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Abstract

The striatum is typically classified according to its major output pathways, which consist of 

dopamine D1 and D2 receptor-expressing neurons. The striatum is also divided into striosome and 

matrix compartments, based on the differential expression of a number of proteins, including the 

mu opioid receptor, dopamine transporter (DAT), and Nr4a1 (nuclear receptor subfamily 4, group 

A, member 1). Numerous functional differences between the striosome and matrix compartments 

are implicated in dopamine-related neurological disorders including Parkinson’s disease and 

addiction. Using Nr4a1-eGFP mice, we provide evidence that electrically evoked dopamine 

release differs between the striosome and matrix compartments in a regionally-distinct manner. We 

further demonstrate that this difference is not due to differences in inhibition of dopamine release 

by dopamine autoreceptors or nicotinic acetylcholine receptors. Furthermore, cocaine enhanced 

extracellular dopamine in striosomes to a greater degree than in the matrix and concomitantly 

inhibited dopamine uptake in the matrix to a greater degree than in striosomes. Importantly, these 

compartment differences in cocaine sensitivity were limited to the dorsal striatum. These findings 

demonstrate a level of exquisite microanatomical regulation of dopamine by the DAT in 

striosomes relative to the matrix.
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1. Introduction

The striatum has been characterized according to its two major output pathways: the direct 

pathway (dopamine D1 receptor-expressing neurons) and the indirect pathway (dopamine 

D2 receptor-expressing neurons) (Gerfen et al., 1990). The striatum can also be classified 

into two neurochemically-distinct compartments, the striosome and matrix, based on the 
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differential expression of several proteins, including the mu opioid receptor (MOR), acetyl-

cholinesterase, dopamine transporter (DAT), and Nr4a1 (nuclear receptor subfamily 4, group 

A, member 1) (Crittenden and Graybiel, 2011; Davis and Puhl, 2011; Graybiel and 

Ragsdale, 1978; Herkenham and Pert, 1981). The matrix compartment comprises 

approximately 85% of the striatum (Johnston et al., 1990; Mikula et al., 2009) and functions 

as part of the sensorimotor and associative circuits; in contrast, the striosome compartment 

comprises approximately 15% of the striatum and is associated with limbic circuits (Eblen 

and Graybiel, 1995; Gerfen, 1984; Jimenez-Castellanos and Graybiel, 1987; Kincaid and 

Wilson, 1996). However, these ratios vary across the rostrocaudal extent of the striatum 

(Davis and Puhl, 2011). Striosome projection neurons are primarily direct pathway neurons 

developmentally, while matrix projection neurons are either direct or indirect pathway 

(Fujiyama et al., 2011), though some controversy remains and may be attributable to species 

differences (Levesque and Parent, 2005). Interestingly, it is theorized that only striatal 

projection neurons originating in striosomes innervate the substantia nigra pars compacta 

(SNc) and in this way may globally influence dopamine release in the striatum (Fujiyama et 

al., 2011; Gerfen et al., 1987; Watabe-Uchida et al., 2012).

Midbrain dopaminergic innervation of the striatum follows a topographical pattern where the 

dorsal striatum (DS) is innervated primarily by the substantia nigra (and to a lesser extent 

the lateral ventral tegmental area) and the ventral striatum (VS) is innervated primarily by 

the ventral tegmental area (VTA) (Beier et al., 2015; Ikemoto, 2007; Lammel et al., 2008). 

The dopaminergic innervation of the matrix compartment reflects this topographical pattern, 

but striosomal dopamine originates largely from the SNc and to a lesser extent the substantia 

nigra pars reticulata (Gerfen et al., 1987; Jimenez-Castellanos and Graybiel, 1987; Langer 

and Graybiel, 1989; Prensa and Parent, 2001). Related to these differences in compartmental 

dopamine innervation, numerous animal models of Parkinson’s disease and dystonia show 

preferential loss of dopamine terminals or striatal projection neurons in either the striosome 

or matrix compartments (see Crittenden and Graybiel (2011) for review). Similarly, 

imbalances in chronic drug-induced immediate early gene expression between striosome and 

matrix compartments underlie psychostimulant-induced stereotypies (Canales and Graybiel, 

2000; Capper-Loup et al., 2002; Jedynak et al., 2012). Given the differences in 

compartmental dopamine origin and the putative roles of striosome and matrix 

compartments in numerous dopamine-related neurological disorders, we hypothesized that 

dopamine signaling between striatal compartments would differ.

