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Different Kinetics Govern Dopaminergic Transmission in the 
Amygdala, Prefrontal Cortex, and Striatum: An in vivo 
Voltammetric Study 
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Department of Chemistry and Curriculum in Neurobiology, University of North Carolina at Chapel Hill, 
Chapel Hill, North Carolina 27599-3290 

The regulation of extracellular dopamine (DA) concentra- 
tions was examined and compared in viva in four projection 
fields of mesotelencephalic dopaminergic neurons with fast- 
scan cyclic voltammetry at carbon-fiber microelectrodes. 
Transient electrical stimulation of ascending DA fibers in a 
near physiological range of frequencies (1 O-20 Hz) elicited 
similar levels of extracellular DA in the medial prefrontal 
cortex (MPFC), basal lateral amygdaloid nucleus (BAN), cau- 
date-putamen (CP), and nucleus accumbens (NAc) despite 
the documented go-fold disparity in DA tissue levels and 
terminal density. However, marked differences were ob- 
served in the dynamics and overall frequency dependence 
of the evoked synaptic overflow of DA. These differences 
are due to the significantly different rates of release and 
uptake found in each of the four regions. For example, rate 
constants for the release and uptake of DA were similar in 
the MPFC and BAN but approximately 8 and 50 times less, 
respectively, than that in the CP and NAc. When the param- 
eters were normalized to endogenous DA tissue content, a 
unique picture emerged: compared to all other regions, rel- 
ative release was 1 O-fold greater in the MPFC while relative 
uptake was at least 10 times less in the BAN. The results 
further differentiate the functional characteristics of meso- 
telencephalic dopaminergic systems and demonstrate the 
regiospecific nature of DA neural transmission in the brain. 
In addition, the regulation of extracellular DA levels in the 
MPFC and BAN is suitable for the “long-range” transfer of 
chemical information in the brain and is consistent with a 
hypothesis of extrasynaptic neurotransmission. 

[Key words: dopamine uptake and release, in vivo volt- 
ammetry, amygdala, medial prefrontal cortex, caudate nu- 
cleus, nucleus accumbens] 

Mesotelencephalic dopaminergic neurons originate in the ven- 
tral tegmental area and substantia nigra and converge in the 
medial forebrain bundle (MFB) before projecting to distinct 
regions of the telencephalon (Bjijrklund and Lindvall, 1984). 
This neuronal system is thought to participate in a number of 
roles, including control of motor activity, motivation, and cog- 
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nition. Dopamine (DA) has been implicated in the human neu- 
ropathologies of Parkinson’s disease and schizophrenia, as well 
as in the mechanisms underlying drug abuse (Goldman-Rakic, 
1984; Vanderwolf et al., 1988; Koob et al., 1989; Carlsson and 
Carlsson, 1990; Zigmond et al., 1990; Wise and Hoffman, 1992). 
The various functions of DA are associated with the specific 
target locations of DA terminal fields (Le Moal and Simon, 
199 1). In addition, biochemical, pharmacological, and electro- 
physiological evidence indicates that the subsets of the meso- 
telencephalic dopaminergic system exhibit very different char- 
acteristics (Bannon and Roth, 1983; Glowinski et al., 1984; Kilts 
et al., 1988). 

The regulation of functional levels of DA in mesotelence- 
phalic DA terminal fields has been studied extensively in the 
rat striatum. In sharp contrast to the rich terminal stores of DA 
(Anden et al., 1966), extracellular concentrations in situ are in 
the low nanomolar range (Williams and Millar, 1990b; Ross, 
1991; Parsons and Justice, 1992) and arc tightly controlled by 
a delicate balance between release, uptake, diffusion, and deg- 
radation (Justice et al., 1988). The relationship of these factors 
determines, to a great extent, the nature of DA neural trans- 
mission. Unfortunately, technical difficulties have precluded a 
detailed examination of extracellular DA regulation in regions 
that receive sparse DA innervations and are less accessible to 
in viva investigation, for example, using dialysis probes. Thus, 
our knowledge of the overall regulation of extracellular DA 
levels and the nature of DA neural transmission in the brain is 
quite limited. 

Transient electrical stimulation of ascending DA fibers elicits 
a rapid change in the concentration of extracellular DA in the 
striatum (Ewing et al., 1983; Millar et al., 1985; Michael et al., 
1987; Suaud-Chagny et al., 199 l), which is neurophysiologically 
relevant (Williams and Millar, 1990a). The technique of fast- 
scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes 
can be used to examine these dynamic changes. The evoked 
responses can be temporally and spatially resolved and, with 
the aid of a kinetic model, the synaptic overflow curves can be 
resolved into their respective release and uptake components 
(Wightman et al., 1988; Wightman and Zimmerman, 1990). 
With this approach, the extracellular half-life of electrically 
evoked DA in the dorsolateral striatum has been shown to be 
less than 50 msec due to the rapid removal from the extracellular 
fluid by the DA uptake system (Wightman and Zimmerman, 
1990). Hence, in this region there is little opportunity for the 
long-range transport of DA from the synapse. This observation 
is consistent with the suggested role of DA as a classical neu- 
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rotransmitter. Comparable information is not available for DA at 20” (BV-IO Micropipette Beveler, Sutter Instrument Co., Novato, 
in other areas. CA) to yield an elliptical tip. The electrodes were soaked in 2-propanol 

