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Acute Cocaine Induces Fast Activation of D1 Receptor and
Progressive Deactivation of D2 Receptor Striatal Neurons:
In Vivo Optical Microprobe [Ca®" |, Imaging
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Cocaine induces fast dopamine increases in brain striatal regions, which are recognized to underlie its rewarding effects. Both dopamine
D1 and D2 receptors are involved in cocaine’s reward but the dynamic downstream consequences of cocaine effects in striatum are not
fully understood. Here we used transgenic mice expressing EGFP under the control of either the D1 receptor (D1R) or the D2 receptor
(D2R) gene and microprobe optical imaging to assess the dynamic changes in intracellular calcium ([Ca**];) responses (used as marker
of neuronal activation) to acute cocaine in vivo separately for D1R- versus D2R-expressing neurons in striatum. Acute cocaine (8 mg/kg,
i.p.) rapidly increased [Ca®" ], in D1R-expressing neurons (10.6 = 3.2%) in striatum within 8.3 = 2.3 min after cocaine administration
after which the increases plateaued; these fast [Ca®"]; increases were blocked by pretreatment with a DIR antagonist (SCH23390). In
contrast, cocaine induced progressive decreases in [Ca®"]; in D2R-expressing neurons (10.4 * 5.8%) continuously throughout the 30
min that followed cocaine administration; these slower [Ca*™]; decreases were blocked by pretreatment with a D2R antagonist (raclo-
pride). Since activation of striatal D1R-expressing neurons (direct-pathway) enhances cocaine reward, whereas activation of D2R-
expressing neurons suppresses it (indirect-pathway) (Lobo et al., 2010), this suggests that cocaine’s rewarding effects entail both its fast
stimulation of D1R (resulting in abrupt activation of direct-pathway neurons) and a slower stimulation of D2R (resulting in longer-lasting
deactivation of indirect-pathway neurons). We also provide direct in vivo evidence of D2R and D1R interactions in the striatal responses
to acute cocaine administration.

Introduction we test the hypothesis that the effects of cocaine and their tem-

Cocaine induces fast DA increases in the nucleus accumbens that
are associated with its rewarding effects (Di Chiara and Imperato,
1988; Koob and Bloom, 1988). Indeed, the rate at which cocaine
enters the brain and increases DA modulates its rewarding effects;
the faster the increases, the stronger the reward (Balster and
Schuster, 1973). Both D1 and D2 DA receptors (D1Rs, D2Rs) are
involved in cocaine’s reward (Caine and Koob, 1994) but the
specific effects of cocaine on DIR versus D2R in vivo and in
particular their dynamics are not completely understood. Here
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poral dynamics on neuronal activity would differ for D1R-
expressing versus D2R-expressing neurons.

Coupling of electrical activity to intracellular calcium levels
([Ca*™],) is crucial for neurotransmission (Sudhof, 2004) and
measurements of [Ca?"]; in neurons are used as markers of neu-
ronal activity (Helmchen and Waters, 2002). In striatum, DA
stimulation of D2R decreases Ca>" entry into the cell, inhibiting
medium spiny neurons (MSNs) of the indirect pathway (Albin et
al., 1989; Gerfen, 1992), whereas DA activation of DIR increases
[Ca**], increasing excitability of MSNs from the direct pathway
(Surmeier et al., 1995). Thus, we hypothesized that acute cocaine
would decrease [Ca”*]; in D2R-expressing neurons and increase
it in D1R-expressing neurons. We also hypothesized that since
cocaine abruptly increases DA (peaking at 1-2 min when admin-
istered intravenously) after which its concentration rapidly de-
creases (half-peak clearance 20—25 min) (Espaiia et al., 2008), it
would result in fast and transitory stimulation of low-affinity
DIR (stimulated by high DA concentrations), and result in
longer-lasting stimulation of high-affinity D2R (stimulated by
much lower DA concentrations) (Goto and Grace, 2005).

Studies of cocaine’s effects on neuronal Ca*™ level were done
in vitro (isolated cells or tissue slices) and thus limited by the
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Table 1. Experimental design and animal allocation

J. Neurosci., September 14,2011 - 31(37):13180-13190 « 13181

Experiment 1: Saline Experiment 2: Cocaine only

N Probe N Probe N Probe

uP

Experiment 3: Cocaine + antagonism

Experiment 4: Cocaine + cross-antagonism

1N Probe
m Cortex (layer 5-6) Striatum Cortex (layer 5-6) Striatum Cortex (layer 5-6) Striatum Striatum
Drd1-EGFP 4 3 4 4 3 3 3 3
Drd2-EGFP — 3 — 7 3 — 4 3
=S ca Animal Care and Use Committees of State

Confocal —p

i VW : i

excitation [l MMM -

or CCD

\ Nikon /
\ e—

Figure1.  Microprobe-based fluorescence microscope for in vivo deep brain imaging. a, A modified fluorescence microscope for
simultaneous EGFP and Rhod,-[Ca”" ], imaging. b, uN catheter and the 3D motorized micro-stage assembly for deep brain
imaging. ¢, wP for in vivo imaging across different brain regions. Obj, Objective; Ex, excitation beams; Em, emission beams. The

University of New York at Stony Brook and
Brookhaven National Laboratory.

Surgical preparation. The mice were anesthe-
tized with 2% isoflurane mixed in pure O, and
their heads were then immobilized using a cus-
tomized stereotaxic frame. A cranial window
(¢1~1.5 mm) was created ~2 mm lateral and
0.4 mm anterior to bregma and above the stria-
tum (i.e., caudate—putamen nucleus region;
Hof and Young, 2000; Paxinos and Franklin,
2004). The [Ca’"]; fluorescence indicator,
Rhod,/AM (12.5 ug/100 ul, Invitrogen), was
slowly infused into the brain using a micro-
infusion pump (3 pl/min). Imaging was
started at 1 h after Rhod, infusion to ensure
maximal intracellular uptake of Rhod,. The la-
beling distribution profile of Rhod, was ~¢1
mm around the loading site.