Nr4a1 (also known as Nur77 and NGFIB; Entrez Gene ID: 15370) is a nuclear receptor 

protein initially identified in silico by Davis and Puhl (2011) as a marker for striosomes. 

Therefore, in the current study, we used fast-scan cyclic voltammetry (FSCV) and Nr4a1-

eGFP transgenic mice to identify striosomes and to directly compare dopamine release 

between the striosome and matrix compartments of the striatum. We found that electrically 

evoked dopamine release differed between striosome and matrix compartments in a region-

specific manner and that these differences could not be attributed to nicotinic acetylcholine 

receptor (nAChR) antagonism or dopamine D2 autoreceptor inhibition of the dopamine 

terminal. We further found that cocaine-enhanced dopamine levels and uptake inhibition 

differed between striosome and matrix compartments in the dorsal, but not ventral, striatum. 
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These findings demonstrate a previously undescribed compartment difference in cocaine 

mediated regulation of dopamine dynamics in the striatum.

2. Methods

2.1. Subjects

Nr4a1-eGFP mice were obtained from GENSAT and backcrossed with C57BL6J mice (The 

Jackson Laboratory) for at least six generations. At weaning, visual genotyping with a blue 

LED and GFP filter-equipped goggles (Electron Microscopy Sciences) was performed. 

Drd2loxp/loxp mice were obtained from The Jackson Laboratory and crossed with Adora2A-

Cre mice (KG139, GENSAT). The A2ACre/Drd2loxp pups were then crossed with 

Drd2loxp/loxp mice to generate A2ACre/Drd2loxp/loxp (KO) and Drd2loxp/loxp mice (WT). 

Two to five month old mice of both sexes were used for all experiments. All experimental 

procedures were approved by the National Institute on Alcohol Abuse and Alcoholism 

Animal Care and Use Committee and were performed in accordance with National Institutes 

of Health guidelines.

2.2. Immunofluorescence

Mice were anesthetized with pentobarbital and transcardially perfused with a 4% 

formaldehyde/PBS solution. The brains were then extracted and post-fixed overnight before 

being stored in PBS for later sectioning. Forty micron thick sections were blocked in a 5% 

bovine serum albumin, 0.2% Triton X-100, PBS solution for 4 h at room temperature. The 

sections were then incubated in a primary antibody/PBS solution overnight as follows: 

chicken anti-GFP (1/ 2000; Abcam, ab13970), rabbit anti-MOR (1/4000; Immunostar, 

24216), rabbit anti-D2DR (1/500; Frontier Institute, D2R-Rb-Af750), and rat anti-DAT 

(1/5000; Millipore, MAB369). Sections were then washed three times in 0.2% Triton 

X-100/PBS before being incubated in secondary antibody solutions with Alexa488 goat anti-

chicken (1/2000), Alexa568 goat anti-rabbit (1/1000), or Alexa568 goat anti-rat (1/1000) 

overnight (secondary antibodies were from Life Technologies). Following five washes in 

PBS, sections were mounted onto subbed slides, coverslipped with Fluoromount G (Electron 

Microscopy Sciences), and imaged with a Zeiss Lumar stereoscope and an Axiovert 200 

microscope equipped with DAPI, eGFP, and Cy3 filter sets and an Axiocam MR 

fluorescence camera with Axiovision software (Zeiss).

