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 42 

Abstract 43 

 44 

Efficient clearance of dopamine (DA) from the synapse is key to regulating dopaminergic 45 

signaling. This role is fulfilled by DA transporters (DATs). Recent advances in the structural 46 

characterization of DAT from Drosophila (dDAT) and in high-resolution imaging of DA 47 

neurons and the distribution of DATs in living cells now permit us to gain a mechanistic 48 

understanding of DA reuptake events in silico. Using electron microscopy images and 49 

immunofluorescence of transgenic knock-in mouse brains that express hemagglutinin-tagged 50 

DAT in DA neurons, we reconstructed a realistic environment for MCell simulations of DA 51 

reuptake, wherein the identity, population and kinetics of homology-modeled human DAT 52 

(hDAT) sub-states were derived from molecular simulations. The complex morphology of axon 53 

terminals near active zones was observed to give rise to large variations in DA reuptake 54 

efficiency, and thereby in extracellular DA density. Comparison of the effect of different firing 55 

patterns showed that phasic firing would increase the probability of reaching local DA levels 56 

sufficiently high to activate low-affinity DA receptors, mainly due to high DA levels transiently 57 

attained during the burst phase. The experimentally observed non-uniform surface distribution of 58 

DATs emerged as a major modulator of DA signaling: reuptake was slower, and the peaks/width 59 

of transient DA levels were sharper/wider under non-uniform distribution of DATs, compared to 60 

uniform. Overall, the study highlights the importance of accurate descriptions of extra-synaptic 61 

morphology, DAT distribution and conformational kinetics for quantitative evaluation of 62 

dopaminergic transmission and for providing deeper understanding of the mechanisms that 63 

regulate DA transmission.  64 

 65 

 66 

 67 
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 71 

 72 

Significance Statement 73 

 74 

Dopamine (DA) modulates motor control, cognition and drug addiction. Understanding the 75 

mechanism of dopamine transmission is essential to designing therapies for neurological 76 

disorders. We developed a multi-scale model using advances in imaging and high-performance-77 

computing technologies, which permitted us to perform spatially realistic simulations of 78 

dopamine reuptake. Simulations show large temporal and spatial variations in the local density of 79 

dopamine depending on the morphology of the synaptic/extrasynaptic region near dopamine 80 

release site and on firing pattern. Dopamine clearance is less efficient under heterogeneous 81 

distribution of dopamine re-uptake transporters, compared to a uniform distribution with the 82 

same average surface density. Dopamine re-uptake transporters membrane distribution, 83 

accessibility of dopamine re-uptake transporters outward-facing conformation, and large 84 

fluctuations in dopamine levels emerge as key features that modulate dopaminergic transmission. 85 

  86 
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Introduction 87 

 88 

Midbrain dopaminergic neurons have a strong influence on striatum functions such as motor and 89 

action planning, cognitive functions and motivation (Roeper, 2013). Dysregulation of 90 

dopaminergic transmission leads to impairment of these activities, resulting in disorders such as 91 

Parkinson’s disease (PD) (Hoang, 2014), attention deficit/hyperactivity disorder (ADHD) (Wu et 92 

al., 2015), and drug addiction (Nutt et al., 2015). A mechanistic understanding of dopamine (DA) 93 

transmission events is essential to developing therapeutic strategies because many behavioral 94 

states strongly correlate with DA release and/or reuptake (Sulzer et al., 2016;Tsai et al., 2009). 95 

 96 

DA release to the synapse is activated by excitatory stimulation, and exhibits patterns similar to 97 

neuronal firings. DA excitatory signaling proceeds by activation of DA receptors upon binding 98 

DA molecules. DA rapidly diffuses from the active zone (AZ) (or release site) to extra-synaptic 99 

regions in the extracellular (EC) medium. DA transporters (DATs), membrane proteins usually 100 

located on the surface of presynaptic axon terminals, regulate DA signaling by removing excess 101 

DA from extra-synaptic regions (Vaughan and Foster, 2013;Torres et al., 2003). DATs are 102 

targets for addictive substances, which inhibit their function (Amara and Sonders, 1998), thus 103 

resulting in excess (neurotoxic) DA levels in the EC region (Di and Imperato, 1988); whereas 104 

low levels of DA cause motor impairments associated with PD (Lotharius and Brundin, 2002).  105 

In addition, reuptake by DATs,  the rate of DA diffusion from the AZ to the extra-synaptic region 106 

(Taylor et al., 2013), and the frequency and patterns of action potentials (APs) (Tsai et al., 2009), 107 

are known to modulate the efficiency of DA signaling.  108 

 109 

The dynamics of DA reuptake by DATs has been a focal topic in modeling efforts, both at the 110 

cellular and molecular levels (Mortensen and Amara, 2003). Early efforts at the cellular level 111 

adopted a well-mixed model focusing on predicting the DA concentration at certain regions of 112 

the brain, such as the nucleus accumbens or dorsal striatum (Garris et al., 1994). The effect of 113 

EC DA concentration on the activation of DA receptors (Viggiano et al., 2004), as well as 114 

spatial/volume exclusion/transmission properties affecting EC DA levels, have been included in 115 

later, volume transmission (VT) models (Cragg et al., 2001;Cragg and Rice, 2004;Rice and 116 
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Cragg, 2008;Dreyer et al., 2010;Dreyer and Hounsgaard, 2013;Sulzer et al., 2016). These studies 117 

highlighted a need for considering the distinctive diffusion and uptake characteristics of the EC 118 

microenvironment. Yet, no quantitative models/simulations have been developed/performed to 119 

date that would permit us to assess how the complex geometry of DA terminals, and the spatial 120 

distribution and conformational dynamics of DATs alter dopaminergic signaling. The advances 121 

in imaging DA neurons and visualizing individual DATs (Block et al., 2015) now enable us to 122 

reconstruct in silico the detailed morphology near AZs and examine the time evolution of DA 123 

release and reuptake with the help of MCell, a software originally developed (Stiles et al., 124 

1996;Kerr et al., 2008;Czech et al., 2009) for spatiotemporally realistic simulations of synaptic 125 

signaling events.  126 

 127 

In addition to cellular structure and heterogeneities, the conformational dynamics of DATs is a 128 

determinant of DA transport efficiency. Recent crystal structures of Drosophila DAT (dDAT) 129 

(Penmatsa et al., 2013;Penmatsa et al., 2015;Wang et al., 2015) have opened the way to 130 

structure-based studies of DAT dynamics. Simulations based on these structures helped elucidate 131 

the sequence of molecular events that take place during the transport cycle of the human 132 

orthologue, hDAT (Cheng and Bahar, 2015;Huang and Zhan, 2007;Khelashvili et al., 133 

2015;Razavi et al., 2017;Cheng et al., 2017). We are now able to make reasonable 134 

approximations for the kinetic scheme and parameters associated with the DAT transport cycle 135 

based on statistical analyses of the full-atomic trajectories and free energy calculations. 136 

 137 

Here, we present an integrated model of synaptic signaling in DA neurons developed from 138 

cellular and molecular structures, and molecular dynamics.  We investigate the effects of (i) the 139 

conformational kinetics of DATs, (ii) the spatial complexity of DA terminals and AZs based on 140 

fluorescence images, (iii) the firing patterns, phasic vs tonic, and, (iv) the heterogeneous 141 

distribution of DATs on the plasma membrane based on experimentally observed DAT density 142 

fluctuations. Simulations reveal the strong dependency of local DA levels as well as overall DA 143 

clearance efficiency on the local geometry of axon terminals. They also reveal that the presence 144 

of DAT clusters (consistent with the DAT density heterogeneities observed in high-resolution 145 

images (Block et al., 2015)) causes a reduction in the efficiency of DA reuptake compared to 146 
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uniformly distributed DATs with the same average surface density. This effect becomes more 147 

pronounced with increasing heterogeneity of the surface distribution of DATs.   148 

 149 

Materials and Methods 150 

 151 
Confocal imaging of immunolabeled DATs in transgenic mouse brains  152 
 153 
The procedure for preparing and imaging acute brain slices from transgenic knock-in mice of 154 

either sex expressing DAT molecules tagged with the hemagglutinin-A (HA) epitope (HA-DAT; 155 

