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Abstract

Background: In both schizophrenia and addiction, pathological changes in dopamine release
appear to induce alterations in the circuitry of the nucleus accumbens that affect coordinated
thought and motivation. Dopamine acts principally on medium-spiny GABA neurons, which
comprise 95% of accumbens neurons and give rise to the majority of inhibitory synapses in the
nucleus. To examine dopamine action at single medium-spiny neuron synapses, we imaged Ca2*
levels in their presynaptic varicosities in the acute brain slice using two-photon microscopy.

Results: Presynaptic Ca2* rises were differentially modulated by dopamine. The D1/D5 selective
agonist SKF81297 was exclusively facilitatory. The D2/D3 selective agonist quinpirole was
predominantly inhibitory, but in some instances it was facilitatory. Studies using D2 and D3
receptor knockout mice revealed that quinpirole inhibition was either D2 or D3 receptor-
mediated, while facilitation was mainly D3 receptor-mediated. Subsets of varicosities responded to
both DI and D2 agonists, showing that there was significant co-expression of these receptor
families in single medium-spiny neurons. Neighboring presynaptic varicosities showed strikingly
heterogeneous responses to DA agonists, suggesting that DA receptors may be differentially
trafficked to individual varicosities on the same medium-spiny neuron axon.

Conclusion: Dopamine receptors are present on the presynaptic varicosities of medium-spiny
neurons, where they potently control GABAergic synaptic transmission. While there is significant
coexpression of DI and D2 family dopamine receptors in individual neurons, at the subcellular
level, these receptors appear to be heterogeneously distributed, potentially explaining the
considerable controversy regarding dopamine action in the striatum, and in particular the degree
of dopamine receptor segregation on these neurons. Assuming that post-receptor signaling is
restricted to the microdomains of medium-spiny neuron varicosities, the heterogeneous
distribution of dopamine receptors on individual varicosities is likely to encode patterns in striatal
information processing.

Page 1 of 15

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17239247
http://www.biomedcentral.com/1471-2202/8/8
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/

BMC Neuroscience 2007, 8:8

Background

Both schizophrenia and addiction are thought to involve
aberrant information processing in the nucleus
accumbens (nAcc), which makes up the ventral part of the
striatal complex. In these disorders, changes in dopamine
(DA) release apparently induce alterations in the intrinsic
circuitry, affecting coordinated thought and motivation
[1-3]. The cellular substrate for DA action in the striatal
complex is remarkably homogeneous. Ninety-five percent
of nAcc are medium-spiny GABAergic neurons (MSNs).
MSNis receive extensive excitatory input from cortex, amy-
gdala, hippocampus and thalamus, feed-forward GABAer-
gic inhibition from a small population of fast-spiking
interneurons, and excitation from large aspiny cholinergic
neurons [4,5]. MSNs give rise to a profusion of local axon
collaterals that ramify within their dendritic fields, as well
as to all the efferent projections from the nucleus.

In somatic recordings from striatal MSNs, whose proper-
ties are nearly indistinguishable from those of nAcc MSNs,
fast-spiking interneurons appear to be responsible for the
majority of inhibitory input because they impinge on
more proximal dendrites [5-7], while MSNs impinge on
more distal dendrites and therefore appear deceptively
weak [8-10]. Recent estimates have suggested that about
two thirds of the GABAergic inputs to a given MSN are
intrinsic connections from other MSNs [9,11]. Given both
their number and probable strength, the intrinsic syn-
apses of MSNs must have an important role in striatal
information processing [9,10,12,13].

Considerable interest has focused on the targets of DA
action in the striatal complex [14]. MSN-to-MSN synaptic
connections show potent DA modulation. Guzman et al.
[11] found that the intrinsic synapses were facilitated by
D1 and inhibited by D2 agonists. However, Nicola et al.
[15] and Taverna et al. [16] found the opposite for D1 ago-
nists. Such contradictory results might reflect differences
in the compliments of DA receptors on different MSN
axons. In fact, the hypothesis that DA receptors might be
differentially trafficked in the axon of MSNs was raised by
Surmeier et al. [17] some time ago. However, all studies to
date have been done with postsynaptic recording tech-
niques that do not resolve single synaptic inputs. Thus,
heterogeneity in the distribution of DA receptors has yet
to be addressed directly.

To approach DA modulation at the level of individual
synapses requires a way to activate and monitor the syn-
apses of a single neuron. This becomes possible by using
patch pipets both to fill single MSNs with a Ca2+indicator
dye and then to stimulate them. Using this approach in
combination with two-photon excitation laser scanning
microscopy (2PLSM), which provides the requisite spatio-
temporal resolution, we were able to monitor Ca2* tran-
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sients at individual presynaptic varicosities as a proxy for
synaptic action. We then used DA receptor-selective ago-
nists and DA receptor knockout (KO) mice to elucidate
the modulatory actions of DA. Our results support the
hypothesis that MSNs differentially traffic DA receptors to
presynaptic sites.

