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Synaptic release of dopamine in the nucleus accumbens of 
the intact rat brain elicited by a single electrical impulse 
applied to ascending dopaminergic fibers results in extra- 
cellular concentrations sufficient to bind the known dopa- 
mine receptors. The dopamine concentration observed after 
four rapid, sequential pulses is exactly four times greater 
and is unaffected by pharmacological antagonism of do- 
pamine uptake and receptor sites at supramaximal concen- 
trations. Thus, dopamine efflux from the synaptic cleft is not 
restricted by binding to intrasynaptic proteins on the time 
scale of the measurements (50-l 00 msec). The extracellular 
concentration, as a result of a single stimulus pulse, is 0.25 
@I and is rapidly removed by extrasynaptic uptake. This 
maximal, transient concentration of dopamine is 60 times 
higher than steady-state concentrations reported previously 
using dialysis techniques, illustrating that dopamine extra- 
cellular concentrations are spatially and temporally heter- 
ogenous. In contrast to ACh transmission at the neuromus- 
cular junction, the dopamine synapse in the telencephalon 
is designed for the effective efflux of dopamine from the 
synaptic cleft to the extrasynaptic compartment during neu- 
rotransmission. 

[Key words: dopamine, dopamine release and uptake, do- 
pamine receptors, nucleus accumbens, synaptic and extra- 
synaptic neurofransmission, fast-scan cyclic volfammefry, 
rat] 

Fluctuations in the concentration of neurotransmitters that ac- 
company a neuronal impulse have not been temporally or spa- 
tially resolved in the intact brain. For this reason, current views 
of chemical neurotransmission in the CNS are based on obser- 
vations for acetylcholine (ACh) at peripheral synapses (Cooper 
et al., 199 1). At the neuromuscular junction, ACh is released 
into the synaptic cleft, diffuses, activates receptors, and is hy- 
drolyzed by acetylcholinesterase (AChE) (Eccles and Jaeger, 1958; 
Katz and Miledi, 1973; Wathey et al., 1979; Bartol et al., 1991). 
The diffusion of ACh in the junctional gap is retarded by rapid 
binding to receptor sites, especially in the absence of the esterase. 
This process, termed “buffered diffusion” (Katz and Miledi, 
1973) in addition to the presence of postsynaptic invaginations, 
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increases the probability of degradation by the esterase (Magleby 
and Terrar, 1975; Armstrong and Lester, 1979; Wathey et al., 
1979; Land et al., 1980, 198 1, 1984; Bartol, 199 1). Thus, chem- 
ical communication at the neuromuscular junction is restricted 
spatially to the length of the synaptic cleft (about 1 Km). 

This article describes an investigation of chemical transmis- 
sion by central dopamine neurons to test whether these same 
concepts apply in the brain. Dopamine neurons play an im- 
portant role in normal CNS function (Le Moal and Simon, 
1990), and there is evidence to suggest that dopamine neuro- 
transmission is regionally distinct (Bannon and Roth, 1983; 
Glowinski et al., 1984; Kilts et al., 1988; Garris and Wightman, 
1994). A synaptic mode of transmission is suggested by ana- 
tomical features indicative of dopamine synapses in all telen- 
cephalic dopamine terminal fields examined in the rat (Doucet 
et al., 1986; Descarries et al., 1987). In the densely dopamine- 
innervated caudate-putamen and nucleus accumbens of the 
striatum, dopamine neurons form en passant, symmetric syn- 
apses on dendritic spines and shafts of medium spiny neurons 
(Freund et al., 1984; Voom et al., 1986; Gerfen, 1988). These 
synapses are spaced 4 Km apart on average, and are typically 
characterized by two parallel, thickened membranes, 300 nm 
in length, which are separated by a cleft of 15 nm (Pickel et al., 
198 1; Groves et al., 1994). Synaptic vesicles are densely packed 
in the presynaptic regions but are sparse in the intervening ax- 
onal segments. Furthermore, high-affinity (K,,, = 0.16 PM) do- 
pamine uptake (Near et al., 1988) is to proposed terminate the 
effects of dopamine in the synaptic cleft (Horn, 1990; Giros and 
Caron, 1993) and to maintain the low (nanomolar), steady-state 
concentrations of extracellular dopamine, as measured by in 
viva microdialysis, in the striatum (Parsons and Justice, 1992). 
Thus, the dopamine uptake transporter has been likened to play 
a role similar to AChE in the neuromuscular junction, which is 
to limit the efflux of dopamine from the synaptic cleft to the 
extrasynaptic compartment during neurotransmission. 

