of signaling complexes between receptors and channels (as
evident from our coimmunoprecipitation experiments) ensures
such colocalization. Our data in cultured PFC neurons indicate
that it is the receptor that localizes the channel to dendritic compartments (and not vice versa), consistent with our findings in
HEK293T cells. These findings highlight the D1R as a regulator
of N-type channel distribution and differ from previously described molecular mechanisms underlying N-type channel targeting to presynaptic nerve terminals (Jarvis and Zamponi,
2007). Although not examined here, it would be interesting to
determine whether a disruption of channel-receptor association
affects the DA-induced effects on calcium signaling in the PFC
and, ultimately, animal behavior.
Taken together, our data demonstrate that dendritic N-type
channels are an important physiological target of D1Rs in PFC.
Furthermore, we provide insight into the molecular mechanism
that underlie this type of modulation. The association of channels
and receptors provides for receptor-channel colocalization at
specific subcellular loci in the PFC, thus ensuring effective dopaminergic inhibition of N-type calcium channel activity during
backpropagating action potentials. Considering the important
role of dendritic calcium in neuronal plasticity, our data suggest
a mechanism by which D1Rs may contribute to the regulation of
the cognitive functions controlled by the PFC.

EXPERIMENTAL PROCEDURES
Sources of cDNAs, generation of fusion proteins and expression constructs,
tissue culture, transfections, and electrophysiological analysis of HEK293T
cells, protein biochemistry, and confocal imaging analysis of HEK293T cells
are described in detail in the Supplemental Experimental Procedures section.

Culturing, Transfection, and Imaging of Prefrontal Cortex Neurons
Prefrontal cortex was isolated from P0 rats. Neurons were dissociated as
previously described (Khosravani et al., 2005) and seeded at low density
onto coverslips pretreated with poly-D-lysine (Sigma) followed by Laminin
(Sigma) in 24-well plate. At day 7 of culture, transfection of cDNA was performed using the calcium phosphate method. Twenty micrograms of total
cDNA was used for 6 wells, and neurons were exposed to calcium phosphate
precipitate for 40 min before the medium was removed. Neurons were fixed
with 4% PFA 4–6 days after transfection and immunostained with appropriate antibodies (a-D1 [Santa Cruz, 1:200]; a-Cav2.2 [Calbiochem, 1:200],
a-CD4 [BD Biosciences, 1:500]). The D1R was labeled with anti-goat AF488 (Molecular Probes, 1:1000), the Cav2.2 channel was labeled with antirabbit AF-568 (Molecular Probes, 1:1000), and CD4 was labeled with antimouse AF-568 (Molecular Probes, 1:1000). Image acquisition was performed
using the Zeiss LSM 510 META confocal microscope with a 633 1.4NA
oil-immersion objective in the inverted position. Images were analyzed with
Image J (colocalization finder plug-in) and Metamorph software (measure
of colocalization).
Whole-Cell Recordings from Slices of Rat Prefrontal Cortex
Rats (14–21 days old) were deeply anesthetized with halothane and decapitated, and brains were removed rapidly into 0 C–4 C artificial cerebrospinal
fluid (ACSF) solution for 30–60 s. Transverse coronal slices (300–400 mm)
were cut on a vibratome (Leica) at the level of the frontal cortex in cold
(<4 C) oxygenated ACSF with the following composition (in mM): NaCl (126),
KCl (3), NaHCO3 (26), glucose (10), MgCl2 (1.3), and CaCl2 (2.3). Slices were
transferred to oxygenated ACSF at room temperature >1 hr before transfer
to a recording chamber for experiments. All recordings were made in the prelimbic and anterior cingulate cortex of the medial prefrontal cortex, assessed
with reference to Paxinos and Watson (Paxinos and Watson, 1986), using the
shape of the subcortical white matter as the primary landmark. Slices were
perfused with oxygenated ACSF (1–3 ml/min) and maintained at 25 C.
Temperature was controlled with an inline heater (Warner Instruments) and
varied ±0.5 C.
Layer V/VI neurons from the PFC were reliably distinguished morphologically and electrophysiologically (during the experiment) as either ‘‘intrinsic
bursting’’ or ‘‘regular spiking’’ (Yang et al., 1996). Layer V/VI neurons were recorded 600–800 mm from the pial surface and identified using infrared differential interference contrast (IR-DIC) optics on an upright microscope (ZeissAxioskop-2, filtered with 40X-W/0.8NA objective lens). Whole-cell recordings
were made with an Axopatch 200B amplifier in current-clamp mode and
low-pass filtered at 2 kHz. Access resistance and resting membrane potential
were continuously monitored, and cells showing a >15% change in access resistance or a potential more positive than 55 mV were discarded. Internal
patch pipettes had a typical resistance of 3–6 MU and were filled with solution
containing (in mM): KMeSO4 (140), NaCl (4), HEPES (10), NaATP (4), Tris-GTP
(0.3), phosphocreatine (14), and calcium green-1 (0.1–0.4), pH adjusted to
7.2–7.4. ATP and GTP were added fresh daily.
Measurements of Calcium Transients in PFC Slices Using
Two-Photon Laser-Scanning Microscopy
PFC slices from adult rats were prepared as discussed above. Layer V/VI
pyramidal neurons were filled with the calcium indicator calcium green-1
(100–400 mM) by whole-cell perfusion for at least 20–30 min, by which time
dye concentrations reached an equilibrium, and stable baseline fluorescence
(F0) was observed. Only cells exhibiting stable baseline fluorescence were included in analyses. Under our conditions, agonist-induced changes in DF were
always accompanied by unaltered resting intracellular calcium concentration
(99.4% ± 2.6% control conditions, n = 15). Measurements of calcium transients in the apical dendrite were taken at distances of 100–300 mm from the
soma. For measurements at 300 mm, filling times were at least 30 min. Cells
were imaged using a two-photon laser-scanning microscope (Zeiss-Axioskop-2 fitted with a 40X-W/0.8NA objective lens) directly coupled to a Ti:sapphire laser (Mira; Coherent) providing 100 fs pulses at 80 MHz and pumped by
a 5W laser source (Verdi; Coherent). The fluorophore was excited between
830–840 nm and epifluorescence detected with both internal (descanned)
and external (nondescanned) detectors. In all experiments, photodynamic