Results

Medium-spiny neuron intrinsic synapses function in the
slice

Parasagittal slices were made through the striatal complex
and whole cell recordings obtained from MSNs in the ven-
tral part of the complex, or nucleus accumbens (nAcc). We
isolated inhibitory connections using the glutamate
antagonists CNQX (10 uM) and APV (50 uM). Overall
1,012 cells were recorded; of these, 253 cells had coplanar
proximal axons with single or multiple hot spots of activ-
ity-dependent Ca2+ responses. Of these, 38 cells remained
healthy, with reproducible Ca?* responses such that the
control and post-drug responses varied by less than 5%
over the course of the experiment, making possible the
acquisition of a full data set.

In preliminary experiments, we tested the synaptic func-
tion of MSN-to-MSN intrinsic synapses (see additional
file 1). Since MSNs make all the projections from the stri-
atal complex to the ventral pallidum (VP), a population of
MSNs can be activated selectively by antidromic field
stimulation in the VP [11,18]. This produced a complex
IPSC, after a fixed delay of about 20 msec. Antidromic
action potentials were occasionally evoked in the
recorded cell (10% of cells), suggesting that some projec-
tion axons remained intact in our slice configuration. The
delayed IPSC component was completely blocked by the
GABA, antagonist bicuculline, and largely recovered, indi-
cating that the intrinsic synapses of MSNs do indeed func-
tion, and inhibit neighboring MSNss.

Two-photon imaging of axonal varicosities in the slice

We patched MSNs with pipettes containing the Ca2+ sen-
sitive green fluorescent dye OG1 and the Ca2* insensitive
red fluorescent dye Alexa594. MSN dendrites were easily
recognized by virtue of their multiple spines, in contrast
to the single non-spine bearing axon. Proximal dendrites
and spines filled within 5 min of achieving whole cell
mode, while the axon required at least 30 min to fill (Fig-
ure 1A), presumably because of its narrower bore. The sin-
gle axonal process arose from the cell body and gave rise
to several local axonal branches. One axonal branch
extended beyond the confines of the dendritic tree to give
rise to the efferent projection. In horizontal slices (n >
100), we never imaged axonal Ca2+rises, while in parasag-
ittal slices we were successful in about 25% of experi-
ments. Apparently, local MSN axons were more likely to
be intact if the projection axon extended some distance
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without being cut. With the favorable orientation of the
recorded cell in the slice, up to five varicose expansions or
varicosities, could be imaged simultaneously in the same
focal plane. We focused on proximal varicosities located
within the second order branches, where dye concentra-
tions stabilized within 30 min and provided reproducible
signals.

In 3D reconstructions of recorded cells, the mean distance
from the cell body to the recorded varicosities was 63 pm,
with a range of 34-118 um. Hot spots where Ca2* levels
transiently increased with stimulation were distributed at
irregular intervals along the axons and coregistered with
varicose expansions — presumably synaptic varicosities —
identified in the Alexa 594 images. These expansions had
the typical en passant appearance of presynaptic varicosi-
ties on unmyelinated axons [19,20].

The major challenge in this study was recording Ca2+ sig-
nals from the small synaptic varicosities of MSNs. Gener-
ally, axonal signals are several-fold dimmer than signals in
small dendritic branches [20]. While Koester and Sak-
mann [21] were able to record single AP-induced Ca2+
responses in the terminals of neocortical pyramidal cells,
single AP-induced Ca2* responses were undetectable in
MSN varicosities, presumably because they were embed-
ded in the noise.

To detect Ca2+ responses, we adjusted the Ca2+:Mg2+ ratio
to 3:0.5, 2:1 or 2:0 (in mM). Increasing the Ca2+ concen-
tration (ratio 3:0.5) yielded responses that became less
reliable over time, presumably due to cytotoxicity. While
normal Ca?+ with reduced Mg2+ (2:1) both enhanced the
amplitude of the Ca2+* responses and maintained reliabil-
ity, the zero Mg?+ ratio (2:0) further enhanced responses,
without apparent detrimental effects, and was therefore
used for subsequent experiments. However, adjusting the
CaZ+:Mg?+ratio still not provide reliable single-AP evoked
Ca2* responses, so we then moved to trains of depolariz-
ing pulses. In a MSN with a single proximal axonal vari-
cosity (Figure 1B), we found that AP-induced Ca2+
responses (Figure 1C) increased with AP number. The
Ca2* response showed the characteristic fast rise and slow
decay kinetics [viz. [21,22]]. The decay followed a single
exponential. In three MSNs, each with one varicosity, all
three varicosities showed a maximal (plateau) response
with 20 pulses. Trains of 10 pulses evoked sufficiently
robust Ca2+ responses that reached about 50% of the max-
imal level, and therefore provided the necessary dynamic
range to measure both inhibitory and facilitatory effects.
To minimize the contribution of the noise in the Ca2*
measurements, we integrated the Ca2+ responses (measur-
ing the area under the curve, a.u.c.). Compared to measur-
ing peak amplitudes, the integrated Ca2+* response showed
significantly less variability.
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To demonstrate reproducibility of Ca2+ responses meas-
ured in this way, we did repeated stimulation under con-
trol conditions (without DA agonists), as shown in Figure
2. The recorded MSN is shown in a projection image with
the stretch of the axonal process with a single varicosity
outlined (Figure 2A). The corresponding OG1 image (Fig-
ure 2B) shows that the Ca2?* response was spatially
restricted to a short stretch that corresponded to the vari-
cosity. A spline was superimposed (red line) on the OG1
image. The laser was repeatedly directed along the spline
(spline scan) to produce a temporal display of the OG1
signal in response to a train of APs (Figure 2C). There was
no change in the Ca2*-insensitive Alexa594 fluorescence.