In this study, we employed FSCV to observe the character- and dip-coated in 2.5% Nation, an ion-exchange polymer that excludes 

istics of DA release and uptake in vivo in projection fields of 
anions such as dihydroxyphenylacetic acid and ascorbate (Baur et al., 

mesoprefrontal and mesoamygdaloid DA neurons, and con- 
1988). The reference electrode was a sodium-saturated calomel electrode 
(SSCE). Cyclic voltammograms were recorded every 100 msec at a scan 

trasted it to that of mesostriatal DA neurons in the rat brain. rate of 300 V set I (-0.4 to 1 .O V) using an El-400 potentiostat (Ensman 
A more complete characterization of evoked DA overflow in Instrumentation, Bloomington, IN) under computer control (Wiede- 

the medial prefrontal cortex (MPFC) (Garris et al., 1993) and mann et al., 199 I). The time-dependent current was monitored over 

basal lateral amygdaloid nucleus (BAN) will be presented else- 
the peak oxidation potential for DA in successive voltammograms and 

where. Extraction of kinetic parameters from these curves pro- 
converted to concentration based on postcalibration of the electrode in 
vitro with DA. When necessary, replicate stimulations were averaged 

vides the opportunity to compare quantitatively the extent of to improve the signal-to-noise ratio. For example, detection of 100 nM 

extracellular DA regulation between regions and to examine the changes in DA concentration typically requires averaging four stimu- 

possibility of extracellular transmission by DA. 
lations to achieve a signal-to-noise ratio of 5. Locally written software 
synchronized voltammetry and stimulus pulses. 

Materials and Methods 
Data analysis. Where applicable. all measurements are reported as 

the mean * SEM. Significance testing used one- and two-way analysis 

.4nima/s. Adult, male Sprague-Dawley rats (300-450 gm; Charles Riv- 
ers, Wilmington, MA), whose care was in accordance to the Guidefir 
Cure and Use of Laboratory Animals (NIH Publication 86523), were 
housed under controlled temperature and lighting conditions (12: 12 hr 
light/dark schedule). Food and water were available ad libitum. 

Surgery. Rats were anesthetized with urethane (1.5 gm kg-‘) and 
immobilized in a stereotaxic frame (David Kopf Instruments, Tujunga, 
CA). Temperature was maintained at 37°C by isothermal heating pads 
(Deltaphase Isothermal Pad, Braintree Scientific, Inc., Braintree, MA). 
Holes were drilled in the skull for reference, stimulating, and working 
electrodes (Wightman et al., 1988). Two working electrodes were used 
in all experiments, with one in the striatum and the other in the MPFC 
or BAN. Implantation employed coordinates obtained from a stereo- 
taxic atlas (Paxinos and Watson, 1986) and are given in millimeters 
with respect to bregma for the anteroposterior (AP) and mediolateral 
(ML) locations and from dura for the dorsoventral (DV) positions. The 
working electrode placements were +2.7 AP, +0.8 ML, -4.0 DV for 
MPFC; + 1.2 AP, +2.0 ML, -5.0 DV for caudate-putamen (CP); + 1.2 
AP, + I.4 ML, -7.5 DV for nucleus accumbens &AC); and -2.3 AP, 
+4.8 ML. -8.3 DV for BAN. The dorsoventral oositions aiven are the 
average of all placements; in each individual animal the working elec- 
trode position was adjusted from these values by no more than +0.5 
mm to observe maximum overflow (May and Wightman, 1989b). The 
reference electrode rested on dura at approximately +3.0 AP and -4.0 

The bipolar stimulating electrode was normally placed in the MFB 
(-4.0 AP, +I.4 ML, -8.0 to -9.0 DV). In some experiments, the 
stimulating electrode was placed so that its tips encompassed the ventral 
tegmental area/substantia nigra region (-5.3 AP, +0.8 ML, -7.5 to 
-9.0 DV) or the dorsal teamental bundle f-5.3 AP. +0.8 ML. -5.0 
to -6.5 DV). Placements were histologicahy verified’in some animals. 
All drugs were administered intraperitoneally. 

Electricnlstimulation. Electrical stimulation was computer generated, 
optically isolated (NL 800, Neurolog, Medical Systems Corp., Great 
Neck, NY), and applied as biphasic square wave pulses, 2 msec each 
phase. The stimulation amplitude was normally 300 FA, which elicits 
maximal DA release (Wiedemann et al., 1992). An increase in the cur- 
rent amplitude rarely increased the measured response; in animals where 
an increase did occur the higher amplitude was used for all measure- 
ments. A twisted bipolar electrode (Plastics One, Roanoke, VA) with a 
tip diameter of 0.2 mm and tip spacing of 1 mm was employed. The 
lateral distance of the region stimulated by the electrode is thus ap- 
proximately I .4 mm and was exploited to stimulate DA cell bodies in 
both the ventral tegmental area and substantia nigra simultaneously. 
This was verified by the concurrent measurement ofevoked DA in both 
the dorsolateral (i.e., CP) and ventral (i.e., NAc) striatum (data not 
shown), which receive DA afferents from the substantia nigra and ven- 
tral tegmental area, respectively (Gerfen et al., 1987). However, the 
dorsoventral resolution of the stimulating electrode is much greater 
(Stamford et al, 1988). For experiments examining the frequency de- 
pendence of overflow, the number of stimulation pulses was held con- 
stant at 120 unless otherwise noted and the order of the frequencies 
employed was randomly chosen. 

