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Variable Dopamine Release Probability and Short-Term
Plasticity between Functional Domains of the Primate
Striatum

Stephanie J. Cragg
Department of Pharmacology, University of Oxford, Oxford 0X1 3QT, United Kingdom

Release of the neuromodulator dopamine (DA) is critical to the control of locomotion, motivation, and reward. However, the probability
of DA release is not well understood. Current understanding of neurotransmitter release probability in the CNS is limited to the conven-
tional synaptic amino acid transmitters (e.g., glutamate and GABA). These fast neurotransmitters are released with a repertoire of
probabilities according to synapse type, and these probabilities show activity-dependent plasticity according to synapse use. Synapses for
neuromodulators such as DA, however, are designed for signaling that diverges temporally and spatially from that for fast neurotrans-
mitters: DA receptors are exclusively metabotropic and at sites that extend to extrasynaptic locations and neighboring synapses.

In this study, the release probability of DA was explored in real time in limbic- versus motor-associated functional domains of the
striatum of a primate (marmoset; Callithrix jacchus) using fast-scan voltammetry at a carbon-fiber microelectrode. We show that the
probability of axonal DA release varies with striatal domain. Furthermore, release probability exhibits a short-term, activity-dependent
plasticity that ranges from depression to facilitation in motor- through limbic-associated regions, respectively. Rapid plasticity does not
result from metabotropic D,-like DA receptor activation or ionotropic GABA,, receptor effects but is dependent on Ca*" availability.

These data reveal that rapid dynamics in DA release probability will participate in the transmission of the patterns and frequencies
encoded by DA neuron action potential discharge. Furthermore, the regional variation in these features indicates that limbic- versus
motor-associated DA neurons are permitted to generate diverse DA signals in response to a given firing pattern.

Key words: release probability; synaptic plasticity; short-term facilitation; short-term depression; basal ganglia; volume transmission;
presynaptic; extrasynaptic; nucleus accumbens core; nucleus accumbens shell; putamen; caudate; sensorimotor; limbic system; marmo-
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Introduction

The strength of glutamate and GABA synapses in the CNS is
highly dynamic. In particular, the release probability of these
neurotransmitters can vary dynamically with synapse use and
encode a neuronal history or short-term memory (Zucker, 1989).
One result is frequency filtering (Thomson, 2000) in a synapse-
specific manner (Stevens and Wang, 1995; Dobrunz and Stevens,
1997). Such activity-dependent plasticity can fine-tune release to
an operating range appropriate to the pattern and frequencies of
activity of each type of synapse. For these conventional synaptic
neurotransmitters, rapid and local regulation of availability is
appropriate to their action: fast ionotropic responses at intrasyn-
aptic receptors.

Signaling by the neuromodulatory amines [e.g., dopamine
(DA)], however, diverges in design. DA receptors are exclusively
metabotropic and located abundantly at extrasynaptic sites
(Yungetal., 1995). Thus, signaling by DA will diverge temporally
and spatially from that by GABA and glutamate. Moreover,
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whereas synaptic overflow and cross-talk is restricted for gluta-
mate and GABA (Rusakov et al., 1999), DA appears to be de-
signed for signaling beyond a point-to-point synapse (Garris et
al., 1994; Descarries et al., 1996; Rice, 2000), a process known as
volume transmission (Fuxe and Agnati, 1991). Whether synaptic
plasticity is a feature of release common to these disparate forms
of neurotransmission has not been determined previously.

Short-term plasticity of DA release will be pivotal to DA func-
tion. Mesostriatal DA neurons fire at low, irregular frequencies
(0.5-8 Hz) or at faster frequencies in short apparent bursts [two
to four pulses at interspike rates of ~20 Hz (rodents) (Grace and
Bunney, 1984a,b) and higher (Hyland et al., 2002), and up to
~100 Hz (task-related in primates) (Schultz, 1986)]. Dynamic
plasticity in the probability of DA release will govern, for exam-
ple, the transmission of single versus multiple (e.g., burst-spike)
firing by each DA neuron.

Two major mesostriatal DA neuron populations innervate the
striatum, namely the mesolimbic (A10; ventral tegmental area)
and nigrostriatal (A9; substantia nigra pars compacta). These two
pathways are differentially involved with the diverse roles of DA:
limbic, associative, and sensorimotor. Furthermore, these two
populations are differentially the sites of the effects of cocaine
(Carboni etal., 1989) and the primary dysfunction in Parkinson’s
disease, respectively (Kish et al., 1988; Gibb and Lees, 1991).
Known physiological differences between these DA neurons in-
clude differences in Ca”—binding proteins (Haber et al., 1995),
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synchronous manner and according to the in-
herent probability of release ( proby). The stim-
ulus recruits action potentials, because release is
TTX sensitive (data not shown). Thus, the par-
adigm represents on a population level the re-
sponse to successful invasion of release sites by
these action potentials. In paired-pulse experi-
ments, single- and paired-pulse protocols were
alternated at 60 sec intervals; at these intervals,
4 ) . single-pulse release is recovered fully.