On the other hand, neurochemical, physiological, and behav- 
ioral experiments have implicated a role for extrasynaptic com- 
munication by dopamine (Johnson et al., 1986; Schenk and 
Bunney, 1987; Fuxe and Agnati, 1991; Gonon et al., 1991). In 
Parkinson’s disease, for example, reduced dopamine uptake, due 
to the loss of dopamine neurons, is thought to enable released 
dopamine to diffuse farther from the remaining dopamine syn- 
apses and into denervated regions (Zigmond et al., 1990). This 
hypothesis is predicated on the capacity for functionally signif- 
icant concentrations of dopamine to leave the synaptic cleft and 
reach distal sites. In addition, iontophoretic dopamine and en- 
dogenous dopamine elicited by long-duration electrical stimu- 
lation have different electrophysiological effects compared to 
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Figure 1. Left. Individual curves collected in the core of the nucleus accumbens after nomifensine administration (25 mg/kg) and elicited by 1P 
and plP stimulation. Scans were collected every 50 msec (dots) and the time of stimulation is shown by the vertical line. Curves are the average 
of 40 measurements for plP and 80 measurements for 1P stimulation, and collected in the same location. Inset, Background-subtracted cyclic 
voltammogram collected in vivo from the 1 P data shown (solid line) and in vitro from dopamine (open circles). Current calibration, 0.05 nA. Right, 
Temporal responses were deconvolved to account for the time delay (-400 msec) caused by the Nafion coating the working electrode (dots). The 
simulation (solid line) used the following parameters: [DA], = 0.35 KM, K,,, = 4.98 MM, I’,,,,, = 6.3 &sec. Data and model were digitally filtered 
using a cutoff frequency of 2 Hz and an apodization slope of 1 sec. 

endogenous dopamine elicited by short-duration stimulation 
(Williams and Millar, 1990, 199 l), which could be interpreted 
to suggest that dopamine is acting on spatially distinct, extra- 
cellular compartments. 

The study of dopamine neurotransmission is advanced by the 
capability to monitor directly dopamine electrochemically. In 
this work, extracellular measurements of dopamine were ob- 
tained in the core of the nucleus accumbens of the anesthetized 
rat in viva using fast-scan voltammetry with sensors that have 
microscopic (15 pm) tips. This technique allows the determi- 
nation of extracellular dopamine levels in the intact brain with 
unprecedented spatial and temporal resolution (Adams, 1990). 
Prior work with voltammetry has established that evoked im- 
pulse flow in the medial forebrain bundle, using trains of elec- 
trical stimulation, elicits an increase of extracellular dopamine 
in the striatum (Millar et al. 1985; Kuhr et al., 1986). However, 
it would be desirable to evaluate the likelihood that dopamine 
leaves the synaptic cleft after a single presynaptic impulse (Val- 
enta et al., 1988; Palij et al., 1990; Limberger et al., 1991; 
Kennedy et al., 1992). Synaptic efflux during stimulus trains 
could be enhanced because of saturation of uptake and receptor 
binding sites within the synaptic cleft by previously released 
dopamine. In the following experiments, we examine dopamine 
release evoked by one stimulus pulse (1 P) and four stimulus 
pulses delivered within 30 msec. The latter “pseudo-one-pulse” 
(plP) should provide insufficient time for dopamine receptors 
and uptake transporters to function between pulses, although 
binding to these sites is not precluded (Mayer et al., 1988; Singer, 
1988). 

Materials and Methods 
Surgical procedures. Male Sprague-Dawley rats (350-500 gm; Charles 
River Laboratories, Wilmington, MA) were anesthetized with urethane 
(1.5 g/kg) administered intraperitoneally, placed in a stereotaxic frame, 
and maintained at 37°C. Carbon-fiber working electrodes were lowered 
into the nucleus accumbens (+ 1.2 mm AP, + 1.4 mm ML, -6.8 mm 
DV, referenced to bregma and dura according to the atlas of Paxinos 

and Watson, 1986) and a twisted bipolar stimulating electrode (Plastics 
One, Roanoke, VA) was lowered to the medial forebrain bundle (-4.6 
mm AP, + 1.4 mm ML, -9.0 mm DV) as previously described (Ganis 
et al., 1993). 

Electrical stimulation. Stimulus pulses were biphasic, ?350 PA in 
amplitude and 4 msec wide, and optically isolated from the electro- 
chemical instrumentation (NL 800, Neurolog, Medical Systems Corp., 
Great Neck. NY). Stimulus trains (120 uulses) at 29 Hz and 60 Hz were 
computer generated. 1 P and pl P were generated by a computer-triggered 
Grass S88 stimulator (Grass Instruments, Quincy, MA). 

Electrochemistry. Carbon-fiber microelectrodes were prepared as de- 
scribed previously (Kawagoe et al., 1993), polished at a 25” angle, and 
coated with Nafion (2.5% w/v) to restrict chemical interferences (Baur 
et al., 1988). Fast-scan cyclic voltammetry employed a potentiostat (EI- 
400, Ensman Instrumentation, Bloomington, IN) with provision for 
two working electrodes and the applied potential consisted of a -400 
to 1000 mV, 300 V/set triangle wave repeated at 50 or 100 msec in- 
tervals. The output was computer digitized, and the dopamine signal 
was monitored over the peak oxidation potential for dopamine (600 
mV). The current was converted to concentration based on calibration 
of the working electrode postexperiment with dopamine in vitro (Wie- 
demann et al., 199 1). A sodium-saturated calomel electrode was used 
as the reference electrode in all experiments and placed in electrical 
contact with dura through a salt bridge. 

