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Abstract

The fundamental process that underlies volume transmission

in the brain is the extracellular diffusion of neurotransmitters

from release sites to distal target cells. Dopaminergic neurons

display a range of activity states, from low-frequency tonic

firing to bursts of high-frequency action potentials (phasic fir-

ing). However, it is not clear how this activity affects volume

transmission on a subsecond time scale. To evaluate this, we

developed a finite-difference model that predicts the lifetime

and diffusion of dopamine in brain tissue. We first used this

model to decode in vivo amperometric measurements of

electrically evoked dopamine, and obtained rate constants for

release and uptake as well as the extent of diffusion. Accurate

predictions were made under a variety of conditions including

different regions, different stimulation parameters and with

uptake inhibited. Second, we used the decoded rate constants

to predict how heterogeneity of dopamine release and uptake

sites would affect dopamine concentration fluctuations during

different activity states in the absence of an electrode. These

simulations show that synchronous phasic firing can produce

spatially and temporally heterogeneous concentration profiles

whereas asynchronous tonic firing elicits uniform, steady-state

dopamine concentrations.
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Dopaminergic neurons fire in a low-frequency tonic mode

and periodically exhibit bursts of high-frequency action

potentials (Wightman and Robinson 2002). Microdialysis

studies have revealed that tonic dopamine concentrations are

in the low nanomolar range (Justice 1993). Recently,

naturally occuring increases in dopamine concentration have

been detected on a subsecond time scale with carbon-fiber

electrodes (Robinson et al. 2002; Phillips et al. 2003). These

transients appear to arise from phasic firing because they are

mimicked by high-frequency electrical stimulation of dop-

aminergic cell bodies. Like the phasic firing of dopaminergic

neurons that occurs during salient stimuli (Schultz 1998), the

dopamine transients can be matched to specific behaviors

such as interaction with another animal (Robinson et al.

2001, 2002) or lever pressing to self-administer cocaine

(Phillips et al. 2003).

It is well documented that dopamine in the striatum

communicates via volume transmission (Garris et al. 1994)

which differs from the classic synaptic mode of wiring

transmission because neurotransmitter can diffuse to target

cells distant from release sites (Zoli et al. 1998; Vizi 2000).

The existence of naturally occuring dopamine concentration

transients in the brain raises several questions. Are there

temporal differences in dopamine concentrations at release

and target sites? Is dopamine volume transmission differen-

tially affected by tonic and phasic firing patterns? To answer

such questions, mathematical models that consider the rates

of release, uptake and coupled diffusion are required.

Although several models have been developed (Nicholson
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1995; Cragg et al. 2001; Schmitz et al. 2001; Schönfuß

et al. 2001), they have been used only to model exogenous

dopamine or stimulated release, and have not been extended

to make neurochemical predictions.

In this work, we adapted the models of Schmitz et al.

(2001) and Schönfuß et al. (2001) to address these questions

about dopamine volume transmission. Amperometric detec-

tion was used because of its high temporal resolution. We

fitted the model to in vivo amperometric recordings of

electrically evoked dopamine transients obtained in the brain

of anesthetized rats. The fitting allowed decoding of

regionally specific rate constants for dopamine release and

uptake as well as the apparent diffusion distance of dopamine

from release sites to the electrode. In addition we evaluated

the effects of inhibition of the dopamine transporter (DAT)

by cocaine and nomifensine. Having established the validity

of the model in describing experimental data, we next used it

to predict extracellular dopamine signaling during phasic and

tonic firing patterns in the absence of any measurement

perturbations. We found that a heterogeneous distribution of

uptake and release sites causes striking variations in local

dopamine concentrations during synchronous phasic firing.

In contrast, we determined that asynchronous, low-frequency

tonic firing produces a steady-state concentration even on the

millisecond time scale.

Materials and methods

Electrochemistry

Cylinder microelectrodes were fabricated by sealing a 5-lm
diameter T-650 carbon fiber (Thornel, Amoco Co., Greenville, SC,

USA) in a pulled glass capillary (Cahill et al. 1996). The fiber was

cut so that 40–50 lm protruded from the end. Electrodes were

epoxied (Miller-Stevenson, Danbury, CT, USA) to ensure a good

seal, and dipped immediately in acetone for a few seconds to remove

residual epoxy from the carbon fiber. All electrodes were soaked

overnight in isopropanol purified with activated carbon (Norit A;

ICN Biomedicals, Aurora, OH, USA) before use (Bath et al. 2000).

For dopamine detection with cyclic voltammetry, the electrode

was held at ) 0.4 V and scanned to 1.0 V and back at 300 V/s every
100 ms (Michael et al. 1999). For amperometry, the electrode was

held at + 0.3 V versus Ag/AgCl and the collection frequency was

60 Hz (Venton et al. 2002). A computer-generated waveform was

sent to a patch clamp amplifier (Axopatch 200B; Axon instruments,

Foster City, CA, USA), in whole-cell mode, modified for use in

electrochemical measurements. Data were collected through an

acquisition board (PCI-MIO-16E-10; National Instruments, Austin,

TX, USA) interfaced with a computer. A timing board was used to

synchronize electrical stimulations with data acquisition. Amper-

ometry yielded better signal-to-noise ratios than cyclic voltammetry.

The average signal-to-noise ratio for a 24-pulse, 60-Hz stimulation

with amperometry was 71 ± 7 which was significantly greater than

that for cyclic voltammetry, 51 ± 6 (p < 0.05, n ¼ 11 animals).

Electrodes were calibrated using a flow injection analysis system

described previously (Kristensen et al. 1986). Buffer containing

20 mM HEPES, 150 mM NaCl, 1.2 mM CaCl2 and 600 lM
ascorbate, adjusted to pH 7.4, was used in all calibrations (Venton

et al. 2002). This high concentration of ascorbate is necessary in

order for calculated concentrations from calibrations of cyclic

voltammetry and amperometric data to agree. All chemicals were

used as received from Sigma-Aldrich (St Louis, MO, USA).