(Rao et al., 2012) has been described in previous works (Block et al., 2015;Rao et al., 2013). 156 

Briefly, brains were submerged into an ice slush of oxygenated artificial cerebrospinal fluid, and 157 

0.8 mm thick sagittal slices were cut using microtome blades and a stainless-steel slicing block. 158 

The subcellular localization of cell-surface HA-DAT molecules was deduced from intact living 159 

DA neurons in acute sagittal brain slices as detected by mouse anti-HA antibodies with Cy3-160 

conjugated anti-mouse antibodies (Block et al., 2015). Slices were incubated in artificial 161 

cerebrospinal fluid (ACSF) at room temperature with 1 μg/ml mouse anti-HA antibodies for 1 162 

hour. After removing unbound antibodies, slices were incubated for one hour at 4°C in ACSF 163 

with 2.5 μg/ml Cy3-conjugated anti-mouse Fab fragments.  164 

 165 

We have not observed substantial differences in HA-DAT distribution between live-cell and 166 

post-fixation labeling with HA antibodies, suggesting that axonal varicosities revealed by DAT 167 

staining were not the result of blebbing during the labeling procedure of live slices. We found 168 

that binding of antibodies to live neurons followed by fixation provides much superior image 169 

quality and lower signal-to-noise ratio as compared to the conventional protocol of fixation first 170 

and then staining with antibodies. Importantly, live-neuron staining protocol allows labeling of 171 

cell-surface DATs, which is important for defining the distribution of DATs on the neuronal 172 

surfaces in the model.  Observations of DAT endocytosis (Block et al., 2015), normal lateral 173 

membrane mobility of DAT, and healthy mitochondria in dopaminergic neurons from slices kept 174 

alive for at least two hours were indicative of functional neurons in these slices. Moreover, DA 175 

neurons labeled as described above have been observed to exhibit pH-dependent vesicular 176 

trapping of antipsychotic drugs (Tucker et al., 2015). 177 
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 178 

To obtain high resolution 3D images of DA neurons, a z-stack of 18 confocal images at 400 nm 179 

interstack distance was acquired 10 μm deep from the cut face of the slice through the 561 filter 180 

channel using a spinning disk confocal system based on a Zeiss Axio Observer Z1 inverted 181 

fluorescence microscope (with 63x Plan Apo PH NA 1.4 objective), equipped with a computer-182 

controlled Spherical Aberration Correction unit, Yokogawa CSU-X1, Vector photo manipulation 183 

module, Photometrics Evolve 16-bit EMCCD camera, Hamamatsu CMOS camera, 184 

environmental chamber and piezo stage controller and lasers (405, 445, 488, 515, 561, and 640 185 

nm), all controlled by SlideBook 6 software (Intelligent Imaging Innovation, Denver, CO).  186 

 187 

Our image reconstruction and modeling described below are based on the combination of light 188 

microscopy images of slices and electron microscopy images (Block et al., 2015) that were 189 

obtained on intact animals after cardioperfusion fixation. 190 

 191 

In silico reconstruction of DA axonal terminals in the striatum 192 
 193 
We reconstructed in silico a 10 m x10 m x 7.2 m volume from the above described striatal 194 

region (Figure 1A-C) using a semi-automated 3D reconstruction algorithm  (Turetken et al., 195 

2016). The size of the simulation box was large enough to allow for  diffusion of DA over a 196 

sufficiently broad EC region, in accord with previous estimates (Venton et al., 2003), and the 197 

reconstruction yielded a realistic representation of both the heterogeneous shape of axonal 198 

terminals and the surface distribution of individual DAT molecules. The reconstructed region 199 

contained 13 axon terminals (Figure 1D). The corresponding volumes and surface areas (listed 200 

in Table 1) were calculated using the NeuroMorph (Jorstad et al., 2015), a Blender add-on that 201 

uses triangular meshes to evaluate the surface area and corresponding normal to determine the 202 

volume of each tetrahedron. The total volume occupied by the 13 axon terminals was 101.03 203 

m3, and the corresponding total surface area, 337.16 m2.   204 

The DA axonal terminals reconstructed in silico contained six varicosities, i.e. 3D globular 205 

regions with densely expressed DATs, distributed over three DA terminals: one of the largest 206 

terminals had three varicosities, another had two, and the remaining varicosity was on a third 207 

terminal. AZs lie within varicosities but are not usually populated with DAT molecules (Block et 208 
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al., 2015); accordingly, sub-regions (of varicosities) which lacked DAT molecules within at least 209 

a 50 nm radius were identified as AZs. The region between DAT-expressing cells (detected by 210 

fluorescence microscopy) and others (not visible) was represented by an interstitial (void) space 211 

of 30 nm thickness surrounding the DAT-expressing terminals (Figure 1E). This led to a void 212 

fraction of 0.21, consistent with previous estimates (Cragg et al., 2001), or an overall volume of 213 

155.35 m3 (Table 1) that formed the available for DA diffusion. These narrow regions form the 214 

synaptic clefts and extra-synaptic regions available for the diffusion of DA molecules.  The 215 

number of AZs for a given volume was verified to be comparable to that used in other studies 216 

(Dreyer et al., 2010). 217 

 218 

Next, we proceed to the placement of DAT molecules on the membrane of axonal terminals. To 219 

investigate the effect of DAT surface distribution heterogeneities on the efficiency of DA 220 

reuptake, we examined four cases (Figure 2). Case 1 refers to the uniform distribution (Figure 221 

2A), taken as (DAT) = 800/ m2, based on the electron microscopy images of gold particle 222 

labeled HA-DAT, assuming 10% labeling efficiency (Block et al., 2015). Case 2 is a non-223 

uniform (bimodal) distribution (Table 2, Figure 2B), set forth in accord with the actual 224 

distribution of DATs observed in experiments. High-density regions were detected in the 225 

fluorescence images, as continuous bright regions (Figure 1C). These regions covered ~10% of 226 

the plasma membrane area and approximately 90% of DATs were localized in these regions.  227 

The surface densities of DATs in the high- and low-density regions were taken as h = 228 

6,339/ m2 and l = 50/ m2, respectively.  In Case 3, the distribution is again bimodal, similar to 229 

Case 2, but the central parts of the high-density regions from Case 2 are selected as the new 230 

very-high-density regions, with h2 = 30,000/ m2; and l = 50/ m2 elsewhere which leads to a 231 

sharper heterogeneity in the spatial distribution of DATs (Figure 2C). In Case 4, DATs are 232 

assumed to be clustered in the immediate neighborhood of AZs, as a mimic for conventional 233 

synaptic models where DATs act as gatekeepers near the synaptic cleft (Figure 2D) (Danbolt, 234 

2001;Rothstein et al., 1994); and DAT surface concentrations in high- and low-density regions 235 

are the same as in Case 3. The histograms in Figure 2E-H describe the probability distribution 236 

of the distances of DAT molecules from the closest AZ.  237 

 238 
 239 
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MCell simulations of DA release and reuptake events in DA neurons 240 
 241 
Spatiotemporally realistic simulations were performed using MCell (Kerr et al., 2008;Stiles et al., 242 

1996;Bartol and Stiles, 2001), a 3D reaction-diffusion system solver that allows users to 243 

reconstruct complex geometries, define the subcellular localization of discrete molecules, and 244 

simulate their dynamics. The parameters used in simulations are given in Table 2. Unimolecular 245 

reactions are scheduled according to defined reaction rates and bimolecular reactions occur with 246 

predefined probabilities that are chosen to match bulk reaction rates. Collisions between 247 

molecules are detected by ray tracing algorithm. We adopted Neumann boundary conditions 248 

similar to those used in recent simulations of Ca++ signaling (Bartol et al., 2015c), i.e. DA 249 

molecules are subjected to reflective boundary conditions at the simulation box walls. In 250 

addition, to reduce the bias from reflective boundaries, terminals within 1 m from the box 251 

boundary were assumed to be inactive, such that the available surface area on DA axon terminals 252 

was 337.16 m2 (see Table 1).  253 

 254 

The probability of a release succeeding an action potential depends on multiple factors (Dreyer et 255 

al., 2010), including the content of DA in the striatum (IDA) (Bannon et al., 1981), the ratio of the 256 

amount of total DA released per action potential (R) (Gubernator et al., 2009), the volumetric 257 

density of DA terminals at AZs ( term) (Doucet et al., 1986) and the number of DA molecules 258 

released per quantum (N0) (Pothos et al., 1998). The parameters are given in Table 2, which 259 

yielded a release event probability of 6% (Dreyer et al., 2010). Each AZ has a release site located 260 

at its center; and upon a release event, a total of N0 DA molecules is assumed to be released from 261 

the release site. DA diffusion was modeled as a pseudo-random walk with a fixed time step of t 262 