Data analysis. Release caused by the second
in a pair of pulses (P,) is determined directly by
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Figure 1.

[DA], (n = 6). ¢, GBR 12909 inhibited removal and enhanced [DA], (***p < 0.001;n = 5).

membrane currents (Wolfart et al., 2001), and the regulation of
DA behavior (e.g., uptake kinetics) (Jones etal., 1995; Craggetal.,
2000, 2002). It is notable that DA availability for release has been
linked to a-synuclein content in the mouse (Abeliovich et al.,
2000). It is vital to our understanding of the repertoire of function
and pathology that we understand any differential operation of
DA neurotransmission by these neurons.

In this study, we have explored the probability of DA release in
the primate striatum by observing DA release in real time using
fast-scan cyclic voltammetry at a carbon-fiber microelectrode. By
detecting the extracellular concentration of DA ([DA],), this
method monitors presynaptic release directly. We explored DA
release in two major functional territories to reveal the repertoire
of dynamic DA release probabilities (i.e., short-term plasticity).

Materials and Methods

Brain slice preparation. We have demonstrated previously that the reper-
toire of DA behavior in the primate is only partly appreciated by study of
the rodent brain (Cragg et al., 2000). Thus, this study was performed in
the striatum of a primate, the marmoset (Callithrix jacchus). Male mar-
mosets (1-2 years of age) from an established colony were killed by
intraperitoneal overdose of pentobarbitone. Striatal slices (400 um) were
prepared in ice-cold, HEPES-buffered physiological saline saturated with
95% 0,-5% CO,, as described previously (Cragg et al., 2000, 2002).
Striatal coordinates were as follows: midcommissural to rostral, anterior
to anteroposterior zero plane by 8.5-11.5 mm (Stephan et al., 1980).

Voltammetry and microelectrodes. All recordings were made at 32°C, as
described previously (Cragg et al., 2000, 2002), in bicarbonate-buffered
artificial CSF (aCSF) (95% O,-5% CO,) containing 2.4 mm Ca*”" (ex-
cept where indicated otherwise). Evoked [DA] was measured using fast-
scan cyclic voltammetry with 6 um carbon-fiber microelectrodes beveled
to a point (exposed length, ~30 wm; MPB Electrodes, London, UK) and
a Millar voltammeter (PD Systems, West Moseley, UK) (Cragg et al.,
2000, 2002). Scan rate was 800 V/sec, from —0.7 to 1.3 to —0.7 V versus
Ag/AgCl; sampling frequency was 4—8 Hz. Data are plotted at 4 Hz for
clarity. Cyclic voltammograms have the background current subtracted.
Electrodes were calibrated in aCSF. The detection limit for [DA], (~2X
noise) was ~20 nm.

Electrical stimulation. To evoke DA release, stimulus pulses (100 usec
in width) were applied with surface bipolar electrodes (Cragg and Green-
field, 1997; Cragg et al., 2000, 2002). Multiple release sites are recorded
(Stamford et al., 1986). The sources of variability in release other than
those attributable to the type of neuron were reduced by using stimula-
tion currents (0.3—0.8 mA) that generated 95-99% of maximum, single-
pulse release. Thus, the stimulus evokes release from a near-maximal
number of release sites in the vicinity of the stimulating electrode in a

Cyclic voltammograms and uptake transport identify DA. a, Cyclic voltammograms obtained in putamen (Put;
dorsolateral; gray) and, at 6 < amplification, NAc (lateral; black). Scan range, —0.7 to +1.3 to —0.7 V. Dashed lines indicate
oxidation (asterisk) and reduction peaks for DA. Calibrations: putamen, 6 nA; NAc, 1 nA. b, ¢, Mean [DA], = SEM versus time
caused by a single pulse (arrow) in NAc (ventromedial) in control (circles) and during inhibition of either the NET [desipramine
(Desip; 300 nw); triangles] (b) or DAT [GBR 12909 (GBR; 500 nm); squares] (c). b, Desipramine had no effect on removal rate or

subtracting the single-pulse (P,) from the sum-
mated paired-pulse (P, + P,) response. A com-
plex dependence of uptake on the peak concen-
tration did not need to be incorporated or
modeled (Cragg et al., 2000, 2002) because of
the independence of the paired-pulse ratios
from uptake (see Results). Data are means =
SEM, and sample size (1) represents the num-
ber of recording sites. Limited data from puta-
men in Figures 1 and 2 have been published in
part previously (Cragg et al., 2000); these data are included where neces-
sary for comparison with nucleus accumbens (NAc). The number of
animals in each experiment was 2—10. Comparisons for differences in the
means were assessed by one- or two-way ANOVAs and post hoc multiple-
comparison ¢ tests (Newman—Keuls).