Aqueous solutions were prepared using double-distilled deionized

water (Megapure System; Corning Model D2, Corning, NY, USA).

Animal and surgical procedures

Male Sprague–Dawley rats (275–350 g; Charles River, Wilmington,

MA, USA) were anesthetized with urethane (1.5 g/kg, i.p.). Core

body temperature was maintained by placing the animal on a

Deltaphase isothermal pad (Braintree Scientific, Braintree, MA,

USA). For some studies, a hole was drilled in the skull for the

placement of the carbon-fiber microelectrode in the caudate–putamen

(CP) (stereotaxic coordinates, in millimetres from bregma, anterior-

posterior (AP), + 1.2; medial-lateral (ML), + 2.0; dorsal-ventral

(DV), ) 4.5 from dura) (Paxinos and Watson 1986). In other

experiments in which the CP and the basolateral amygdaloid nucleus

(BAN) were compared, a hole was drilled in the skull at AP ) 2.3,
ML + 4.5 and the carbon-fiber microelectrode was lowered to about

) 5.0 for the CP and about )8.2 for the BAN. For all experiments,
the bipolar stimulating electrode (Plastics One, Roanoke, VA, USA)

was placed in the substantia nigra/ventral tegmental area (SN/VTA)

region (AP, ) 5.6; ML, + 1.0; DV, ) 7.5). The dorsoventral placement
of the stimulating electrode was adjusted to maximize dopamine

efflux. The circular tips of the stimulating electrode were polished

before the experiment, separated so that they were about 1 mm apart,

and inserted with both tips perpendicular to the midline. Four

biphasic stimulating pulses, 2 ms long, 300 lA of constant current
each phase, were applied at 100 Hz unless otherwise indicated. This

stimulation protocol promotes transient release that allows diffu-

sional delays to be more apparent. A Ag/AgCl wire was also

implanted in the brain as a reference electrode.

Drugs

Cocaine (10 mg/kg, i.p.) and nomifensine (7 mg/kg, i.p.) were

purchased from Sigma (St Louis, MO, USA) and dissolved in 1 ml

saline. Ten milligrams of tartaric acid was used to help dissolve

nomifensine. For control experiments, 1 ml of saline was injected

(i.p.).

Antibody labeling of slices

Mice used in this study were 8-week-old male C57BL/6 mice from

Jackson Laboratory (Bar Harbor, ME, USA). All mice were

anesthetized (pentobarbital, 30 mg/kg i.p.) and perfused intracar-

dially with 25 mL normal saline followed by 75 mL 4% (w/v)

paraformaldehyde in 0.1 M phosphate buffer (4% PF/PB, pH 7.1).

Brains were then dissected out, postfixed by immersion in 4%

PF/PB (2 h, 4�C), cryoprotected in 30% (w/v) sucrose in phosphate

buffer, and frozen by immersion in isopentane cooled on dry ice.

Frozen brain samples were cut (30 lm) coronally in a cryostat. The
sections were collected in ice-cold phosphate buffer free floating,

and then successively rinsed (three times each for 5 min) in

phosphate-buffered saline (PBS), blocked in 10% normal goat

serum in PBS containing 0.1% Triton X-100 (60 min, 25�C), and
incubated with anti-rabbit glutamic acid decarboxylase (GAD)
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65/67 (1 : 500; Sigma) and anti-rat DAT (1 : 200; Chemicon,

Temecula, CA, USA) containing 2% normal serum (24 h, 4�C).
Antibody deposits were then detected by incubation for 30 min at

25�C in PBS with goat anti-rabbit IgG conjugated to tetramethyl

rhodamine isothiocyanate (TRITC) (1 : 200; Sigma) and goat anti-

rat IgG conjugated to fluorescein isothiocyanate (FITC) (1 : 200;

Sigma). The sections were then washed five times each for 10 min,

mounted and visualized with a confocal laser microscope.

Statistical analysis

Drug effects and regional differences in diffusion were evaluated

statistically using paired t-tests in Microsoft Excel. Data were

considered significant at the 95% confidence level and are reported as

themean ± SEM for n animals. The finite-differencemodel of diffusion

is described in detail in theAppendix.Model parameters were evaluated

by visually comparing experimental data and simulated curves.

Results

Characteristics of the model

Simulating the dopamine response

The instantaneous dopamine concentration in the extracellu-

lar space is determined by the rates of release, uptake and

mass transport (Nicholson 1995). Amperometry detects these

dynamics via oxidation of dopamine (Dugast et al. 1994),

and the dopamine-o-quinone (DOQ) generated is subse-

quently reduced by the high concentration of extracellular

ascorbate (the catalytic reaction; Venton et al. 2002). Simu-

lations of amperometric dopamine detection that account for

these factors are shown in Fig. 1 during release evoked by a

burst of four pulses at 100 Hz (see Appendix for description

of the model). When dopamine release and uptake sites

extend to the electrode (Fig. 1a), the modeled amperometric

response shows that dopamine would be detected immedi-

ately with each stimulation pulse and decay after the end of

stimulation (Fig. 1b). In this situation there are no concen-

tration gradients so diffusion does not affect the result.

However, if a region that contains uptake sites, but not

release sites, is placed between the electrode and a region of

spatially uniform release and uptake sites (Fig. 1c), a delay in

the amperometric response is seen. The region adjacent to the

electrode, termed the apparent diffusion distance (length

dapp), includes uptake sites to be consistent with previous

models (Schmitz et al. 2001; Schönfuß et al. 2001). If the

effect of the catalytic reaction of DOQ and ascorbic acid is

neglected (Venton et al. 2002), a shorter time to peak

following cessation of stimulation (indicated by the horizon-

tal bracket) would be erroneously predicted (Fig. 1d).