= 0.1 μs. The distribution of DA step sizes yielded an average of 13.3 nm using a DA diffusion 263 

coefficient of 4 x 106 cm2/s. A time-step of 100 μs was used for the slow events such as the 264 

transition of DAT to reuptake-ready (EC-exposed outward-facing) state release of its cargo. 140 265 

independent runs, each of 10 s, were performed to extract statistically significant results.  266 

 267 

 268 

 269 

 270 
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Conformational dynamics of DAT  271 

 272 

Our recent dual-boost accelerated molecular dynamics (aMD) (Hamelberg et al., 2007;Miao et 273 

al., 2013) and conventional MD (cMD) simulations of DAT dynamics showed that the DA 274 

transport cycle by DAT can be approximated by four basic steps (Figure 3) (Cheng and Bahar, 275 

2015;Cheng et al., 2017): (1) recognition and binding of DA (and co-transported Na+ ions) from 276 

the EC region to DAT in the outward-facing (OF) state. We designate the substrate- and Na+-277 

bound (or loaded) OF state as OF*; (2) global structural change of DAT from OF* to inward-278 

facing loaded (IF*) state; (3) release of cargo to the IC region (IF*  IF); and (4) reverse 279 

transition of the unbound/apo DAT from IF to OF state. The respective forward rate constants 280 

are denoted as k12, k23, k34, and k41 and reverse rate constants are k21, k32, k43, and k14 (Figure 3).  281 

 282 

The molecular events of DA binding and unbinding to DAT generally involve local 283 

conformational changes and their energetics can be estimated using established free energy 284 

calculation methods. We used two methods: (i) alchemical free energy calculation with free 285 

energy perturbation (FEP) method (Pohorille et al., 2010), and (ii) potential of mean force (PMF) 286 

calculations using the adaptive biasing force (ABF) method (Chipot and Henin, 2005), based on 287 

cMD trajectories. The FEP calculations yielded a binding free energy change of ΔGbind = −7.8 288 

kcal/mol (Cheng et al., 2017) in excellent agreement with the experimental value of −7.4 289 

kcal/mol (Dar et al., 2006;Huang and Zhan, 2007). MD simulations indicated that the average 290 

time required to bind DA molecule originally placed at a distance of 15 Å from the binding site 291 

is approximately 125 ns. To convert this number into the binding rate constant k12, we performed 292 

the following: First, using an EC DA concentration,7.5 nM (Feifel et al., 2003) we calculate the 293 

density of DA molecules to be 7.5 10-9 moles/nm3 x 6.02 x 1023 molecules/moles = 4.5 x 10-9 294 

molecules/nm3.  The free volume (excluding that occupied by DAT itself) for DA translocation 295 

originally located at a separation of 15 Å from the binding is evaluated to be 2 nm3 using 296 

POVME (Durrant et al., 2011). The number of DA molecules colliding with DAT based on this 297 

accessible volume is 2 nm3 x 4.5 x 109 = 9 x 10-9, which also represents the priori 298 

probability/frequency of collision of a given DA molecule. This leads to an effective binding 299 

time of 125 ns / 9 x 10-9 = 13.88 s. By normalizing with respect to EC DA concentration, the 300 

bimolecular reaction constant is determined as (1/13.88 s) / 7.5 x 10-9
 = 9.6 x 106 M-1s-1. 301 
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 302 

We further observed that (i) the binding of Na+ ions was fast (< 100 ns) and the subsequent 303 

binding of DA readily prompted the closure of the EC gate such that the escape of DA (and ions) 304 

back to the EC region was negligibly small, i.e. k21 << k12; (ii) no DA efflux to EC region was 305 

detected (i.e. k43 = k32 ≈ 0); (iii) the DA-free (with Na+/Cl  bound) OF IF transition (k14) was 306 

two to three times slower than that in the DA-loaded transition (k23); Na+- and substrate-binding 307 

allosterically promoted a cooperative transition to IF* state (Cheng and Bahar, 2015;Bahar et al., 308 

2015), but such cooperativity was not observed in the apo state, and (iv) the DA-free IF OF 309 

transition (k41) was even slower than the OF IF transition (k14) due to the difficulty in closing 310 

the intra-cellular gates (Cheng et al., 2017). The global OF  IF transition rates were thoroughly 311 

examined in microseconds aMD simulations of DA-free DAT, which showed that the population 312 

of reuptake- ready (OF) conformers was lower than that of IF (or other intermediate) conformers 313 

by a factor or 4, or k14/k41 ≈ 4 (Cheng et al., 2017). These considerations provided us with robust 314 

information on the relative rates of the individual steps, and led to the rate constants in Table 2, 315 

the absolute values of which were verified to be compatible with experimentally observed 316 

turnover rates and steady-state concentrations of DA molecules.  317 

 318 

To investigate the sensitivity of DA reuptake efficiency to DAT conformational kinetics, we also 319 

performed global sensitivity analysis with respect to rate constants in Figure 3. We performed 320 

729 independent runs with different combinations of k12, k23, k34, k41 and k14, which we varied by 321 

three orders of magnitude. The results are presented in Figure 4. Each blue dot represents the 322 

outcome, EC DA concentration in the simulation box, [DA]EC, from one run. A broad range of 323 

[DA]EC values, from 0.1 nM to more than 100 nM, are observed. Yet, an increase in DA binding 324 

rate k12 results in a more efficient clearance and thereby lower DA levels in the EC region 325 

(Figure 4A). A similar trend is detected with an increase in the transition rate k41 from IF to OF, 326 

which exposes more reuptake-ready DATs to the EC region (Figure 4C), and the reverse 327 

transition induces the opposite effect (Figure 4D). An even sharper effect is observed upon 328 

plotting [DA]EC against the ratio k14/k41 highlighting the importance of the equilibrium 329 

population of the OF and IF states of DAT after releasing its cargo (Figure 4E). The 330 

examination of the relative effects of DA binding (k12) versus back transition to the IF state (k14) 331 

for the OF DAT also indicates that the OF DAT level is a major determinant of [DA]EC (Figure 332 
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4F). Further quantitative assessment of the statistical significance of these observations using 333 

Spearman rank correlation coefficients confirmed that the binding rate constant k12, and the ratio 334 

k14/k41 are two major determinants of DA clearance efficiency. No clear effect was seen for k23 335 

(Figure 4B) or k34 (data not shown).  336 

 337 
Code Accessibility 338 

 339 
The MCell software and the input files for the spatial models implemented in MCell are freely 340 

available to the community. The model files developed in this study can be accessed as Extended 341 

Data 1 or GitHub repository at [redacted for double-blind review]. The only requirement for 342 

repeating the simulations is to download the MCell software (http://www.mcell.org) version 3.4, 343 

and use it together with the model files. The available files include information on the geometry, 344 

the molecules, reactions, surface classes, release patterns in addition to output trajectories and 345 