In one experiment, we measured Ca2+ responses with
repeated stimulation at 10 min intervals, which showed
the relative stability of responses under optimal condi-
tions (Figure 2D). To test this further, we evoked a second,
control Ca2+* response in several cells. The second response
was 98.0 + 2.2% (mean = s.e.m.) of the first, control
response (Figure 2E). The distribution of second Ca2+
responses did not differ significantly from the normal dis-
tribution (Shapiro-Wilk W test gave a W value of 0.93,
with p = 0.47, which was not significant). Nor was it
skewed (skewness was 0.44, which was less than the crite-
rion of one standard error of 2.2). Based on this analysis,
changes of 5% or greater were deemed significant. Phar-
macological data were then classified as showing inhibi-
tion (response < 95% of control), no change (95-105%),
or facilitation (>105%). Data were analyzed for modula-
tory actions of single agonists in experiments where Ca2*
responses were stable for at least 20 min, and for multiple
agonists in cells where Ca2+ responses were stable for 40
min. Invariably somatic action potentials triggered Ca2+
responses in all imaged varicosities, consistent with prior
observations [20,21,23].

DA modulation of individual MSN varicosities in wild type
mice

We used the D1/D5 selective agonist SKF81297 (1 uM)
and the D2/D3 selective agonist quinpirole (20 uM) to
examine DA modulation of single MSN synapses. In Fig-
ure 3, the recorded MSN was rendered into a 3Dimage,
with the axon shown in red, the dendrites in blue and the
scanned area outlined (Figure 3A). The corresponding
OG1 image (Figure 3B) showed that the stretch of axon
contained five presynaptic varicosities. The spline used for
scanning is shown superimposed on the axon. The spline
scan images showed that the Ca2+ responses or hot spots
(Figure 3C, OG1 traces) corresponded to varicosities (Fig-
ure 3C, Alexa594 traces). Hot spots #2, 4 and 5 showed
the representative DA response (Figure 3D), namely inhi-
bition with quinpirole (40-77% of control), and facilita-
tion with SKF81297 (116-309%). Hot spots #1 and 3 did
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Delayed dye diffusion identifies MSN axons. A. A single MSN was loaded with OGI and Alexa594 through the patch
pipette and imaged by 2PLSM at 5 and 30 min after entering whole cell mode. Fluorescence intensity is shown in pseudocolor
(Image]). Projection images (Al) were created from a z series of confocal Alexa594 images. At 5 min, the dendrites and proxi-
mal axon were filled. At 30 min (A2), dendritic labeling showed no significant change, while the axon was now clearly labeled.
Dendritic processes were studded with spines, in contrast to the single axonal process, which was free of spines. B. The
recorded MSN is shown in a projection image (Bl) made from the full confocal z series of Alexa594 images (50 sections at |
Um intervals). The area outlined in panel Bl (white rectangle) is shown enlarged in the inset (B2). This stretch of axon con-
tained one hot spot, indicated by the arrowhead (B2). C. Presynaptic Ca2* responses were evoked by trains of 5, 10 or 20 AP's.
The raw Ca?* responses showed the typical waveform of AP-induced Ca2* responses, with a fast rising and slow decay phase.
The decay followed a single exponential curve; the decay time constant T (in msec) is indicated on each panel. Raw traces of
evoked AP's are shown in the bottom panel (red trace). Note that the 20 depolarizing pulses evoked 20 AP's without failures.
The last AP is shown magnified in the inset (right bottom), with the depolarizing pulse below; the end of the stimulus artifact
(S) is seen as an inflection preceding the unclamped axon spike (AP).
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Figure 2

Reproducible Ca2* responses at individual presynaptic varicosities evoked by brief tetanic stimulation. A. The
recorded MSN is shown as a projection image created from a confocal z series of Alexa594 images. The area outlined (black
rectangle) corresponds to the area imaged in panel B. B. OG| fluorescence image showing the stretch of axon contained one
hot spot (arrowhead). The spline used is shown in red, superimposed on the OGI image. C. Spline scan images. Top image
shows Alexa594, and bottom OGI. The timing of repetitive depolarizing pulses to evoke 10 action potentials is indicated on
the time line (bottom). As compared to the Alexa594 trace, the OGI trace shows a stimulation-dependent increase in fluores-
cence intensity, which is shown in the line graphs in the next panel. D. Ca2* imaging was repeated under control conditions
(without drug application) at 10 min intervals, as diagramed on the time line. Raw traces are shown in blue, and smoothed
traces (moving average of ten, see Methods) are superimposed in black. The total duration of the experiment was 40 min. The
magnitude of the subsequent Ca2* responses (measured as area under the curve, a.u.c.) expressed as a percent of the initial
response is indicated below each trace. The Ca?* responses varied less than 5%. E. To test reproducibility, Ca2* responses
were evoked twice under control conditions (no drugs) and the a.u.c. of the second response was expressed as the percent of
the first response (n = 9). The second response did not differ significantly from the first (see Results).