Results

Variation in single-pulse release from ventral through

dorsal striatum

The primate striatum is delineated into different functional do-
mains. In particular, corticostriatal connectivity defines three
distinct but interrelated functional domains that span the ventral
to dorsal striatum: ventromedial (vm)/limbic-, central (mid)/
associative-, and dorsolateral (dl)/motor-associated domains
(Kunzle, 1975; Selemon and Goldman-Rakic, 1985; Lynd-Balta
and Haber, 1994b; Haber and McFarland, 1999). Each functional
domain receives a different degree of innervation from the two
major mesostriatal DA neuron types (A9/nigrostriatal; A10/me-
solimbic) (Szabo, 1980; Parent et al., 1983; Lynd-Balta and
Haber, 1994a; Haber et al., 2000). The net result across the three
nuclei that comprise the striatum (putamen, caudate, and ac-
cumbens) is an overlapping continuum of mesostriatal projec-
tions that ultimately segregate along a ventromedial—dorsolateral
axis as predominantly A10 in the ventromedial striatum and A9
in the dorsolateral striatum.

A single-stimulus pulse (100 wsec) could evoke the rapid re-
lease and removal of the electroactive substance DA. A perimaxi-
mal stimulus current was used (see Materials and Methods). Cy-
clic voltammograms throughout the dorsal and ventral striatum
were characteristic of exogenous DA (Fig. 1a) (peak potentials:
oxidation, 500 mV; reduction, —200 mV vs Ag/AgCl) and endog-
enous DA recorded previously in primate putamen and caudate
nuclei (Cragg et al., 2000, 2002). Uptake transport was identified
as being via the DA transporter (DAT) in NAc, as shown previ-
ously in the dorsal striatum. Single pulse-evoked signals and ex-
tracellular lifetime were unaltered by competitive inhibition of the
norepinephrine transporter (NET) in NAc (Fig. 1) [desipramine
(300 nm); n = 6; three applications] or dorsal striatum (Cragg et al.,
2000, 2002) but were elevated by competitive inhibition of the
DAT in NAc (Fig. 1¢) [1-(2-[bis-(4-fluorophenyl)methoxy]ethyl)-
4-(3-phenylpropyl)piperazine (GBR 12909; 500 nm); one-way
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Figure 2.  Availability of DA for release from ventral through dorsal striatum. a, Typical ob-
servations of [DA], versus time after one stimulus pulse (arrow) in NAc versus dorsolateral
putamen (Put) in coronal sections of marmoset striatum. Cd, Caudate; Dors, dorsal; Lat; lateral.
Calibration for [DA]: 500 nw, 1 sec. Filled circles are site-specific and indicate sites of recording
formean data, corresponding to thefilled barin b. b, Mean peak [DA], == SEM evoked at five loci
indicated in g, along a ventromedial— dorsolateral axis. DA release varies between and within
each region of the ventral and dorsal striatum (two-way ANOVA; p << 0.001). Post hoc compar-
isons with ventromedial NAc are illustrated (*p << 0.05; ***p << 0.001; n = 7-27).

ANOVA; p < 0.001; n = 5], as shown previously in the dorsal stria-
tum (Cragg et al., 2000, 2002).

Peak [DA], evoked by a single-stimulus pulse were recorded
and compared with tissue DA content. Peak evoked [DA], varied
significantly within and between striatal nuclei along the ventro-
medial-dorsolateral axis (Fig. 2) (two-way ANOVA; p < 0.001;
n = 7-27). Within each nuclei, evoked [DA], was significantly
greater at dl than at vm loci by approximately twofold within the
NAc ( p <0.05) and by more than threefold within the putamen,
as reported previously (Cragg et al., 2000). Furthermore, an over-
all trend was apparent across the ventromedial-dorsolateral ex-
tent of striatum: a continuous gradient in single pulse-evoked
release presented a marked 20-fold lower [DA], in NAc (vm)
than in putamen (dl) (Fig. 2b) (p < 0.001). However, this re-
gional heterogeneity in evoked [DA], exceeds that of tissue con-
tent of DA (Cragg et al., 2000) by an order of magnitude. This
discrepancy between the variabilities of packing density com-
pared with release thus reveals a large diversity in the probability
of release between functional territories and, consequently, DA
neuron types, whereby DA release probability is significantly
lower in limbic- than in motor-associated regions.