Electrochemistry. Two working electrodes, each implanted in a dif- 
ferent dopamine-containing region, were used in each rat. Working 
electrodes were prepared from carbon fibers (r = 5 Km; Thornell P-55, 
Amoco, Greenville, SC), sealed in a pulled glass capillary and polished 

of variance; comparisons between mean values were made by the meth- 
od of Tukey-Kramer (Sokal and Rohlf, 1981). The significance level 
was set at P < 0.05. 

Measured curves for the evoked synaptic overflow of DA contain 
information concerning the release of DA and its uptake (Wightman et 
al., 1988; Wightman and Zimmerman, 1990). There is also a delay that 
is evidenced in the time-dependent traces by the continued rise in ex- 
tracellular DA concentration after the stimulus. In select areas of the 
CP, this has been shown to be due to diffusion of DA through the Nafion 
film coating the carbon surface (Kawagoe et al., 1992). To account for 
this, the permeation through the Nafion film for each electrode was 
determined as the half-rise time to a concentration pulse after in vivo 
use. This value, typically 0.6 set, can be used to deconvolve the Nation- 
induced delay from the in vivo measurements. The working electrode 
was positioned in each region to obtain minimum delay times. 

Following removal of the Nafion-induced delay, the overflow curves 
can be described by a simple model (Wightman et al., 1988; Wightman 
and Zimmerman, 1990): the rising portion of overflow curves (i.e., the 
appearance ofextracellular DA) is described by the rate of release minus 
the rate of uptake, and the falling portion of overflow curves (i.e., the 
clearance ofextracellular DA) is described by the rate of uptake. Uptake 
was characterized from the poststimulation clearance of extracellular 
DA concentrations. In the CP and NAc, uptake was assumed to follow 
Michaelis-Menten kinetics: 

A value of 0.16 FM was used for K,, (Near et al., 1988; Marshall et al., 
1990) and I’,,.,, was determined from clearance curves where lDA1 > 
K,. In this article the rate constant for uptake is given as k = b,,,,,I’K,,, 
the rate constant that is appropriate at the low concentration of DA 
normally present in the extracellular fluid of the striatum (Williams and 
Millar, 1990b; Ross, 1991; Parsons and Justice, 1992). 

Uptake was analyzed differently for the MPFC and BAN because 
values for K, are not currently available in the MPFC and BAN of the 
rat and K, may not be homogeneous for all DA neurons (Demarest and 
Moore, 1979; Annunziato et al., 1980; C. D. Kilts, personal commu- 
nications). Therefore, clearance curves were fit to a first-order process 
characterized by a rate constant k. 

- fd[DAlldt}.,,,,, = k[DAl (2) 
The majority ofdata in the MPFC and BAN were ~0.5 FM and overflow 
curves collected in these regions were relatively frequency independent. 
Thus, this is a rough but reasonable approximation and is supported 
by the goodness of fit between data and simulations (see below), and 
the similarities in simulated overflow curves using Michaelis-Menten 
and first-order uptake using representative kinetic constants for these 
two regions (data not shown). 

The rate of release was described as [DA]i, where [DA],, reflects the 
concentration of DA released per stimulus pulse and,fis the stimulation 
frequency. Thus, assuming uptake is an ongoing process during stim- 
ulation, the rate of evoked DA overflow is 

i4DWdti,vcr,,,v = P4f ~ i4W/d~l.,,a,c (3) 
For each animal, simulations of the measured curves at each frequency 
were generated by numerical integration of Equation 3 with initial es- 
timates of [DA],, and the uptake constants obtained from Equation I 
or 2. The simulations were convoluted with the response time of the 
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2s - MFB ---- DTG 
- - VTA/SN above MFB 

NAc CP BAN MPFC 

Figure I. Effects of selective activation ofascending catecholaminergic 
innervations. Stimulating electrodes were placed in the MFB or the 
ventral tegmental areajsubstantia nigra regions (VTA/SN, see Materials 
and Methods for details). Individual overflow curves are shown for a 
60 Hz, 2 set stimulation beginning at time 0. Initiation and termination 
ofthe stimulus are indicated by the open boxes. Data for the CP or NAc 
during MFB and VTA/SN stimulation were collected with the same 
working electrode in one rat using two stimulating electrodes. Data for 
the MPFC or BAN were from two rats. The results of stimulating as- 
cending norepinephrine fibers traversing the dorsal tegmental bundle 
(DTG) and 0.3 mm above the DA fibers in the MFB, as evidenced by 
evoked DA overflow in the CP and NAc. are also shown. 

Nation film (Kawagoe et al., 1992), and compared to the experimental 
data. The value of [DA],, was adjusted for each curve until a best fit was 
obtained as evaluated by the correlation coefficient. 