2.3. Ex vivo slice preparation and fast-scan cyclic voltammetry

Mice were anesthetized with isoflurane and rapidly decapitated. Brains were extracted and 

immersed in ice-cold, carbogen-saturated (95% O2/5% CO2), cutting ACSF containing the 

following (in mM): Sucrose (194), NaCl (30), KCl (4.5), NaHCO3 (26), NaH2PO4 (1.2), 

dextrose (10), and MgCl2 (1). Coronal sections (300 μm) spanning the striatum were 

prepared as previously described (John and Jones, 2007) and incubated for 1 h before 

experiments in carbogen-saturated voltammetry recording ACSF (pH 7.4) containing (in 

mM): NaCl (126), KCl (2.5), NaHCO3 (25), NaH2PO4 (1.2), dextrose (10), HEPES (20), 

CaCl2 (2.4), MgCl2 (1.2), and L-ascorbic acid (0.4). Nr4a1-eGFP fluorescence was observed 

using a Stereo-Discovery V8 microscope with a GFP filter set (Zeiss) and an X-cite 120 

fluorescence illuminator (Lumen Dynamics). One millisecond, monophasic electrical pulses 
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were generated with a DS3 Constant Current Stimulator (Digitimer) and delivered through a 

twisted, bipolar, stainless steel stimulating electrode (Plastics One) placed 300 μm from the 

intended recording sites as shown in Fig. 2A. The distance between the two poles of the 

stimulating electrode was adjusted to 250 μm.

Carbon fiber electrodes were made as previously described (Crowley et al., 2014) and cut to 

80–120 μm. The carbon fiber electrode potential was linearly scanned as a triangle 

waveform from −0.4 to 1.2 and back to −0.4 V at 400 V/s. Cyclic voltammograms were 

collected at 10 Hz using a Chem-Clamp (Dagan Corporation) and DEMON Voltammetry 

and Analysis software (Yorgason et al., 2011). Dopamine release was evoked by single 

electrical stimulations delivered every 3 min (5 min for cocaine experiments). For 

experiments comparing dopamine release between compartments, the carbon fiber was 

placed in the matrix or striosome compartment 300 μm from the stimulating electrode. The 

stimulation intensity used for each experiment was selected to yield a transient peak 

approximately 40%–60% of the maximum transient peak (as determined from a preliminary 

input-output curve for each slice once stable transients were obtained but before baseline 

measurements) and ranged from 100 to 300 μA. Once five consecutive stable responses were 

collected (<10% variation in transient peak), experiments would begin. Four to five baseline 

measurements in the first compartment were collected and then the carbon fiber electrode 

was moved to the complementary compartment at the same distance from the stimulating 

electrode. Another four or five responses were collected in the second compartment at the 

same stimulation intensity as the first compartment. The order of starting compartment was 

counterbalanced between slices for all experiments. Dopamine transient decay rates, tau, 

were calculated from an exponential fit encompassing the dopamine transient peak and 

return to baseline with the data analysis module in DEMON. For experiments examining 

drug effects between compartments, data were normalized to their respective baseline/pre-

drug periods. For modeling of dopamine transient kinetics (Vmax and apparent Km) in the 

cocaine experiments, a Michaelis-Menten-based kinetic modeling module (based on Wu et 

al. (2001)) in DEMON was used. Briefly, dopamine release [DAp] and dopamine affinity for 

the transporter (Km; set to 0.16 μM) were held constant for the baseline determination of 

maximal uptake rates (Vmax) for each experiment. Then following cocaine wash on, the 

obtained Vmax for each slice was held constant and Km was varied to fit the empirically 

obtained dopamine transients. The resultant Km value reflects the affinity of dopamine for 

the transporter in the presence of cocaine (i.e. the apparent Km). Extracellular dopamine 

concentrations were determined by post hoc calibrations against a 1 μM dopamine solution.

2.4. Drugs

Dopamine-HCl was obtained from Sigma Aldrich (St. Louis, MO). Quinpirole (30 nM) and 

DHβE (1 μM) were obtained from Tocris Bioscience (Minneapolis, MN). Cocaine-HCl 

(0.3–10 μM) was obtained from the National Institute on Drug Abuse (NIDA). All drugs 

were dissolved in voltammetry recording ACSF.

2.5. Statistics

GraphPad Prism 6 (GraphPad Software) was used for all statistics. Unpaired t-tests were 

used for the experiments examining dopamine release and dopamine transient decay rates 
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(Tau) between compartments. For experiments in Figs. 3 and 4, the final drug time points 

were analyzed with a two-factor ANOVA (region and compartment). For cocaine 

experiments, two-factor, repeated-measures ANOVAs were used.