Drug treatment during the experiments. In
each mouse, a bolus of 8 mg/kg cocaine - HCI
(Sigma-Aldrich) was injected intraperitone-
ally. For the groups in Experiment 3 (Table 1),
the mice were injected with either DIR antag-
onist (a bolus dose of 0.075 mg/kg SCH23390,

dashed box illustrates the time sequence for dual-channel fluorescence illumination and imaging.

removal of the projections that in vivo modulate DA cell activity
and release and by single time point measurements. Quantitative
methods for imaging [Ca®"]; in vivo in the striatum have been
technically challenging. Thus while confocal and multiphoton
microscopy provide superior cellular resolution for [Ca*"]; flu-
orescence imaging, they have limited imaging depth (Helmchen
and Denk, 2002; Zipfel et al., 2003). Recent advances in micro-
probe techniques [e.g., the gradual refractive index lens (Jung et
al., 2004; Levene et al., 2004) and micro-prisms (Chia and Lev-
ene, 2009, 2010)] now allow for dynamic [Ca**]; measurements
in subcortical brain regions in vivo.

Here, we apply for the first time these imaging approaches to
assess the dynamic effects of cocaine on DIR- versus D2R-
expressing neurons in striatum in the intact brain. For this pur-
pose we measured cocaine-induced [Ca®"]; changes (using the
fluorescent [Ca** ], indicator Rhod,) in transgenic mice that ex-
pressed EGFP under the control of either the DIR or the D2R
gene (Gong et al., 2003). An epifluorescence microscope was in-
tegrated with optical microprobes [either a micro-needle lens
(uN) or a micro-prism (uP)] to image EGFP-expressing individ-
ual DIR or D2R neurons while simultaneously imaging [Ca**];
in vivo, in real time in both cortex and striatum.

Materials and Methods

Animals. Drd1-EGFP and Drd2-EGFP bacterial artificial chromosome
(BAC) transgenic mice generated by the Gensat BAC transgenic project
were used (Gong et al., 2003). These animals were divided into different
groups for experiments summarized in Table 1. All animal protocols
were in accordance with National Institute of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Institutional

Sigma-Aldrich) or D2R antagonist (a bolus

dose of 3 mg/kg raclopride, Sigma-Aldrich),

which were administered intraperitoneally at

30 min before cocaine injection in the Drd1-
EGFP transgenic mice and Drd2-EGFP transgenic mice, respectively. We
chose SCH23390 and raclopride since these are validated antagonists for
DIR and D2R, respectively, and we selected doses that have been com-
monly used in preclinical studies (Doherty et al., 2008; Williams and
Undieh, 2010; Choleris et al., 2011; Lange et al., 2011).

In vivo microprobe imaging. The uN approach enabled us to measure
dynamic changes of [Ca®*]; in DIR and D2R neurons in cortex and
striatum; whereas the wP approach provided a large field of view that
allowed assessment of the distribution of these neurons within the corti-
cal layers and the striatum together with their [Ca®"], differences before
and after acute cocaine challenge. Figure 1 illustrates the endomicro-
scopic approach, which employs interchangeable uN and uP probes to
image cortical and subcortical brain regions in vivo. After anesthesia and
surgical preparation, the animal together with the stereotaxic frame was
mounted on a motorized 3D stage adapted to a modified upright fluo-
rescence microscope (E800, Nikon) as shown in Figure la. Figure 1b
illustrates a uN probe which was a custom GRIN lens (¢1 mm X 20 mm)
that relayed the image from the mouse brain at the distal end of the
needle probe back to the focal plane of the microscope objective [e.g.,
PlanFluo 20X/0.5 numerical aperture (NA), Nikon]. A custom motor-
ized 3D micro-stage (Fig. 1a) facilitated accurate light coupling and focal
tracking between the uN probe and the microscope objective as shown in
Fig. 1b, which allowed the focus to be finely placed on the depth domi-
nated by GFP-expressing neurons. The uN probe was first inserted into
the cortical brain at a precise depth for cortical (1 mm below the surface)
and for striatal imaging (3 mm below the surface). During this proce-
dure, special attention was paid to avoid disruption of large vascular
vessels, and minor bleeding was occluded by flushing saline solution. For
dual-channel EGFP and Rhod,-Ca®" fluorescence imaging, gated se-
quential illumination for excitation of EGFP (A, = 460-500 nm) and
Rhod,-Ca?" (A, = 530-550 nm) was used to minimize photon bleach-
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ing. Rhod,-[Ca®"]; and EGFP fluorescence 12
emissions of DIR or D2R neurons were col-
lected by TRITC-HYQ [excitation filter 9|
(EX): 530-550 nm, dichroic mirror (DM):
565 nm, barrier or emission filter (BA): 590— |
650 nm, Chroma] and FITC-HYQ (EX: 460— 6
500 nm, DM: 505 nm, BA: 510-560 nm,
Chroma) epifluorescence cubes, respectively. ;\? 3
The images in cortical and striatal brain regions =
were acquired using a CCD camera (iXon ™, ﬁm 0
1M pixels, 8 wm/pixel, Andor) synchronized (3}
with the fluorescence excitation. During the I -3-
experiment, full-field uN images (FOV: ¢250
um) were recorded continuously at 28fps from 6
baseline  ~ —5 min to t =~ 30 min after admin-
istration of cocaine or saline.