not respond to quinpirole, but showed clear facilitation  bility in the quinpirole results required the additional
with SKF81297. experiments). Overall, SKF81297 produced facilitation

(166 + 17% of control), while quinpirole produced inhi-
As summarized in Figure 4, we recorded 13 varicosities  bition (77 + 9%) (Figure 4A). As shown in the incidence
from 6 cells with SKF81297 and 23 varicosities from 13  data (Figure 4B), SKF81297 nearly always produced facil-
cells with quinpirole in wild type mice (the greater varia- itation, while quinpirole produced predominantly inhibi-
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DI- and D2 modulation of individual varicosities on the same axonal segment. A. The MSN imaged is shown ina 3D
reconstruction of a confocal z series of Alexa594 images. The cell body and multiple spiny dendrites are shown in blue and the
single non-spine bearing axon is shown in red. The area imaged is outlined (black rectangle) and shown in panel B. B. In the
OGlH fluorescence image, the stretch of axon that contained five hot spots (numbered). The spline used for the time scan is
shown as a red line superimposed on the axonal segment. C. The spline scan images show no change in the Alexa594 fluores-
cence and a stimulus-dependent increase in OGI fluorescence. D. Ca2* imaging was carried out at 10 min intervals. The total
duration of the experiment was 40 min. Asterisks identify Ca2* responses that were significantly modulated by DA (> 5% of
control). Note that the majority of varicosities showed modulation with both D| and D2 agonists. The relative magnitude of
modulation was strikingly heterogeneous.
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Summary of DA receptor agonist modulation in wild type and DA receptor KO mice. A. The mean change in Ca2*
responses is shown for the full data set (bars are colored to indicate main effect). Asterisks mark significant differences. The
quinpirole inhibition seen in WT and D3 KO mice was completely abolished in D2 KO mice (p < 0.05). B. The incidence of DA
modulation was assessed using the 5% criterion (see text). Numbers in parentheses indicate the total number of varicosities
and cells recorded, respectively. While D1 stimulation with SKF81297 produced facilitation in almost all instances, D2 stimula-
tion with quinpirole produced both inhibition and facilitation. Quinpirole facilitation seen in WT and D2 KO mice was com-

pletely abolished in D3 KO mice.
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tion, but in some instances facilitation, and in others it
had no effect.

Studies in DA receptor knockout mice

Because quinpirole activates both D2 and D3 receptors
[24], the heterogeneity in quinpirole modulation might
reflect differential effects at D2 and D3 receptors. To
address this, we made slices from D2 single, D3 single and
D2/D3 double knockout (KO) mice [25]. In a D2 KO
mouse (Figure 5A-D), the area imaged contained a single
hot spot that showed robust quinpirole facilitation (164%
of control; Figure 5D), presumably D3 receptor-mediated.
In a D3 KO mouse (Figure 5E-H), the area imaged con-
tained 3 hot spots. Hot spot #2 showed significant inhibi-
tion (53% of control), presumably D2 receptor-mediated,
while #1 and 3 showed no effect (Figure 5H).

As also summarized in Figure 4, quinpirole inhibition was
apparently normal in D3 KO mice, while it was largely
abolished in D2 KO mice (Figure 4A), suggesting that the
predominant inhibitory effect was D2 receptor-mediated.
In D2 KO mice, the incidence of quinpirole inhibition
was diminished (Figure 4B), while the no effect incidence
increased. However, quinpirole-mediated inhibition
remained in D2 KO mice, suggesting that D3 receptors
must also mediate inhibition. While the incidence of
quinpirole-induced facilitation remained almost the same
in D2 KO mice, it was undetectable in D3 KO mice. Thus,
D2 receptors appeared to mediate inhibition, while D3
receptors appeared to mediate either inhibition or facilita-
tion. The incidence of quinpirole-mediated inhibition
was slightly increased in D3 KO mice, which may reflect a
compensatory increase in D2 receptor expression due to
the lack of D3 receptors, as D2 and D3 receptors may exert
feedback control on their expression [25].

Heterogeneity in DA modulation

The correlation between the magnitude of SKF81297 or
quinpirole-mediated modulation and the distance from
soma to the recorded varicosities was subjected to regres-
sion analysis (see additional file 2). For both SKF81297
and quinpirole application, the data were randomly dis-
tributed, showing no relationship to distance from the
soma. In the experiments where we were able to image
more than one varicosity on the same axon (n = 12), het-
erogeneity in DA modulation was readily apparent. To
look for a spatial pattern more closely, we graphed DA
modulatory effects at individual varicosities as a function
of their distance from the cell body in a bubble plot (Fig-
ure 6). In experiment 8, where we tested both SKF81297
and quinpirole in wild type mice, hot spots #1 and #3
showed robust SKF81297-mediated facilitation but weak
quinpirole-mediated inhibition, while #4 showed robust
quinpirole-mediated inhibition and weaker SKF81297-
mediated facilitation. Varicosity #2 and the most distal
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varicosity showed equally robust SKF81297-mediated
facilitation and quinpirole-mediated inhibition. In exper-
iment 12, where we tested both SKF81297 and quinpirole
in a D3KO mouse, the most proximal hot spot was unaf-
fected, while the second showed only quinpirole-medi-
ated inhibition, and the third showed both SKF81297-
mediated facilitation and quinpirole-mediated inhibi-
tion. Thus, the relative responsiveness to D1 and D2
receptor activation varied considerably from varicosity to
varicosity along the axon, with no proximal-distal pattern.