3. Results

3.1. Nr4a1-eGFP is enhanced in striosomes and colocalizes with DAT

Nr4a1-eGFP was expressed throughout the striatum as previously described (Davis and 

Puhl, 2011) and colocalized extensively with immunoreactivity for the MOR, a striosomal 

marker (Fig. 1A and B). We also examined the colocalization of Nr4a1-eGFP with DAT 

throughout the striatum. We observed extensive colocalization of Nr4a1 with DAT in the DS. 

The degree of colocalization in the VS, however, was negligible (Fig. 1B).

3.2. Evoked dopamine release differs between striosome and matrix compartments

We employed FSCV to directly compare dopamine release between striatal compartments. 

In the DS (medial and lateral), we found that evoked dopamine release in striosomes was 

approximately 36% lower than in the corresponding proximal matrix region (n = 16 slices, 

t(30) = 2.92, p < 0.007; Fig. 2C and E). Representative color plots are shown are shown in 

2D. In the VS (ventral lateral striatum and nucleus accumbens), this pattern was reversed 

such that evoked dopamine release in striosomes was 64% greater than in the proximal 

matrix region (n = 14 slices, t(26) = 2.34, p < 0.03; Fig. 2H and J). Representative color 

plots are shown are shown in 2I. The dopamine transient decay rates (Tau) were similar 

between compartments (n = 16 slices, t(30) = 0.89, p > 0.3 and n = 14 slices, t(26) = 0.76, p 

> 0.4, respectively for DS and VS; Fig. 2F and K). The compartment differences in 

dopamine release persisted across multiple stimulation intensities in both the dorsal (Fig. 

2G) and ventral striatum (Fig. 2L). There were main effects of both compartment and 

stimulation intensity, as well as, an interaction effect in the dorsal striatum (n = 4 slices; 

F(1,6) = 12.22, p < 0.02 for compartment; F(4,24) = 27.97, p < 0.001 for stimulation 

intensity; F(4,24) = 7.08, p < 0.001 for interaction effect). In the ventral striatum we found 

main effects of compartment and stimulation intensity (n = 5 slices, F(1,8) = 6.3, p < 0.04 

and F(4,32) = 28.23, p < 0.001, respectively for compartment and stimulation intensity).

3.3. Modulation of dopamine release dopamine D2 receptors is similar between 
compartments

To account for the compartment differences in dopamine release, we first examined the role 

of dopamine D2 autoreceptors with the dopamine D2 receptor agonist, quinpirole. 

Activation of dopamine D2 receptors (including autoreceptors on dopamine terminals) 

depressed dopamine release in both compartments across striatal regions (n = 3 slices per 

group, F(1,8) = 48.84, p < 0.001 and F(1,8) = 52.35, p < 0.001, respectively for the dorsal 

and ventral striatum; Fig. 3A). We observed a striosomal enrichment of D2DR 

immunoreactivity (Fig. 3B), however, the results with stimulated dopamine release did not 

indicate any functional difference in receptors between compartments. We considered the 

possibility that the D2DR striosomal enrichment was not due to differences in D2DR 

expression on dopamine terminals, but to differences in D2DR expression on MSNs. To test 

this hypothesis, we used a transgenic mouse expressing Cre recombinase in D2DR 
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expressing MSNs (i.e. A2ACre mice) and crossed it with a mouse line of Drd2loxp/loxp mice 

to remove D2DRs from all MSNs expressing Cre recombinase (i.e. indirect pathway/D2DR 

and A2AR-expressing MSNs). Subsequent histochemical examination of D2DR 

immunoreactivity in the Drd2loxp/loxp mice revealed a striosomal enrichment of DRD2s that 

was lost in A2ACre-Drd2loxp/loxp mice, suggesting that the observed striosomal enrichment 

of DRD2s was largely due to MSN-MSN collaterals and not presynaptic autoreceptors (Fig. 

3B). Finally, we repeated our initial experiments directly examining compartment 

differences in dopamine release in the presence of 30 nM quinpirole and found that the 

compartment differences were unaffected by quinpirole (Fig. 3C and D, n = 5 slices, t(8) = 

2.862, p < 0.03 and Fig. 3E and F, n = 4 slices, t(6) = 3.296, p < 0.02, for the dorsal and 

ventral striatum, respectively).