In parallel to uN probe, Figure 1c illustrates 9
a uP probe that permitted in vivo imaging of
cortical and striatal brain regions. A custom -12-

1 X 2 mm? right-angled micro-prism which
was coated with anti-reflection coatings to
minimize surface reflections and ensure high
light throughput was fully inserted into the
mouse brain. After the prism surface was
cleaned by flushing saline solution, a micro-
scope objective with adjustable aberration
(PlanFluo 40X</0.6 NA, Nikon) was used to
search and dynamically focus at the plane dominated by GFP-expressing
neurons adjacent to the vertical surface of the prism. The FOV per frame
is limited to 0.2 X 0.2 mm?; however, scanning the micro-stage trans-
versely along the ridge of the prism projected the images across different
depths of brain regions from the cortex to the striatum. To minimize
photobleaching, the panoramic scan was only performed at two time
points, i.e., at baseline (£ = —5 min) and at 25 min after cocaine or saline
injection.

Imaging processing and statistical analysis. The uN images of Rhod,-
[Ca?"]; fluorescence were stacked sequentially and registered so that
individual cells were delineated as regions of interest (ROIs). They were
then coregistered with the EGFP images to identify [Ca*"]; from EGFP
neurons (DIR or D2R) and non-EGFP cells. The time course of the
[Ca®"]; changes (ACa"];) in each cell was detected by tracing the mean
intensity within the ROI through the Rhod, fluorescence image stack and
normalized to the mean basal level (i.e., t < 0). To identify how fast the
[Ca®*], changes occurred in D1R-expressing or D2R-expressing neu-
rons and to assess whether the dynamics of these changes differed [i.e.,
Fig. 2a illustrates two distinct dynamic phases in DIR neurons: a “fast”
(phase I) and a “slow” (phase II)], we applied a linear curve fitting
method to the time course of A[Ca?*]; in each GFP neurons to deter-
mine their slopes (k, for phase I, k, for phase II). The same method to
analyze the two phases observed for DIR was applied to the D2R-
expressing neurons (Fig. 2b). Then, the ratio of the slopes between the
two phases (i.e., r = k,/k,) was calculated and statistically analyzed for
D1R- and D2R-expressing neurons. If ¥—0, the dynamics between these
two phases differed significantly, thus theoretically confirming two dis-
tinct phases (Fig. 2a); whereas if r—1, the dynamics between these two
phases did not differ significantly, thus confirming only one phase (Fig.
2b). For D1R-expressing neurons, we accordingly estimated the inter-
section time point of the fitting lines between these phases and
defined this as “turning point” (tp). The A[Ca®*]; at t = 25 min was
used to represent a plateau level (i.e., phase II) after cocaine or saline
challenge, for which its relative change against the baseline was averaged
over different cells of the same type within an individual mouse (7: num-
ber of cells) as mean = SD for each mouse and then averaged across
different mice (m: number of mice) in each experimental group. Com-
parisons were analyzed using two-tail Student’s ¢ tests.

For uP images, the panoramic EGFP and Rhod, fluorescence images
were assembled by aligning and registering individual images using the
position (x, y; here x refers to the lateral position and y the depth within

Figure 2.

or “decrease” in [(a %]

b D2R neuron in striatum

[Ca®"7; changes in a D1R-expressing neuron (a) and a D2R-expressing neuron (b). Least-squares line fitting is
applied to analyze the slope differences in the initial 0—10 min (phase I) and subsequent 1030 min (phase Il) periods for the
A[Ca*"];time courses. The slopes (k,, k,) of phase | and phase Il are statistically determined, and the intersection time point of the
fitting lines (i.e., the turning point; ¢,) is determined accordingly based on least total error of the two-phase fitting. From a
mathematical point of view, the higher the slope value , the faster the change. A positive or negative slope krefers toan “increase”
., respectively.

the brain) encoded on the motorized micro-stage. Specifically in per-
forming the wP imaging, we searched for the ROIs in the striatum that
had the densest concentration of GFP-expressing neurons (by x, y adjust-
ments) to obtain the strongest GFP signals (by focusing z adjustment, z
refers to the distance between uP surface and the objective). This was
done to avoid the bleaching of [Ca*" ];-Rhod2 fluorescence that would
occur if we adjusted the focus for each frame but that does not occur for
GFP. For this purpose we prescanned a long line (along y + ax for highest
GFP turnouts; a is a coefficient for lateral shift along x-axis) with focus z,
optimized for each frame ( y,) based on the strongest GPF signals, which
was stored in the PC, programmed to later automatically image the
[Ca®"];-Rhod2 fluorescence. Thus the panoramic regions selected for
EGFP and [Ca’"]; images during basal and after cocaine periods were in
the same exact location, but the striatal regions might be slightly different
though overall in the close vicinity for the various mice imaged. The
[Ca?t |; fluorescence intensities at t = 25 min after cocaine or saline were
measured in individual EGFP-expressing neurons and normalized
against their mean basal levels (i.e., £ < 0). Their relative Ca>" changes
were averaged over different cells (#: number of cells) as mean * SD for
each brain region. Student’s ¢ test analysis were used to evaluate the
significance of the changes.

It should be noted that the statistical analyses in Figures 3-7 (see
below) were conducted based on the cells of the same type within an
individual mouse and compared with their baseline (i.e., A[Ca?"] ;=0),
whereas the statistical analyses in Figure 8 (see below) were conducted
across the mice of the same experimental group.