Discussion

We examined DA modulation of medium-spiny neuron
synapses by visualizing activity-dependent Ca2+ responses
at multiple presynaptic varicosities on proximal axons of
individual MSNs. Ca2+ responses showed potent DA mod-
ulation, with subsets of varicosities showing both D1 and
D2 pharmacology. D1 receptors were almost exclusively
facilitatory, while D2 receptors were inhibitory, and D3
receptors either inhibitory or facilitatory. Along single
axonal processes DA modulation varied strikingly from
varicosity to varicosity.

Modulatory role of presynaptic DA receptors

The D1 agonist SKF81297 produced reliable facilitation of
presynaptic Ca2?+ responses, while the D2/D3 agonist
quinpirole produced either facilitation or inhibition. This
was consistent with our previous cell culture observations
[26], as well as recent observations in isolated striatal syn-
aptosomes [27]. Due to the lack of D3 receptors in the
dorsal striatum [28], the inhibition of synaptic currents
with a D2/D3 agonist observed by Guzman et al. [11] was
presumably mediated by D2 receptors. In the nAcc, where
D3 receptors are robustly expressed, dissecting D2 actions
becomes more complicated.

Given the limited selectivity of available D2 agonists, one
approach might be to use DA in combination with more
selective than DA antagonists [29]. However, there are
potential confounds in such an approach, including insta-
bility of DA, differential accessibility of DA and DA antag-
onists to receptors in the slice and limited reversibility of
antagonists due to their lipophilicity. [30-33]. We there-
fore opted to use D2 and D3 KO mice. In D2 KO mice, the
inhibitory effect of quinpirole was diminished, indicating
that D2 receptors mediate inhibition. The facilitatory
effect of quinpirole was eliminated in D3 KO mice, while
it remained in D2 KO mice, indicating that D3 receptors
mediate facilitation. However, some inhibition remained
in D2 KO mice, indicating that D3 receptors may mediate
either facilitation or inhibition.

We can discount a role for D4 receptors in the modulation
of nAcc MSN synapses. Results from in situ hybridization
[28,34] and immunohistochemistry [35,36], which reveal
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Figure 5

Dissection of quinpirole effects using D2 and D3 KO mice. A. A 3D reconstruction of a MSN from a D2 KO mouse is
shown with the cell body and dendrites in blue and the axon in red. The area outlined (black rectangle) corresponds to the
area imaged in panel B. B. The OGI image contained four hot spots (numbered). C. Spline scan image. Top panel shows
Alexa594, and bottom panel shows OGI. In the OGI image, only varicosity #4 showed a Ca?* response. D. In this D2 KO cell,
quinpirole facilitated the Ca2* response. E. 3D reconstruction of a MSN from a D3 KO mouse. The area outlined (black rectan-
gle) corresponds to the area imaged in panel F. F. The area imaged contained three hot spots (numbered). G. Spline scan image.
Top panel shows Alexa594, and bottom panel shows OGI. H. In this D3 KO cell, quinpirole inhibited varicosity #2 (*), but had
no effect on varicosities #I| and 3.
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Figure 6

DA receptor-mediated modulation is heterogeneous. Bubble plot of spatial distribution of varicosities and magnitude of
DA receptor-mediated modulation in wild type and D2 and D3 KO mice. The distance of imaged varicosities from the soma is
indicated along the x-axis. Bubble area is proportional to the magnitude of modulation. Facilitation is shown in red and inhibi-
tion in purple. In experiments two experiments, both SKF81297 and quinpirole were tested sequentially in the same cell
(experiments 8 and 12). In experiment 8 (data shown in Figure 3), the majority of varicosities showed both D| receptor-medi-
ated facilitation and D2 receptor-mediated inhibition, but the magnitude of modulation varied strikingly among individual vari-
cosities. In experiment 12, in a D3 KO mouse, the third varicosity showed both SKF81297-mediated facilitation and quinpirole-
mediated inhibition, indicating colocalization of D| and D2 receptors.

D3 receptor expression in about 20% of MSNs, show neg-
ligible D4 receptor expression. No D4 receptor expression
was seen in the striatum or nAcc of Drd4-EGFP transgenic
mice, in which enhanced green fluorescent protein
(EGFP) was introduced using bacterial artificial chromo-
some (BAC) technology and expressed under the control
of genomic fragments flanking the D4 receptor gene locus
[37]. Electron microscopic immunohistochemistry
revealed some D4 receptor expression in dendritic spines
of a minority of MSNs [38], consistent with physiological
evidence that D4 actions are postsynaptic [29]. In two pre-
liminary experiments in D2/3 double KO mice (not
shown), quinpirole had no effect, confirming that effects
of quinpirole are mediated by D2 or D3 receptors, but not
D4 receptors. Thus, D4 receptors are unlikely to have a
role in the presynaptic modulation of MSNs.