Paired-pulse plasticity correlates with striatal domain

To explore further the variable probability of release between DA
neuron types and the dynamic properties of release that will oc-
cur during rapid-burst firing, stimulus pulses were paired at a
short interpulse interval (#;;) of 10 msec, which can occur during
burst discharge of DA neurons in awake monkeys (Schultz, 1986)
and awake rats (Hyland et al., 2002). Typically, at amino acid
synapses (e.g., glutamate, GABA), the initial release probability is
inversely correlated with the release evoked by the subsequent,
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paired stimulus (#;p; < 100 msec). Here, the fraction of P, that
was released by P, [i.e., the paired-pulse ratio (P,/P;)] varied
markedly ( p < 0.001) in a manner that was correlated with ter-
ritory, ranging from a paired-pulse depression (PPD) in the dor-
solateral putamen (Fig. 3a,c) (P,/P, = 0.18 = 0.12; P, vs P, p <
0.001; n = 11-15) to a paired-pulse facilitation (PPF) in the
ventromedial NAc (Fig. 3b,c) (P,/P; = 1.97 * 0.15; P, vs P}, p <
0.001; n = 20-23). Paired-pulse ratios were inversely related to P,
across striatal territories (Fig. 3¢) and also to P; normalized for
the regional variation (approximately threefold) in tissue DA
content (Cragg et al., 2000) (Fig. 3¢, dashed line) (R* = 0.97).
Whereas the paired release in ventral striatum (NAc) showed
PPF, or at the minimum at least parity, within the dorsal striatum
(putamen), only PPD was observed. These observations indicate
a greater (initial) DA proby at increasing dorsolateral coordinate.
Plasticity in DA release was short-term (Fig. 3d). In particular,
PPF in NAc decayed at t;; > 50 msec. Subsequently, PPD was
apparent in NAc as at all other loci (e.g., putamen) at all pulse
intervals until full recovery by t;,; = 30 sec (Fig. 3d). In NAc, only
the data for lateral regions are illustrated for the entire range of
pulse intervals; in ventromedial NAc, [DA], evoked by P, be-
tween 50 msec and 5 sec after P, are usually too small for accurate
and meaningful quantification (data not shown). Recovery from
depression can be described by an exponential curve fit (data not
shown) in NAc (lateral; 7 = 3.8 sec) similar to those observed previ-
ously in the caudate nucleus/putamen of primates (Cragg et al.,
2002) and rodents (Kennedy et al., 1992; Abeliovich et al., 2000).

PPF versus PPD: independent of differential uptake

[DA], measured after a single pulse is a function of both the
underlying release per pulse and uptake in the rodent and pri-
mate (Wightman and Zimmerman, 1990; Cragg et al., 2000). The
expression level, density, and rate of DA uptake by the DAT differ
between the two populations of DA projections to the primate
striatum (Donnan et al., 1991; Blanchard et al., 1994; Hurd et al.,
1994; Madras and Kaufman, 1994; Ciliax et al., 1995; Cragg et al.,
2000, 2002). Furthermore, there is a nonlinear concentration de-
pendence of uptake. Thus, it was investigated whether the appar-
ent phenotypes of paired-pulse plasticity were an epiphenome-
non of differential DA uptake after the release events, in contrast
to an effect of presynaptic management of proby. The release
caused by a single versus a paired stimulus (¢;,; = 10 msec) was
compared at ventromedial and dorsolateral poles, NAc (vm) and
putamen (dl), respectively, during inhibition of the DAT [GBR
12909 (500 nm)]. Uptake inhibition significantly enhanced peak
[DA], (to 230-300%) and extracellular lifetime after either pulse
protocol in both regions (Fig. 4a,b) (n = 5-6) but did not signif-
icantly modify paired-pulse ratios in either putamen (Fig. 4a)
(control, 0.20 * 0.09; GBR, 0.20 = 0.04) or NAc (Fig. 4b) (con-
trol, 1.64 = 0.30; GBR, 1.32 = 0.18). Thus, neither PPF in NAc
nor PPD in putamen could be attributed to an effect, subsequent
to release, of uptake.