MCell simulation parameters. 346 

 347 

Results 348 

 349 
In silico turnover and [DA]EC at half-maximal-rate conform to experimental 350 

data  351 

 352 
We first verified that MCell simulations yielded macroscopic properties consistent with 353 

experimental data. We calculated the turnover rate by adopting in our simulations the same 354 

protocol as that adopted in experiments (Rao et al., 2013): multiple runs are performed for a 355 

series of initial concentration of DA in the EC region, [DA]0, and in each case, the mass of DA 356 

molecules transported per unit time is measured. The number of DA molecules transported per 357 

second, Vmax, under saturation conditions ([DA]sat is of the order of tens of M) is used to 358 

evaluate the turnover rate as the ratio of Vmax to the total number Bmax of DAT molecules present 359 

in the system. In our simulation environment, Bmax ≈ 220,000, based on fluorescence microscopy 360 

data (Block et al., 2015). To evaluate the turnover rate in silico, we counted the number of DAs 361 

transported as a function of [DA]0 and examined for each concentration the number of DAs 362 

translocated per second. This led to a reuptake rate of 1.2 x 105 DAs/s at saturation (Vmax). 363 
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Division by Bmax gave a turnover rate of 0.55/s, which is comparable to the reported values of 364 

0.2/s (Rao et al., 2013), 0.9/s (Prasad and Amara, 2001) and 1.8/s (Beuming et al., 2008;Prasad 365 

and Amara, 2001;Rao et al., 2013).  366 

 367 

The average DA level in the EC medium, [DA]EC, observed in silico after reaching steady state 368 

conditions was 7.8 nM (Figure 5A). The physiological concentration of DA in the striatum 369 

varies between 5 nM and 50 nM (Owesson-White et al., 2012), consistent with the large 370 

fluctuations (of the order of [DA]EC ≈ ± 10 nM) we observed  in [DA]EC. Note that the 371 

saturating concentration for DATs is estimated to be ~ 10 M (Prasad and Amara, 2001;Rao et 372 

al., 2013). Simulations yielded a substrate concentration at half-maximal-rate, Km value, of 2.2 373 

M, which falls within the broad range of reported experimental values of 50 nM to 6.6 M 374 

(Beuming et al., 2008;Prasad and Amara, 2001;Rao et al., 2013). These data confirm that MCell 375 

model and simulations reproduce macroscopic quantities consistent with observables such as the 376 

average DA concentration in the EC region at half maximal rate, and the overall turnover rate. 377 

We now proceed to a closer examination of microscopic properties. 378 
 379 

DAT conformers reach a dynamic equilibrium within 100s of milliseconds.  380 

 381 

First, we examined the equilibration of the simulated system under uniform surface distribution 382 

of DAT molecules on the axonal membrane. The four snapshots in Figure 6 (and Movie 1) 383 

illustrate the initial DA release events and the gradual equilibration of the conformational states 384 

of DATs. All DAT molecules are assumed to be in the OF state at t = 0 (white dots on the surface 385 

of the terminals). Simulations start with a first release event (at AZ 1; Figure 6A), followed by 386 

firings with Poisson distribution. The released DA molecules (red dots) rapidly diffuse to the 387 

vicinity of the release site, as illustrated in the snapshots at t = 1 and 5 ms (Figure 6B-C). At t = 388 

700 ms, we observe a broad spatial distribution of DA (Figure 6D).  389 

 390 

Figure 6D shows that most of DATs reside in the IF state (colored green) at t = 700 ms. This is 391 

consistent with the equilibrium probabilities of the four DAT conformers (19.86% OF, 79.90% 392 

IF, 0.05% OF* and 0.19% IF*) which is reached within 500 ms. Figure 5B-D displays the time 393 

evolution of the population of the different states of DAT, averaged over 140 independent runs 394 
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of 10s duration each. Most of the DATs fluctuate between unbound OF and IF states, while the 395 

bound states (OF* and IF*) are short-lived. Due to their scarcity, the numbers of DATs in IF* 396 

and OF* states show significant fluctuations during simulations (indicated the light blue band in 397 

Figure 5 panels C-D).  398 

 399 

DA levels exhibit large fluctuations depending on AZ structure and DAT 400 

surface distribution 401 

 402 

We presented in Figure 5A the time course of the DA concentration in the EC region, [DA]EC, 403 

averaged over 140 runs, which exhibited a standard deviation of ~10 nM about the mean value of 404 

7.8 nM. These are global fluctuations, i.e. they refer to the average behavior of the overall 405 

microenvironment simulated by MCell. A look at local time- and space-resolved patterns of DA 406 

levels, on the other hand, reveals even broader fluctuations depending on the AZ and the 407 

particular space- or time-window examined. The curves in Figure 7A display the time evolution 408 

of the local concentration, [DA]local, within a spherical shell of 1.5 m thickness, with respective 409 

inner and outer radii of 1 m and 2.5  (i.e. 1 ≤ r < 2.5 m) centered at the release site, following 410 

a release event from the release site on each of the 6 AZs. Results represent the averages over 411 

multiple release events (140 per AZ) observed within the time interval 0 < t < 40 ms. 412 

 413 

A considerable variation in the maximum level of DA reached and in the succeeding decay rate 414 

is observed in Figure 7A, depending on the AZ that discharges the DA molecules. For AZ 2 and 415 

AZ 3, [DA]local can reach 20-25 nM, but for AZ 6 it remains below 7 nM. AZ 2 and 3 are on a 416 

surface-exposed region of axon terminal 2, in close proximity of non-DAT expressing cells 417 

(Figure 1C). AZ 6, however, lies inside a cavity on axon terminal 4 that harbors a large density 418 

of DATs (Figure 1C), hence the rapid depletion of the released DA. Other AZs (AZ 1,4 and 5) 419 

show an intermediate behavior, because although they are exposed to the EC region, the DAT 420 

level in their vicinity is also relatively high (according to fluorescence images).  421 

 422 

To examine the effect of neuronal region structural complexity, computations were repeated for a 423 

hypothetical EC region with a simplified (ellipsoidal) geometry that preserved the same EC 424 

volume and neuronal surface area as those of the simulated system, together with the same 425 
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number of DAT molecules on the surface, thus maintaining the same DAT surface density as the 426 

above system. DA reuptake evaluated for the same spherical shell (Figure 7A, dashed black 427 

curve) centered around the release site was observed to be faster compared to that occurring in 428 

the realistic environment. The faster removal of DA molecules is due to the more efficient 429 

diffusion of DA in this hypothetical environment devoid of irregularities/obstacles.  430 

 431 

To make a further quantitative assessment of the role of the AZ geometry and local structural 432 

heterogeneity in affecting the different time evolutions of DA clearance observed in Figure 7A, 433 

we examined the tortuosity and void fraction in the vicinity (within 2.5 m radius) of each of the 434 

6 AZs. The results are presented in Table 3. Both properties affect [DA]local: the clearance of DA 435 

is less efficient when the void fraction is low, and the tortuosity is high (e.g. AZ 3, followed by 436 

AZ 2). While void fraction appears to have a dominant effect, tortuosity becomes an important 437 

factor when distinguishing the rise time and peak height between AZs that exhibit similar void 438 

fractions. AZ 6 has a high void fraction and a low tortuosity which leads to a rapid reuptake of 439 

DA. Another variable we examined is the distance to the closest DAT (Table 3), but it does not 440 

have a substantial effect since the diffusion is rapid.  441 

 442 

Overall these results show that (i) the different time evolution of [DA]local in response to DA 443 

release from different AZs can be traced back to differences in tortuosity and void fractions, and 444 

(ii) the adoption of uniform tortuosity and void fraction for all AZs would not provide a realistic 445 

representation of the heterogeneous synaptic structure, nor would it account for the differential 446 

reuptake efficiency originating from these local geometric effects. 447 

 448 

Panels B-C of Figure 7 further illustrate the variations in [DA]local within gradually increasing 449 

distance ranges with respect to the release sites in AZs 4 and 6. [DA]local within a spherical 450 

volume of radius r = 0.5 m remains above 10 M for about 1 ms after DA release from AZ 4 451 

and that within 0.5 ≤ r < 1.0 m rises more slowly and temporarily reaches 1 M (Figure 7B). 452 

Comparison with AZ 6 shows the lower [DA]local near the release site (r < 0.5 m) and the 453 

depletion of DA at t ≈ 100 ms (Figure 7C). The large variations in [DA]local due to stochasticity 454 

and heterogeneity of the release sites occur during the entire course of the simulations.  455 