Results

In vivo EGFP images of D1R- and D2R-expressing neurons
Figure 3al shows a uP image of a DIR-EGFP mouse brain in
vivo (Aey =~ 520 nm). This panoramic image was obtained by
sequentially scanning cortical and subcortical brain regions,
i.e., from z = 0.74 mm to z = 2.47 mm of depths below the
cortical surface, covering the cortex (layers 5-6:z = 0.74-1.62
mm), the corpus callosum (z = 1.62-1.76 mm), and the striatum
(z=1.76-2.47 mm) and identifies D1R-expressing neurons in cor-
tex and striatum. Similarly, Figure 3b1 shows an in vivo uP image of
a D2R-EGFP mouse brain from cortex to striatum and identifies
D2R-expressing neurons primarily in the striatum.
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nic mouse brains in vivo. 1, Panoramic fluorescence images of D1R-EGFP-expressing neurons (a) or

D2R-EGFP-expressing neurons (b) across 4 anatomic brain regions based on their depths with respect to the cortical surface, i.e., cortical layers 5—6, corpus collosum, and striatum. 2, 3,

Rhod,-[Ca®"];images at baseline (t = — 5 min) and at t = 25 min after cocaine injection. 4, [Ca 2 *]; changes (A[Ca

21, expressed as mean = SD for D1R neurons (solid red), D2R neurons (solid

blue), non-D1 or -D2 cells (dashed black), and likely D1R neurons (dashed red). Cocaine evoked significant [Ca 2+]i increases in both cortical and striatal D1R neurons (p << 0.0001) and significant

[Ca?*];decreases in striatal D2R neurons (p < 0.0001). Note that the depth ofimaging though

Effects of cocaine on [Ca®*]; in D1R- and D2R-expressing
neurons

Simultaneous uP imaging of D1IR-EGFP and Rhod,-Ca>* fluo-
rescence (A, =~ 590 nm) allowed us to monitor [Ca*™|; changes
in D1R-expressing neurons in cortex and striatum in response to
cocaine (8 mg/kg, i.p.). Figure 34, 2 and 3, shows the Ca** fluo-
rescence images at baseline (+ = —5 min) and at 25 min after
cocaine administration (# = 25 min), respectively. Quantification
of cocaine-induced Ca*™ increases corresponded to 10.9 = 3.0%
(n = 14, p < 0.0001) for layer 5 and 13.2 = 5.3% (n = 12,

similar for both mice, it is deeper for the Drd2-EGFP transgenic mouse than for the Drd1-EGFP mouse.

p < 0.0001) for layer 6 in cortex, and t0 9.2 = 2.0% (n = 23, p <
0.0001) in striatum (Fig. 3a4).

Figure 3b, 2 and 3, shows the wP images of [Ca**]; fluores-
cence across cortical layers 5-6 and in striatum in a Drd2-EGFP
mouse at baseline (+ = —5 min) and at ¢t = 25 min after cocaine
administration. Interestingly, Figure 3b4 shows that in this
mouse, cocaine decreased [Ca®"];to —9.4 = 1.5% (n = 23, p <
0.0001) in striatal D2R neurons while it increased [Ca’"]; in
striatal non-GFP cells to 12.7 = 6.1% and to 10.2 = 5.1% in
cortical layers 5 (n = 4, p = 0.026) and 6 (n = 12, p < 0.0001),
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Figure 4. Invivo N images of the dynamic [Ca ”]i changes in response to cocaine (8 mg/kg, i.p.) in the striatum of D1R-EGFP mice without (a) and with (b) pretreatment of SCH23390 (D1
antagonist). 7,2, [Ca"],images at baseline (t = —5 min) and t = 25 min after cocaine injection. 3, EGFP images of D1R. 4, Ca>* and EGFP images overlapped to identify [Ca®*]; from D1R
neurons. 5, A[Ca Z+]ifrom individual DR neurons (dark solid curves) and their averaged change (red bold curve), and from non-D1R cells (dashed curves). Cocaine-evoked [Ca 2+]i increase was fast
and plateaued at t ~ 6 min. The dark bold curve corresponds to the control study following saline injection. 6, A[Ca®"]; image at t = 25 min. Cocaine-evoked [Ca** ], increase in striatal
D1R-expressing neurons was 8.3 == 2.4% (n = 14, p << 0.0001); this increase was effectively inhibited by the D1 antagonist down to 0.5 = 0.2% (n = 12, p << 0.0001).

respectively. Although these non-GFP cells in the cortex could
not be indentified by fluorescence in this Drd2-EGFP mouse, the
similarities in their A[Ca**]; responses to cocaine (i.e., 10-13%
increase) to those observed in DIR neurons (i.e., 11-13% in-
crease) of the Drd1-EGFP mouse (Fig. 3a4) suggest that the cor-
tical [Ca*™ ], increases induced by cocaine are likely to reflect its
effects in D1R neurons in cortical layers 5-6.

In the corpus callosum [Ca**]; fluorescence increased 3.8 +
4.2% (n = 9, p = 0.026) in non-GFP cells in this DIR-EGFP
mouse and 7.0 = 6.6% (n = 7, p = 0.032) in the D2R-EGFP
mouse respectively and these increases did not differ between the
D1R-EGFP and the D2R-EGFP mice (p = 0.26). These cells were
neither D1R- nor D2R-expressing neurons as indicated by the
lack of EGFP fluorescence (Fig. 3al,bl). Since cocaine has no
specific binding in corpus callosum (Volkow et al., 1995), the
[Ca**]; increases most likely reflect downstream effects.

