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Substance P Weights Striatal Dopamine Transmission
Differently within the Striosome-Matrix Axis

Katherine R. Brimblecombe1 and X Stephanie J. Cragg1,2

1Department of Physiology, Anatomy and Genetics and 2Oxford Parkinson’s Disease Centre, University of Oxford, OX1 3PT, United Kingdom

The mammalian striatum has a topographical organization of input– output connectivity, but a complex internal, nonlaminar neuronal
architecture comprising projection neurons of two types interspersed among multiple interneuron types and potential local neuromodu-
lators. From this cellular melange arises a biochemical compartmentalization of areas termed striosomes and extrastriosomal matrix.
The functions of these compartments are poorly understood but might confer distinct features to striatal signal processing and be
discretely governed. Dopamine transmission occurs throughout striosomes and matrix, and is reported to be modulated by the strio-
somally enriched neuromodulator substance P. However, reported effects are conflicting, ranging from facilitation to inhibition. We
addressed whether dopamine transmission is modulated differently in striosome-matrix compartments by substance P.

We paired detection of evoked dopamine release at carbon-fiber microelectrodes in mouse striatal slices with subsequent identifica-
tion of the location of recording sites with respect to �-opioid receptor-rich striosomes. Substance P had bidirectional effects on dopa-
mine release that varied between recording sites and were prevented by inhibition of neurokinin-1 receptors. The direction of modulation
was determined by location within the striosomal-matrix axis: dopamine release was boosted in striosome centers, diminished in
striosomal-matrix border regions, and unaffected in the matrix. In turn, this different weighting of dopamine transmission by substance
P modified the apparent center-surround contrast of striosomal dopamine signals. These data reveal that dopamine transmission can be
differentially modulated within the striosomal-matrix axis, and furthermore, indicate a functionally distinct zone at the striosome-
matrix interface, which may have key impacts on striatal integration.
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Introduction
The mammalian striatum is critical to the control of our volun-
tary movements, reinforcement, and motor learning. A network
of interneurons and neuromodulators, including dopamine
(DA) released from mesostriatal DA neurons, regulates the bal-
ance of outputs from two types of spiny projection neurons. The
further differentiation of striatum into reticular patches called
striosomes within the extrastriosomal matrix has long been known,
and these compartments are developmentally, anatomically, and
biochemically distinct (Graybiel and Ragsdale, 1978; Bolam et al.,
1988; Gerfen, 1992; Crittenden and Graybiel, 2011). Surprisingly
little, however, has been clarified about their differential function.

Anatomically, striosomes and matrix can be partially distin-
guished by their inputs and outputs. Inputs to striosomes versus

matrix from cortex are predominantly from limbic versus motor
areas, respectively (Gerfen, 1984; Crittenden and Graybiel, 2011).
Dopaminergic inputs innervate both types of compartments but
individual branches of axonal arbors tend to innervate one com-
partment type, with ventral tier substantia nigra (SN) neurons
showing greater preference for striosomes than dorsal tier (Ger-
fen et al., 1987; Matsuda et al., 2009). In outputs, striosomes are
relatively enriched in the DA D1 receptor-expressing, “direct”
projecting subtype of medium spiny projection neurons (MSNs),
although D1 MSNs are not restricted to striosomes (Johnston et
al., 1990; Fujiyama et al., 2011). Only striosomal MSNs innervate
SN DA neurons (Gerfen, 1984; Watabe-Uchida et al., 2012). Stri-
atal neurons tend to be compartmentally confined, although
some interneurons (cholinergic and somatostatin/nitric oxide
synthase/neuropeptide-Y expressing) are located at, and across,
compartment boundaries (Graybiel et al., 1986; Kubota and
Kawaguchi, 1993). Biochemically, striosomes and matrix can be
distinguished by numerous molecules, which in adulthood in-
clude higher expression in striosomes of substance P (SP),
�-opioid receptors (MORs), and in matrix of calbindin-D28k
and acetylcholinesterase (for review, see Crittenden and Graybiel,
2011). A further ring-like “annulus” or “striocapsular” region
surrounding striosomes has been proposed based on met-
enkephalin enrichment and, at least in primates, by overlap of
SP-rich fibers with receptors (Graybiel and Ragsdale, 1978; Ger-
fen et al., 1985; Jakab et al., 1996; Holt et al., 1997).
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The physiological functions conferred by striosome-matrix
compartmentalization are poorly understood. The anatomical
and biochemical differences of striosomes and matrix could be
expected to support discrete control of function within each
compartment. Indeed, MORs inhibit GABA transmission in
striosomes but not matrix (Miura et al., 2007). SP is a key candidate
neuromodulator for striosome-matrix compartmentalization of
function. SP is released by D1-MSNs (Gerfen, 1992; Blomeley et al.,
2009), is striosomally enriched (Graybiel et al., 1981; Bolam et al.,
1988), and there are contradictory reports about its effects on DA
transmission, which can be facilitatory (Starr, 1982; Petit and Glow-
inski, 1986; Tremblay et al., 1992), inhibitory (Starr, 1982; Gygi et al.,
1993), or none (Boix et al., 1992; Guzman et al., 1993). Here, we
investigated whether SP modulates DA transmission in a striosome-
matrix compartment-specific manner, and provide key evidence
that striosomes and matrix offer differential control of striatal
function.