D3 receptors may mediate more heterogeneous actions as
they are not robustly coupled to G;in many mammalian
expression systems [39]. Furthermore, the third intracellu-
lar loop, which is important for the G protein coupling, is
highly divergent in D3 receptors with only a ~25%
homology in amino acid sequence to the D2 sequence,
suggesting a divergence in coupling. For instance, phos-
phorylation of G protein coupled receptors can switch
them from G, to G;-coupled in an activity-dependent fash-
ion [40]. It is thus possible that the coupling of the D3
receptor is not only more heterogeneous, but probably
plastic.

Co-localization of DI and D2 receptors with distinct
functions on intrinsic synapses

Although the dominant view of DA receptor expression in
striatal neurons asserts strict cellular segregation [41,42],
several studies [26,43-51] have suggested that D1- and
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D2-like receptors are co-expressed in single MSNs. Here,
we have shown that subsets of presynaptic varicosities D1
pharmacology, others D2, and many both D1 and D2
pharmacology. This suggests a resolution to these appar-
ently contradictory findings — DA receptors may be differ-
entially trafficked to different presynaptic varicosities in
MSN axons [17,26]. As D1 receptors mediate facilitatory
effects while D2-like receptors mediate predominantly
inhibitory effects, DA could be either facilitatory or inhib-
itory - with varying potency - depending on the relative
preponderance of functional D1 and D2-like receptors on
individual varicosities.

DA differentially modulates intrinsic synapses

The DA agonists triggered strikingly divergent effects at
different varicosities, including adjacent varicosities on
the same axon, presumably reflecting heterogeneity in the
relative abundance of functional DA receptors on individ-
ual varicosities. In light of accumulating evidence that the
distribution of many receptors is dynamically regulated
by recruitment to postsynaptic sites, internalization and
differential recycling [52], it seems plausible that the dis-
tribution of DA receptors on individual presynaptic vari-
cosities might also vary considerably. In fact, this appears
to be the case for MSN projection axons. Anatomical trac-
ing studies have confirmed that all MSNs project to the
pallidum, with about one third terminating there, and the
remaining two thirds extending to the entopeduncular
nucleus and the ventral midbrain [53,54]. Physiological
studies have shown that these projections are differen-
tially modulated by DA; projections to pallidal neurons
are inhibited by D2 receptor activation [55], while projec-
tions to the ventral midbrain are facilitated by D1 receptor
activation [56,57]. These observations can be reconciled if
D1 and D2 receptors are coexpressed in MSN cell bodies
but differentially trafficked in the axons of a given MSN
[17].

Several lines of evidence support the idea that DA recep-
tors undergo differential trafficking. Alternatively spliced
D2 receptor isoforms (D2S and D2L) are differentially tar-
geted to different presynaptic terminals, where they medi-
ate distinct functions [58]. Consistent with this, we found
in D3KO mice that the effect of quinpirole was heteroge-
neous, indicating that D2 receptors are heterogeneously
distributed. Alternatively, DA receptors might be uni-
formly trafficked to all presynaptic terminals, but differen-
tially distributed between surface (functional) and
intracellular (nonfunctional) compartments. For exam-
ple, D2 receptors are selectively sorted to degradation
pathways, while D1 receptors are preferentially recycled
back to the surface [59]. Consequently, synapses express-
ing DA receptors may have an altered expression profile
depending on prior DA exposure. This suggests that the
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differential distribution of DA receptors observed at a
given moment might reflect past patterns of DA release.

Microdomains in DA receptor-mediated signaling

How could the observed DA receptor-mediated modula-
tion be so spatially restricted? Voltage-dependent Na+ or
K+ channels are modulated directly by DA [43,60,61],
which should control presynaptic Ca2+ influx. But this is
unlikely to account for the micro-heterogeneity we
observed, since the varicosities recorded were often quite
close together and were therefore probably isopotential.
In contrast, cAAMP which was in earlier studies thought to
rapidly diffuse through the cytosol [62,63], has been
found in more recent studies, using sensitive biosensors,
to be restricted in its diffusion to microdomains. [64-66].
Molecules diffuse more slowly in the cytosol due to the
molecular crowding effect [67], which would be slowed
further by the confinement effect of the narrow bore of
axon. Restricted signaling might be further ensured by the
recruitment of active enzymes into close proximity of Ca2+
channels through the interaction with scaffold proteins.
[68-70]. For instance, in dendritic spines, Ca2* rises are
modulated by G protein-coupled receptors through the
activation of protein kinase A in a spatially restricted man-
ner [71]. Thus, the assembly of a multimeric signaling
complex together with restricted diffusion of second mes-
sengers should enable local DA modulation of nearby
Ca?* channels.