Cocaine-induced dynamic [Ca**]; changes in D1R-expressing
neurons and effects of D1R antagonists

To further study the dynamic features of A[Ca**]; in individual
DIR neurons in response to cocaine, a uN probe was inserted
into the striatum (~3 mm below the cortical surface) where DIR
neurons were abundant. Figure 4a shows the simultaneous im-
ages of Rhod,-[Ca*"]; (I, 2) and DIR-EGFP (3) fluorescence.
Their merged image (4) allowed us to differentiate the [Ca*"];

signals of DI1R-expressing neurons (e.g., cells 1-6) from other
cells in the field of view (e.g., cells 7-8). Figure 4a5 shows the
temporal [Ca*"];increases in 6 D1R neurons (solid lines) and the
decreases in 2 non-DI1R cells (dashed lines) in response to cocaine
(8 mg/kg, i.p.). The average [Ca’"]; increases corresponded to
8.3 =2.4% (n = 14, p = 0.0001) (red bold line). For comparison
with control experiments, the response to saline administration
(8 ml/kg, i.p.) was included in the bold dark curve, showing no
[Ca**]; change in DIR neurons (0.7 = 1.7%, n = 13, p = 0.19).
This indicates that the measured [Ca’"]; increases in striatal
D1R-expressing neurons were caused by cocaine. The differential
image in Figure 4a5 (inset) clearly shows cocaine-induced
[Ca®™"]; increases in all DIR neurons and decreases in non-DIR
cells. It is noteworthy that the dynamic responses to cocaine dif-
fered between D1R-expressing neurons in striatum versus those
in cortex. Specifically, cocaine-induced [Ca*"]; increases in stri-
atal D1R-expressing neurons were fast (k; = 0.77 % 0.2%/min)
almost peaking within 8.3 £ 2.3 min (m = 4, phase I) after
cocaine administration, which was then followed by a plateau
(phase II: k, = 0.05 = 0.05%/min, p = 0.14, m = 4) for the
remaining ~22 min of the measurement. The dynamics (slope
ratio) between these two phases in the striatal [Ca®" ]; increases in
D1R-EGFP mice were significantly different (r = 0.06 = 0.23,
p = 0.64, m = 4), as summarized in Table 2. In contrast, the
cocaine-induced [Ca®"]; increases in D1R-expressing cortical
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Table 2. The striatal [Ca* ]; changes in Drd1-EGFP mice
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Mouse number

D1in striatum 1 2 3 4 Average SD p (average — 0)
t, (min) 10.03 5.07 8.16 10 8.32 233 —

k, (%/min) 0.58 0.97 0.92 0.60 0.77 0.20 —

k, (%/min) 0.00 0.01 0.08 0.09 0.05 0.05 0.14

r=k,/k, 0.00 0.01 0.09 0.15 0.06 0.23 0.64
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Figure 5.  Invivo N images of the dynamic [(a”]i changes in response to cocaine (8 mg/kg, i.p.) in the cortex of D1R-EGFP mice without (a) and with (b) pretreatment of SCH23390 (D1
antagonist). 7, 2, [Ca"],images at baseline (t = —5 min) and t = 25 min after cocaine injection. 3, EGFP images of D1R. 4, Ca>™ and EGFP images overlapped to identify [Ca®*]; from D1R
neurons. 5, A[Ca* ], from individual D1R neurons (dark solid curves) and their averaged change (red bold curve), and from non-D1R cells (dashed curves). The dark bold curve corresponds to the
control study following saline injection. 6, A[Ca Z+]i imageatt = 25min. Cocaine-evoked [Ca er]i increase in cortical D1R-expressing neurons was 9.2 == 2.4% (n = 16, p << 0.0001) and continued
to increase over t > 30 min; this increase was effectively inhibited by the D1 antagonist down to 0.4 = 4.0% (n = 7,p = 0.8).

neurons were fast in phase I (k; = 0.70 = 0.15%/min) and con-
tinued in phase Il at a reduced rate (k, = 0.11 = 0.01%/min, p <
10 7%, m = 4), indicating prolonged [Ca*"]; increases in cortex
versus in striatum (p = 0.019), as shown in Fig. 5a5.

To assess whether blockade of DIR interfered with cocaine-
induced [Ca*"]; increases, D1R-EGFP mice were pretreated with
SCH23390 (0.075 mg/kg, i.p.), a selective D1R antagonist, at t =
—30 min before cocaine administration (Table 1, Experiment 3).
Figures 4b and 5b show the corresponding uN images of D1R-
EGFP mouse in response to cocaine (8 mg/kg, i.p.) after D1R
antagonist pretreatment in striatum and cortex, respectively. On
average, pretreatment with SCH23390 effectively suppressed the
cocaine-induced [Ca”*],increases in D1R-expressing neurons to
0.5 £ 0.3% (n = 12, p < 0.0001) in striatum and to 0.4 * 4.0%
(n =7, p = 0.8) in the cortex of this mouse. This further con-
firmed that cocaine-induced [Ca®™]; increases reflected activa-

tion of D1R-expressing neurons in striatum and in cortex.
Additionally, analysis of the crosstalk effects of SCH23390 on
non-D1R cells showed that D1R blockade also inhibited cocaine-
induced [Ca*™]; decreases (—0.9 * 0.6%, n = 16, p < 0.0001) in
striatal D2R-expressing neurons (Fig. 7a5).