Release sites are expected to be distributed over a range of

distances from the cylindrical electrode because its length

(� 50 lm) is much greater than the mean distance between
sites (Doucet et al. 1986). To examine how this spatial

heterogeneity would affect the apparent diffusion distance,

we modeled a simple case in which half of the electrode was

2 lm from the closest release site and the other half 8 lm
away (Fig. 1e). The averaged traces correspond to a simu-

lation with dapp of 3.6 lm. The apparent diffusion distance is
smaller than the arithmetic mean of the dapp values because

the closest site contributes more. For this reason we use the

term ‘apparent’ diffusion distance rather than average

distance as used elsewhere (Schönfuß et al. 2001). The

range of distances of contributing release sites from the

electrode cannot be determined from a single amperometric

Fig. 1 Finite-difference diffusion model. All amperometry current tra-

ces were generated for the kinetic parameters [DA]p ¼ 0.1 lM,

Km ¼ 0.2 lM, Vmax ¼ 4.0 lM/s and dapp ¼ 5 lm unless noted other-

wise. (a) Schematic of release sites extending to the electrode

(dapp ¼ 0). The shaded area represents the modeled area of constant

release. (b) Finite-difference model of dopamine concentrations during

a four-pulse (100 Hz) stimulation (vertical lines under plot) for the case

in (a). (c) Schematic of the arrangement of sites when an apparent

diffusion distance (dapp) is included in the model. (d) The solid line is a

simulation for the geometry of Fig. 1(c) without accounting for the

effects of ascorbate and the dotted line is a simulation accounting for

the catalytic reaction of ascorbate to regenerate dopamine. (e) A

configuration representing two populations of closest release sites. The

dashed line shows the apparent diffusion distance calculated by fitting

the average of the 2- and 8-lm curves from Fig. 1(f). (f) Modeled

response to a four-pulse, 100 Hz stimulation with a dapp of 2 lm (dashed

line) and 8 lm (solid line). The dotted line is the average of two curves

and corresponds to a dapp of 3.6 lm. The time to peak of each curve is

labeled in milliseconds. (g) Illustration of the effect of uptake inhibition on

the apparent diffusion distance calculated from averaging the traces

from two populations of closest release sites. (h) The analysis of Fig. 1(f)

was repeated except that Km was increased to 0.8 lM to simulate uptake

inhibition. The time to peak of each curve is labeled in milliseconds. The

average trace corresponds to a dapp of 4.8 lm.
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curve. For this reason, the modeling of experimental data

leads to a singular value of dapp even though release sites are

spatially disperse. In Figs 1(g) and (h) we evaluated the same

spatial heterogeneity, but with Km increased to 0.8 lM to

mimic uptake inhibition. This increased the delay in the time

to peak and the apparent diffusion distance for the average

increased to 4.8 lm. Uptake inhibition allows sites further
away to contribute more dopamine to the electrode, increas-

ing the apparent diffusion distance.

Spatial profiles of dopamine concentrations can also be

simulated, revealing the perturbation of the dopamine

concentration near the electrode caused by the amperometric

detection (Figs 2a and b). If ascorbate is neglected (solid

line), the concentration gradient of dopamine is approxi-

mately linear. However, at physiological ascorbate levels the

catalytic reaction maintains the concentration of dopamine

near the electrode by recycling the o-quinone back to

dopamine. The electro-oxidation does not affect the dopam-

ine concentration at distances beyond 30 lm, where it is
regulated only by uptake and release.

Features revealed by the model

The simulation of the in vivo amperometric responses reveals

three important factors. First, if release sites are located a

finite distance away from the electrode there will be a delay

between the end of the stimulation and the maximal signal.

Second, the duration of this delay will be determined by the

proximity of release sites. Third, this delay should increase

after competitive uptake inhibition because of a greater

contribution of diffusion from distal release sites. These

predicted features were tested to verify that the model

accurately described in vivo data.

Testing the model in vivo

Evoked release of dopamine

Electrical stimulation of the SN/VTA region evokes dopam-

ine release in various terminal fields in anesthetized rats. In

this work, evoked release was initially verified as dopamine

with fast-scan cyclic voltammetry and then the evoked

dynamics were sampled at high temporal resolution using

constant-potential amperometry. The dots in Fig. 3a show an

amperometric trace measured in the CP during a four-pulse,

100-Hz stimulation. Note that detectable dopamine flux does

not occur until approximately 15 ms after the first stimula-

Fig. 2 Spatial profiles of dopamine concentrations during simulated

amperometry. Concentration versus distance profile for the model with

(dots) and without (solid line) the catalytic reaction of ascorbate are

shown. The electrode is placed at the origin and the vertical dashed

line marks the end of the region without release. The modeled

parameters were [DA]p ¼ 0.1 lM, Km ¼ 0.2 lM, Vmax ¼ 4.0 lM/s and

dapp ¼ 5 lm. (a) Dopamine profile 50 ms after stimulation. (b) Con-

centration profile 200 ms after stimulation.

Fig. 3 Comparison of dopamine diffusion in the CP and the BAN. (a)

Dopamine release in the CP measured by amperometry during a four-

pulse (100 Hz) stimulation (dots). The vertical lines underneath the

trace mark the four stimulation pulses. The solid line is the finite-

difference model with [DA]p ¼ 99 nM, Km ¼ 0.2 lM, Vmax ¼ 4.0 lM/s

and dapp ¼ 5.5 lm. (b) Electrically evoked (24 pulses, 60 Hz) dop-

amine measured in the CP (note that a different part of the CP was

studied from that in Fig. 3a). The bar under the traces represents the

length of the pulse train. The line is the finite-difference model with

[DA]p ¼ 110 nM, Km ¼ 0.20 lM, Vmax ¼ 3.6 lM/s and dapp ¼ 5.5 lm.

Note the time scale is different from that in Fig. 3(a). (c) Dopamine

efflux in the BAN after a 24-pulse, 60-Hz stimulation of the SN/VTA.