Data analysis. The measured time courses of extracellular dopamine 
were best fit to a previously described set of equations (Wightman et 
al., 1988; Wightman and Zimmerman, 1990). The equations assume 
that (1) a fixed concentration of dopamine, [DA],, appears in the ex- 
tracellular fluid with each stimulus pulse, and (2) cellular uptake, which 
is described by Michaelis-Menten kinetics and characterized by a K,,, 
and V,,,, can occur between each pulse and in the time interval after 
the stimulation. Thus, the rate of appearance of dopamine in the ex- 
trasynaptic space is described by 

where [DA] is the extrasynaptic concentration of dopamine andfis the 
stimulation frequency. The values for V,,,,, and K, were obtained from 
the analysis of the curves evoked by 20 and 60 Hz stimulus trains using 
a simplex minimization algorithm; the uptake parameters were then 
used to obtain [DA], values from the 1P and pl P data using Brent’s 
method (Press et al., 1989). Distortion of the temporal response by the 
Nafion film on the electrode was quantitated by postcalibration and 
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Figure 2. Individual curves elicited by 
p 1 P or a 6 set train of 20 Hz stimulation 
before and after nomifensine (25 mg/ 
kg). Curves are the average of 40 mea- 
surements for plP and one to three 
measurements for 20 Hz stimulation, 
and were collected in the same location. 
Grmh. Average values for IDAl. before 
(CbN, and a&er nomifensine @VtiM), 
given as the mean & SEM (n = 5-7 
rats). See Materials and Methods for 
details of modeling. 
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used to convolve the neurochemical model (Kawagoe, et. al, 1992) 
before comparison with the data. 

Reagents and drugs. Drugs were administered intraperitoneally in 
physiological saline (150 mM sodium chloride). Nomifensine maleate 
(25 mg/kg) was a generous gift from Hoechst Roussel Pharmaceuticals 
(Somerville, NJ), and SCH-23390 hydrochloride was obtained from 
Research Biochemicals Incorporated (Natick, MA). Sulpiride, L-dopa, 
urethane, and dopamine (for postcalibration) were acquired from Sigma 
(St. Louis, MO). All solutions were prepared with doubly distilled water. 

Results 
Comparison of one and four impulses on dopamine release 
To slow the rate of removal of dopamine from the extracellular 
space by cellular uptake, rats were pretreated with the dopamine 
uptake inhibitor nomifensine (25 mg/kg) and efflux elicited by 
a single stimulus pulse was measured in the extracellular fluid 
of the core of the nucleus accumbens. The dopamine concen- 
tration exhibits a transient increase as a result of the stimulation 
(Fig. 1, left). Under the same conditions, four stimulus pulses 
delivered within 30 msec elicit a concentration increase that is 
exactly four times that elicited by one pulse. Deconvolved re- 
sponses for 1P and plP are identical (Fig. 1, right); the latter 
can be approximated by scaling up the former by a factor of 4. 
Deconvolution allows extrapolation of the dopamine concen- 
tration immediately after the stimulation, which for a single 
pulse is [DA], and 250 nM on average (Fig. 2, graph). 

Effects of uptake inhibition of dopamine release 

The amplitude of the transient extracellular increase in dopa- 
mine concentration evoked by plP was not altered by the ab- 
sence of nomifensine (Fig. 2). In contrast, the efficacy of uptake 
inhibition is demonstrated by the reduced clearance rate of do- 
pamine evoked by plP and dramatic differences in dopamine 
levels during 20 Hz stimulations before and after nomifensine. 
The marked increase in extracellular dopamine during stimulus 
trains after nomifensine administration is not due to an increase 
in release (Fig. 2, graph; May and Wightman, 1989) but is best 
modeled by a 15fold elevation of K,,, (0.16 to 2.42 f 0.56 PM, 

mean k SEM; n = 5). The result is in agreement with the 
proposed effects of nomifensine as a competitive dopamine up- 
take inhibitor (Wightman and Zimmerman, 1990). Dopamine 
uptake still occurs in the presence of nomifensine (see Fig. 2) 

NOMIFENSINE 

PIP 

because the high value of V,,,,, in the nucleus accumbens is 
unaltered and dopamine competes with the drug for the uptake 
binding sites. 

Effects of receptor antagonists on dopamine release 
Like nomifensine, neither the D, receptor antagonist SCH 23390 
(0.1 mg/kg) nor the D, receptor antagonist sulpiride (100 mg/ 
kg) increased extracellular dopamine levels evoked by p 1 P (Fig. 
3A). In contrast, sulpiride markedly increases dopamine efflux 
during a 20 Hz stimulation (Fig. 3B). The only treatment found 
to alter dopamine efflux evoked by plP is L-dopa (250 mgkg), 
which acts intracellularly to increase dopamine stores (May et 
al., 1988). Average values for the maximum dopamine concen- 
tration elicited by plP for control, sulpiride, SCH 23390, and 
L-dopa were 184 f 22, 191 f 38, 193 f 64, and 370 f 79 nM, 
respectively. The increase caused by L-dopa was significant (p 
< 0.05, t test). Sulpiride caused a significant (p < 0.00 1) increase 
in the maximum dopamine concentration elicited by 20 Hz 
stimulation, from 0.527 f 0.069 to 3.05 + 0.64 PM. SCH 23390 
had no effect on extracellular dopamine levels elicited by trains 
(data not shown). Data are mean + SEM from at least four 
measurements. 

Failure rate of dopamine release during electrical stimulation 

Data shown in Figures l-3 are the average results from repetitive 
1P stimulations at single locations in the core of the nucleus 
accumbens. Examination of individual responses allows the de- 
termination of a failure rate for the impulses to evoke the efflux 
of dopamine from the synaptic cleft. Figure 4 shows 40 indi- 
vidual concentration curves elicited by 1P after administration 
of nomifensine (25 mg/kg). In total, we have examined 40 ad- 
ditional curves collected in another rat and have found no ev- 
idence for failure of dopamine release. Thus, we estimate that 
the failure rate for dopamine release with this experimental 
paradigm is less than l/80 or 1.2%. 