Neuron 58, 557–570, May 22, 2008 ª2008 Elsevier Inc. 567

Neuron
Dopamine Modulation of N-Type Channels

damage was minimized by using an acousto-optical modulator (AOM) to reduce laser intensity to the lowest necessary for adequate signal-to-noise.
For experiments involving DA (25–100 mM), the D1 agonists SKF-38393 (10–
50 mM) and SKF-81297 (10 mM), the D1 antagonist SCH-23390 (10 mM), and
the D2 agonist quinpirole (40 mM), solutions were prepared fresh daily and
bath applied at the indicated final concentrations. For experiments involving
u-conotoxin-GVIA, concentrated aqueous stock solution was prepared in advance and stored at 20 C. This solution was diluted to a working concentration of 1 mM immediately prior to use.
Analysis of Calcium Signals
A series of line scans were used to measure the evoked calcium transients with
adequate time resolution. Each line scan took 1.5–6.0 ms, and a minimum
number of total scans per transient were used to reduce photodynamic damage. Increasing fluorescence baseline, steadily diminishing transients, and/or
changes in morphology were considered indicative of photodynamic damage,
and cells showing these changes were discarded. Fluorescence signals were
converted to relative fluorescence changes over time and expressed in percentages, defined as DF/F = ((F1 B1) (F0 B0))/(F0 B0), where F1 and
F0 are fluorescence in the apical dendrite at any given time point and at the beginning of the experiment, respectively, and B1 and B0 are the background
fluorescence at any given time point and at the beginning of the experiment,
respectively. Background values were taken from an adjacent area located
at least 10 mm from imaged areas. To quantify the magnitude of fluorescence
change, the area under a defined region of the peak amplitude of the transient
was measured. During drug application, responses were considered stable if
<5% variability was observed over a 5–20 min control period and baseline fluorescence did not change. The average magnitude of the calcium transients before drug application was set as 100%, and the average of two or three calcium
transients in stable drug and wash conditions normalized to predrug conditions was taken as the magnitude of drug effect and drug recovery, respectively. Some calcium transients were filtered using a Kaiser low-pass filter
(Igor, Wavemetrics).
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