Cocaine-induced dynamic [Ca>*]; changes in D2R-expressing
neurons and effects of D2R antagonists

Figure 6a shows images of Rhod,-[Ca**]; (1, 2) and D2R-EGFP
(3) fluorescence in the striatum. The temporal changes of [Ca**];
fluorescence in striatum in response to cocaine are shown in
Figure 6a5. While [Ca*"]; remained unchanged (bold dark line;
0.4 = 1.7%, n = 12, p = 0.43) after saline (8 ml/kg, i.p.), cocaine
decreased [Ca®"]; fluorescence (—9.0 * 1.5%, n = 23, p <
0.0001) in striatal D2R-expressing neurons. Interestingly, in con-
trast to the initial fast [Ca*"]; rise (t < 8.3 * 2.3 min, phase I)
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Figure6. Dynamic[Ca”" ], changesinresponse to cocaine (8 mg/kg, i.p.) in the striatum of D2R-EGFP mice without (a) and with (b) raclopride (D2 antagonist) pretreatment. 7,2, [Ca* ];images
atbaselineand t = 25 min after cocaine injection. 3, EGFPimages of D2R. 4, Ca > and EGFPimages overlapped toidentify [Ca " ], from D2R neurons. 5, A[Ca** ], from individual D2R neurons (dark
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to the control study following saline injection. 6, A[Ca** ];image at t = 25 min. Cocaine-evoked a significant [Ca* "], decrease (—9.0 = 1.5%, n = 23, p < 0.0001) in D2R neurons which was

effectively inhibited by D2 antagonist down to (—1.7 == 1.3%, n = 27, p << 0.0001).

Table 3. The striatal [Ca>* ]; changes in Drd2-EGFP mice

Mouse number
D2 in striatum 1 2 3 4 5 6 7 Average SD p (average — 1)
ky (%/min) —0.47 —047 —0.64 —0.30 —0.30 —033 —033 —0.40 0.13 —
k, (%/min) —0.34 —0.67 —0.49 —0.24 —033 —0.37 —0.27 —039 0.15 —
r=ky/k, 0.74 1.44 0.77 0.80 1M 1.12 0.82 0.97 0.26 0.77

recorded in striatal D1R neurons (Fig. 4a5, Table 2), the [Ca®"];
in striatal D2R neurons continued to decrease over ¢ > 30 min
post cocaine. The similar fitting analysis applied above to the
D1R-expressing neurons in Drd1-EGFP mice was also applied to
D2R-expressing striatal neurons in Drd2-EGFP mice (as illus-
trated in Fig. 2b). The slope ratio of [Ca®"]; decrease between the
0-10 min (k; = —0.40 = 0.13%/min) and the 10-30 min (k, =
—0.39 = 0.15%/min) periods did not differ significantly (r =
0.97 = 0.26, p = 0.77, m = 7) after cocaine administration,
indicating a single-phase continuous decrease of [Ca®"]; over the
30 min period of the measurements in D2R-expressing neurons
(Table 3).

To assess whether blockade of D2R receptors interfered with
cocaine-induced striatal [Ca?"]; decreases, D2R-EGFP mice
were pretreated with raclopride (3 mg/kg, i.p.), a D2/D3 antago-
nist, at + = —30 min before cocaine administration (Table 1,
Experiment 3). Fig. 605 shows that on average, pretreatment with

raclopride suppressed cocaine-induced [Ca**]; decreases in D2R
neuronsto —1.7 £ 1.3% (n = 27, p < 0.0001) in that experiment.
In addition, an analysis of the crosstalk effects of raclopride on
striatal D1R cells showed that D2R blockade also partially inhib-
ited the [Ca**]; increases down to 2.5 * 0.7% (n = 15, p <
0.0001) in Drd1-EGFP mice (Fig. 7b5, compared with 8.3 = 2.4%
increases in Fig. 4a5), although the fast [Ca*"]; rise (phase I) still
occurred.

Comparison of cocaine-induced dynamic [Ca*>"]; changes in
striatal D1R- and D2R-expressing neurons

Comparisons between the slopes for the [Ca**]; changes in D1R-
versus D2R-expressing neurons showed that k, (= 0.77 = 0.20%/
min, Table 2) in D1R-expressing neurons of Drd1-EGFP mice
was significantly larger than the k; (= —0.40 = 0.13%/min, Table
3) in D2R-expressing neurons of Drd2-EGFP mice, indicating
that the [Ca**]; increase of D1R-expressing striatal neurons is
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Figure7. Crosstalkof D1R (a) and D2R (b) antagonists on the [Ca* ], changes of striatal D1R- and D2R-expressing neurons in response to cocaine (8 mg/kg, i.p.). 7,2, [Ca®1;images at baseline
and t = 25 min after cocaine injection. 3, EGFP images of D2R (a) and D1R (b) neurons. 4, Ca 2+ and EGFP images overlapped to identify [Ca 2+]i from D2R (a) and D1R (b) neurons. 5, A[Ca 2Jr]i
from individual D2R (a) and DR (b) neurons (dark solid curves), and their averaged changes (blue bold curve for D2R neurons, red bold curve for D1R neurons). 6, A[Ca*];images at t = 25 min.
Cocaine-evoked [Ca*" ], decrease in D2R neurons were effectively inhibited by the D1 antagonist down to —0.9 = 0.6% (n = 16,p << 0.0001), whereas cocaine-evoked [Ca 2" J; increase n striatal
D1R neurons were partially inhibited by the D2 antagonist from 8.3 = 2.4% (Fig. 4a5) to 2.5 = 0.7% (n = 15, p < 0.0001).

more rapid than the decrease of [Ca®"]; in D2R-expressing stri-
atal cells (p = 0.0024).

Summary of results

Figure 8 summarizes our findings in Drd1-EGFP (Fig. 8a) and
Drd2-EGFP mice (Fig. 8b). Cocaine-induced [Ca*"];increases in
DI1R neuronswere 11.1 % 2.2% in cortical layers 5-6 (m = 4 mice,
p = 0.0021) and 10.6 * 3.2% in striatum (m = 4 mice, p =
0.0067) and pretreatment with the D1R antagonist (SCH233900)
suppressed A[Ca®"]; t0 2.2 = 1.7% in cortex (80% suppression;
p = 0.0022) and 0.9 £ 0.9% in striatum (92% suppression; p =
0.0039). Cocaine-induced [Ca** ], decreases in striatal D2R neurons
were —10.4 * 5.8% (m = 7 mice, p = 0.0033) and pretreatment
with the D2R antagonist (raclopride) suppressed it to —1.1 = 1.5%
(90% suppression; p = 0.014).