3.4. Compartment differences in dopamine release are not due to nAChRs

Cholinergic transmission via nAChRs has recently been demonstrated to influence dopamine 

transmission (Cachope et al., 2012; Threlfell et al., 2012), therefore, we examined the 

potential role of nAChRs in our observed compartment differences in dopamine 

transmission. Antagonism of β2-containing nAChRs depressed dopamine release in both 

compartments in the DS and VS (n = 4–5 slices per group, F(1,14) = 1136, p < 0.001 and 

F(1,16) = 1062, p < 0.001, respectively for dorsal and ventral striatum; Fig. 4A). We further 

found that our observed compartment differences persisted in the presence of DHβE in both 

the dorsal (Fig. 4B and C) and ventral (Fig. 4D and E) striatum, suggesting that nAChRs are 

not the mediators of the compartment differences in dopamine transmission.

3.5. Dopamine transporter inhibition by cocaine differs between the striosome and matrix 
compartments

Given the enhanced striosomal expression of DAT, we next investigated the DAT 

contribution to evoked dopamine levels with the DAT inhibitor, cocaine. The cocaine effect 

on evoked dopamine release followed a classic inverted U concentration response curve in 

striosome and matrix compartments of both dorsal and ventral striatal regions (Fig. 5). At 

concentrations up to 3 μM, cocaine enhanced dopamine spillover in both compartments. 

Following application of 10 μM cocaine, however, evoked dopamine release was inhibited 

(Fig. 5A and D), presumably due to nonspecific concentration-dependent cocaine inhibition 

of nAChRs (Acevedo-Rodriguez et al., 2014). In the DS there were main effects of 

compartment and cocaine concentration (n = 4–5 slices per group, F(1,35) = 15.73, p < 

0.001 and F(4,35) = 19.71, p < 0.001, respectively for compartment and concentration; Fig. 

5A) on cocaine-enhanced stimulation-induced dopamine release. Michaelis-Menten 

modeling of dopamine kinetics revealed no significant compartment differences in maximal 

dopamine uptake (Vmax, n = 4–5 slices per group, t(7) = 0.92, p > 0.3; Fig. 5B); however, 

apparent Km, the observed affinity of dopamine for the transporter, was increased to a 

greater degree in the matrix than in striosomes (n = 4–5 slices per group, F(1,35) = 7.119, p 

< 0.02; Fig. 5C) indicating a lower dopamine uptake rate or increased dopamine uptake 

inhibition. In the VS, there was a main effect of cocaine concentration on evoked dopamine 

levels (n = 3–4 slices per group, F(4,25) = 16.49, p < 0.001; Fig. 5D), but no significant 

difference in dopamine signals between compartments (F(1,25) = 2.395, p > 0.1). Vmax and 

apparent Km, also failed to show compartment differences in the VS (n = 3–4 slices per 
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group, t(5) = 0.02, p > 0.9 and n = 3–4 slices per group, F(1,25) < 0.0001, p > 0.9, for Vmax 

and apparent Km, respectively; Fig. 5E and F).

4. Discussion

We found that dopamine release differed between striosome and matrix compartments of the 

striatum in a regionally-distinct manner such that in the DS, dopamine release in striosomes 

was less than in the matrix, and in the VS, the opposite was true. We also found that cocaine 

differentially affects dopamine dynamics between striosome and matrix compartments. 

Specifically, cocaine enhanced dopamine overflow to a greater degree in striosomes than in 

proximal matrix regions. Concurrently, cocaine increased apparent Km, reflecting a greater 

inhibition of the DAT, in the matrix to a greater degree than in striosomes; however, these 

DAT effects were limited to the DS.