Synaptic vesicle release is triggered by clustered presynap-
tic Ca2+ channels that produce discrete domains of ele-
vated intracellular Ca2*. Among the members of the Cav2
calcium channel family that mediate the presynaptic Ca2+
rise, N-type and P/Q-type channels are found on synapses
interconnecting MSNs [72], and are subject to DA modu-
lation [73]. Due to cooperativity amongst clustered Ca2+
channels, the channels may function as a single Ca2+ entry
site [74]. But because of the non-linear relationship
between Ca2* influx and vesicle release, modest modula-
tory effects on individual Ca2+ channels should translate
into more dramatic changes in transmitter release, while
at the same time restricting modulatory effects to subcel-
lular microdomains [75]. Thus, the DA modulation of
Ca2+ responses we observed could control GABA release at
individual MSN varicosities and therefore play a role in
encoding striatal information processing.

Conclusion

The present results raise the intriguing hypothesis that the
differential distribution of DA receptors reflects past pat-
terns of DA synaptic activity, and may thus be a novel site
for enduring synaptic plasticity. Intrinsic connections may
be viewed as the hidden layer in a Hopfield network [76]
- so their modulation would be expected to shape infor-
mation flow through the area and confer greater compu-
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tational capacity for motor and reward-related learning.
The multiplicity of DA receptor actions in combination
with their differential distribution could produce large
variations in DA responsiveness at individual synapses.
Conceivably, aberrant patterns of DA receptor activation
could induce pathologic changes in the distribution of DA
receptors, giving rise to disorganized information flow,
and ultimately to aberrant motor or appetitive behaviors.

Methods

Slice preparation

All animal procedures were reviewed and approved by the
Institutional Animal Care and Use Committees of Colum-
bia University and the New York State Psychiatric Institute
and were in compliance with the USPHS Guide for the Care
and Use of Laboratory Animals. Slices were prepared from
postnatal day 11-13 congenic C57BL/6 and 129 wild type
or congenic C57BL/6 D2, D3 or D2/D3 receptor knockout
(KO) mice [25] following standard procedures. Animals
were deeply anesthetized with ketamine/xylazine, and
their brains rapidly removed into ice-cold artificial cere-
brospinal fluid (ACSF Recipel, in mM: 125 NaCl, 2.5 KCl,
25 NaHCO;, 1.25 NaH,PO,, 2 CaCl,, 1 MgCl,, 25 glu-
cose; pH 7.4) saturated with 95% O,-5% CO,. Using a
vibratome, 300 pum thick parasagittal slices were cut
encompassing the projection from the nucleus
accumbens (nAcc) to the adjacent ventral pallidum (VP).
After 1 hour recovery, slices were placed in the recording
chamber (about 1 ml capacity) on the stage of an upright
fluorescence microscope (LSM510, Carl Zeiss Microlmag-
ing, Thornwood, NY) and held down with a custom-made
harp made from platinum wire. During recording and
imaging, the recording chamber was continuously per-
fused with ACSF (Recipe2: 125 NaCl, 2.5 KCl, 25
NaHCO,, 1.25 NaH,PO,, 3 CaCl,, 0 MgCl,, 25 glucose;
pH7.4) saturated with 95% O,-5% CO, at about 1 ml/
min. Recordings were done at ~20°C, to optimize data
acquisition; working at room temperature increased sta-
bility in both the recording and imaging, and improved
the temporal resolution by slowing the response kinetics.

Whole cell patch clamp recording

Using IR-DIC microscopy, visually-guided whole cell
recordings were obtained with patch pipettes filled with
an intracellular solution (130 KCl, 4.6 MgCl,, 10 HEPES,
4 ATP-Na,, 0.4 GTP-Na, pH 7.25) containing 100 uM
Oregon Green 488 BAPTA-1 (OG1) and 10 uM Alexa 594
(Molecular Probes/Invitrogen, Carlsbad, CA). Patch
pipettes were fabricated from standard wall borosilicate
glass capillary tubes with filament (Harvard Apparatus,
Holliston, MA) and had access resistances of 4-8 MQ.
During dye loading (30 min), access resistance typically
increased to about 13-15 MQ, probably due to partial
resealing, and then remained constant for the rest of the
experiment. Cells were voltage clamped at -70 mV, with-
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out series resistance compensation, using an Axopatch
200 amplifier (Axon Instruments/Molecular Devices, Sun-
nyvale, CA) coupled to an ITC-18 A/D interface (Instru-
Tech, Port Washington, NY). Generation of pulse patterns
and monitoring of whole cell currents were done with
PulseControl XOPs [Richard ]J. Bookman, University of
Miami School of Medicine, Department of Medical Net-
work Services, Miami, FL, [77]] running under IgorPro
(WaveMetrics, Lake Oswego, OR). Stimulus parameters
were adjusted so that depolarizing steps (50 mV, 1 msec)
reliably evoked action potentials without failure.

Two-photon calcium imaging

Once in whole-cell mode, the fluorescent dyes were
allowed to diffuse into cells and their processes for a min-
imum of 30 min or until Alexa594 fluorescence reached a
plateau in proximal varicosities. Dye diffusion was fol-
lowed in sequential images taken at ~10 min intervals.
The recorded cell was imaged to confirm the identification
of the cell as a MSN according to morphological criteria,
specifically cell body diameter of ~10 um (medium-sized)
and the presence of multiple spiny dendrites. A single
non-spine-bearing axonal process was readily discerned,
after the longer time necessary for diffusion into the axon
due to its narrower bore (see Figure 1A).