PPD is not attributable to variable input activity by D,-like
DA receptors or GABA, receptors

The fast PPD (<50 msec) apparent in dorsal striatum was ex-
plored further in the dorsolateral putamen, in which depression
was most marked. First, we determined whether PPD was a con-
sequence of an autoinhibition of release by activation of D,-like
DA receptors and/or buffered diffusion of DA overflow by D,-
receptor binding (presynaptic or postsynaptic). Inclusion of the
D,-like receptor antagonist sulpiride (1 uMm) did not modify DA
release caused by either a single or paired stimulus (#;p; = 10



(Cragg * Short-Term Plasticity in DA Release Probability

d Putamen (dl) P,+P,

Py
__|250nm __|50nm
05s 05s
P4
41 pulse # 2 pulses 41 pulse # 2 pulses
C 25
1 —e— NAc vm
2.0 6 —o— NAc dI
] —0— Putdl
o 1.57 71
Q' 1.0 4+ 1
0.5 1 .
0.0 T T T T T 0
0.0 0.5 1.0 1.5 10 100 1000 10000
P; (M) fipr (Ms)
Figure 3.  Short-term plasticity and striatal domain. a, b, Mean [DA], == SEM (solid lines with hatching) versus time evoked

(arrows) by a single pulse (P, ) (left) or two pulses (P, + P,) paired at 10 msec (100 Hz), administered when P, is reproducible
(right) (see Materials and Methods). The release caused by the second pulse (P, ) (dotted plot) is determined in all measurements
by subtraction of P, from P, + P,.a, In putamen (dl), a marked PPD is prominent (P, vs P, ; p << 0.001; n = 11-15). Calibration:
250 nm DA, 0.5 sec. b, In contrast, in NAc (vm), there is PPF (P, vs P, ; p << 0.001;n = 20-23). Calibration: 50 nm DA, 0.5 sec. ¢, The
paired-pulseratio (P, /P, ) = SEMatloci throughout the ventromedial— dorsolateral striatal extent is inversely related to P, ( y =
ax % a=0.16;b = 1.07; R2 > 0.99; solid line; n = 7-23). A similar relationship remains when P, is normalized for the
regional, threefold variation n tissue DA content (Cragg etal., 2000) (dashed line; R* = 0.97;a = 0.03; b = 1.8). Dorsal striatum
is associated with PPD, and ventral striatum is associated with PPF (parity; dotted line). Filled circles correspond to recording sites
asindicated in Figure 2a. d, Paired-pulse plasticity == SEM varies dynamically with t,, (1 = 5-20). PPF in NAc decays at a t,p, of
>50 msec. PPD is immediate in dorsal striatum and residual in NAc (lateral) after t,,, = 50 msec; the paired-pulse ratio
recovers to parity (dotted line) over time by an exponential relationship in NAc (data not shown) as in putamen (Put)
(Craggetal., 2002). Ventromedial NAcis not plotted between t,,, of 50 msecand <<5 sec, because a PPD (projected; dashed
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Plasticity of proby is dependent on

Ca’" availability

Typically (e.g., at glutamate synapses), the
occurrence of PPF or PPD depends on
whether initial Ca®" transients reach
thresholds appropriate to prime and re-
lease available transmitter (Stevens and
Wang, 1995; Thomson, 1997): PPF results
from a Ca**-dependent increase in vesicle
release probability at the second pulse
caused by remaining bound or other resid-
ual Ca** (Zucker, 1999). In this study, the
extracellular concentration of Ca**
([Ca**],) was manipulated to determine
the Ca”" limitations on the probability of
DA release and, in turn, whether short-
term plasticity was a direct consequence of
the initial probability of release. In other
words, the activity dependence of short-
term plasticity was explored. In dorsolat-
eral putamen, where PPD occurs, a halving
of [Ca**], from 2.4 to 1.2 mMm significantly
reduced both single- and paired-pulse (p;
= 10 msec) release by twofold to threefold
(Fig. 6a) (n = 4) and reduced PPD. The
paired-pulse ratio was enhanced by ap-
proximately threefold from 0.17 + 0.03 to
0.48 *£ 0.17 (p < 0.01), although it re-
mained significantly depressed compared
with P, (p < 0.01). In ventromedial NAc,
in which PPF is prominent, a doubling in
[Ca**], (to 4.8 mM) enhanced P, by ap-
proximately twofold (Fig. 6b) (p < 0.01)
yet reduced P, release by approximately
threefold (#p; = 10 msec; p < 0.001) (Fig.

line) prevents accurate quantification of the low [DA], in this region until >5 sec.

msec; n = 3—6) (Fig. 5a); in turn, rapid PPD was unaffected (Fig.
5b,d). D, receptors contributed to PPD only at #;,;s of >50 msec
and =2 sec. The time of recovery to 100% of P, was not affected
(Fig. 5b). These observations are consistent with the protracted
time course of metabotropic autoreceptor inhibition of release by
D, receptors in mouse and rat striata reported previously
(Benoit-Marand et al., 2001; Phillips et al., 2002). Thus, neither
binding per se nor activation of DA metabotropic autoreceptors
are components of the immediate PPD (<50 msec) seen in dorsal
striatum.