To account for the observed compartment differences in dopa-mine release, we first 

considered technical aspects of our preparation. In particular, we considered whether the 

electrical stimulation site could differentially impact dopamine release between 

compartments; however, because of the large stimulating electrode, we believe that the 

stimulation field was not limited to any one compartment and therefore was not a factor in 

our observed compartmental differences. Furthermore, given the limited sampling area/

volume of carbon fiber electrodes (Cragg and Rice, 2004), the only dopamine detected likely 

originated from synapses within the compartment being sampled. Finally, we examined 

whether our observed compartment differences would persist across various stimulation 

intensities and, indeed, found that the compartment differences in both the dorsal and ventral 

striatum were not unique to a particular stimulation intensity. Therefore, we do not believe 

that there are compartment-specific stimulation effects on dopamine release. Recently, 

however, a disynaptic mechanism of dopamine release has been described with electrical 

stimulation (Cachope et al., 2012; Threlfell et al., 2012). In this mechanism, electrical 

stimulation elicits dopamine release both by direct depolarization of the dopamine terminal 

as well as depolarization of acetylcholine terminals. To rule out the possibility of a 

disynaptic mechanism underlying our compartment differences, we investigated the potential 

role of nAChRs, which have been shown to contribute to dopamine release (Cachope et al., 

2012; Rice and Cragg, 2004; Threlfell et al., 2012; Zhang et al., 2009b), and found that the 

antagonism of nAChRs with DHβE had a comparable effect on dopamine release in both 

compartments (Kemel et al., 1989, 1992). Further supporting these findings, we reassessed 

the compartment differences in dopamine transmission in the presence of DHβE and found 

that the compartment differences persisted in both the dorsal and ventral striatum. Thus, we 

believe the differences we observed are due to the direct depolarizing effects of electrical 

stimulation on dopamine terminals only, and not to any indirect dopamine release 

mechanisms (e.g. via cholinergic interneurons). We then assessed dopamine D2 autoreceptor 

modulation between compartments with the D2DR agonist, quinpirole. Despite 

compartment differences in the expression of D2DRs, we found that quinpirole inhibited 

dopamine release similarly between compartments and that the compartment differences in 

dopamine release persisted in the presence of D2DR agonism with quinpirole. However, a 

subsequent analysis of D2DR-ir in A2A-Cre:D2DRloxp/loxp (i.e. mice with D2DR removed 

from indirect pathway/D2DR-expressing MSNs) and control mice revealed that the 
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striosomal enrichment of D2DR was due to increased expression on MSN-MSN collaterals 

and not to compartment differences in expression on dopamine terminals. Thus, our 

voltammetry data concerning the ability of D2 autoreceptors to inhibit dopamine release 

between compartments is in accord with our neuroanatomical data. We then examined the 

effect of cocaine on evoked dopamine release and found that cocaine enhanced peak 

dopamine signals in striosomes to a greater degree than in the matrix and inhibited the DAT 

to a greater degree in the matrix than in striosomes. These differences in cocaine sensitivity 

were limited to the DS; therefore, it is unlikely that differences in DAT underlie all of the 

differences in dopamine release across striatal regions. Interestingly, we noted no differences 

in basal dopamine transient decay rates (tau) or in basal Vmax, suggesting that under basal 

conditions the contribution of DAT is similar between compartments. In the presence of 

cocaine, however, both release and Km were differentially affected. It is possible that cocaine 

can differentially recruit dopamine vesicle reserve pools between compartments, which 

might suggest compartment differences in vesicle release mechanisms, though this 

possibility would need to be further explored (Venton et al., 2006).

Another potential mechanism underlying the compartment differences in dopamine release 

is the source of dopamine. Striosomes across the striatum are largely innervated by 

dopamine from the SNc, while the matrix receives dopamine from the substantia nigra in the 

DS and the VTA in the VS (Gerfen et al., 1987; Ikemoto, 2007; Jimenez-Castellanos and 

Graybiel, 1987; Lammel et al., 2008; Langer and Graybiel, 1989; Prensa and Parent, 2001). 

It is possible that the amount of dopamine released in striosomes is similar in the DS and 