Reugents. All chemicals were obtained from Sigma Chemical Co. (St. 
Louis, MO), and were reagent grade and used as received. Solutions 
were prepared in doubly distilled, deionized water (Mega Pure System, 
Corning Classwork, Corning, NY). Drugs were dissolved in physiolog- 
ical saline. 

Results 

Stindation qf the MFB evokes release in four areas. Electrical 
stimulation of the MFB has previously been shown to cause 
simultaneous release of DA in the CP and NAc (Kuhr et al., 

I I 

600 0 

E (mV vs , 

Cl Figure 2. Background subtracted _ 

I I 
I 

600 0 

SSCE) 

iclic voltammograms collected in 
viva during stimulation and in vitro from DA. Voltammograms from 
each region (so/id lines) are compared to DA collected at the same 
electrode during postcalibration (open circles) immediately after the 
experiment. Voltammograms for DA in vitro were normalized with 
respect to peak oxidation current displayed as negative (i.e., downward) 
current. Calibration for cyclic voltammograms in vivo is 0.06 nA for 
MPFC, 0.08 nA for BAN, 0.14 nA for CP, and 0. I4 nA for NAc. 

CP 

10 Hz 20 Hz 30 Hz 

40 Hz 50 Hz 60 Hz 

Figure 3. Frequency dependence of evoked DA overflow in the CP. 
Individual overflow curves for IO-60 Hz are shown. The number of 
stimulus pulses for IO Hz was 30. Open boxes denote initiation and 
termination of the stimulus. 

1986; Stamford et al., 1988). In this work, the position of the 
stimulating electrode was adjusted to cause maximal DA release 
with a working electrode in one of the striatal regions, and a 
second working electrode was then lowered to the MPFC or 
BAN. During stimulation, synaptic overflow was detected in all 
areas as a transient increase in the voltammetric current at the 
potential for DA oxidation that returned to the baseline level 
after the stimulation (Fig. 1). The response is anatomically spe- 
cific since no response was obtained in any region when the 
position of the stimulating electrode was 0.3 mm dorsal to the 
MFB. 

Identification of the species monitored voltammetrically em- 
ployed electrochemical, pharmacological, and anatomical cri- 
teria (Wightman et al., 1987; Marsden et al., 1988). First, cyclic 
voltammograms collected in all regions during stimulation were 
identical with DA and are indicative of a catecholamine (Fig. 
2). Thus, ascorbate, dihydroxyphenylacetate (and other DA me- 
tabolites), and 5-hydroxytryptamine do not contribute to the 
measured signal (Baur et al., 1988). In particular, ascorbate and 
dihydroxyphenylacetate are discriminated against because ofthe 
cation exchange polymer on the electrode surface. In addition, 
extracellular concentrations ofthese electroactive species do not 
change with MFB stimulation during the time course of our 
measurements (Kuhr et al., 1984; Michael et al., 1985). Second, 
the responses in each region were completely eliminated with 
the catecholamine synthesis inhibitor cu-methyl-p-tyrosine (200 
mg/kg; Garris et al., 1993; P. A. Garris and R. M. Wightman, 
unpublished observations). Third, to distinguish between DA 
and norepinephrine, which are present in similar amounts in 
the MPFC and BAN (Palkovits et al., 1979; Kilts and Anderson, 
1987), the stimulating electrode was placed in the ventral teg- 
mental area/substantia nigra region (Fig. I), the location of DA 
cell bodies. The stimulated response was identical in all regions 
with that obtained with MFB stimulation. Evoked catechol- 
amine responses did not occur in areas of the MPFC and amyg- 
dala, which are relatively norepinephrine rich and DA poor with 
MFB stimulation (Garris et al., 1993; Garris and Wightman, 
unpublished observations). Surprisingly, stimulation of the as- 
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Figure 4. Frequency dependence of evoked DA overflow in the NAc. 
Individual overflow curves for lo-60 Hz are shown. Open boxes denote 
initiation and termination of the stimulus. 

tending norepinephrine fibers in the dorsal tegmental bundle 
did not elicit a response (Fig. 1). 

Dynamics and frequency dependence sf stimulated DA over- 
.floow. Figures 3-6 show individual overflow curves measured in 
the CP, NAc, BAN, and MPFC, respectively, evoked by stim- 
ulation frequencies between 10 and 60 Hz. The dynamics, the 
range of extracellular concentrations elicited, and the frequency 
dependence of DA synaptic overflow were markedly different 
in the four regions. (Note that time scales are identical for all 
regions; concentration scales are identical for the CP, NAc, and 
BAN but are expanded by a factor of 2 for the MPFC.) In the 
CP and NAc, evoked overflow was quite similar. There was a 
dramatic increase in extracellular DA with increasing frequency. 
In addition, steady-state concentrations of extracellular DA were 
obtained during the stimulation at lower frequencies (lo-30 Hz) 
whereas the concentration of DA continued to increase through- 
out the duration of the stimulation at higher frequencies (40- 
60 Hz). 