Discussion 

To obtain a complete understanding of dopamine neurotrans- 
mission, one would like to probe directly the spatial and tem- 
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poral concentration changes that occur from the site of release 
to the interactions with a receptor (Ewing et al., 1992). Although 
this is not currently possible with any method, voltammetry as 
applied here provides temporally resolved information con- 
cerning the concentration ofdopamine in the extrasynaptic com- 
partment of extracellular fluid that is released from sites im- 
mediately adjacent to the sensor tip. Thus, the maximal dopamine 
concentration that appears at the sensor tip as a result of a single 
stimulus pulse reflects the initial release event, diffusion from 
the synaptic cleft, interaction with macromolecules en route to 
the extrasynaptic compartment, and removal from extracellular 
fluid by uptake (enzymatic degradation of dopamine occurs at 
a much slower rate than the present time scales; Michael et al., 
1985). The major finding of this work is that binding to receptor 
and uptake sites does not appreciably alter the efflux of dopa- 
mine from the synaptic cleft to the extrasynaptic compartment. 
This has two important ramifications: (1) it appears that the 
dopamine synapse is designed for effective transmitter efflux 
from the cleft, which allows the possibility of extrasynaptic 
transmission, and (2) the measured extracellular concentration 
from these experiments can be used to extrapolate to the events 
that occur in the synaptic cleft at the instant of exocytosis. 

Factors regulating dopamine ejlux from the synaptic cleft 
The design of the experiments was to test the hypothesis that 
dopamine neurotransmission in the CNS is regulated by similar 
factors as those that have been established for cholinergic trans- 
mission at the neuromuscular junction. Given this analogy, a 
plausible scheme for dopaminergic transmission is that release 
of a packet of dopamine molecules into the synaptic cleft would 
be followed by diffusion to a receptor site. Receptor binding not 
only activates pre- and postsynaptic events, but also would slow 
the rate of mass transport out of the synaptic cleft by the process 
of buffered diffusion. The slowed rate of mass transport would 
provide time for the dopamine uptake transporter to remove 
dopamine and thus restrict dopamine efflux from the synaptic 
cleft. The first test was to compare dopamine release induced 
by a single pulse with that induced by four pulses delivered in 
rapid succession. Dopamine elllux induced by plP was found 
to be exactly four times greater than that induced by 1P. Since 
the maximal dopamine concentration in the extracellular fluid 
evoked per stimulus pulse is identical with the two stimulations, 
this strongly implies that binding to either receptor or uptake 
sites does not restrict dopamine efflux from the synaptic cleft. 

Next, the effects of the dopamine receptor and uptake trans- 
porter on dopamine efflux were tested with well-characterized 
pharmacological agents. The dopamine uptake inhibitor nom- 
ifensine did not affect dopamine release evoked by plP. In 
contrast, uptake is very effective at lowering dopamine extra- 
cellular concentrations, as evidenced by the increased dopamine 
accumulation in the extracellular fluid during stimulus trains 
after uptake inhibition. In an attempt to probe buffered diffu- 
sion, the effects of dopamine receptor antagonists were inves- 
tigated. Neither sulpiride nor SCH 23390 affected maximal ex- 
tracellular dopamine levels evoked by p 1 P. In contrast, sulpiride 
increased release during longer stimulus trains. This well-doc- 
umented effect is due to blockade of autoreceptors receptors that 
normally inhibit release when activated by dopamine (Starke, 
1989). The short duration of the pl P (30 msec) gives insufficient 
time for dopamine autoreceptors to function between pulses 
(Mayer et al., 1988; Singer, 1988). Taken together, these results 
indicate that dopamine neurotransmission in the CNS and ACh 
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Figure 3. A, Individual curves elicited by p 1 P stimulation before drug 
(CON), after sulpiride (SUL; 100 mg/kg), or SCH 23390 (SCM, 0.1 mgl 
kg), and after L-dopa (DOPA; 250 mg/kg). Respective control curves 
for SUL and SCH are shown immediatelv before. The curve for dova 
was collected in the same location as SCH. The peripheral decarboxylase 
inhibitor RO 4-4062 (60 mg/kg) was administered 30 min before L-do- 
pa. B, Individual curves elicited by a 6 set train of 20 Hz stimulation 
in control, and after sulpiride and L-dopa. Data were collected at the 
same location shown in A for SUL. Scans were collected every 100 
msec. Curves are the average of 20 measurements for p 1 P and one to 
four measurements for 20 Hz stimulation. 

transmission at the neuromuscular junction differ greatly in that 
the dopamine released into the synaptic cleft seems destined for 
extrasynaptic space. 