2PLSM Ca?* imaging procedures followed established
methodology [20,78,79]. We used a Zeiss LSM510
equipped with a direct-coupled Ti:sapphire laser (Mira
Model 900F, Coherent, Santa Clara, CA) tuned to 850 nm
(excitation wavelength). Presynaptic Ca2* transients
evoked by repetitive action potentials propagation were
recorded by monitoring the fluorescence intensity of
OG1. Cells were stimulated with a brief high-frequency
train (ten 1 msec depolarizing pulses at 50 Hz, for 200
msec) to evoke ten action potentials without failure. This
produced a constant, submaximal (unsaturated) Ca2*
response. Changes in the Ca?+signal, %AF/F = %(F-F,)/F,
(where F_ = average of OG1 fluorescence intensity before
delivery of depolarization pulses), were measured at 10
msec intervals for 3 sec in line-scan mode. TTL trigger
pulses were sent from Igor Pro to synchronize the acquisi-
tion of membrane current traces, line-scan images and the
train stimulation. Ca?* rises were typically restricted to
short brighter stretches or swellings of axons identified in
the Alexa 594 images, which were well suited for line scan-
ning [19,21].

To define a free shape curve (spline) as the scan line, a
mouse-drawn line was superimposed on well-focused
stretches of axon containing multiple varicosities, and
saved and reused for subsequent imaging. However, if the
contour of the defined spline was too tortuous, the scan-
ner path was artifactually displaced with respect to the
spline. To compensate for this, the X, Y offset was adjusted
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to bring the scanner line back into register with the spline.
If this was not sufficient, then the spline was simplified so
that the scanner followed the spline exactly. The LSM soft-
ware generated a profile of fluorescence intensity along
the spline on which hot spots (points with higher fluores-
cence intensity) were readily identified. Their locations
along the axon were measured in the 3D reconstruction
generated from z-series of Alexa 594 images using Neu-
rolucida and Neurolucida Explorer (MicroBrightfield,
Williston, VT).

Drug application

The selective D1/D5 agonist SKF81297 (1 pM) or the D2/
D3 agonist quinpirole (20 uM) were applied via bath per-
fusion. Drug effects took about 5 min to reach a plateau
(or wane), so we measured Ca2+responses at 10 min inter-
vals. To avoid residual drug effects, we recorded from only
one cell in each slice.

Data analysis

Acquired data were analyzed with LSM Examiner software
(Carl Zeiss Microlmaging) and Image] [Wayne S. Ras-
band, National Institutes of Health, Bethesda, MD, [80]].
Changes in the Ca?* signal were calculated as %AF/F,,
which normalizes for slow shifts in baseline fluorescence
[19,79]. The area under the curve (a.u.c., integration) of
unmodified raw traces was calculated using Igor Pro. Rep-
resentative Ca2+ responses were smoothed by a moving
average method using Igor Pro, in which each data point
was replaced by the average of the 10 preceding and 10
following points. Statistical comparisons were made using
JMP (SAS Institute, Cary, NC). To detect the difference
between two independent comparison groups, an appro-
priate t test was chosen based on the result of the Ftest.
When the result of the Ftest indicated that the variances of
the comparison groups were not significantly different (p
> 0.05)), the two-tail student ¢ test was used. When the
result of the Ftest indicated that the variances of the com-
parison groups are significantly different (p < 0.05),
Welch's t test was used. Graphs were created using Igor Pro
and JMP.
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Additional material

Additional File 1

Functional intrinsic synapses. Electrophysiological demonstration of
functional intrinsic synapses formed by MSNSs in the parasagittal brain
slices. We found that making parasagittal slices, in which the projection
axons of MSN’s extending from nAcc to ventral pallidum (VP) were most
likely to be intact, was crucial for recording Ca2+* responses from the intrin-
sic synapses. Subsets of projection axons were stimulated with a bipolar
electrode placed in the VP (schematized in left panel; arrow in right panel
indicated the stimulus artifact), according to the previously established
protocol [11,18]. Spikes in MSN axons conducted antidromically to the
soma in the nAcc and then orthodromically into their local axons to acti-
vate their intrinsic synapses. This produced a complex IPSC (right panel,
top trace) that was completely blocked by the GABA , antagonist bicucul-
line (middle trace). Following wash, the drug effect partially reversed
(bottom trace). Thus, MSN intrinsic synapses are functional in our slice
preparation. File is in pdf format.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2202-8-8-S1.pdf]

Additional File 2

Spatial correlation of dopamine modulation. Scatter diagram of spatial
correlation between the magnitude of D1 (SKF81297) or D2/D3 (Quin-
pirole) modulation (expressed as the percent of the preceding control
response) and the distance from soma to the recorded varicosities (um).
The sample correlation coefficient (Pearson Correlation Coefficient) was
denoted as 1. For both SKF81297 (left) and quinpirole (right), data were
randomly distributed with weak linearity. File is in pdf format.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2202-8-8-S2.pdf]
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