Ten amperometric traces taken at 1-min intervals were signal aver-

aged (dots). The modeled data (solid line) are based on [DA]p ¼ 8 nM,

Km ¼ 0.58 lM, Vmax ¼ 0.53 lM/s and dapp ¼ 11 lm.
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tion pulse (vertical lines) and that the increase in concentra-

tion continues after the pulses have terminated, i.e. the delay

is present. The average value for this diffusional delay in the

time to peak was 65 ± 9 ms in the CP with this stimulation

(n ¼ 12 animals). The finite-difference model fits well with

the in vivo amperometric data (case (i) in Appendix; solid

line Fig. 3a). Table 1 gives mean kinetic parameters from

measurements in the CP of 12 animals.

Comparison of dopamine diffusion in the BAN and CP

Our model predicts that terminal density will affect the

amperometric signal because the distance between release

sites and the electrode affects the measured apparent

diffusion distance. To test this, evoked dopamine release

was compared in the CP and the BAN, a region with sparse

dopaminergic innervation. The electrode was first lowered

into the CP (note this is a more caudal part of the CP than in

the previous figure), then through a border region that lacks

dopamine input and finally into the BAN (Garris and

Wightman 1994b). A longer stimulation, 24 pulses at 60 Hz,

was used because of the low release of dopamine in the BAN

(Figs 3b and c; note the change in time scale from Fig. 3a).

Release and uptake rate constants (Table 1) in each region

are distinct as reported previously (Jones et al. 1995). In the

CP, the time to peak for a 24-pulse stimulation was

83 ± 7 ms, significantly less than the 340 ± 35 ms measured

in the BAN (p < 0.01, n ¼ 4). To account for the longer time

to peak, the length of dapp had to be increased from

6.0 ± 0.5 lm in the CP to 11.5 ± 0.8 lm in the BAN

(p < 0.01, n ¼ 4). In the CP, both the four-pulse (100 Hz)

and 24-pulse (60 Hz) stimulations yielded the same value of

dapp (Table 1), indicating that dapp is independent of the

stimulus parameters.

An independent prediction of the difference in dapp
between brain regions can be made from the dopamine

terminal density. Terminal density should be proportional to

the dopamine tissue content, which is 90 ng per mg protein

in the CP and 15 ng per mg protein in the BAN (Garris and

Wightman 1994a), a ratio of 6.0. Alternatively, the site

density can be predicted from the number of transporters,

which is directly proportional to Vmax. Consistent with the

estimate above, this method gives a ratio for the two regions

of 6.7 (Table 1). Taking the cube root of these values gives

the ratio of the average distance between release sites, which

is 1.8 or 1.9 for each method. The experimentally determined

ratio of dapp values for the BAN relative to the CP is

1.9 ± 0.2, which agrees remarkably well with both methods

of calculation.

Effects of dopamine uptake inhibitors

The prediction of the model that uptake inhibition would

cause an increase in dapp was also tested by administering the

competitive uptake inhibitors cocaine (10 mg/kg i.p.) and

nomifensine (7 mg/kg i.p.) (Fig. 4). Fifty minutes after

uptake inhibition, the peak height is slightly increased and

the rate of disappearance of dopamine is slower. The time to

Table 1 Mean kinetic parameters for dopamine

Parameter

CP (four pulses,

100 Hz)

CP (24 pulses,

60 Hz)

BAN (24 pulses,

60 Hz)

[DA]p (nM) 160 ± 20 120 ± 20 8 ± 2

Km (lM) 0.20 ± 0.01 0.23 ± 0.04 0.58 ± 0.08

Vmax (lM/s) 3.9 ± 0.2 3.8 ± 0.3 0.58 ± 0.08

dapp (lm) 6.0 ± 0.5 6.0 ± 0.5 11.5 ± 0.8

Values given were obtained from fitting of the model in case (i), as

seen in the Appendix, to experimental data obtained in the regions

indicated during stimulation of the SN/VTA region. [DA]p is the con-

centration of dopamine that is released into the extracellular fluid with

each stimulus pulse, Vmax is the maximal rate of uptake by the dop-

amine transporter, and Km is the affinity of the dopamine transporter

for dopamine. The apparent diffusion distance from release sites to the

electrode is given by dapp. Values are mean ± SEM for n ¼ 4 rats (CP

24 pulses and BAN) or n ¼ 12 (CP four pulses).

Fig. 4 Effect of uptake inhibitors on the dopamine response. Amper-

ometric (dots) and modeled data (lines) before and 50 min after i.p.

administration of cocaine (10 mg/kg) or nomifensine (7 mg/kg). For (a)

and (b), Vmax and [DA]p were held constant at 5 lM/s and 0.21 lM

respectively. (a) Before cocaine, Km ¼ 0.20 lM and dapp ¼ 5.0 lm. (b)

After cocaine, Km ¼ 0.61 lM and dapp ¼ 7.5 lm. For (c) and (d) Vmax

was kept constant at 3.5 lM/s and [DA]p at 0.21 lM. (c) Before nomi-

fensine, Km ¼ 0.20 nM and dapp ¼ 6.5 lm. (d) After nomifensine,

Km ¼ 0.87 nM and dapp ¼ 9.0 lm. The scale bar is the same for all

panels.
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peak significantly increased from 60 ± 5 ms to 210 ± 13 ms

after cocaine (p < 0.01, n ¼ 5) and from 68 ± 12 ms to

225 ± 27 ms after nomifensine (p < 0.01, n ¼ 5). In

contrast, in animals in which saline was administered as a

control there was no change in time to peak, Km or Vmax after

the same time, but there was a small decrease in the

concentration of dopamine released into the extracellular

fluid with each stimulus pulse ([DA]p) (to about 85% of the

initial value; n ¼ 4, data not shown).

Mean changes in the kinetic parameters after uptake

inhibition are given in Table 2. Vmax and [DA]p were

determined from the predrug results and kept constant in the

simulations after the drug was given. The Km for the

transporter was set to 0.20 lM before drug administration

(Near et al. 1988), and was adjusted to fit the data after

uptake inhibition. The fits also required an increase in dapp,

the predicted result following uptake inhibition for a

distribution of release site locations (Fig. 1). Extracellular

ascorbate concentration can increase by up to 50% following

administration of the uptake inhibitors amphetamine or

GBR 12909 (Pierce and Rebec 1990). However, simulations

with such an increase in ascorbate produce curves that have

much shorter time to peak values than are observed. Thus,

the catalytic reaction is not responsible for the observed

change in the time to peak.