Temporal and spatial dopamine concentrations after release 

The central conclusion of this article, that dopamine synapses 
are designed for transmitter efflux, can be further evaluated 
based on diffusional time scales and the anatomy and neuro- 
chemistry of the striatum. First, consider the time course for 
dopamine efflux from the synaptic cleft following release for the 
case of unrestricted diffusion (Appendix 1). Based on the free 
solution diffusion coefficient of dopamine, the concentration at 
the postsynaptic membrane will reach its maximum value in 
less than 0.5 Fsec following a vesicular release event, and will 
remain at this value for approximately 2.5 psec until the material 
diffuses to the edge of the disk-shaped synaptic cleft (Fig. 5). 
The concentration will then fall as material leaves the synaptic 
cleft, and after 40 psec, more than 96% of the material will have 
diffused out. The diffusion of ACh in the neuromuscular junc- 
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Figure 4. Unaveraged responses elic- 
ited by 1P stimulation in the presence 
of nomifensine (25 mgkg). Each panel 
shows eight superimposed curves from 
consecutive stimulations. Scans were 
collected every 50 msec and the stim- 
ulus pulse was applied at time zero. 
Curves were recorded in the same lo- 
cation at one electrode and collected at 
intervals of 30 sec. The unsynchron- 
ized, smaller peaks in the traces are 
electrical noise. 
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tional cleft is thought to be slowed by interactions with hyal- 
uronate groups (Wathey et al., 1979). It seems likely that the 
diffusion of dopamine is also restricted by interaction with sim- 
ilar components within the synaptic cleft and the time scales 
are probably longer. However, since time scales linearly with 
the value of the diffusion coefficient, dopamine efflux from the 
synaptic cleft with its microscopic dimensions in less than 1 
msec is very likely. 

The dopamine concentration measured in the extracellular 
space immediately after a stimulation pulse is the average con- 
centration in the synaptic cleft when concentration gradients are 
relaxed (Kawagoe et al., 1992). To give a more precise estimate 
of the relaxation time, the concentration gradients emanating 
from a dopamine synapse were evaluated with a finite difference 
method (Appendix 2). Based on the density of striatal dopa- 
minergic synapses (1 x 1 OS mm3), the average volume of ex- 
tracellular space between each dopamine synapse is approxi- 
mated by a sphere with a radius of 2 ym (Pickel et al., 198 1). 
Assuming all dopamine synapses release with each pulse, which 
is synchronized by the exogenous electrical stimulation, then 
diffusion of dopamine in each 2 pm sphere, with the release site 
at its center, can be treated individually. As shown in Figure 6, 
the concentration becomes homogeneous throughout each sphere 
in 3 msec, assuming free diffusion. Therefore, extracellular con- 
centration gradients for dopamine arising from electrical stim- 
ulation of ascending dopamine fibers are completely relaxed 
during the time resolution of each measurement (50 or 100 
msec): Furthermore, the time course for relaxation of the con- 
centration gradients is much less that the half-life for dopamine 
uptake (t,,, = 0.693 l I&/V,,,,, = 0.16 MM/~ @set = 37 msec). 
Thus, diffusion rather than uptake is the dominant factor in the 
initial spatial dispersion of dopamine concentrations from the 
synaptic cleft. 

Concentrations of dopamine in the synaptic cleft and 
extrasynapticjluid 
Experimentally, it was found that a single stimulus pulse causes 
a maximal extracellular dopamine concentration of 250 nM. 
This is the average concentration in all of the dopamine synaptic 
“spheres” adjacent to the sensor. Accounting for an extracellular 

volume fraction of 0.2 (Rice and Nicholson, 199 l), the number 
of dopamine molecules contained in a single 2 pm sphere is 
calculated to be 

250 x 1O-9 mol 6.02 x 10Z3 molecules 
liter 

x :a(2 lm)3 x 
mol 

x 0.2 

= 1000 DA molecules. 

This represents the average number of dopamine molecules that 
escape from each synaptic cleft during a stimulus pulse. The 
concentration of these molecules when occupying the much 
smaller volume of the synaptic cleft is much greater and can be 
estimated by 

1000 molecules DA 
7r(O. 15 fim)**(O.O 15 pm) 

1 mol 
X 

6.02 x 1O23 molecules 
= 1.6 mM DA. 

This is a surprisingly high concentration since it greatly exceeds 
the affinity of dopamine for uptake transporters and receptors 
(Boyson et al., 1986; Dawson et al., 1986; Richfield et al., 1989; 
Horn, 1990). However, as shown by the diffusional calculations 
for dopamine efflux from the synaptic cleft, this large concen- 
tration of dopamine will exist only transiently. Similarly, high 
concentrations have been estimated for glutamate in the syn- 
aptic cleft of cultured hippocampal neurons following release 
(Clements et al., 1992). Interestingly, the concentration of this 
number of dopamine molecules when occupying the volume of 
a single dopamine vesicle (radius = 25 nm; Pickel et al., 198 1) is 

1000 molecules DA 1 mol 
X 

6.02 x 10Z3 molecules 
= 25 mM DA. 

t~r(25 nm)3 

This value is reasonable compared to other secretory vesicles 
(Dahlstrom and Haggendahl, 1966; Kuffler and Yoshikami, 
1975). 