Materials and Methods
Slice preparation and fast-scan cyclic voltammetry. Coronal striatal slices,
300 �m thick, were prepared as previously (Threlfell et al., 2012;
Brimblecombe et al., 2015) from male adult C57B6/J mice (Charles
River), from a rostral region of the striatum (�1–1.3 mm rostral to
bregma) that is striosome rich (Desban et al., 1993). All procedures were
performed in accordance with the UK Animals (Scientific Procedures)
Act 1986.

Extracellular dopamine concentration ([DA]o) was monitored at 32°C
with 7– 8 �m carbon-fiber microelectrodes (CFMs) (tip length �50 –100
�m) and a Millar voltammeter (Julian Millar, Barts and the London
School of Medicine and Dentistry, UK) as described previously (Threlfell
et al., 2012; Brimblecombe et al., 2015). In brief, the scanning voltage was
a triangular waveform (�0.7 to �1.3 V vs Ag/AgCl) at a scan rate of 800
V/s and frequency of 8 Hz. Currents were attributable to DA by potentials
for peak oxidation and reduction currents (�500/600 and �250 mV,
respectively). Electrodes were calibrated post hoc with 2 �M DA in exper-
imental media.

DA release was evoked by a local bipolar concentric Pt/Ir electrode (25
�m diameter; FHC) placed �100 �m away as previously described
(Brimblecombe et al., 2015) using 200 �s stimulus pulses (0.6 mA; Cragg,
2003). Stimuli of a range of durations and frequencies were used (single
pulses, trains of five pulses at 5 Hz, 20 pulses at 5 and 20 Hz) to optimize
detection of any modulation of [DA]o by SP. Electrical stimulations were
repeated at 2.5 min intervals. Each stimulus type was repeated in tripli-
cate in random order.

All data were obtained in the presence of the nAChR antagonist, dihydro-�-
erythroidine(DH�E,1�M)aspreviouslydescribed(Brimblecombeetal.,2015),
to remove the confounding effects of cholinergic interneurons that regulate
ACh release and subsequently DA (Rice and Cragg, 2004; Threlfell et al.,
2012). Release was TTX-sensitive (data not shown) as previously de-
scribed (Threlfell et al., 2010, 2012). Release was insensitive to a mixture
of antagonists for glutamate and GABA receptors (bicuculline 10 �M,
saclofen 50 �M, MCPG 200 �M, D-AP5 50 �M, and GYKI 10 �M; data not
shown) as previously described (Threlfell et al., 2010) and, furthermore,
in pilot studies (n � 4) the presence of these blockers did not preclude a
range of effects of SP on evoked [DA]o (from a 30% increase to a 50%
decrease).

Immunochemistry and site identification. After recording, sites were
marked and processed for MOR-ir. The CFM was replaced with a mi-
cropipette and 0.5–1.0 �l of 1-�m-diameter FluoSpheres (Invitrogen)
injected to indicate recording sites. Slices were fixed (either PFA or neu-
tral buffered formalin 4% formaldehyde) for at least 3 d, washed in PBS,
re-sectioned to 40 �m, and incubated in 20% NGS (Jackson ImmunoRe-
search) in 0.3% Triton X-100 PBS (PBS-Tx) and 5% fetal bovine serum
for 4 h. Sections were then incubated overnight at 4°C in primary anti-
body for MOR (1:1000 rabbit anti-MOR; Sigma) with 5% NGS and 1%
fetal bovine serum. Sections were washed (PBS, 2� 0.3% PBS-Tx) and
incubated for 2 h at room temperature in secondary antibody (1:1000

DyLight 594 goat anti-rabbit; Jackson ImmunoResearch) in PBS-Tx, 1%
NGS, and fetal bovine serum. After washes in PBS-Tx then PBS, sections
were mounted on gelled slides with Vectashield (Vector Laboratories).
Sections were imaged using an Olympus BX41 microscope with Q-Click
cooled monochrome CCD camera (Olympus Medical). Monochrome
images were converted to pseudocolored using QCapture Pro 7 and op-
timized using histogram equalization.