By comparison, the evoked overflow of DA was very different 
in the BAN and MPFC. A striking difference was observed in 
the shape of the evoked overflow curves. Overflow curves rose 
and fell much more slowly in the BAN and MPFC than in the 
CP and NAc. In addition, the concentration of extracellular DA 
did not reach steady state in the BAN and MPFC but continued 
to increase during the course of the stimulation even at the 
lowest frequencies examined. The frequency dependence of 
evoked overflow was also differentially expressed in the BAN 
and MPFC compared to the CP and NAc. Although DA con- 
centrations tended to increase with frequency in the BAN and 
MPFC, the increase was far less dramatic. In fact, evoked con- 
centrations at high frequencies were relatively frequency inde- 
pendent. 

The average responses for the maximum concentration of DA 
evoked at frequencies between 10 and 60 Hz are shown in Figure 
7 for the four regions. The marked differences in the frequency 
dependence of overflow as suggested by the individual overflow 
curves (Figs. 3-6) were clearly seen. In particular, the dramatic 
increases of extracellular DA in the CP and NAc at the higher 
frequencies and the relative frequency independence of evoked 

BAN 2 

0 L ,---:A fi 
10 Hz 20 Hz 30 Hz 

40 Hz 50 Hz 60 Hz 

Figure 5. Frequency dependence of evoked DA overflow in the BAN. 
Individual overflow curves for 1 O-60 Hz are shown. Open boxes denote 
initiation and termination of the stimulus. 

DA in the MPFC and BAN were very apparent. A surprising 
observation was that the magnitude of the absolute concentra- 
tion elicited by 10 and 20 Hz, that is, frequencies near the 
physiological range (Chiodo, 1988; Bunney et al., 1991), were 
not significantly different between the regions. 

Comparison of DA uptake. We attribute the qualitative dif- 
ferences observed in the overflow curves recorded in the four 
regions to differences in DA uptake and release. In the next two 
sections, we provide quantitative information concerning rates 
for uptake and release in order to compare directly these pa- 
rameters in the four regions. 

The extracellular clearance ofevoked DA after the stimulation 
is due to cellular uptake of DA (Ewing and Wightman, 1984; 
Wightman and Zimmerman, 1990), and the rate of this process 
can be determined from these curves. Examination of the in- 
dividual clearance curves overlaid in Figure 8 clearly showed 
that uptake is much slower in the MPFC and BAN than in the 
CP and NAc. This was also demonstrated by comparing the 
average rate constants for DA uptake summarized in Table 1 
for each region. Uptake was similar in the MPFC and BAN and 
significantly less (P < 0.00 1) than that in the CP and NAc. The 
significantly (P < 0.003) greater rate of uptake in the CP com- 
pared to the NAc has been previously reported, and is due to 
differences in V,,,, (May and Wightman, 1989a; Marshall et al., 
1990). 

Comparison of DA release. Initial rates of DA appearance in 
the extracellular space following stimulation were much greater 
in the CP and NAc than in the MPFC and BAN (Figs. 3-6). 
This suggests that DA release rates must be higher in these 
regions of the striatum. However, due to the contribution of 
uptake, only by modeling can a true release parameter be gleaned 
from the overflow curves. The release parameter we obtain is 
[DA],,, the concentration of DA per stimulus pulse. In previous 
work, we have shown that [DA],, is essentially constant with 
stimulus duration and frequency above 10 Hz in the CP and 
NAc; furthermore, [DA], is unchanged by uptake inhibitors in 
these regions, suggesting that it is a fundamental index of release 
(Wightman et al., 1988; May and Wightman, 1989a; Kawagoe 
et al., 1992). Table 2 shows the relationship between [DA], and 
frequency in MPFC, BAN, NAc, and CP. There was no signif- 
icant effect of frequency on [DA], in any region, although a 
slight trend was observed for an increasing [DA],, with decreasing 
frequency in the CP but not in the other three regions. Therefore, 
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Figure 6. Frequency dependence of evoked DA overflow in the MPFC. 
Individual overflow curves for 1 O-60 Hz are shown. Open boxes denote 
initiation and termination of the stimulus. 

[DA], was averaged over these frequencies in each animal and 
the mean values are summarized in Table 1 for each region. As 
expected, [DA],, was significantly greater (P < 0.001) in the CP 
and NAc than in the MPFC and BAN. No differences were 
observed between the CP and NAc, in accord with our previous 
report (May and Wightman, 1989a), or between the MPFC and 
BAN. 

Kinetic analysis of evoked DA overflow. An important test of 
the model is to use a single set of kinetic parameters to describe 
the data obtained in one region at all frequencies. As seen in 
Figures 7, 9, and 10, the rate constants described the measured 
responses quite well. In Figure 7, maximum concentrations 
evoked at each frequency were compared to the simulated re- 
sponses shown by the solid line. The averaged rate constants 
summarized in Table 1 were used to predict concentrations for 
all frequencies in each brain region. In Figure 9, individual 

I •I NAc I 

10 20 30 40 50 60 

FREQUENCY (Hz) 

Figure 7. Frequency dependence of maximum overflow. Each point 
is the mean * SEM from at least two rats and each region was examined 
in five different animals. Solid lines represent averaged maximum con- 
centrations calculated using the reported rate constants in Table I. 

z 
3 
z 

0.5 

U 

0.0 

TIME (s) 