VS, but the amount of dopamine released in the matrix varies across the dorsal-ventral axis 

such that matrix dopamine levels are greater than striosome dopamine levels in the DS and 

vice versa in the VS. This idea is supported by recent findings concerning the heterogeneity 

of midbrain dopamine neurons and their various properties, including levels of activity and 

striatal projection fields (Ikemoto, 2007; Lammel et al., 2008). That is to say, it is possible 

that the dopamine neurons innervating striosomes are of a single type and thus the amount of 

evoked dopamine release is similar across striatal regions. In contrast, the matrix is 

innervated by multiple dopamine neuron subtypes with unique electrophysiological 

properties and striatal terminal fields. This is supported by findings that evoked dopamine 

release in the VS is less than in the DS (Calipari et al., 2012; Zhang et al., 2009a). Similarly, 

the loss of congruity between striosomal markers in the NAc (compared to the high degree 

of overlap in the dorsal striatum) is indicative of the much more heterogeneous structural 

and functional organization described by Gangarossa et al. (2013a) and may contribute to 

the regional heterogeneity in dopamine release observed in this study. Supporting this idea 

of a more complex NAc organization, a recent report by Kupchik et al. (2015) has called into 

question the direct/indirect pathway anatomical organization of the NAc.

Supporting one of our primary findings that dopamine release differs between striatal 

compartments, Brimblecombe and Cragg (2015) recently reported that substance P 

modulated dopamine release differently between dorsal striatal compartments and, with a 

post hoc comparison, that evoked dopamine release in the dorsal striatum differed between 

compartments. However, this report was limited to the dorsal striatum and did not examine 

any potential mechanisms underlying the compartment difference.
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Altogether these findings may have numerous implications for the interpretation of previous 

studies. For example, the dopamine “hotspots” identified in the in vivo FSCV literature 

(May and Wightman, 1989; Moquin and Michael, 2009; Shu et al., 2013; Taylor et al., 2015) 

may correspond to striosome or matrix compartments, depending on the striatal region. 

Additionally, the “hotspot” differences in cocaine sensitivity or DAT inhibition described in 

the literature may be attributable to striosome/matrix compartment differences described in 

the current study (Cass et al., 1992; Cline et al., 1995; Glynn and Yamamoto, 1989; Mitch 

Taylor et al., 2012; Shu et al., 2014). Alternatively, the differences observed in these 

dopamine “hotspots” may be attributable to a confluence of factors including differences in 

dopamine terminal or dopamine neuron sensitivity to drugs of abuse (Covey et al., 2014).

The functional implications of these compartment differences have not been determined; 

however, a previous report examining intrastriatal electrical self-stimulation found that rats 

with stimulating electrodes contacting striosomes acquired self-stimulation behaviors more 

robustly than those with electrodes located in the matrix (White and Hiroi, 1998). Similarly, 

a recent report found that MORs in striosomes were critical in mediating the rewarding 

properties of an opiate drug (Cui et al., 2014). Together with reports demonstrating the 

effects of chronic psychostimulant administration on the induction of immediate early genes 

preferentially in striosomes (Biever et al., 2015; Canales and Graybiel, 2000; Capper-Loup 

et al., 2002; Gangarossa et al., 2013b; Jedynak et al., 2012; Saka et al., 2004; Vanderschuren 

et al., 2002), as well as, the more limbic nature of the striosome circuitry, a potential role for 

striosomes in the reinforcement of natural behaviors and drugs of abuse becomes apparent 

(Canales, 2005; Friedman et al., 2015).

In summary, using a transgenic mouse to a priori delineate striosome and matrix 

compartments of the dorsal and ventral striatum, we were able to demonstrate differences in 

evoked dopamine release between the striosome and matrix compartments that cannot be 

attributed to differences in dopamine D2 autoreceptor inhibition or nAChR modulation of 

dopamine release. We did, however, observe compartment differences in cocaine-enhanced 

dopamine levels and dopamine uptake inhibition that partially account for our observed 

results in the dorsal, but not ventral, striatum. These region and compartment differences in 

dopamine release and cocaine sensitivity may have broad implications on the interpretation 

of numerous published studies and should be considered in future studies of striatal 

dopamine and dopamine-dependent neurobiological processes and disorders.
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Fig. 1. 
Nr4a1-eGFP and DAT are striosome-enriched. A, Nr4a1 is enriched in striosomes and 

colocalizes with MOR, a striosomal marker. Scale bar, 500 μm. B, Enlarged images from A 

to better show localization of Nr4a1-eGFP and MOR in the dorsomedial striatum (DMS), 

dorsolateral striatum (DLS), and Nucleus accumbens (NAc). Scale bar, 250 μm. C, Sample 

images demonstrating specificity of Nr4a1-eGFP and DAT colocalization in the DMS and 