Noteworthily, the DIR antagonist inhibited the cocaine-
induced [Ca?"]; decreases in striatal D2R neurons to —0.5 =
0.4% (95% suppression; p = 0.0050) and the D2R antagonist
inhibited the cocaine-induced [Ca®*]; increase in striatal DIR
neurons to 2.7 * 0.3% (75% suppression p = 0.0084). Control
experiments with saline administration showed no significant
[Ca**]; changes in cortex (0.0 * 1.3%; m = 4 mice, p = 0.92) or
in striatum (0.2 = 1.7%; m = 3 mice, p = 0.88 for D1R-EGFP
mice and —0.5 * 1.6%, m = 3 mice, p = 0.68 for D2R-EGFP
mice).

Discussion

Cocaine’s ability to induce fast DA increases is crucial for its
rewarding effects and may trigger the neuroplastic changes asso-
ciated with addiction. However, the dynamics of the molecular
mechanisms by which cocaine induces reward are still poorly
understood. Increases in DIR stimulation are associated with
sensitized responses to cocaine whereas reduced striatal D2R sig-
naling is associated with vulnerability for compulsive cocaine
administration (Bertran-Gonzalez et al., 2008; Hikida et al,,
2010). Thus, cocaine’s stimulation of D1R, which resulted in fast
neuronal activation (Ca*" increased rapidly within 8.32 * 2.33
min) and its stimulation of D2R, which resulted in progressive
neuronal deactivation (Ca>* decreased continuously through-
out 30 min), could mediate cocaine reward.

In the striatum, stimulation of the direct pathway, which ex-
presses DI1R, facilitates locomotor behavior (basal and cocaine
induced), whereas stimulation of the indirect pathway, which
expresses D2R, inhibits it (Albin et al., 1989; Bateup et al., 2010).
A similar role for the direct (stimulatory) and the indirect (inhib-
itory) pathways may occur for DA-mediated reward. Indeed, in
striatum stimulation of D1R-expressing neurons enhanced the
rewarding effects of cocaine whereas stimulation of D2R-
expressing neurons attenuated them (Hikida et al., 2010).
Similarly disruption of the indirect pathways (D2R mediated)
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Figure8. Summaryof cocaine-evoked A[Ca® " 1;in DR (a)-and D2R (b)-expressing neuronsin cortical and striatal regions. The mean = SD data are represented by diamonds and error bars for each mouse

and by boxes and error bars for each experiment group. The statistics show that cocaine (shaded boxes) induced [Ca>"]; increases in D1R neurons in both cortex and striatum (red), but it induced [Ca

z+]i

decreasesin D2Rneuronsin striatum (blue). Cocaine-induced [Ca* J;increases (D1R neurons) and decreases (D2R neurons) were significantly diminished or abolished with pretreatment with D1R (SCH233900)
orD2Rantagonist (raclopride). In striatum, D1R antagonist effectively blocked cocaine-induced [Ca 2*]i decreasein D2R neurons, whereas D2R antagonist only partially (~75%) blocked [Ca 2Jr]i increasein D1R
neurons. No significant [Ca ™ ], changes were detected in the control groups with saline challenge (8 mi/kg, i.p.) in D1R- and D2R-expressing neurons (black). (m, number of mice).

facilitated behavioral sensitization to amphetamine whereas de-
creasing the excitability of the direct pathway (D1R mediated)
impaired it (Ferguson et al., 2011). Thus our findings showing
that cocaine, which is a highly rewarding drug, induced activation
of the direct pathway and inactivation of the indirect pathway are
consistent with opposing effects of the direct and indirect path-
way in reward (Durieux et al., 2009).

Interestingly, the dynamics of cocaine’s effects on the direct
and indirect striatal DA pathways differed: stimulation of DIR
neurons was faster than of D2R neurons but the stimulation of
D2R neurons was longer-lasting. These distinct dynamic re-
sponses may underlie the rate dependency for cocaine’s reward-
ing effects; the faster its effects the greater its rewarding effects
(Balster and Schuster, 1973; Volkow et al., 1997; Wakabayashi et
al,, 2010). Since D1Rs are low-affinity receptors, they will be di-
rectly stimulated by DA only during the period when cocaine-
induced DA increases are at their peak, which would occur
during the first 5 min of cocaine’s intravenous injection or the
first 10 min with intraperitoneal injection. On the other hand, the
longer-lasting cocaine-induced DA stimulation of D2R (deacti-
vating D2R-expressing neurons), which is stimulated by much
lower DA concentrations (than DI1R) and remains 30—40 min
after cocaine administration, may serve to facilitate cocaine’s re-
warding effects and favor subsequent administration. Thus the
deactivation of D2R-expressing neurons in striatum by acute co-
caine may facilitate the rewarding effects of activation of striatal
D1R-expressing neurons by removing their opposing role on re-
ward. Because the deactivation of D2R-expressing neurons was
prolonged this could facilitate repeated administration of cocaine
beyond the period when cocaine induces peak DA increases and
may contribute to the craving that follows the short-lasting high
induced by cocaine (Breiter et al., 1997).