Figure 8. Extracellular clearance of evoked DA. Individual clearance 
curves were derived from evoked overflow curves after the stimulus 
had ceased and were overlaid at a concentration of approximately 1 PM. 

overflow curves and the simulated response for a single fre- 
quency were superimposed. Release and uptake parameters used 
for each simulation were derived from all frequencies in the 
individual rat. In Figure 10, the simulated response in the BAN 
for all frequencies is shown. Kinetic values used in the simu- 
lations were determined from data in Figure 5 and held constant 
at each frequency. The frequency independence of evoked over- 
flow at frequencies of 230 Hz observed in the measured re- 
sponse is also clearly evident in simulated data. The diffusional 
component present in overflow curves, as evidenced by the 
continued rise in extracellular DA concentration after the stim- 
ulus, is fully accounted for by diffusion of DA through the Nafion 
electrode coating. 

Discussion 

The objective of this study was to compare the regulation of 
extracellular DA levels in four projection fields of mesotelen- 
cephalic DA neurons of the rat brain. Specifically, we analyzed 
changes in extracellular DA concentration as a result oftransient 
electrical stimulation of ascending DA fibers in order to assess 
the characteristics of DA release and uptake. We show marked 
differences in the dynamics, frequency dependence, and clear- 
ance rates of the evoked synaptic overflow of DA in the MPFC, 
BAN, CP, and NAc. These differences are a direct consequence 
of different rates of DA release and uptake in the four regions. 
These results are significant in that the characteristics of me- 
sotelencephalic DA neurons are further differentiated. The fac- 
tors ofrelease and uptake along with diffusion directly determine 
functional, that is, extracellular, levels of DA in the brain in 
time and space and are thus fundamental to determining the 
nature of DA neural transmission. 

Meaningful evaluation of extracellular neurotransmitter dy- 
namics requires the capability to make spatially and temporally 
resolved measurements. The temporal resolution of FSCV and 
the spatial resolution afforded by the carbon-fiber microelec- 
trodes (May and Wightman, 1989b) have previously allowed 
this goal to be achieved in the CP and NAc (Wightman et al., 
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Table 1. Comparison of the kinetic parameters for DA release and 
uptake 

Region 

Content” Absolute Relative” 

(ng mg [DA],> k 
motein- I ) (nr4 (see ‘) IDAI,, k 

MPFC 1 10.7 

-tO.% 

BAN 15 13.8 

k1.7 

NAc 90 67.5 

k13.4 

CP 90 89.3 

k12.3 

0.53 10 0.5 

_+0.06 

0.32 1 0.02 

kO.06 

13.9 1 0.2 

k2.4 

22.7 1 0.3 

k3.0 

*’ Representative tissue contents of DA expressed as ng mg protein-’ (Palkovits et 
al., 1979; Kilts and Anderson, 1987; Marshall et al., 1990). For the MPFC and 
striatum, DA tissue contents correlate directly with DA terminal density (see 
Doucet et al., 1986; Descarries et al., 1987). 
b Data are absolute values for [DA],, and k divided by tissue content. Units are 
mw mg protein ngm’ for relative [DA],, and set I ng I mg protein for relative k. 
( Data are the mean ? SEM (n = 5 animals for each region). 

1988; May and Wightman, 1989a; Wightman and Zimmerman, 
1990; Kawagoe et al., 1992). Prior work has shown that the use 
of a broad range of stimulation frequencies enables differences 
in release and uptake to be revealed (May and Wightman, 1989a). 
The results reported herein demonstrate the utility of this tech- 
nique to study the regulation of extracellular DA levels in DA 
terminal fields other than the striatum. 

Differences in the extracellular clearance of evoked DA in the 
four regions are clearly evident when the descending portions 
of the overflow curves are compared (Fig. 8). In the striatum, 
uptake precedes metabolism (Near et al., 1988), a slow process 
compared to the time scale of evoked DA overflow (Michael et 
al, 1985). Similarly, diffusion occurs at a much slower rate (Ew- 
ing and Wightman, 1984). Therefore, we attribute extracellular 
clearance as a real-time observation of uptake. Quantitative 
analysis of these curves shows that uptake rates are significantly 
less in the MPFC and BAN than the CP and NAc. 

A very different picture emerges when uptake is normalized 
to tissue DA content in order to account for differences in DA 
terminal density (Table 1). The normalized rate constants for 

Table 2. Relationship between the frequency of stimulation and 

IDALo 

Freauencv (Hz) 
Region 20 30 40 50 60 

MPFC 

BAN 

NAc 

CP 

9.9 

f 1.2” 
12.0 

~1.8 

65.0 

k13.5 

102.4 
+16.1 

9.3 

il.2 

12.4 

k1.5 

63.4 

+8.9 

93.2 

k13.1 

9.6 

iO.1 

14.4 

il.9 

65.6 

k9.9 

84.2 

kll.6 

11.5 

kO.9 

15.6 

i2.0 

66.4 

k7.5 

83.2 

k10.9 

12.8 

kO.9 

14.6 

k1.9 

73.0 

k9.3 

84.4 

All.0 

(’ [DA],, is given as no. There was no significant effect of frequency on [DA],, 
(F = 0.106, df = 4, 75). There was a significant (P < 0.001) effect of region on 
[DA],, (F = 89.9, df = 3, 75). 
I’ Data are the mean t SEM (n = 5 animals for each region). 
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. . . . . . . . . -a... . . . . .._... - 