 456 
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The variations in [DA]local are critically important because, while [DA]EC may not be sufficient 457 

for activating DA receptors, [DA]local or the corresponding fluctuations Δ[DA], may bring the 458 

local DA concentration above the threshold levels required for activating even low-affinity 459 

receptors. These results underscore the significance of considering the space-dependent, 460 

stochastic nature of DA density fluctuations for estimating the probability of DA receptor 461 

activation in complex microenvironments.  462 

 463 

Cellular structural complexity modulates the fractional occupancy of high-464 

affinity DA receptors   465 
 466 
Dopaminergic signals are transmitted upon DA receptor activation. There are five different types 467 

of DA receptors, commonly classified as D1-like (D1, D5), which have low-affinity for DA 468 

(EC50 ~1 M), and D2-like (D2, D3, D4), which have high-affinity (EC50 ~10 nM) (Rice and 469 

Cragg, 2008). As shown in Figure 7B-C, [DA]local may reach 10-100 M near an AZ, 470 

immediately following vesicular discharge, and low-affinity receptors may be activated if they 471 

are in proximity. However, DA molecules rapidly diffuse from the release site and the synaptic 472 

cleft (of ~ 0.25 to 0.5 m radius) to extra-synaptic regions, such that synaptic [DA] decreases by 473 

~3 orders of magnitude within tens of milliseconds.  474 

 475 

We evaluated the fractional occupancy f(t) of high-affinity DA receptors following a release 476 

event for each of the 6 AZs. For the calculation of occupancy, high- and low-affinity receptors 477 

were assumed to be uniformly distributed on the membrane of all pre- and postsynaptic cells 478 

similar to previous approaches (Dreyer et al., 2010). Note that the activation of low affinity 479 

receptors requires high [DA]local values, and such high concentration levels are temporarily 480 

attained only in the proximity of the release sites. So, in practice, only those low affinity 481 

receptors located sufficiently close to the AZs will be activated. As to high affinity receptors, 482 

they are likely to be activated at all locations. To evaluate the fractional occupancy of high 483 

affinity DA receptors for each of the 6 AZs, we analyzed 140 x 6 = 840 runs as follows: we 484 

divided the simulation box into cubic grids of 1 femtoliter (10-15 liters); we counted the number 485 

of DA molecules in each cube, to obtain the local concentrations. If the latter was zero at all 486 

time-points, the cube was labeled as an excluded volume (inaccessible to DA molecules); 487 
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otherwise, the probability of satisfying the threshold level (10 nM) for high-affinity receptors 488 

was evaluated for each AZ, as a function of time elapsed after DA release. The results are 489 

presented in Figure 8A. f(t) temporarily reaches a maximum fmax before it decays to near zero 490 

within ~ 100 ms.  fmax shows a strong dependence on the release site, varying from 0.27 (site 6) 491 

to 0.78 (site 3), again indicating the importance of the local environment.  492 
 493 
To compare our results with those predicted by the VT model, we first evaluated the two 494 

parameters of the model: the tortuosity of the terminals and the void fraction of cytoplasmic 495 

regions accessible to DA diffusion (Dreyer et al., 2010). To this aim, we randomly selected 5,000 496 

pairs of mesh points and evaluated the ratio of their shortest arc distance along the surface to the 497 

corresponding Euclidean distance. This gave an average tortuosity of 1.79. The void fraction was 498 

0.21, as noted above (Table 1). The results are displayed by the dashed curves in Figure 8A-B. 499 

 500 

Figure 8A reveals several differences between the predictions of the VT model and those 501 

obtained by MCell simulations. The VT model predicts a higher percent saturation (based on 10 502 

nM threshold value), a slower binding kinetics (indicated by the longer time to reach the 503 

maximal occupancy, and faster decay kinetics, compared to MCell predictions. Furthermore, the 504 

VT model reaches saturation conditions after two releases with 50 ms spike interval (Figure 8B) 505 

- a level not reached in MCell simulations even after four spikes with inter-spike interval 506 

shortened to 30 ms (Figure 8C). Finally, the VT model cannot capture the variations in [DA]local 507 

depending on the AZs (or their specific structure or nearby DAT density). 508 

 509 

Phasic firing favors high transient levels in [DA] while retaining the average 510 

[DA]EC 511 

 512 

We investigated the effect of distinctive release patterns, tonic and phasic (Goto et al., 2007), on 513 

DA reuptake efficiency. Tonic firing was implemented as random spikes generated from a 514 

Poisson distribution at 4 Hz frequency (Dreyer et al., 2010); whereas phasic firing consisted of a 515 

burst phase for 0.25 s at 20 Hz frequency followed by a pause of 1 s (Figure 9A), both yielding 516 

the same average frequency. The time evolution of [DA]EC was examined under those two firing 517 

patterns for five different models: a well-mixed system (Figure 9B), and four spatially realistic 518 
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models derived from image data (Cases 1-4 in Figure 2), which differ in the membrane 519 

distribution of DATs. The cases are (1) uniform (Figure 9C), (2) non-uniform (Figure 9D), and 520 

(3-4) sharply non-uniform with two different localizations of high-density regions (Figure 9E 521 

and F) (see Table 2 for corresponding surface densities). Each panel displays 140 curves, each 522 

corresponding to an independent run. 523 

 524 

Tonic and phasic firing patterns elicit markedly different fluctuations in [DA]EC. Tonic firing 525 

shows irregular fluctuations (left panels in Figure 9B-F and Movie 2), which usually remain 526 

below 60 nM in panels B-D; whereas phasic firing in the same cases (right panels and Movie 3) 527 

easily exceeds 60 nM, especially when the surface density of DATs is non-uniform (panel D). 528 

Sharply non-uniform distributions of DATs (panels E-F) give rise to increased [DA]EC, while the 529 

difference in the fluctuation behavior [DA]EC under tonic and phasic firing persists. These results 530 

suggest that phasic firing could more readily favor low-affinity DA receptor activation, even 531 

though the average [DA]EC values over the entire duration of simulations are comparable (Table 532 

4), consistent with the same average firing frequency shared between the five cases.  533 

 534 

A closer examination of the transient DA levels within the synaptic region reveals the difference 535 

between phasic and tonic firing. We defined [DA]syn as the transient DA level within a sphere of 536 

0.5 m radius centered at a release site, and examined [DA]syn following a single release event.  537 

Figure 10 displays the mean (central dark curve) and the standard deviation (light curves and 538 

shade) in [DA]syn for tonic (A and C) and phasic (B and D) firing, under uniform (Case 1) (A and 539 

B) and non-uniform (Case 2) (C and D) distributions of DATs. Similar to the results for the 540 

overall EC (synaptic and extra-synaptic) region (Figure 9C-D), phasic firing temporarily leads 541 

to a higher accumulation of DA in the synapse compared to tonic, which, can more readily 542 

activate the high-affinity DA receptors (the dashed line indicates the threshold concentration, 10 543 

nM, for their activation).  544 

 545 

Finally, we computed the fractional occupancy of low-affinity receptors (Casado et al., 546 

2009;Vivo et al., 2006) during the burst and pause periods of phasic firing, and overall period of 547 

tonic firing.  The results summarized in Table 5 show that the probability of reaching the 548 

threshold DA level of 1 M for binding low-affinity DA receptors is enhanced by a factor of 2 to 549 
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5 in the burst phase of phasic firing, compared to tonic firing. Further computations by adopting 550 

a Michaelis-Menten type occupancy model with half-maximal substrate concentration (Km) of 10 551 

nM for high-affinity receptors and 1 M for low-affinity receptors confirmed the same behavior. 552 

In the latter model, the occupancy of DA receptors as a function of [DA]local is given by 553 

, and the results in the last column of the Table 5 are obtained upon 554 

integration over snapshots at 1 s intervals in 140 trajectories.   555 

 556 

Non-uniform surface distribution of DATs is a major modulator of the 557 

strength and intensity of DA signaling 558 

 559 

Results in Figure 9 and Table 4 reveal the strong dependence of DA clearance efficiency on 560 

DAT surface distribution. DA reuptake is significantly more efficient with a uniform surface 561 

distribution of DATs than with a nonuniform distribution, as evidenced by the relative heights of 562 

the peaks at low concentrations in the histograms displayed in Figure 9G-H and the average 563 