Predictions of dopamine concentration profiles in the

absence of an electrode

Effects of uptake and release site heterogeneity on tonic and

phasic dopamine release

Once rates for diffusion, uptake and release were established,

simulations were made of dopamine dynamics in striatal

tissue without the perturbation caused by a sensor (case (ii) in

Appendix). Striatal heterogeneity was estimated using an

immunostained photomicrograph of mouse CP (Fig. 5a).

DAT sites are labeled green and GAD (an enzyme for GABA

synthesis) sites are labeled red. To translate the information

in the photomicrograph into a form suitable for modeling, a

one-dimensional strip was taken and it was assumed that all

green areas exhibit dopamine release and uptake (‘hot’

spots), and that dark areas (on the edge of non-dopaminergic

cells) exhibit neither. To account for circuitous diffusion

pathways around the cell bodies, the diffusion coefficient was

reduced by a tortuosity factor (Nicholson 1995). Neuro-

chemical rates are similar in rats and mice (compare Jones

et al. 1995 with Jones et al. 1999) so we used the kinetic

parameters established in the rat brain.

Table 2 Mean changes in dopamine dynamics after uptake inhibition

Cocaine

(10 mg/kg)

Nomifensine

(7 mg/kg)

Increase in time to peak (ms) 150 ± 14* 158 ± 29*

Apparent increase in Km

(% predrug value)

340 ± 65* 400 ± 70*

Increase in dapp (lm) 2.5 ± 0.5* 2.8 ± 0.5*

All changes are mean ± SEM for five animals per drug, calculated

50 min after drug administration. *p < 0.05 versus predrug value using

paired t-test.

Fig. 5 Model of heterogeneous release and uptake sites in the CP. (a)

An immunostained slice of a mouse CP. The dopamine transporter is

labeled green and GAD, an enzyme that synthesizes GABA, is labeled

red. The box is the section modeled. Examples of a dopamine ‘hot’

spot, with release and uptake sites, and a non-dopaminergic (non-DA)

innervated site, without release and uptake sites, are labeled. In (b–e)

the simulation parameters were [DA]p ¼0.1 lM, Km ¼ 0.2 lM and

Vmax ¼ 4.0 lM/s. The legend is the same for all the graphs. (b)

Simulations of dopamine concentration during and after a synchron-

ous four-pulse (20 Hz) phasic burst initiated at time 0 s in a hot spot

(dotted line) and near a non-dopaminergic cell body (solid line). (c)

Response to phasic firing after uptake inhibition, simulated by an

increase in Km to 0.8 lM. (d) Simulation of dopamine concentration

over time for tonic, asynchronous firing at 5 Hz. (e) Tonic firing con-

centration profiles after uptake inhibition.
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The predicted responses to phasic and tonic firing are

shown in Figs 5(b–e). Phasic firing was simulated as four

synchronized action potentials at 20 Hz, a typical frequency

and number of pulses for a burst measured using electro-

physiology (Grace 1995; Hyland et al. 2002). Low-fre-

quency, asynchronous firing patterns were used to simulate

tonic firing, with neurons firing independently of each other

at an average rate of 5 Hz (Grace and Bunney 1984; Schultz

1986). In the hot spot, distinct increases in dopamine

accompany the action potentials (Fig. 5b). There is no delay

in the peak concentration; because of the proximity of release

sites and adjacent uptake sites the dopamine is quickly

removed. In contrast, when there are no release and uptake

sites the maximal concentration is lower and changes are

delayed. After uptake inhibition, the maximum concentration

in the regions where release occurs during phasic firing is

increased and decays more slowly back to baseline (Fig. 5c).

In areas without release and uptake sites, however, the

concentration changes are delayed because the dopamine

must diffuse into the area.

With tonic firing there is a low, steady-state dopamine

concentration regardless of the proximity of uptake and

release sites (Fig. 5d). After uptake inhibition the concen-

tration remains steady, and increases at both the surface of

non-dopaminergic cells and in hot spots (Fig. 5e). These

predictions show that, following phasic firing, the dopamine

concentration profile that a receptor on a GABAergic cell

body would experience is different from that of a receptor

near a release site in a hot spot. In contrast, there are no

differences in dopamine concentration between hot spots and

non-dopaminergic cells for tonic firing.

The spatial distribution of concentrations resulting hetero-

geneous release and uptake site locations can also be

modeled. The concentration profile for dopamine throughout

the modeled area is shown for phasic firing at the end of a

burst (dotted line) and 100 ms later (solid line) (Fig. 6a). At

the end of the burst, the concentration is raised in the

innervated regions (green areas) with a lower concentration

near the non-dopaminergic cell bodies (dark areas). The

concentration profile reverses 100 ms after the burst, with the

highest dopamine concentrations appearing in the areas

without release and uptake. In contrast, regions with a high

amount of DAT show a diminished dopamine concentration

at this time. After uptake inhibition, the effects of hetero-

geneity are more pronounced during the burst but are less

evident after the firing ends (Fig. 6b). The lowered uptake

rate leaves time for the local concentrations to mix and

become more uniform.

In Figs 6(c and d), the colored traces are the concentration

profiles for tonic firing at several time points and the black

line is the time-averaged concentration. This simulation

demonstrates that tonic firing produces an essentially steady-

state concentration of dopamine at all times, regardless of the

location of release and uptake sites. After uptake inhibition,

the concentration profiles are shifted and the basal dopamine

level increases from 30 nM to 110 nM.

Simultaneous spatial and temporal views of these dynamic

events are best represented in a movie. The accompanying

supplementary material shows the simulation of release and

uptake in the box in Fig. 5(a) for continuous tonic firing and

then a phasic burst (at 0.4 s in the movie). From the movie, it

is quite clear that tonic firing results in low, uniform

dopamine concentrations, whereas phasic firing results in a

large, spatially heterogeneous concentration increase.