.:.:., . . . . . . . . . . . m-W 
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Figure 9. Comparison of the overflow curves obtained at 30 Hz in the 
four different regions. Individual overflow curves from 4 set stimula- 
tions are shown. Data points collected every 100 msec are represented 
by dots. Solid lines are the calculated responses using kinetic parameters 
determined from stimulated overflow at frequencies from 20 to 60 Hz 
in the same animal (see Materials and Methods for details) and con- 
voluted with diffusion through Nafion. Open boxes denote initiation 
and termination of the stimulus. 

uptake are similar in the MPFC, NAc, and CP, but it is at least 
10 times less in the BAN. Thus, uptake in the BAN is not related 
to terminal density in the same manner as the other regions and 
must be distinct. The uptake of DA in the CP and NAc is 

40 Hz 50 Hz 60 Hz 

Figure 10. Simulations of evoked DA overflow in the BAN. Kinetic 
constants for release ([DA],, = 14.6 nM) and uptake (k = 0.15 secml) 
were determined from the experimental data shown in Figure 5. All 
kinetic constants were identical for simulations at each frequency. Sim- 
ulations were convoluted using a thin layer distance of 400 nm and a 
diffusion coefficient for DA in Nafion of 1 x 1 O-9 cm2 set I. The number 
of stimulus pulses was 120. Open boxes denote initiation and termi- 
nation of the stimulus. Concentration and time scales are identical with 
Figure 5. 
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characterized as high affinity with a K,, of around 0.16 PM (Near 
et al., 1988; Marshall et al., 1990). Whether the slow rates of 
DA uptake in the BAN represent low-affinity uptake similar to 
that found in the neuroendocrine tuberoinfundibular DA system 
(Demarest and Moore, 1979; Annunziato et al., 1980) and/or 
a reduced number of uptake sites per terminal is not at present 
known. The gene for the rat DA transporter has recently been 
cloned (Kilty et al., 199 1; Shimada et al., 199 1) and it is tempting 
to speculate that the DA transporter present in the BAN may 
be structural different, possibly as a result of posttranslational 
modification, from that in the other regions. 

The different absolute rates of uptake in the four regions are 
directly responsible for the observed differences in the frequency 
dependence of maximum overflow. We have previously shown 
in the CP and NAc that the marked increases in concentration 
with frequency are not due to increasing rates of release but 
rather are due to the rate ofuptake (Wightman and Zimmerman, 
1990). As the stimulation frequency increases, less time is avail- 
able between stimulus pulses for uptake to exert its effect and, 
thus, the maximal concentration of DA in the CP and NAc 
progressively increases. Note, however, that maximum overflow 
in the MPFC and BAN is much less dependent on frequency. 
In fact, maximum overflow at frequencies of >30 Hz is almost 
independent of frequency in the MPFC and BAN. The com- 
bination of inefficient uptake and a reduced time at high fre- 
quencies renders uptake negligible. Thus, maximum overflow 
at high frequencies in these regions is primarily dependent on 
the number of pulses in the stimulus train, which was constant 
at all frequencies in these experiments. 

To obtain a quantitative estimate of release rates, we have 
employed a kinetic model that permits resolution of the ob- 
served synaptic overflow during stimulation into release and 
uptake components. Comparison between regions is appropriate 
because the stimulation amplitude was maximal for all regions. 
Parameters that describe DA release are found to be similar in 
the MPFC and BAN but approximately eight times less than 
that in the CP and NAc. However, when normalized to DA 
tissue content, relative release is similar in the BAN, NAc, and 
CP, but 10 times greater in the MPFC. This finding is in agree- 
ment with the greater fractional overflow of evoked tritiated 
DA in vitro from slices of the MPFC compared to the striatum 
(Hoffmann et al., 1988) and may contribute to the relatively 
high concentrations of extracellular DA in the MPFC measured 
by dialysis (Sharp et al., 1986). Since mesoprefrontal DA neu- 
rons fire at a faster mean rate compared to mesostriatal DA 
neurons (Chiodo, 1988) they may have developed a more pro- 
ficient secretory machinery to sustain high release. Differences 
in the autoregulation of release are unlikely to be responsible 
since all of the DA systems examined exhibit autoreceptors 
governing release (Talmaciu et al., 1986; Altar et al., 1987; Kilts 
et al., 1987; Moghaddam and Bunney, 1990; Bean and Roth, 
199 1; Bull et al., 199 1). However, differences in feedback loops 
regulating mesotelencephalic DA systems might contribute to 
the differences in release rates (Thierry et al., 1979). 

Thus, comparison of the normalized kinetic parameters for 
DA release and uptake reveals that the regulation ofextracellular 
DA levels is, indeed, unique in the MPFC, BAN, and striatum. 
These differences explain the striking observation that maxi- 
mum evoked overflow was similar in the MPFC, BAN, NAc, 
and CP at 10 and 20 Hz, frequencies close to the physiological 
range (Chiodo, 1988; Bunney et al., 1991) despite the great 
disparity in the densities of the DA terminal fields. Based on 

DA tissue contents alone (Table l), extracellular DA concen- 
trations should be 15- and 90-fold less in the BAN and MPFC, 
respectively, than in the CP or NAc. We contend that the un- 
usually high DA concentrations in the MPFC are the result of 
a distinctly high rate of DA release and that the unusually high 
concentrations in the BAN are the result of a distinctly low rate 
of DA uptake. 