[DA]EC values listed in Table 4. We investigated the differences among well-mixed, simple 564 

spatial (ellipsoid), and complex realistic geometries while keeping the EC volume, surface area 565 

and total density of DAT fixed. Results suggest that the approximation of the axonal morphology 566 

by a simplified (ellipsoidal) geometry yields results comparable to those predicted by a well-567 

mixed model. Inclusion of realistic geometry, on the other hand, leads to a broad range of results 568 

depending on the specific AZ (Figures 7-8) and on the surface distribution of DATs (Figure 9G-569 

H).  570 

 571 

The most efficient clearance is observed in MCell simulations with uniform distribution of DAT. 572 

The bimodal distribution of DATs, on the other hand, shows a distinctive distribution of [DA]EC 573 

skewed toward higher concentrations, or a significantly suppressed DA reuptake efficiency, as 574 

can be seen more clearly in the insets, irrespective of the firing pattern (Figure 9G-H). This 575 

effect becomes more pronounced with increasing heterogeneity of DAT distribution, i.e., going 576 

from Case 2 to Cases 3 and 4.  577 

 578 
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We analyzed the peak heights and widths in Figure 9B-F, for a more critical assessment of the 579 

duration and intensity of excitatory stimulation induced in response to the two firing patterns, 580 

and under different spatial distributions of DATs. The results in Figure 11 confirm that DAT 581 

spatial distribution is a major determinant of dopaminergic signaling strength and duration, while 582 

the effect of different firing patterns is moderate. In particular, the histograms of the peak widths 583 

in panels A-B, and peak heights in panels C and D clearly show that bimodal DAT distribution 584 

(black and magenta curves) leads to more sustained and stronger excitations compared to 585 

uniform (or well-mixed) cases (green and blue curves), originating from less efficient removal of 586 

DA. Note that the bimodal distribution was selected to mimic the physiological density 587 

heterogeneities observed in high-resolution images (Figure 1 and Table 2). The effect of DAT 588 

density heterogeneity, manifested by an overall suppression in DA reuptake is further 589 

accentuated in sharply heterogeneous distributions of DATs (Cases 3 and 4). The most probable 590 

peak heights in those cases are of the order of hundreds of nM and may result in neurotoxicity. 591 

Taken together, these results demonstrate that heterogeneity of DAT density can modulate DA 592 

signaling.  593 

 594 

A comparison between Cases 3 and 4 further shows that the placement of DATs in the close 595 

neighborhood of the AZs does not increase clearance. The diffusion of DA is fast enough to 596 

sample extra-synaptic regions and the localization of DATs with respect to the AZ has a minimal 597 

effect. These results suggest that the mechanism of local clearance as envisioned by the 598 

gatekeeper model (Rothstein et al., 1994) does not necessarily increase reuptake efficiency.  599 

 600 

To examine the change in DA reuptake behavior possibly induced by DAT 2D displacement, we 601 

repeated the simulations by allowing DAT 2D diffusion with a coefficient of 3x10-10 cm2/s on 602 

the plasma membrane (Figure 12). Comparison of the initial and final (at the end of 10 s 603 

simulations) averaged over 140 independent runs showed that no significant change occurred in 604 

the position of DATs, due to the slow diffusion of DATs compared to the time scale of 605 

simulations. Overall, these results show that increasing heterogeneity in the surface distribution 606 

of DAT leads to lower DA clearance efficiency and/or stronger and more sustained signaling.   607 

 608 

 609 
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Discussion 610 

Overview 611 
 612 
In the present study, we reconstructed in silico the 3D structure of DA terminals, the location of 613 

AZs and the spatial distribution of DATs based on EM and fluorescence microscopy data with 614 

transgenic mice (Block et al., 2015), and conducted a series of MCell simulations under different 615 

conditions. We determined the spatiotemporal distribution of DA molecules in the synapse and 616 

extra-synaptic regions in response to different firing patterns and in the presence of different 617 

surface distributions of DATs. These simulations show the effects of the synaptic and extra-618 

synaptic morphology, as well as the heterogeneity of DAT surface distribution (as observed in 619 

experiments) on the overall efficiency of DA clearance and on the probability of activating high- 620 

and low-affinity receptors. Heterogeneous distribution of DATs is shown to reduce the clearance 621 

efficiency, the effect being sharper with increased heterogeneity, and not affected by DAT 2D 622 

diffusion on the plasma membrane. While DA dynamics is diffusion-controlled in general, a 623 

global sensitivity analysis indicated that the DA-binding rate of DAT and the relative population 624 

of its outward- and inward-facing conformers in the apo state (denoted as OF and IF) had major 625 

effects on DA reuptake efficiency. Overall the results underscore the utility of conducting 626 

spatiotemporally realistic simulations in elucidating the dependence of dopaminergic signaling 627 

on both the surface distribution and conformational mechanics of DATs. 628 

 629 

Recent MCell simulations of glutamatergic signaling based on EM images of hippocampal 630 

neuropil for investigation of the effect of spatial heterogeneities (Bartol et al., 2015a;Bartol et al., 631 

2015c;Kinney et al., 2013) also indicated the importance of including the microenvironment for 632 

an accurate description of the electrophysiology and biochemistry of neurotransmission events. 633 

No such simulations had been performed for DA neurons to date, mainly due to lack of high-634 

resolution image data of DA terminals for reconstituting in silico the simulation environment. 635 

Recent advances in imaging DA neurons (Block et al., 2015) permitted us to overcome this 636 

barrier.  Furthermore, improved understanding of the structural dynamics of DAT (Cheng and 637 

Bahar, 2015;Cheng et al., 2015;Gur et al., 2017) helped us build a simplified kinetic scheme 638 

(Figure 3) that we adopted in MCell simulations.  639 
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 640 

DA reuptake simulations require spatially extended (~103 m3) structural 641 

models 642 
  643 
The simulation of dopaminergic signaling events presents new challenges compared to that of 644 

neurotransmission in glutamatergic synapses. The transporter cycle rate in the latter case is 645 

around 35 glutamate molecules per second per glutamate transporter, whereas the rate in 646 

dopaminergic neurons is 1-5 DA molecules per second per DAT (Povlock and Schenk, 647 

1997;Prasad and Amara, 2001;Wadiche et al., 1995;Rice et al., 2011). Thus, simulation of DA 648 

clearance requires longer computing times. In addition, glutamate transporters are localized in 649 

pre- and post-synaptic regions and mostly in the surrounding glia in the close neighborhood of 650 

the AZ (Danbolt, 2001;Seal and Amara, 1999). DATs, on the other hand, are preferentially 651 

located in the extra-synaptic regions of the axons and dendrites and most of the reuptake events 652 

take place at distal sites from the AZs (Block et al., 2015;Nirenberg et al., 1996;Rice et al., 653 

2011). Realistic simulations of such spatially distributed events require the adoption of model 654 

systems composed of multiple synapses, multiple AZs, and heterogeneous distributions of 655 

multiple DAT clusters. We reconstructed in silico a relatively large (10 μm x 10 μm x 7.2 μm) 656 

striatal region.   657 

 658 

Spatial irregularities and hindrance in the interstitial region between 659 

neurons limits DA receptor activation  660 

 661 

Our simulations show that under conditions that reproduce physiological levels of DA and 662 

turnover rates (Beuming et al., 2008;Prasad and Amara, 2001;Rao et al., 2013), the complex 663 

geometry of DA terminals modulates the occupancy of high-affinity DA receptors to below 664 

100%, even under sustained, elevated stimulation conditions (Figure 8A-C), consistent with the 665 

concept of a dead-space (Kamali-Zare and Nicholson, 2013). In contrast, less detailed partial 666 

differential equation models (Dreyer et al., 2010) and algebraic models (Cragg and Rice, 2004) 667 

predict full occupancy of high-affinity receptors under the same conditions. This difference 668 
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invites attention to the effect of EC spatial irregularities on dopaminergic signaling efficiency in 669 

the brain (Sykova and Nicholson, 2008). 670 

 671 

Heterogeneous surface distribution of DAT reduces the effectiveness of DA 672 

clearance 673 

 674 

EM and fluorescence images showed that the distribution of DAT is heterogeneous in different 675 

parts of the striatum (Block et al., 2015). Recent studies indicate that the population of DATs 676 

may vary depending on the membrane curvature (Caltagarone et al., 2015)  . Notably, selected 677 