Discussion

In this paper, a finite-difference model describing dopamine

concentrations resulting from dopamine release, uptake and

diffusion was evaluated. The model was used to decode the

Fig. 6 Simulations of spatially heterogeneous dopamine concentra-

tions during tonic and phasic firing. The x axis is distance across the

modeled region and the curves represent the concentrations averaged

over 2 ms. (a) Dopamine concentration versus distance profiles for a

four-pulse, 20-Hz burst are illustrated at two times: at the last impulse

(dotted line) and 100 ms after the train (solid line). The simulation

parameters are the same as those in Fig. 5. The bar above the graph

(taken from the box in Fig. 5a) shows the layout of release and uptake

sites. Green areas were assumed to have release and uptake sites,

whereas dark areas were assumed to have neither. A hot spot and site

without dopaminergic innervation (non-DA) are labeled. (b) Hetero-

geneous dopamine concentration profiles arise during a burst after

uptake inhibition (simulated as a change in Km to 0.8 lM). (c) The

colored traces are the dopamine concentration profiles at different

times. The black line is the mean profile (averaged over 2 s) of dop-

amine during tonic firing. (d) Tonic dopamine concentrations after

uptake inhibition. The colored lines represent specific time points and

the black line denotes the time-averaged (2 s) concentration of dop-

amine.
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kinetic values from amperometric measurements, and then to

evaluate how heterogeneity of release and uptake site

locations affects dopamine concentration profiles elicited

by tonic and phasic firing in the absence of an electrode.

Despite the heterogeneous distribution of release and uptake

sites, tonic firing results in spatially uniform dopamine

concentrations that are temporally static. In contrast, syn-

chronous phasic firing results in large temporal and spatial

fluctuations that are dramatically affected by this heterogen-

eity.

Modeling dopamine diffusion in the brain

The first goal of this study was to extract accurate kinetic

parameters from the in vivo amperometric measurements

through the use of an appropriate mathematical model.

Amperometry is ideal for measuring the kinetics of dopamine

neurotransmission because it has an instantaneous response

to dopamine (Suaud-Chagny et al. 1995; Venton et al.

2002). Electrophysiological results show that, when dopam-

inergic axons are electrically stimulated, each stimulation

pulse generates an action potential and that neuronal firing

ends when stimulation is terminated (Kuhr et al. 1987).

Therefore, the continued rise of the amperometric signal after

the end of the stimulation is due to dopamine diffusion in the

brain extracellular space and an apparent diffusion distance

adjacent to the electrode is necessary to model this. Some

tissue adjacent to the electrode may have been damaged

during electrode insertion, although preliminary studies

suggest that such damage is quite small (Allen et al. 2001),

especially compared with that caused by a microdialysis

probe (Clapp-Lilly et al. 1999). Indeed, the sensitivity of dapp
to uptake inhibition and the density of terminals clearly

indicate that the electrode is sampling from viable tissue.

To test the validity of the model, three sets of experiments

were performed. First, we varied the stimulus duration from

40 ms to 400 ms at two different frequencies (Fig. 3). This

changed the time to peak concentration after stimulation, but

there was no change in the extracted dapp. This demonstrates

that a model is needed to evaluate these results because a

change in the time to peak does not necessarily indicate an

increase in diffusion. Second, data from the CP were

compared with those from the BAN. The apparent diffusion

distance was greater in the BAN and the increased distance

scaled exactly with that computed from the relative terminal

density of the two regions. Third, data were modeled before

and after the administration of uptake blockers. Although

others have also observed an increase in diffusion distance

after uptake inhibition (Schönfuß et al. 2001), our simula-

tions reveal how a distribution of release sites at different

distances from the electrode leads to an increase in dapp.

Uptake inhibition simply allows dopamine diffusing from

further distances to contribute more to the measured signal.

Previous estimates of diffusion distance in the CP, between

4.5 and 7.0 lm (Gonon et al. 2000; Peters and Michael

2000), are quite similar to our value of 6 lm. The appropriate
handling of the diffusional aspects allows more accurate

estimation of the kinetic rate constants controlling release

and uptake. Remarkably, our Vmax, Km and [DA]p values

agree with results obtained by cyclic voltammetry at Nafion-

coated electrodes (Jones et al. 1995), which required

correction by deconvolution of the time constant for

permeation through the Nafion film. Future models incor-

porating depression and augmentation of dopamine release

by factors such as terminal autoreceptor effects should

provide even more elegant predictions of dopamine concen-

trations.

Effects of striatal heterogeneity on dopamine dynamics

during tonic and phasic firing

Once the model was established, simulations were used to

address how different firing patterns, and heterogeneity of

release and uptake site locations, affect dopamine volume

transmission without an electrode present. The CP is a

spatially complex organization of neuronal systems. For

example, there are patch-matrix compartments that contain

different receptors, neurotransmitters, afferents and efferents

(Fallon and Moore 1978; Graybiel 1990; Gerfen 1992).

There is microscopic heterogeneity in the location of DATs

(Nirenberg et al. 1996) and dopamine receptors (Sesack

et al. 1994). In addition, dopamine neurons fire in complex

patterns with bursts of action potentials spaced at irregular

intervals among tonic firing patterns (Grace 1995). There-

fore, we addressed the questions (1) are there temporal

differences in dopamine concentrations at release sites and

GABAergic cells, and (2) how do tonic and phasic firing

patterns affect these concentration profiles?

Quantitative predictions of phasic dopamine dynamics are

important because (1) phasic firing occurs in response to

salient sensory information (Schultz 1998; Hyland et al.

2002); (2) it leads to transiently raised levels (Dugast et al.