Another useful way to characterize the dissimilar regulation 
of extracellular DA levels in the four regions is to use the ratio 
of release to uptake rates as an index. This ratio is relatively 
small in the CP and NAc, and these areas can be considered 
“uptake dominated.” A consequence of this regulation is the 
observation of steady-state concentrations of extracellular DA 
in the CP and NAc during stimulation with low frequencies. 
Steady state is obtained because release and uptake rates are 
balanced (Wightman et al., 1988). The capacity for a high rate 
ofoverflow only becomes manifested at higher frequencies when 
the time for uptake decreases. In contrast, the ratio of release 
to uptake in the MPFC and BAN is 5-10 times larger than the 
striatal regions, so these regions can be considered “release dom- 
inated,” even though different mechanisms are involved. As a 
consequence of this type of regulation, steady-state concentra- 
tions of extracellular DA are not reached, even at low frequen- 
cies, because release rates exceed that of uptake rates. 

The absolute uptake rates can, in particular, exert profound 
effects on the spatial dynamics of DA because they dictate its 
extracellular lifetime. During stimulation all of the terminals 
are forced to fire simultaneously, causing a uniform concentra- 
tion increase of DA in the extracellular fluid. However, when a 
single terminal is activated, a concentration gradient will exist, 
and diffusion can occur (Kawagoe et al., 1992). The diffusional 
dispersion of DA that has escaped the synapse into the extra- 
cellular space will occur until it is taken up into cells. The half- 
life for uptake is approximately 2.0 set in the MPFC and BAN, 
in contrast to co.06 set in the CP and NAc. Thus, in one half- 
life, extracellular DA could diffuse a sixfold greater distance 
from the synapse in the more sparsely innervated areas.’ The 
overall regulation of extracellular DA levels in the MPFC and 
BAN is therefore well suited for generating concentration gra- 
dients for DA over a widespread area surrounding release sites, 
which is in sharp contrast to that in the striatum. While uptake- 
dominated regulation in the CP and NAc agrees with the ex- 
pectations for a classical, synaptic neurotransmitter, the release- 
dominated regulation in the MPFC and BAN could not only 
support synaptic communication, but also communication with 
other, quite distant sites. 

To date, the concept of nonsynaptic neural transmission in 
the CNS (Fuxe and Agnati, 1991; Vizi and Labos, 1991) has 
been primarily based on anatomical evidence, for example, doc- 
umenting mismatches between neurotransmitter and receptor 
localizations (Herkenham, 1987) and the absence of synaptic 
junctional complexes (SCguela et al., 1989, 1990) for certain 
neuronal systems. However, the hypothesis is quite controver- 
sial, especially for classical neurotransmitters such as mono- 
amines (Bloom, 1991) and is difficult to assess solely on the 
basis of anatomical features. Examination of extracellular neu- 
rotransmitter dynamics adds another dimension to the anatom- 

’ The approximate diffusion distance is given by (01, >)’ ?, where D is the difision 
coefficient of DA and t, 1 is the extracellular half-life of evoked DA. For D = 6 x 
10 o cm’ set-I, its value in saline at WC, diffusion distances would be ~6 Mm 
in the CP and NAc but 30-40 pm in the MPFC and BAN. 
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ical studies. For example. anatomical studies of the monoam- tyrosine hydroxylase in rat nucleus accumbens. J Comp Nemo1 227: 
inergic innervation of the MPFC (Seguela et al., 1988, 1989, 
1990) have shown that dopaminergic terminals exhibit true syn- 
aptic contacts with a similar synaptic architecture to that in the 
striatum (Bouyer et al., 1984; Freund et al., 1984; SCguela et 
al., 1988) suggesting chemical transmission is synaptic (Des- 
carries et al., 1991). Yet, the regulation of extracellular DA in 
the MPFC is strikingly different from that in the striatum. 

may be that chemical communication by DA in the MPFC and 
BAN has characteristics intermediate to that in the median 
eminence and striatum. 

Summary andconclusions. DA terminal fields exhibit distinct 
mechanisms for governing extracellular DA levels. In general, 

Nonsynaptic dopaminergic transmission certainly occurs in 
the tuberoinfundibular DA system. These DA neurons meet the 
anatomical criteria for nonsynaptic neural transmission since 

the regulation can be considered “uptake dominated” in the CP 

they do not make synaptic contacts with their target, the anterior 
pituitary, a site distant from their terminals (Ben-Jonathan, 1985). 

and NAc and “release dominated” in the MPFC and BAN. This 

In addition, regulation of extracellular DA levels is consistent 
with what we predict to support nonsynaptic neural transmis- 
sion: tuberoinfundibular DA neurons have low uptake rates 
(Demarest and Moore, 1979; Annunziato et al., 1980). Thus, it 
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