These calculations are based on the assumption that all do- 
pamine synapses in the sensing region of the working electrode 
are activated to release. To achieve this condition, we have 
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Figure 5. Geometry of the synaptic model and predicted time course 
of dopamine efflux from the synaptic cleft. See Appendix 1 for a de- 
scription of the simulation parameters employed. 

employed supramaximal stimulating currents and a large stim- 
ulating electrode (Wiedemann et al., 1992). This paradigm ac- 
tivates ascending dopamine fibers arising from both the sub- 
stantia nigra and ventral tegmental area, which converge in the 
medial forebrain bundle (Ganis et al., 1993). However, stim- 
ulation of sympathetic norepinephrine fibers, neurons with an 
extensive arborization like mesostriatal dopamine neurons, leads 
to failure of release at individual synapses 99% of the time 
(Cunnane and Stjarne, 1984). The determination of an equiv- 
alent failure rate for mesostriatal dopamine neurons is difficult 
because our sensors sample from an average of 30 dopamine 
synapses (Stamford et al., 1986). Nonetheless, we have not ob- 
served any failures of dopamine release elicited by a single stim- 
ulus pulse from the population of dopamine synapses within 
the sensing region of our working electrode in the nucleus ac- 
cumbens (Fig. 4). The results suggest differences in the conduc- 

/ 

-- 

/ 

/ 
/ 

I 
I 8 

\ 
\ 

\ 
\ 

\ --CL 
/ 

4Jm 

. \ 
\ 

\ 
\ 
\ 
I 
I 

/ 
/ 

/ 
/ 

“.-I . 

0.001 

I 

: 
0.29 II 

: 

. : 

.\ 

: 

: 

: 

: 

: 
. 

omo~ ! I I I- _ - -. 

Figure 6. Geometry of the extrasynaptic model and predicted con- 
centration profiles. See Appendix 2 for a description of the simulation 
parameters. The dotted line at r = 0.15 pm represents boundary of the 
synapse. Scale relative to Figure 5 is approximately 1: 11. 

tion properties and probability of vesicular release between cen- 
tral dopamine neurons and sympathetic norepinephrine neurons. 

In the unstimulated animal, synapses are more likely to fire 
asynchronously such that further extrasynaptic diffusion and 
uptake by adjacent synapses will cause more rapid dilution in 
the extrasynaptic space than these calculations suggest. The net 
result is that the temporally and spatially averaged concentration 
of extracellular dopamine in the striatum in situ is predicted to 
be in the low nanomolar range (Kawagoe et al., 1992), a result 
that agrees with in vivo measurements by microdialysis (Parsons 
and Justice, 1992). Thus, depending on the temporal and spatial 
domain of a measurement, extracellular dopamine concentra- 
tions in the nucleus accumbens can vary over 6 orders of mag- 
nitude. 
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Table 1. Literature values for dopamine receptor and transporter 
densities in the rat striatum 

$&, 
mg pro- 
tein) Reference 

Caudate nucleus 
D, receptor 

D, receptor 

DA transporter 

Nucleus accumbens 
D, receptor 

D, receptor 
DA transporter 

2.2 Dawson et al., 1986 
2.4 Boyson et al., 1986 
2.1 Richfield et al., 1989 
4.8 Savasta et al., 1986 
0.5 Martres et al., 1985 
0.5 Joyce and Marshall, 1987 
0.8 Boyson et al., 1986 
1.1 Richfield et al., 1989 
0.4 Andersen, 1989 
0.5 Boja et al., 1992 
2.8 Scatton et al., 1985 
5.5 Horn, 1990 
6.5 Dubocovich and Zahniser, 1985 
7.0 Marshall et al., 1990 
7.8 Javitch et al., 1985 

16.5 Mennicken et al., 1992 

1.9 Dawson et al., 1986 
2.5 Boyson et al., 1986 
0.7 Boyson et al., 1986 
3.4 Marshall et al., 1990 
8.3 Mennicken et al., 1992 

Comparison of dopamine e&x from synaptic cleft with 
uptake and receptor sites 

The experimental data show that dopamine uptake and receptor 
sites do not affect dopamine efflux from the synaptic cleft caused 
by synchronized impulse flow. Several reasons could account 
for this observation. It could be that the majority of dopamine 
uptake and receptor sites are located extrasynaptically or that 
the kinetics of binding to these sites are slow compared to the 
time scale of diffusion. Alternatively, the number of dopamine 
molecules released by a single impulse could greatly exceed the 
number of interaction sites located in the synaptic cleft. Current 
estimates for the density of dopamine uptake sites in the rat 
striatum are approximately 5.9 pmoVmg protein (Table 1). Since 
the transporter density is in the nucleus accumbens is about half 
that in the caudate-putamen, the number of uptake sites per 
dopamine synapse in the former is calculated to be 

3.0 x lo-j2 mol 1 mm3 tissue 
mg protein 

X 
1 mg protein 

10 mm3 tissue ’ 1 x lo* synapses 

6 02 x 1O23 sites x . uptake sites 
mol 

= 1750 
synapse . 

The number of receptor sites per synapse can also be estimated 
from literature values (Table 1). The average number of D, 
receptors per synapse is 

2.75 pmol 
X 

1 mg protein 1 mm3 tissue 
X 

mg protein 10 mm3 tissue 1 x lo* synapses 

6.02 x 1O23 sites 
X 

mol 
= 1655~ 

synapse 

DOPAMINE NEUROTRANSMISSION 

CLASSICAL PROPOSED 

Figure 7. Schematic drawings of dopamine neurotransmission in the 
core of the nucleus accumbens. 

Likewise, the average number of D, sites is calculated to be 433/ 
dopamine synapse. 