1994); and (3) these transients are observed in behavioral

situations and influence motor output (Robinson et al. 2002;

Phillips et al. 2003). During bursts, multiple dopaminergic

neurons fire together owing to gap junctions between them

(Grace and Bunney 1983) or common synchronous inputs

(Hyland et al. 2002). The simulations reveal that dopamine

concentrations are dramatically different during phasic firing

near non-dopaminergic cell bodies than in ‘hot’ spots, where

dopamine appears instantly owing to release (Fig. 6). Thus,

temporally and spatially heterogeneous extracellular dopam-

ine concentrations occur during a burst despite a synchrony

in the electrical activity of dopaminergic neurons. Because

dopamine receptors have a broad range of affinities, ranging

from low nanomolar to micromolar (Richfield et al. 1989),

these differences in temporal and spatial dynamics during

phasic firing support multifunctionality of dopamine signa-

ling at the different receptor subtypes in the terminal region.

Thus, although dopamine can act locally at receptors adjacent
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to dopamine release sites, the simulations reveal that under

burst-firing conditions it can diffuse further leading to high

concentrations at remote receptors located far from the

release sites.

Although tonic firing is thought to maintain the low basal

concentration of extracellular dopamine measured by micro-

dialysis, fluctuations in these levels on a subsecond time

scale have not been examined. Tonic firing was simulated by

asynchronous firing at low frequencies because there is little

experimental evidence for synchronicity during tonic firing.

Indeed, because our amperometric measurements have a

detection limit of less than 20 nM, the quiet background

signal observed supports the assumption of asynchronous

firing. Tonic firing leads to a temporally uniform concentra-

tion, regardless of proximity to release sites, which is

insufficient to activate low-affinity receptors (Kd ¼ 1.2 lM;
Richfield et al. 1989). In contrast, synchronous tonic firing

would lead to spatially discrete concentrations that fluctuate

with firing frequency. Note that the predicted basal dopamine

level from asynchronous tonic firing is 30 nM, a value that is

in the range of basal concentrations measured by microdi-

alysis (Justice 1993). The actual value of the steady-state

concentration from tonic firing will depend on the number of

active dopaminergic neurons (Dai and Tepper 1998). In

addition, our predictions only account for dopamine released

by impulses; dopamine released by local factors such as

activation of glutamate receptors might lead to higher basal

concentrations (Kulagina et al. 2001).

We were especially interested in determining how cocaine,

a drug of abuse, would alter the spatial profile of dopamine.

For tonic firing, there was a general increase in dopamine

levels owing to reduced uptake, but little change in the

dopamine spatial profile. The magnitude of the simulated

change in basal dopamine levels after cocaine agrees well

with microdialysis results in which a fourfold increase was

detected with the same dose (Kuczenski et al. 1991).

However, for phasic firing, the dopamine concentration

profile at longer times becomes more uniform after uptake

inhibition, regardless of spatial heterogeneity. In this way,

uptake inhibition increases dopaminergic control of the

striatum by expanding the area over which a single

dopaminergic terminal or a cluster of terminals acts.

These simulations show that there is a considerable

difference in the concentration profiles elicited by tonic and

phasic firing. Phasic firing elicits a temporally and spatially

heterogeneous dopamine transient, which is rapidly dissipa-

ted owing to large concentration gradients. Thus, under

phasic conditions, dopamine concentrations are poorly

buffered. In contrast, during asynchronous tonic firing there

is a temporally and spatially uniform concentration, i.e. it

appears buffered, because there is a constant replenishing of

dopamine. Concentration buffering has been suggested based

on anatomical analysis (Pickel et al. 2002), and these results

demonstrate that buffering depends on the activity state of

firing.

While this paper was under review, a paper appeared by

Floresco et al. (2003) that supports our findings. They

showed that microdialysis sampling of dopamine release

from nucleus accumbens terminals was not enhanced by

burst firing unless an uptake inhibitor was introduced

through the probe. Dopamine released by phasic firing in a

heterogeneous environment leads to concentration gradients

in which dopamine is diminished over short distances, a

condition not found during asynchronous tonic firing

(Fig. 6). These gradients restrict the concentration of

dopamine that reaches a remote sensor, and they are

diminished by uptake inhibition. This was recognized by

the authors and interpreted as a failure of phasic release to

diffuse out of the synapse unless uptake sites were blocked.

Our quantitative treatment of the interplay between release,

uptake and diffusion refine this interpretation by demonstra-

ting that the relevant diffusion distances are 5–10 lm, much
larger than the synaptic dimensions. Consistent with such

expectations, an electrode located adjacent to a microdialysis

probe reveals these concentration gradients and their removal

by dopamine uptake inhibition (Yang et al. 1998).

Conclusion

This work clarifies the effects of phasic and tonic dopam-

inergic cell activity on volume transmission. The model

decodes in vivo amperometric measurements of electrically

evoked dopamine to provide rate constants for release and

uptake as well as the extent of diffusion. The decoded rate

constants allow prediction of how spatial heterogeneity of

dopamine release and uptake sites affects dopamine concen-

tration fluctuations during different activity states in the

intact brain. Synchronous phasic firing can produce spatially

and temporally heterogeneous concentration profiles whereas

asynchronous tonic firing elicits uniform, steady-state dop-

amine concentrations.
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Supplementary Material Figure Legend

The movie shows the dopamine concentrations elicited by

tonic, asynchronous firing of dopamine neurons at 5 Hz and

then a four-pulse, 20 Hz burst. Release and uptake sites are

determined as in Fig. 6, with green sections containing both

release and uptake sites, and dark (non-green) sections

containing neither. The burst occurs at 0.4 s.

Appendix

Theory of finite-difference model

Conditions governing dopamine uptake, release and

diffusion

The instantaneous dopamine concentration in the extracellu-

lar space is determined by the rates of release, uptake and

mass transport (Nicholson 1995). In this paper, the kinetics of

dopamine release and uptake in the brain extracellular fluid

were described by previously established equations (Wight-

man and Zimmerman 1990; Nicholson 1995). Release was

characterized by a fixed concentration ([DA]p) that appears

adjacent to a release site immediately with each impulse in a

stimulation train. Dopamine uptake was described by

Michaelis–Menten kinetics:

d½DA�
dt

� �
uptake

¼ �Vmax½DA�
Km þ ½DA� ð1Þ

where Vmax is the maximal rate of uptake by the transporter

and Km is the affinity of the transporter for dopamine. [DA]p
and Vmax are defined in terms of the volume of the

extracellular space (20% of the tissue volume). Mass

transport was considered diffusional and was described by

Fick’s second law, which for planar diffusion is:

d½DA�
dt

� �
diffusion

¼ D
d2½DA�
dx2

ð2Þ

The diffusion coefficient for dopamine (D) in this space

was assumed to be 2 · 10)6 cm2/s (Nicholson 1995), which
accounts for the measured tortuosity.