Second, we tested whether depression at P, was a result of
activation of a more rapid (i.e., ionotropic) conductance (e.g., via
the GABA, receptor caused by GABA released by P;). Antago-
nism of GABA, receptors [bicuculline (10 um)] did not modify
single- or paired-pulse (#;,; = 10 msec) release (Fig. 5¢) (n = 6-7)
or, in turn, PPD (Fig. 5d). Thus, GABA , receptor activation is not
a component of PPD at this or any other #;,; (data not shown).
GABAj metabotropic receptor effects on fast PPD were not ex-
plored, because (1) their presynaptic action on GABA release in
the rat hippocampus (Davies and Collingridge, 1993) shows a
protracted time course similar to that for D,-like receptors on DA
release in striatum, and (2) the GABA}; antagonist saclofen does
not modify evoked DA release in the rodent dorsal striatum
(Avshalumov et al., 2003).

6b). In fact, the paired release ratio was

inverted by this increase in [Ca®" ], from a

PPF (1.64 = 0.26) to alevel of PPD (0.28 =

0.12, p < 0.001) equivalent to that occur-
ring in putamen at less than one-half of this [Ca**],..

Discussion

By observing neurotransmitter release directly using fast-scan
cyclic voltammetry, presynaptic function can be assessed without
the confounding effects of postsynaptic responses (Atwood and
Karunanithi, 2002). We explored the dynamic plasticity in DA
release and illustrate that the probability of axonal release of DA,
like that of GABA, glutamate, and ACh, exhibits a repertoire of
release probabilities and short-term dynamics. Notably, DA re-
lease probability and short-term plasticity are specific to DA neu-
ron types innervating, and, in turn, particular functional do-
mains of, the primate striatum (Kunzle, 1975; Szabo, 1980;
Selemon and Goldman-Rakic, 1985; Lynd-Balta and Haber,
1994b; Haber and McFarland, 1999).

A regional heterogeneity in the proby of DA was apparent
from the discrepancy between the release compared with the un-
derlying packing density of DA: the 20-fold greater [DA], evoked
by a single pulse in dorsolateral (sensorimotor) compared with
ventromedial (limbic-associated) striatum exceeded the regional
variation in DA packing density [DA content (Cragg etal., 2000); DA
transporter density (Madras and Kaufman, 1994)] by an order of
magnitude. In fact, given that the monitored peak of [DA], is mod-
ified slightly by local DA uptake and that the maximum rate of DA
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Figure 4.  Variable short-term plasticity is not attributable to uptake. a, b, Mean [DA], +
SEM (solid lines with hatching) versus time evoked (arrows) by P, , P; + P, (t;p, = 10 msec),
and P, (dotted plot) in putamen (dorsolateral) () and NAc (ventromedial) (b) during control
(left) and DAT inhibition [GBR 12909 (500 nm); solid bar] (right). a, In putamen, DAT inhibition
enhances lifetime and peak [DA], of P, and P, + P, compared with control (***p << 0.001), but
the PPD is not modified (n = 5-6). Calibration: 1w DA, 1 sec. b, In NAc, DAT inhibition
enhances lifetime and peak [DA], of P, and P, + P, compared with control (**p << 0.01;
¥¥¥p <0.001), but the PPF is not significantly modified (n = 5-6). Calibration: 100 um DA,
1sec.

uptake is more than twofold greater in dorsal versus ventral striatum
(Cragg et al., 2000), the underlying difference in proby between re-
gions may be greater yet (Fig. 4, compare a with b).

Paired-pulse studies corroborated the higher probability of
DA release in motor than in limbic striatum and simultaneously
revealed the range of short-term plasticity operating at different
release sites; paired-pulse release ratio is a function of the ventro-
medial-dorsolateral coordinate. Because innervation territories
of the two major populations of mesostriatal DA projections
(Lynd-Balta and Haber, 1994a) follow a parallel ventromedial—
dorsolateral pattern, these differences in proby are likely to be a
function of DA neuron types. The release in response to a rapidly
paired (t;p; = 10 msec) pulse in dorsolateral putamen exhibited a
large PPD (>80%) consistent with a relatively high initial probg
from A9 (and therefore large release, P;) (Fig. 3c). Conversely, in
ventromedial NAc, a PPF of ~100% was observed, in keeping
with alower initial proby from A10 (and low P, ) (Fig. 3¢) and with
a subsequent elevation of probability at P, by temporal summa-
tion of some underlying component(s) to threshold (see below).
At more centralloci (with mixed A9 and A10 inputs), PPD or PPF
were less apparent; for example, at loci in lateral NAc, an appar-
ent parity of release (P,/P; = 1) was observed, as seen previously
in rat NAc in vivo (Garris et al.,, 1994). The current study in
primate striatum, however, reveals a wider repertoire of paired-
pulse responses, ranging from PPD to PPF, which, moreover, are
not necessarily a fixed feature of an entire striatal nucleus but
rather can be a function of a more discrete subregion. The spec-
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trum of paired-pulse responses observed is consistent with each
recording site comprising multiple release sites (Stamford et al.,
1986) of a specific combination of mesostriatal inputs of mixed
proby according to coordinate. At different striatal coordinates
along the vin—dl axis, different release sites will be endowed with
a continuously varying mixed input (Lynd-Balta and Haber,
1994a) by both high (A9; nigrostriatal) and low (A10; mesolim-
bic) proby neurons. The functional differentiation of striatal DA
release sites revealed in this study correlates well not only with the
innervation territories of the two mesostriatal dopaminergic
populations (Lynd-Balta and Haber, 1994a) but also with the
compartmentalization of the primate striatum into functional
subterritories (Kunzle, 1975).