An estimate of the binding rate constant of dopamine to up- 
take sites can be made in a manner analogous to that made for 
AChE at the neuromuscular junction (Rosenberry, 1975). For 
the following reaction scheme: 

DA, + U 2 [DA - V] -T: DA, + U, 
k-l 

where DA, and DA, are extracellular and intracellular dopa- 
mine, respectively, and U is the uptake carrier, I’,,,, is defined 
as k, * [vl,,,, where [q,,, is the concentration of uptake sites. 
For a I’,,,,, of 3 I.LM set-I and a [q,,, of 0.43 PM, the turnover 
rate constant, kl, is calculated to be 7 set-I in the nucleus ac- 
cumbens. This number is similar to the reported value for the 
GABA uptake transporter (Mager et al., 1993) but considerably 
smaller than the turnover rate for AChE (Rosenberry, 1975). 
Since K,,, is defined as (k, + k-,)/k,, the lower limit for k, can 
be estimated by setting k-, = 0, which gives k, = 4 x 10’ M-I 

set-I. This value is very large and comparable to that reported 
for the initial binding of ACh to AChE (1.6 x lo8 M-I set-I; 
Rosenberry, 1975). Unfortunately, we do not have estimates of 
the kinetic values for dopamine binding to its receptors. 

The calculations given above show that the average number 
of dopamine molecules released per synapse per stimulus pulse 
(approximately 1000 molecules) is lower than the sum of the 
receptor and uptake sites associated with each dopamine syn- 
apse in the nucleus accumbens. Thus, the efflux of dopamine 
from the synaptic cleft occurs because binding kinetics are slow 
or these sites are extrasynaptic. In the case of the uptake trans- 
porter, the rapid binding rate calculated above and the absence 
of effect of uptake inhibitors on dopamine efflux lead us to predict 
that a significant fraction of the uptake sites are extrasynaptic 
as is found in cultured fetal dopamine neurons (Cerrutti et al., 
1991). Since the complete development of dopamine autore- 
ceptor inhibition occurs in the 40-100 msec range (Mayer et 
al., 1988; Singer, 1988; Kennedy et al., 1992) which indicates 
that autoreceptors have sufficiently fast binding kinetics to buffer 
efflux from the synaptic cleft, the failure to alter dopamine efflux 
with a D, antagonist also suggests an extrasynaptic location for 
dopamine autoreceptors. Indeed, recent anatomical evidence 
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supports an extrasynaptic location for some D, receptors in the 
rat striatum (Levey et al., 1993; Sesack et al., 1994). Speculation 
concerning the location of D, and other D, receptor sites using 
our results is tenuous without kinetic binding constants. 

Conclusions 

The experimental results show that dopamine synapses in the 
nucleus accumbens of the rat brain allow efflux to the extrasyn- 
aptic region even in the limit of a single stimulus pulse. In this 
regard, they greatly differ from the classical model for chemical 
communication in the CNS, the neuromuscular junction. Thus, 
we propose that the view of dopaminergic neurotransmission 
should be modified in the manner suggested by Figure 7. Al- 
though the dopamine uptake transporter is present in the vi- 
cinity of the synaptic region at a relatively high density and has 
rapid binding kinetics, it does not play the analogous role to 
AChE, prevention of transmitter efflux from the synaptic cleft. 
Rather, it appears that the transporter is extrasynaptic, and its 
role in dopamine neurotransmission is regulation of extrasyn- 
aptic dopamine levels and the distance that dopamine can dif- 
fuse from the synapse. Another important difference with the 
neuromuscular junction is that the turnover rate for the dopa- 
mine transporter is much slower than that for the esterase. Thus, 
even if dopamine uptake sites are located within the synaptic 
cleft, their functional role is still to regulate extrasynaptic do- 
pamine levels. 

The physiological consequences of these dynamic dopamine 
concentration gradients rest on the interaction of released do- 
pamine with receptor sites. This seems quite likely, since the 
evoked dopamine concentration transients in the extracellular 
fluid are near the reported Kd values of dopamine receptors 
(Richfield et al., 1989). These extrasynaptic dopamine concen- 
trations are rapidly lowered by uptake, but there is still sufficient 
time for dopamine to diffuse more than 10 pm within one half- 
life from its release site (Garris and Wightman, 1994). Within 
this volume, freely diffusing dopamine can interact with more 
than 200 other dopamine synapses. A recent anatomical study 
in the rat indicates that the majority of striatal D, and D, re- 
ceptors are located on dendrites shafts and spine heads of me- 
dium spiny neurons (Levey et al., 1993) while dopamine neu- 
rons typically synapse on the neck of dendritic spines (Pickel et 
al., 198 1; Gerfen, 1988; Groves et al., 1994). Thus, while our 
data do not exclude a synaptic mode for dopamine neurotrans- 
mission, extrasynaptic communication by dopamine in the 
striatum has a high likelihood based on both experimental and 
calculated results. 

Instead of being a single focal point for chemical communi- 
cation, then, the dopamine synapse acts on cells within a pe- 
rimeter specified by dopamine uptake and release. Real meaning 
can now be given to the evoked responses of extracellular do- 
pamine concentration measured by fast-scan voltammetry in 
vivo since the time courses are well described in terms of these 
two factors (Wightman et al., 1988; Wightman and Zimmerman, 
1990). Furthermore, differences in dopamine release and uptake 
have been demonstrated in the telencephalon (Garris and 
Wightman, 1994) and regional variations in the temporal and 
spatial dynamics of extrasynaptic dopamine communication are 
anticipated. For example, dopamine uptake on a per synapse 
basis is 1 O-fold less in the basolateral amygdaloid nucleus com- 
pared to the striatum, which indicates that the area over which 
a single dopamine synapse influences is much larger in the for- 
mer and illustrates how dopamine neurotransmission is region- 

ally modified. A similar process may occur in Parkinson’s dis- 
ease (Zigmond et al., 1990). When uptake is compromised due 
to the progressive loss of dopamine neurons, the longer-range 
diffusion of dopamine will be facilitated. 