As expected, pretreatment with a D1R antagonist effectively
inhibited cocaine-induced [Ca**]. increase in D1R neurons

1

(Figs. 4b5, 5b5) and pretreatment with a D2R antagonist effec-

tively inhibited cocaine-induced [Ca?™"]; decrease in D2R neu-
rons (Fig. 6b5). However, the D1R antagonist also interfered with
cocaine’s effects in D2R-expressing neurons and the D2R antag-
onists with cocaine’s effects in D1R-expressing neurons (Fig.
7a,b). These interactions were not symmetrical. Specifically,
whereas the DIR antagonist almost completely inhibited
cocaine-induced [Ca**]; decreases in striatal D2R neurons (Fig.
7a5) the D2R antagonist only partially inhibited cocaine-induced
[Ca®"]; increases in striatal D1R neurons (Fig. 7b5). This could
explain why cocaine is still rewarding in individuals treated with
antipsychotics drugs, which block D2R (Van Eden et al., 1987), as
it would still be able to activate a subset of D1R-expressing neu-
rons. The mechanisms of these interactions are unclear. Cocaine
is a nonselective indirect DA agonist and though we assume that
the crosstalk reflects DA effects we cannot rule out the possibility
that these could be mediated by its noradrenergic or serotonergic
actions. Indeed medium spiny neurons express serotonin (5HT)
receptors (Cornea-Hébert et al., 1999) and neuronal colocaliza-
tion of D2R and 5HT2R (Borroto-Escuela et al., 2010). Similarly
the crosstalk could reflect nonspecific effects of the antagonists
used. However it is also possible that they could reflect dendritic
interaction between cells (Spangler et al., 1996), long-loop inter-
actions between pathways (Gerfen, 1992; Hallett, 1993) or inter-
actions between cellular and local circuits (Braun et al., 1997). In
the current study it is not possible to determine whether the
interactions occur at the level of individual neurons, local circuits
or within distributed brain systems (Braun et al., 1997), and this
merits further investigation.

In the cortex DA terminals innervate predominantly pyrami-
dal cells in layers 5-6 (Descarries et al., 1987; Goldman-Rakic et
al., 1989; Ohuoha et al., 1997) and the expression of D1R is much
higher than that of D2R (Berger et al., 1991; Ohuoha et al., 1997).
Our results confirm a relatively high expression of DI1R neurons
in cortical layers 5-6 of the motor-sensory cortices (Fig. 3al),
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and very low expression of D2R neurons (Fig. 3b1) as reported by
in vitro brain slice studies (Gong et al., 2003). In the cortex just as
in the striatum cocaine increased [Ca®"]; in DIR-expressing
neurons but the dynamics of this effect differ. Whereas in the
striatum the [Ca®"]; increases peaked between 6 and 10 min in
the cortex they were still rising at 30 min. This is likely to reflect in
part the much lower concentrations of DA transporters and or
DA autoreceptors in cortex than in striatum that would affect the
dynamics of cocaine-induced DA increases in these two brain
regions. Although most of the work on DA modulation via DIR
(and to a lesser extent D2R) of cortical function has focused on
the prefrontal cortex (Goldman-Rakic, 1992), D1R also modu-
lates sensory-motor cortices (Chu et al., 2010). Also while most
studies on cocaine’s rewarding and addictive effects in cortex
have concentrated on the prefrontal cortex, sensory-motor cor-
tices have also been implicated (Steiner and Kitai, 2001; Drouin
and Waterhouse, 2004).

Limitations for this study include the fact that we recorded
from the dorsal striatum and not from the nucleus accumbens,
which is an area implicated in drug reward (Di Chiara and Im-
perato, 1988; Koob and Bloom, 1988). However there is increas-
ing evidence of the importance of cocaine’s effects in the dorsal
striatum in its addictive effects (Volkow et al., 2007). Also this
study focused only on the acute effects of cocaine and future
studies that evaluate the effects of repeated cocaine administra-
tion are necessary to distinguish the adaptation responses in these
two pathways that may contribute to addiction. In addition, with
the w-prism we image a large area (i.e., a 1.8 X 0.2 mm? pan-
orama) and to avoid photon bleaching for detection of [Ca*™];
fluorescence we shortened the imaging time and selected for im-
aging the regions in the striatum that had the strongest GFP signal
(GFP does not easily bleach). As the GFP distribution differed in
Drd1- and Drd2-EGFP mice, the striatal region imaged might not
be exactly the same for the Drdl- and the Drd2-EGFP mice
shown in Figure 3, a and b, limiting their comparability in terms
of cell distribution and density. Our [Ca**]; measurements in the
non-GFP cells are likely to be of lower quality than in GFP cells
(GFP cells were used to focus the microscope and thus less likely
to be influenced by scattering light from neighboring cells),which
could explain their smaller [Ca”*]; changes. Also we cannot iden-
tify with certainty whether these non-GFP cells correspond to
D2R or D1R-expressing neurons. Another limitation is that our
studies were done on anesthetized animals and anesthetics can
modify cocaine effects (Du et al., 2009). Finally a recent paper
showed D2R overexpression in D2R EGFP mice that affected DA
signaling including drug responses (Kramer et al., 2011). How-
ever Kramer’s paper used homozygous D2R BAC transgenic
mice, which creates two chromosomes with the insertion whereas
we used heterozygous mice to avoid phenotypes due to the inser-
tion. Thus Kramer’s findings do not apply to our mice.

In summary, this study implicates the importance of signal
transduction via the activation of D1R-expressing neurons and
the inhibition of D2R-expressing neurons in cocaine’s pharma-
cological effects and provide preliminary evidence that the rate
dependency of cocaine’s effect may relate to its fast activation of
D1R-expressing striatal neurons in contrast to the much longer
deactivation of neurons D2R. We also uncover a crosstalk be-
tween D1R- and D2R-expressing neurons in striatum when chal-
lenged with cocaine. Finally our findings also highlight the power
of optical imaging for dissecting the cellular and molecular ac-
tions of cocaine in vivo.
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