DAT mutants that have disrupted OF conformations do not accumulate in filopodia, suggesting 678 

that  access to the OF/OF* state may be a prerequisite for DAT to populate the filopodia 679 

(Caltagarone et al., 2015). Further examination showed that binding of cocaine and its 680 

fluorescent analog JHC1-64 also alters the plasma membrane distribution of both wild type and 681 

mutant DATs. Cocaine binding arrests DAT in the OF state, and cocaine-bound DATs 682 

predominantly localize in the filopodia (Ma et al., 2017). Likewise, zinc binding, also known to 683 

stabilize the OF state, led to an increase in the level of DAT mutants in the filopodia. These 684 

observations suggest that the membrane curvature is a determinant of DAT clustering, with the 685 

convex shape of the filopodia favoring the localization of OF DATs. Furthermore, clustering of 686 

OF DATs could remodel the membrane to induce an overall outward bending (Ma et al., 2017). 687 

The present study suggests that such targeting of axonal protrusions by OF DATs, along with 688 

their membrane remodeling capacities, may regulate DA reuptake.   689 

 690 

The total number of DAT molecules was sufficiently large in current simulations (around 691 

200,000) to ensure normal DA clearance consistent with physiological levels. However, 692 

simulations repeated with the same number of DATs distributed non-uniformly on the neuronal 693 

membranes showed a reduction in reuptake capacity that became more pronounced with 694 

increasing surface density heterogeneity. The surface distribution of DATs indeed emerged as a 695 

major determinant of the efficiency of reuptake, or conversely, the strength and duration of 696 

excitatory signaling (Figures 9 and 11).  697 

 698 
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In principle, one might expect that the increased population of DATs in dense regions would 699 

counterbalance the effect of lower surface area coverage on DA reuptake efficiency. However, 700 

DA diffuses fast enough to escape from these dense regions after a few encounters resulting in 701 

reduced DA reuptake. These observations further support the importance of adopting a realistic 702 

representation of the heterogeneity of DAT surface distribution, especially with low copy 703 

numbers of neurotransmitters, for a realistic assessment of DA reuptake capacity.  704 

 705 

Firing patterns determine the relative levels of inhibitory vs. excitatory 706 

responses  707 

 708 

Our simulations revealed that the average [DA]EC exhibited little dependence on firing pattern, 709 

provided that the average firing frequency was maintained, but the local levels within a synapse, 710 

or close to DA release sites exhibited strong dependencies. The size of the fluctuations Δ[DA] in 711 

DA levels were relatively small in tonic firing, but large in phasic firing, especially at the burst 712 

phase and under sustained phasic firing (Figure 9B-F). Low-affinity DA receptors need two 713 

orders of magnitude larger DA concentrations than high-affinity receptors to get activated. As a 714 

result, the activation of low-affinity receptors is limited, if not unlikely, with tonic firing (Table 715 

5). Phasic firing, on the contrary, induces a larger variance both in global and local DA 716 

concentrations, and is 2 to 5 times more likely to activate low-affinity receptors during the burst 717 

phase of DA signaling (Table 5). Previous work showed that the D1 receptors are mostly 718 

localized at the post-synaptic membrane (Cadet et al., 2010); and our simulations show that only 719 

those low affinity receptors localized near the synapse can be activated.  In the case of high-720 

affinity receptors, on the other hand, proximity to release site is not a requirement for being 721 

activated; high-affinity receptors located on distal regions may be equally activated.  722 

 723 

DA receptors regulate the activity of DA neurons. One distinction between high- and low-724 

affinity DA receptors is the type of response they elicit in the cell, inhibitory or excitatory 725 

(Keeler et al., 2014), following their activation upon DA binding. D1-like receptors, which are 726 

usually low affinity receptors, are involved in excitatory signaling; whereas D2-like receptors 727 

trigger inhibitory signaling processes. High affinity receptors may be activated by both phasic 728 
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and tonic firing. However, our simulations suggest that low-affinity receptors would be rather 729 

activated upon phasic firing. 730 

 731 

Among D2-like receptors, D2 autoreceptors are known to be key regulators of DA transmission, 732 

located on most axon terminals (Ford, 2014).  While D2-like receptors are usually high-affinity 733 

receptors, D2 autoreceptors exist in both high- and low-affinity states, and recent studies indicate 734 

that the functionally relevant D2-autoreceptors are predominantly in low-affinity state.  Their 735 

inhibitory action is particularly important to suppressing DA release from presynaptic cell under 736 

prolonged burst of action potentials. They suppress DA release in the striatum by several 737 

mechanisms, e.g. by inhibiting the voltage-gated calcium channels that trigger exocytotic DA 738 

release, or increasing DAT activity or surface expression (Ford, 2014). Previous studies 739 

suggested that tonic firing does not raise [DA]EC to levels sufficiently high to activate those 740 

receptors activate D2-autoreceptor mediated DAT regulations (Beckstead et al., 2007;Ford, 741 

2014). The low probability of binding low-affinity receptors under tonic firing demonstrated in 742 

the present simulations is consistent with the functioning of D2-autoreceptors as low-affinity 743 

receptors.  744 

 745 

A previous model modified the probability of DA release upon an action potential according to 746 

high-affinity receptor occupancy (Dreyer and Hounsgaard, 2013). In our current model, receptor 747 

occupancy has not been coupled to DA release and reuptake. However, our modeling framework 748 

allows for implementing a mechanistic model that incorporates the mediation of DA release and 749 

DAT expression by D2-autoreceptors. Such an extension may be key to improved interpretation 750 

of DA reuptake dynamics at longer time scales and under disease states.  751 

 752 

The modeling framework is extensible to analyzing the effect of 753 

psychostimulants on DA reuptake dynamics 754 

 755 

DAT kinetics is often described by the alternating access model (Vaughan and Foster, 2013). 756 

Most cell-level models of DA transport at the cellular level assume an immediate transition from 757 

IF to OF state right after DA release to the cell interior (Cragg and Rice, 2004;Rice and Cragg, 758 

2008;Sulzer et al., 2016) and the transition from OF to IF in the unbound form is not explicitly 759 
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considered. In contrast, molecular simulations revealed a complex dynamics (Cheng and Bahar, 760 

2015), which we reduced to a 4-state kinetic model (OF, IF, OF* and IF*). The translocation and 761 

release events after substrate binding are much faster compared to the return of apo IF state to 762 

OF state, and succeeding substrate binding event which depends on prior probabilities of 763 

encounters between DAT and DA molecules. These features result in short lifetimes for the 764 

bound forms of DAT and the dominance of the relative populations of the unbound OF and IF 765 

states in determining the overall clearance rate (Figure 5). In particular, the balance between the 766 

OF and IF states, or the ratio of the associated rate constants, k14/k41, using detailed balance 767 

principle) emerged as a major determinant of reuptake efficiency, as it directly defines the 768 

fraction of reuptake-ready (OF) DATs.  769 

 770 

Previous X-ray crystallographic studies (Penmatsa et al., 2015;Wang et al., 2015) as well as 771 

structure-based simulations (Cheng et al., 2015) have shown how the conformational state of 772 

DAT and substrate binding affinity may change in the presence of different antidepressant and 773 

psychostimulants drugs, such as cocaine and amphetamine (AMPH). Antidepressants usually 774 

arrest DAT in OF state (and the same effect has been observed for the homolog serotonin 775 

transporter in the presence of antidepressants (S)-citalopram or paroxetine (Coleman et al., 776 

2016)), thus preventing the progress of the transport cycle, and causing an increase in EC DA 777 

levels. On the other hand, the occupancy of the Zn++-binding site (Stockner et al., 2013) (by zinc 778 

or other transition metals) reduces the DA binding affinity of DAT (Li et al., 2017). The current 779 

modeling framework can readily be extended to incorporate such effects through suitable 780 

readjustment of kinetic parameters in Figure 3.   781 

 782 

AMPH, on the other hand, appears to be a substrate for DAT that competes with DA for 783 

transport (Zhu and Reith, 2008). AMPH is also known to promote both DA efflux (reverse 784 

transport from the cell interior to the EC region) and DAT internalization (Wheeler et al., 2015). 785 