The attribution of recording sites to striosomes, border, or matrix was
blind with respect to DA release data. Recording sites were identified
through two alternative means to allow for error in FluoSphere place-
ment, using sections containing the most dense FluoSpheres as represen-
tative of the area sampled by the CFM. First, recording site, R, was
centered on the brightest point of FluoSpheres (asterisk) and defined as a
circle of radius 25 �m (Fig. 2A) from which a CFM likely samples DA
within the time course of these signals (Cragg and Rice, 2004). Second, a
larger recording site, R�, was defined as an oval of twice the minimum
area necessary to contain all FluoSphere beads. The two estimates of the
recording site did not differ in the subsequent attribution of any site to a
given territory type; therefore, recordings sites were defined by R only for
illustration purposes. The edges of patches of intense MOR-ir that indi-
cate striosomes, S, were approximated using QCapture Pro 7 (Fig. 2A,
area S). The identities of the recording sites were classified as follows:
“striosome” when circle R was completely contained within area S (Fig.
2D); “boundary” when circle R contained matrix and striosome, i.e.,
circle R intersected the outline of area S (Fig. 2E); and as “matrix,” M,
when circle R was external to any area S (Fig. 2F ).

Statistical analysis. Data are expressed as mean � SEM, where n �
number of experiments � recording sites. Data at each site were averaged
from at least three recordings for each stimulus, normalized to control
for each site. Population means were compared using one-way or two-
way ANOVA with post hoc Bonferroni’s t test where appropriate or
repeated-measures t test, using GraphPad Prism. Parametric tests were
appropriate as raw control data passed Shapiro–Wilk normality test
( p � 0.11).

Drugs. DH�E was purchased from Tocris Bioscienceor Ascent Scien-
tific and SP and L-732,138 were purchased from Abcam. All other re-
agents were purchased from Sigma Aldrich. DH�E and SP were dissolved
in dH2O and L-732,138 in ethanol at 1000 –2000� final concentrations
and stored at �20°C. Drug concentrations were chosen in accordance
with previous studies (Anderson et al., 1993; Kombian et al., 2003; Gov-
indaiah et al., 2010). Furthermore, the concentration of SP used here (1
�M) is within a range seen in vivo: extracellular striatal SP levels detected
with microdialysis to date in rats can be calculated from published data
(Nakamura et al., 2013) as being on the order of 0.1 �M at baseline and
increased by K � to 200 –1600% (Ebner and Singewald, 2006; Nakamura
et al., 2013).

Results
We monitored evoked [DA]o within dorsal striatum at sites se-
lected blind with respect to striosome-matrix location. SP (1 �M)
had a range of outcomes on peak-evoked [DA]o ranging from a
100% increase to a 50% reduction depending on recording site
(n � 33 experiments; Fig. 1A–D). The effects of SP on peak [DA]o

did not vary with different stimuli (Fig. 1D) and were
neurokinin-1 receptor (NK1R)-specific as they were reversed by
the NK1R antagonist L-732,138 (10 �M). To indicate the popu-
lation data without subclassifying response types using arbitrary
criteria, we identified the direction-independent modulus of the
effect of SP (the difference between observed [DA]o and the mean
control [DA]o, �	
DA� � 
DA�control�

2 for 1p data. The mean
modular effect of SP across recording sites was a �35% change to
peak [DA]o, which was reversed by L-732,138 (Fig. 1E; one-way
ANOVA, F(2,47) � 11.2 p  0.001; Bonferroni post-tests: control
vs SP, p  0.001; SP vs L-732,138 p  0.01; control vs L-732,138,
p � 0.05).