In studies of single synapses for GABA/glutamate, release fail-
ure rate can be used to indicate absolute proby. In the present
study, however, release failure in response to a single pulse is
seldom observed, because this would require that the summed
release probabilities of the multiple possible sites for release be
less than the fraction of total sites represented by each (e.g.,
3. proby < 0.05 for 20 sites; individual proby < 0.0025); the result-
ant condition of near-zero individual proby, is rarely seen in the
CNS (Thomson, 2000). The absence of release failure with this
method, contrary to one study in ventral striatum (Garris et al.,
1994), does not indicate that release probability from DA neu-
rons is high, but rather, that it is not near zero.

PPF was short-lived (<100 msec), indicating that the under-
lying plasticity in proby requires a close temporal coincidence of
stimuli. This time course is consistent with the summation of
dynamic intracellular component(s) significantly above a thresh-
old for release when P, occurs within 100 msec. Nonetheless,
short-term plasticity would also be apparent if other extrinsic
factors differentially modified release or extracellular behavior of
DA at P, or P,. A primary-candidate factor that might cause a
nonlinear (i.e., facilitated) change in [DA], is uptake. However,
uptake inhibition did not modify PPF or PPD. Furthermore,
short-term PPD of DA release (#;p; = 10 msec) was not caused by
a variable activity between pulses of DA autoreceptors (or the
buffered overflow that receptor binding per se might offer) or
from transsynaptic GABA, receptor effects.

In contrast, the time courses of rapid PPD and PPF are con-
sistent with those reported previously at other synapses (e.g., PPF
for glutamate) (Stevens and Wang, 1995; Thomson, 1997), which
result from a straightforward Ca*"-dependent increase in vesicle
proby, involving bound (priming) or other residual Ca** remain-
ing at a second pulse (Zucker, 1999), which is insufficient for
transmitter release by a single pulse. Given the Ca** limitations
on short-term plasticity in this study, the proby of DA is most
likely regulated by a similar Ca**-dependent mechanism. The
elevation of [Ca”*], in NAc would enhance priming mecha-
nisms during P; and thus reduce release by P,. The opposite
scenario would occur in putamen and after reduced [Ca*"],..
These data therefore suggest that Ca** availability to priming/
releasing machinery is most limited and/or buffered in ventro-
medial regions of striatum. Indeed, this heterogeneity between
striatal domains reflects a known heterogeneity in the likely
Ca**-buffering properties of the different DA projections, as in-
dicated by expression of Ca*"-binding proteins (e.g., calbindin-
D28k) (Gerfen et al., 1987; Haber et al., 1995).

The mechanisms responsible for the PPD observed over a
more protracted time scale (100 msec to 20 sec) could be multi-
ple. Synaptic depression can result from depletion of readily re-
leasable vesicles or from other reductions in the proby indepen-
dent of vesicle availability (e.g., release-site refractoriness)
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Figure 6.  Modifying initial release probability alters short-term plasticity. Mean [DA],
SEM (solid lines with hatching) versus time evoked (arrows) by asingle pulse (P, ), paired pulses
(P, + P,) and asecond pulse (P,; dotted plot) (t,,, = 10 msec) in putamen (Put; dorsolateral)
(a) and NAc (ventromedial) ( b) during control (left) and manipulation of [Ca® ™1, (solid bar)
(right). g, In putamen, halving [Ca®"], to 1.2 mw reduces P, and P, + P, compared with
controls (***p < 0.001; n = 4) but significantly enhances P, /P, (**p < 0.01). A significant
PPD remains ( p < 0.01; P, vs P, ). Calibration: 250 nm DA, 0.5 sec. b, In NAc, doubling [Ca* ],
to 4.8 mm enhances P, compared with control (**p << 0.01;n = 7) but not P, + P,. P, is
markedly reduced (***p << 0.001), and PPF is significantly reduced (***p << 0.001) to a signif-
icant PPD ( p << 0.001; P, vs P, ). Calibration: 25 nm DA, 1 sec.
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(Thomson, 2000). Intriguingly, the time