Concentration gradients arise from the heterogeneous

distribution of release sites. These geometrical distributions

provide boundary conditions to obtain solutions to the

differential equations. We considered the following cases:

(i) Diffusion to a cylindrical carbon-fiber electrode

operated in the amperometric mode. The dopamine concen-

tration was initially taken to be zero, and release and uptake

sites were assumed to be continuous. This approximates the

close spacing of dopamine terminals (Doucet et al. 1986).

The local concentration was increased by [DA]p with each

stimulation pulse and was removed according to Michaelis–

Menten kinetics (Wightman and Zimmerman 1990). The

concentration at the electrode surface was maintained at zero

to model amperometry.

To this point, the model is quite similar to those of Schmitz

et al. (2001) and Schönfuß et al. (2001). However, two

modifications were made. First, the catalytic reaction of

ascorbate, which is present in high concentrations in the

brain, was added to the simulation. The amperometric

oxidation of dopamine generates DOQ that can diffuse away

from the electrode and be reduced back to dopamine by

ascorbate. The catalytic regeneration of dopamine is a

second-order reaction:

d½DA�
dt

� �
catalytic

¼ k	½AA�	½DOQ� ð3Þ
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where k is 3.2 · 105 M)1 s)1 (Dayton et al. 1980) and [AA]

is the brain extracellular ascorbate concentration (600 lM;
Venton et al. 2002).

Second, we relate flux (J), the measured quantity in

amperometry, to concentration. The amperometric current

was calculated from Fick’s first law:

J ¼ �D
d½DA�
dx

¼ i
nFA

ð4Þ

where i is the current, n is the number of electrons transferred,

F is Faraday’s constant and A is the electrode area (typically

900 lm2). Instead of planar diffusion as used in Schmitz
et al. (2001), the electrochemical simulator employed cylin-

drical coordinates (as in Schönfuß et al. 2001).

(ii) Diffusion in the extracellular space between release

sites. Diffusional contributions in the absence of an electrode

were simulated. Spatially discrete release and uptake sites

were arranged based on histological data in a single dimension

(see Results) and were assumed to follow identical kinetic

behavior as in the simulations described above. To mimic

synchronous firing, dopamine concentrations throughout the

simulation space were raised simultaneously at the time of an

action potential. During simulations of continuous, asynchro-

nous firing, neurons were simulated to fire independently of

each other at an average rate of 5 Hz by using a random

number generator to determine when release events occured.

Finite-difference computation of amperometric data

To solve the differential equations a finite-difference method

was used. A one-dimensional finite-difference model for

dopamine uptake and release during amperometry has been

described (Schmitz et al. 2001).

We tracked the concentration of dopamine in various

distance bins away from the electrode for a series of time

steps (Dt), based on the equation

Dt ¼ Dr2

2D
ð5Þ

where Dr is the size of the bin and D is the appropriate

diffusion coefficient. Bin lengths were small (0.5 lm), so the
concentrations were evaluated at intervals less than 0.5 ms. If

a bin contained a release site, it instantly received [DA]p
when a stimulation pulse occured. The change in dopamine

concentration due to planar diffusion over a time step for bin

j (DDAdiffusion) was given by the finite-difference notation for

equation 2:

DDAdiffusion ¼
1

2
DAj�1 þ

1

2
DAjþ1 � DAj ð6Þ

where DAj + 1 and DAj ) 1 are the dopamine concentrations

in the neighboring bins on the previous time step. To

simulate amperometric data, cylindrical coordinates were

used and the change in concentration for bin j was given by

(Michael and Wightman 1996):

DDAdiffusion ¼
j

ð2j� 1ÞDAiþ1 þ
ðj� 1Þ
ð2j� 1ÞDAj�1 � DAj

ð7Þ

Dopamine uptake was computed with the finite-difference

version of equation 1

DDAuptake ¼
Vmax½DA�
Km þ ½DA�Dt ð8Þ

The dopamine concentration was modeled over a distance

extending 200 lm from the electrode to prevent the location
of the outer boundary from affecting the results. Simulations

were smoothed with a four-point moving average. Because

the time steps were small, this causes minimal effects on the

temporal accuracy of the model.

At the electrode, DOQ is formed according to the

following equation

DA� 2e� ! DOQþ 2Hþ ð9Þ

The diffusion coefficient of DOQ was assumed to be equal to

that of dopamine and DOQ was assumed to diffuse following

the same equations as dopamine. On each time step, some

DOQ is converted back to dopamine. The finite-difference

notation for the catalytic reaction in equation 3 is:

DDAcatalytic ¼ k	½AA�	½DOQ�	Dt ð10Þ

The final concentration of dopamine (DDAfinal) in each bin

was given by

DDAfinal ¼ DDAdiffusion þ DDAcatalytic � DDAuptake ð11Þ

The finite-difference calculation of the flux at the electrode

surface as current (i) was given by:

i ¼ DDAfinal �
nFAD
Dr

ð12Þ

where DDAfinal is the concentration in the bin next to the

electrode.

Tests of the finite-difference model

Simulations of amperometry were identical to those of

Schmitz et al. (2001) when their boundary conditions were

used. Because the computed dopamine concentrations in

each bin are quite small, the finite-difference model was also

compared with the results of a random walk simulation of

dopamine diffusion, release and uptake with first-order

kinetics (data not shown). Both simulations yielded similar

results. We prefer the finite-difference approach because it

requires less computation to produce an acceptable trace and

the calculation of Michaelis–Menten chemical kinetics is

more straightforward.
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