DLS but not in the NAc. Scale bar, 250 μm.
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Fig. 2. 
Dopamine release differs between striosomes and matrix in a region-dependent manner. A, 

Diagram of experimental configuration with an Nr4a1-eGFP slice. B, Approximate 

recording sites. Areas where striosome dopamine was more than or less than the 

corresponding matrix are represented by blue and red markers, respectively. Green markers 

represent no difference. C, Average dopamine transients for the striosome and matrix 

compartments in the dorsal striatum with representative CVs (inset). D, Corresponding color 

plots for dorsal striatum compartments depicting the voltammetric data with time on the X-

axis, applied scan potential (Eapp) on the Y-axis, and background-subtracted faradaic current 

on the Z-axis in pseudocolor. E, Calibrated data for individual dorsal striatum striosome-

matrix pairs and summary bar graph. F, Dopamine transient decay rates (Tau) do not differ 

between compartments in the dorsal striatum. G, Input-Output curves examining the effect 

of stimulation intensity on dopamine release in the dorsal striatum. H, Average dopamine 

responses for the striosome and matrix compartments in the ventral striatum with 

representative CVs (inset). I, Corresponding color plots for ventral striatum compartments 

depicting the voltammetric data with time on the X-axis, applied scan potential (Eapp) on the 

Y-axis, and background-subtracted faradaic current on the Z-axis in pseudocolor. J, 

Calibrated data for individual ventral striatum striosome-matrix pairs and summary bar 

graph. K, Dopamine transient decay rates (Tau) do not differ between compartments in the 

ventral striatum. L, Input-Output curves examining the effect of stimulation intensity on 

Salinas et al. Page 14

Neuropharmacology. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dopamine release in the ventral striatum. *p < 0.05, **p < 0.01. Shaded areas and error bars 

represent the SEM. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 3. 
Inhibition of dopamine release by dopamine autoreceptor agonism is similar between 

compartments. A, Activation of dopamine D2 receptors also inhibited dopamine release 

equally in striosome and matrix compartments. B, Dopamine D2 receptor immunoreactivity 

is striosomal in D2loxp/loxp mice but not A2ACre/D2loxp/loxp mice. C, Average dopamine 

transients for the striosome and matrix compartments in the dorsal striatum with 

representative CVs (inset) in the presence of 30 nM quinpirole. D, Calibrated data for 

individual dorsal striatum striosome-matrix pairs and summary bar graph. E, Average 

dopamine transients for the striosome and matrix compartments in the ventral striatum with 

representative CVs (inset) in the presence of 30 nM quinpirole. F, Calibrated data for 

individual dorsal striatum striosome-matrix pairs and summary bar graph. Scale bar, 100 μm. 

Error bars represent the SEM.
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Fig. 4. 
Compartment differences in dopamine release are not due to nAChRs. A, Inhibition of 

nAChRs by DHβE inhibited dopamine release equally in striosome and matrix 

compartments. B, Average dopamine transients in the presence of DHβE for the striosome 

and matrix compartments in the dorsal striatum with representative CVs (inset). C, 

Calibrated data for individual striosome-matrix pairs and summary bar graph. D, Average 

dopamine transients in the presence of DHβE for the striosome and matrix compartments in 

the ventral striatum with representative CVs (inset). E, Calibrated data for individual 

striosome-matrix pairs and summary bar graph. *p < 0.05. Error bars represent the SEM.
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Fig. 5. 
Cocaine enhances dopamine detection and uptake inhibition differently between 

compartments in the dorsal striatum. A, Cocaine concentration-response curves for 

dopamine release in striosome and matrix compartments of the dorsal striatum. B, The 

maximal rates of dopamine uptake (Vmax) did not differ between compartments. C, 

Inhibition of dopamine uptake by cocaine was greater in the matrix than in the striosomes. 

D, Average cocaine concentration-response curves for dopamine release in the striosome and 

matrix compartments of the ventral striatum. E, The maximal rates of dopamine uptake 

(Vmax) was similar between compartments. F, Inhibition of dopamine uptake by cocaine 

was also similar between compartments in the ventral striatum. *p < 0.05. Error bars 

represent the SEM.
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