We investigated whether the different effects of SP were due to
location within the striosome-matrix axis. For 22 experiments,
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Figure 1. SP can increase, decrease, or have no effect on DA release. A–C, Example DA transients showing increased (A), decreased (B), or no effect (C) on evoked [DA]o. Data are normalized to
1p-evoked [DA]o in control conditions. D, The range of effects of SP on peak [DA]o (percentage of control) evoked by 20p/20 Hz and 1p were linearly related: R 2 � 0.86, slope � 1.2. E, NK1R
antagonist reverses the modular effect of SP on 1p-evoked [DA]o; N � 33.
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recording sites (R) were marked by injection of FluoSphere
beads, and slices covisualized for MOR-ir indicating striosomes
(S; Fig. 2A). Sites were classified as either striosomal (S; n � 5/22
sites (23%); Figure 2B,D), boundary [n � 7/22 (32%); Fig.
2B,E], or matrix (M, n � 10/22 (45%); Fig. 2B,F). When the
effects of SP on [DA]o were grouped accordingly, they varied
significantly with territory (Fig. 2C; one-way ANOVA F(2,19) �
13.4, p  0.001; Bonferroni post-tests: striosome vs matrix and
matrix vs boundary, p  0.05, striosome vs boundary p  0.01).
Within striosomes, SP increased [DA]o evoked by 1p by 30 �
10% (Fig. 2C,D; t test with repeated-measures t(4) � 3.7, p 
0.05). In boundaries, SP reduced evoked [DA]o by 30 � 6% (Fig.
2C,E; t(6) � 4.6, p  0.01) whereas in matrix, SP had no signifi-
cant effect (Fig. 2C,F; �6 � 3%, t(9) � 1.5). In addition to this
ternary qualitative means of classifying recording sites, the
effects of SP were also compared with the quantitative distance
(d1) from the brightest FluoSphere point (asterisk) to the
nearest striosomal edge (Fig. 2G). This approach revealed a
biphasic relationship between the effect of SP on evoked
[DA]o and location within the striosome-matrix axis (Fig. 2H )
with the polarity of the effect varying most between central
striosomal regions and a surrounding boundary band of �50
�m width.

To understand better the impact of SP on the weighting of
striosomal-matrix DA signals, we used these data to compare
how SP changed the levels of [DA]o evoked in each territory
relative to another. SP significantly changed the relative levels in
[DA]o seen between compartments (Fig. 3A; two-way ANOVA
interaction SP � compartment, F(2,38) � 9.9, p  0.01). In the
absence of SP, evoked [DA]o was apparently lowest in striosomes
(1p stimulus; Fig. 3A, left; Bonferroni post-tests: striosomes vs
matrix: p  0.05). In the presence of SP, when striosomal [DA]o

was increased and boundary [DA]o decreased, [DA]o was signif-
icantly lower in boundary than either striosome or matrix regions
(Fig. 3A, right; Bonferroni post-tests: p  0.05), but comparable
in striosomes and matrix. These observations reveal in particular
that SP modifies the contrast in DA signals between striosomes
and surrounding territories, particularly boosting striosomal DA
signals at the expense of boundary (Fig. 3B).

Discussion
Here, we reveal that SP differently modulates DA release in strio-
somes versus striosomal boundaries and matrix. SP acting
through NK1Rs can boost DA release within the centers of strio-
somes, but diminish DA release in a border region where strio-
somes and matrix interface, suggesting that SP weights striosomal
DA signals in a center-surround manner. These findings also
provide support for a functional delineation of a peristriosomal
area, for which there is some anatomical evidence, in addition to
striosomal versus matrix compartments, which might play an
underappreciated role in striatal signal integration.

The effects of SP on striatal DA transmission have long been
reported as varied, ranging from facilitation to inhibition (Starr,
1982; Petit and Glowinski, 1986; Boix et al., 1992; Guzman et al.,
1993). Here, we reveal that both the facilitatory and inhibitory ac-
tions of SP on DA are mediated via NK1Rs, and are governed by
location within the striosome-matrix axis. These findings are some-
what consistent with earlier work showing that lesioning NK1 recep-
tors in the striatum led to loss of differential striosome-matrix
postsynaptic responses to dopaminergic treatment (Saka et al.,
2002).