001 0.1, 1 10 100
c Bicuculline (10 uM) d ,

course of recovery (Kennedy et al., 1992;
Abeliovich etal., 2000; Cragg et al., 2002) is
consistent with recovery of releasability af-
ter tetanic depletion at amino acid syn-
apses (Stevens and Tsujimoto, 1995; Do-
brunz and Stevens, 1997; Wang and
Kaczmarek, 1998), which involves vesicle
recapture, refill, and return to the releas-

tipy () able pool. However, on the basis of the as-

Eliminating variable input activity as a component of PPD. , ¢, Mean [DA], = SEM (solid lines with hatching) versus
time in putamen (dorsolateral) evoked (arrows) by a single pulse (P, ), paired pulses (P, + P,), and a second pulse (P, ; dotted
plot) (5, = 10 msec), during control (left) and antagonism of D,-like DA receptors [sulpiride (1 um)] (a) or GABA, receptors
[bicuculline (10 um)] (¢) (solid bars) (right). Calibration: 500 nm DA, 0.5 sec. g, Sulpiride did not modify P,, P, + P,, or P,
compared with control at this t,p (1 = 3—6). b, Paired-pulse ratios = SEM versus t,p, in central (filled circles) and with sulpiride
(gray circles) s plotted logarithmically. The dynamic variation in PPD with t,,, is modified by D, receptors only at >50 msecand
<2sec(*p < 0.001). Dotted line indicates P, = P,.¢, Bicuculline did not modify P, , P, + P, or P, compared with control (n =
6—7). d, Paired-pulse ratios (P, /P;) == SEM for each control (filled) versus drug treatment (shaded) in @ and c. Sulp, Sulpiride;

sumptions that (1) DA release is unive-
sicular per action potential (Matveev and
Wang, 2000) per release site (univesicular
release rule) and (2) as for glutamate, the
releasable pool for DA contains more than
one vesicle (Dobrunz and Stevens, 1997),
the degree of depression of DA release after
a single stimulus, attributable to depletion
of the releasable pool, would be limited
and therefore unlikely to contribute to this
PPD. However, multivesicular release has
been postulated within the CNS [e.g., at
glutamate (Oertner et al., 2002) and GABA
(Auger et al., 1998) synapses]. A hypothet-
ical multivesicular release of DA would
contribute to PPD by depletion.

Alternatively, PPD could arise readily
via mechanisms independent of depletion
and replenishment, by factor(s) that ac-
tively suppress proby. Metabotropic recep-
tor activation and consequential modifica-
tion of Ca’* and/or K conductances are such candidate
mechanisms. However, the time scale of D, auto- receptor effects
is too latent to influence rapid PPD and too short to influence
overall recovery time (Fig. 5b) (Benoit-Marand et al., 2001; Phil-
lips and Stamford, 2002); D, autoreceptor activation is only one
of necessarily multiple factors responsible for PPD. One previous
study suggests partial roles for Ca®", firing mode, and
a-synuclein in slow PPD (Abeliovich et al., 2000). For other syn-
apses, other independent changes in proby have been demon-
strated to arise from changes in the probability that a given
[Ca**] can permit exocytosis (Bellingham and Walmsley, 1999;
Wu and Borst, 1999). For example, the apparent affinity of the
release machinery to Ca®" can be increased by protein kinase C
acting at the release machinery downstream of the Ca** sensor
(Wu and Wu, 2001; Brager et al., 2002). Rab3-retarded fusion
(Geppert et al., 1997; Thomson, 2000) is another possibility for
release-site refractoriness, although the time courses observed
here are more extended than those observed for this mechanism
(Thomson, 2000).

In summary, we show that the probability of axonal DA re-
lease varies dramatically with functional domain and DA neuron
type. An accompanying activity-dependent plasticity ranges from
short-term depression to facilitation (or low- vs high-pass filters)
in motor- to limbic-associated striatum, respectively. This varia-
tion in behavior is governed by Ca** availability. Thus, despite
the extended temporal and spatial features of volume transmis-
sion by DA, rapid dynamics in DA release probability will none-
theless participate in the transmission of the pattern- and
frequency-filter functions encoded by DA neuron action poten-
tial discharge. Furthermore, the variation in these features be-
tween DA neuron type will allow limbic- versus motor-associated

M Control
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DA neurons to transmit qualitatively different ranges of DA sig-
nals in response to the scope of DA neuron firing patterns.
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