While the conclusions of this article are based on measure- 
ments of dopamine in the nucleus accumbens and directly relate 
to dopamine neurotransmission, they may be extended to chem- 
ical communication for other neurotransmitters in the brain as 
well. The proposed view of neurotransmission would apply to 
all neuronal systems that exhibit an equivalent synaptic archi- 
tecture and regulation similar to the dopamine synapse and 
different from the neuromuscular junction. Certainly mono- 
amines fit this description. Unfortunately, comparable infor- 
mation for the dynamic regulation of extracellular concentration 
gradients is not available for other neurotransmitters in the CNS 
and this hypothesis remains to be tested. Nonetheless, the results 
suggest that all neuronal connections of the brain are not “hard- 
wired” and that chemical communication is not always reduced 
to the functional limit of a single synapse. 

Appendix 1 

To describe diffusional transport within the synaptic cleft in the 
first moments after an action potential arrives, the dopamine 
synapse was modeled with a random-walk algorithm. The al- 
gorithm employed is based on a previously described simulation 
(Schroeder et al., 1992). The assumptions of the model are that 
the synaptic cleft is represented by the cylindrical volume ele- 
ment between two parallel, circular plates; release is instanta- 
neous, and occurs at the center of one (presynaptic) plate; and 
diffusion is the only mode of mass transport. The two plates 
are treated as reflecting boundaries, and the average concentra- 
tion of released material in the volume elements adjacent to the 
opposite (postsynaptic) plate was calculated after every time 
step. Particles were allowed to diffuse back into the synaptic 
cleft after they had exited into the extrasynaptic space. A graph- 
ical representation of the dopamine synapse is shown in Figure 
5. Because we wish to describe the maximum efflux ofdopamine 
from the synaptic cleft, receptor and uptake interactions are not 
considered. 

The results of the simulation are shown in Figure 5 in terms 
of the dimensionless parameters C/C,,, and Dtlrs,,2, where C 
is the concentration, C,,, is the maximum concentration, D is 
the diffusion coefficient, t is time, and r,,, is the radius of the 
synaptic cleft. The falling portion of the curve is similar to that 
obtained by Eccles and Jaeger (1958). The rising portion of the 
curve is dependent on the dimensionless parameter wlrsyn, where 
w is the width of the synaptic cleft, and employed a value of 
0.1 (w = 15 nm, rry. = 150 nm) for the present conditions. For 
smaller values of w/rsyn, the plateau at C,,, will have a longer 
duration, whereas for larger values, the plateau will eventually 
disappear. The actual time required for material to exit the 
synapse is directly proportional to the magnitude of the diffusion 
coefficient. A similar time course can also be calculated with 
the model developed by Eccles and Jaeger (1958). The present 
model accounts for the dispersal of the released contents in the 
synaptic cleft and the effects of diffusion in the extrasynaptic 
space, which leads to a slightly longer time course. 

Appendix 2 

After dopamine exits the synaptic cleft, it is free to diffuse 
throughout the extrasynaptic space. The condition we wish to 
model is release during stimulation of the ascending fibers in 
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the medial forebrain bundle. It will be assumed that every do- 
pamine synapse releases a finite amount of transmitter in re- 
sponse to each stimulus pulse. Because every dopamine synapse 
is completely surrounded by other dopamine synapses under- 
going the identical processes, it is only necessary to simulate the 
events at a single synapse and in the space immediately sur- 
rounding that synapse, which we term the “sphere of influence.” 
This situation was modeled by a finite difference method with 
the following assumptions. The geometry was that of two con- 
centric spheres. The radius of the inner sphere was set to 150 
nm, the average radius of a dopamine synapse, and the radius 
of the outer sphere was set to 2 Mm (Fig. 6). It was found that 
varying the radius of the inner sphere had a negligible effect on 
the calculated results. Escape from the synaptic cleft was as- 
sumed to be instantaneous (see Appendix l), and both spherical 
boundaries were treated as diffusional barriers. Mass transport 
throughout the sphere of influence was by diffusion, and as- 
sumed a diffusion coefficient equal to the solution value. Con- 
centration profiles within the sphere ofinfluence at various times 
after release are illustrated in Figure 6. The concentrations have 
been normalized to the initial concentration, which was taken 
to be the maximum concentration observed in the synaptic cleft. 
At the time that equilibrium is achieved throughout the sphere 
of influence (3 msec), the concentration is uniform throughout 
the extrasynaptic space. 

The concentration in each sphere of influence at the instant 
equilibrium is attained can be determined by a simple dilution 
calculation. The volume of the synaptic cleft is a(150 x lo-’ 
cm)z(15 x 1O-7 cm) = 1.06 x lo-l8 liter, whereas the volume 
of the sphere of influence is (4/3)1r(2 x 1O-4 cm)3 = 3.35 x 
lo-l4 liter. Accounting for that fraction ofthe extracellular space 
that is available for diffusion (0.2), the concentration in the 
sphere of influence at equilibrium will be 6300 times less than 
the maximum concentration that had been attained inside the 
synaptic cleft. 
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