The mechanisms underlying opposing outcomes on DA me-
diated through NK1Rs are unresolved. DA neurons express
NK1R (Lessard and Pickel, 2005), although whether there is
NK1R trafficking to axons with differential targeting to strio-
somes and matrix has not yet been shown to our knowledge.
Axonal “bushes” of individual DA neurons do appear to respect
striosome-matrix boundaries (Matsuda et al., 2009), providing
potential scope for striosome matrix-specific expression of recep-
tors and other mechanisms on DA axons. Furthermore, while
NK1Rs are primarily Gq-coupled, they can also couple to Gi and
Gs (Quartara and Maggi, 1997; Roush and Kwatra, 1998), leading
to a range of secondary messengers and divergent effects
(Quartara and Maggi, 1997; Lai et al., 2008). In addition, NK1Rs
form heteromeric complexes with other metabotropic receptors
(Pfeiffer et al., 2003), including the MOR, which is expressed at
highest levels in striosomes. MOR and NK1R interact function-
ally in striatum (Pérez et al., 2007), expression levels of NK1R are
affected by MOR activation and vice versa (Pfeiffer et al., 2003; Yu
et al., 2009; Pal et al., 2013) and, intriguingly, NK1R KO in mice
prevents addiction to opioids (Murtra et al., 2000). Therefore, the
effect of NK1R activation might depend upon the expression of
other signaling pathways that vary within the striosomal-matrix
axis. ChI regulation of DA should not be a factor here as nAChRs
were inhibited, and GABA receptors that might be activated by
cross-border collaterals of MSNs, or GABAergic interneurons, do

4

Figure 2. Effect of SP varies between striosomal, boundary. and matrix. A, Classification of
recording sites, R; MOR-rich striosomes, S (red); and matrix, M. Circle R, radius � 25 �m is
centered on brightest FluoSphere label (*). Scale bar, 100 �m. B, Proportional representation
of sites in each territory. C, The effect of SP on evoked [DA]o (percentage of control 1p). One-way
ANOVA, Bonferroni post-tests. D–F, Left, representative examples of recording sites in strio-
some (D), boundary (E), and matrix (F). Scale bars: C, D, 100 �m; E, 200 �m. Center, Typical DA
transients evoked by 1p in control conditions (black) and with SP (red). Right, Peak-evoked
[DA]o in control (black) vs SP (red); t test with repeated measures, *p  0.05 and **p  0.01.;
NS, not significant G, Distance, d1, from nearest striosome edge. H, Effect of SP on evoked [DA]o

(percentage of control) versus d1. Colors indicate ternary site classification used in B–F.
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not regulate DA release during these short stimulus trains (Threl-
fell et al., 2010), but it remains possible that the effects of SP are
indirect, e.g., governed by NK1R-rich somatostatin/NOS/NPY-
positive interneurons (Li et al., 2002) that might be tonically
active in the slice (Beatty et al., 2012). How these neurons might
influence DA transmission is incompletely defined, however.

These data also provide support for a functionally distinct
peristriosomal boundary area, a third zone in addition to strio-
somes and matrix. A peristriosomal “annulus” or “striocapsule”
has been identified anatomically as rich in Met-enk (Faull et al.,
1989; Goto et al., 2013), or having SP and NK1R-overlap (Jakab et
al., 1996), and is thought to be enriched in some interneurons
(Graybiel et al., 1986; Kubota and Kawaguchi, 1993). The inhibi-
tion of DA transmission by SP seen here in a restricted boundary
region of �50 �m width at the interface of striosome and matrix
resembles these zones, and might confer distinct consequences
on striatal signal processing. For example, SP appears to weight
DA signals in striosomes at the expense of those in boundaries,
and to enhance the contrast between striosomal and boundary
DA. Modeling studies have proposed that limbic and motor in-
formation from segregated striatal inputs might be assimilated
into an output signal (from MSNs) by information transfer from
striosomes to matrix within modules via interneurons at the
striosomal-matrix interface (Amemori et al., 2011). Changes to
dopamine could strongly govern any such “communication” be-
tween striosomes and matrix via DA receptor-rich interneurons.

In conclusion, we have identified discrete modulation of DA
transmission within the striosomal-matrix axis by SP, which weights
DA signals in striosomes, but inhibits those at striosomal-matrix
interface. These data support distinct roles for striosomes, peristrio-
somal, and matrix regions that could impact significantly on signal
processing within striatum. Studies of striatal function should en-
deavor to consider the roles of these compartments, for which the
development of genetically encoded markers of striosomes (Davis
and Puhl, 2011) or matrix (Lopez-Huerta et al., 2015) could provide
useful tools.
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