The current simulations focused on the influx of DA from the EC region to the presynaptic cell 786 

interior, but the modeling framework is readily extensible to simulating DA efflux as well. Other 787 

extensions of the present framework could incorporate the effects of DAT internalization, 788 

membrane polarization (Richardson et al., 2016), or perturbations at the membrane-proximal N-789 

terminal residues (Sorkina et al., 2009). Thus, the present study opens the way to quantitative 790 
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modeling of the effects of antidepressants, psychostimulants, and substances of abuse on the 791 

deregulation of DA signaling. 792 

 793 
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Figure Legends 1015 
 1016 

Figure 1. Reconstruction of the morphology of DA neuronal axons. A, HA-DAT distribution in 1017 
different regions of mouse brain including mid-brain (mb) and striatum (str) acquired from sagittal slices. 1018 
The slices were labeled with HA11 antibody detected with Cy3-conjugated Fab IgG fragments (HA, red). 1019 
Non-specific staining of vasculature (vasc) is also highlighted. White scale bar, 2 mm. B, The maximal 1020 
projection image of the first five (starting 10 m deep from the edge of the slice) confocal sections of the 1021 
3D image from striatal region. The slice labels are same as those in panel A. Green scale bar, 10 m. C, 1022 
The maximal projection of the first five sections of 3D image of the small striatal region, used to 1023 
construct the simulation environment (inset), magnified from panel B. Blue scale bar, 1 μm. D, 3D 1024 
reconstruction of the region shown in C, visualized using CellBlender (Bartol et al., 2015b), an add-on for 1025 
Blender 2.78 (http://www.blender.org). Different colors refer to 13 different axonal varicosities (DA 1026 
terminals). The remaining portions are occupied by cells that do not express DAT. The location of six 1027 
AZs are shown by the labels 1-6. The dashed line indicates an AZ that is not visible from this perspective. 1028 
E, Full isometric view of the simulation box. White circles indicate the locations of three AZs.  1029 
 1030 
Figure 2. Four space-dependent models of different plasma distributions of DATs A-D, distant (left) 1031 
and magnified (right) view of the axon terminals in Cases 1-4. Each color shows a different terminal and 1032 
the red dots represent the DATs. The white regions in A represent the regions with high fluorescence 1033 
intensity and those regions are filled with high density of DATs (red dots), magnified in B, where the 1034 
blue region shows the AZ. The red patches in B-D illustrate high-density regions where approximately 1035 
90% of DATs are clustered. E-H, Distance distribution of DATs to closest AZ center, from 140 1036 
independent simulations.  1037 
 1038 
Figure 3. Schematic representation of the sequence of events occurring during the transport cycle 1039 
of DAT.  A succession of four major states is observed in MD simulations: unbound and DA/ion-bound 1040 
outward-facing states (OF and OF*) followed by unbound and bound inward-facing states (IF and IF*). 1041 
The corresponding hydration patterns (water molecules in white and pink spheres) and interactions of 1042 
intra-cellular and extra-cellular gating residues (R85-D476 and R60-D436, respectively, in stick 1043 
representation) are displayed. Green arrows indicate the transitions that were observed and evaluated in 1044 
molecular simulations (see Table 2). The events indicated by the red arrows were unlikely (k21) or not 1045 
observed (k32 and k43) in MD runs. Curved arrows refer to the binding or unbinding of DA (purple, space 1046 
filling), co-transported Na+ ions Na1 and Na2 (yellow spheres), and the chloride ion (blue sphere). 1047 
 1048 
Figure 4. Results from global sensitivity analysis performed for kinetic parameters representing 1049 
DAT conformational dynamics. Yellow dots represent the default parameters used in the present study, 1050 
and blue dots show the results obtained by using as input random combinations of the parameters (k12, k23, 1051 
k34, k41 and k14) and their ratios. Results for k34, which are very similar to those for k23, are not shown. The 1052 
red curves indicate the mean values and the standard error for successive bins of width 0.5. The Spearman 1053 
correlation coefficient are -0.71, 0.01, -0.01, -0.44, 0.44, 0.63 and -0.48, in the six respective panels. 1054 
 1055 
Figure 5. Time evolution of DA concentration and DAT conformational states averaged over 140 1056 
independent MCell runs A, Extracellular DA concentration, [DA]EC, averaged over 140 runs. The average 1057 



35 
 

 35 

concentration reached under steady state conditions is 7.8 nM, and the standard deviation of the 1058 
concentration is indicated by the shaded region is [DA]EC ≈ 10. B, The number of DAT molecules, in 1059 
the unbound inward- or outward-facing state (IF: red; OF; blue), denoted as N(IF) and N(OF), 1060 
respectively, as a function of time. C-D, The average numbers DATs in substrate-bound OF* and IF* 1061 
states, N(OF*) and N(IF*), respectively. The light blue bands show the variance observed in multiple 1062 
simulations.  1063 
 1064 
Figure 6. Snapshots from MCell simulations of DA release and reuptake by DATs on DA terminals. 1065 
Snapshots from an equilibration simulation of 1s, initiated by a release event at t = 0, and followed by AP 1066 
firings at 4 Hz frequency are displayed, visualized using Blender. Color code: red, DA; white, OF DAT; 1067 
green, IF DAT. The purple region shows an axon terminal that is inactive during the simulations. 1068 
Initially, all DATs are in the OF state (panel A). A release event at 1 ms is shown in panel B, and another 1069 
at 5 ms (panel C), where most of the DATs reside in the OF state. DA molecules diffuse to extra-synaptic 1070 
regions in less than 10 ms.  Panel D illustrates the high population of DATs in the IF state reached around 1071 
700 ms.  1072 
 1073 
Figure 7. Time evolution of DA levels in the EC region following a single release event in different 1074 
AZs. A, Time evolution of EC DA levels within a spherical shell of inner radius ri = 1 m and outer 1075 
radius ro = 2.5 m centered at the AZ or top of the ellipsoid for six different AZs and ellipsoid geometry 1076 
with same volume and surface area. (labeled AZ1-AZ6 and ellipsoid, shown in different colors and 1077 
patterns; see inset labels). B-C, Local concentration of DA within spherical regions of radius 0.5 m 1078 
(blue) and within spherical shells of 0.5 ≤ r < 1 m (red), 1 ≤ r < 2.5 m (green), and 2.5 ≤ r < 5 m 1079 
(black), near AZ4 (B) and AZ6 (C), as labeled. 1080 
 1081 
Figure 8. Expected fractional occupancy (or percent saturation) of DA high-affinity receptors in 1082 
response to successive releases. Fractional occupancy as a function of time is based on the probabilistic 1083 
occurrence of saturation conditions ([DA]local ≥ 10 nM) in the synaptic region associated with each AZ. 1084 
Results are shown for different AZs (as labeled) in response to A, Single release; B, two releases with 50 1085 
ms inter-spike interval; and C, four releases with 30 ms inter-spike intervals. Results from the VT model 1086 
are shown for comparison in A and B. 1087 
 1088 
Figure 9. Comparative analysis of global EC DA levels under different firing patterns and the effect 1089 
of the complexity of cell geometry and the heterogeneity of DAT surface density. A, Schematic 1090 
description of the firing patterns: tonic (upper bar) and phasic (lower bar). Each color represents a 1091 
different firing frequency. Tonic firing has a constant vesicular release frequency of 4 Hz throughout the 1092 
complete duration of the simulations (here shown for 4s).  Phasic firing has burst periods of 0.25 seconds 1093 
with a firing frequency of 20 Hz separated by pauses of 1s. B-F, Time evolution of [DA]EC for five 1094 
models: well-mixed (background colored red); MCell with uniform distribution of DATs (background in 1095 
green); MCell with nonuniform distributions of DATs (Cases 2- 4 in Figure 2) (background in blue, 1096 
magenta and gray, respectively), presented for tonic (left) and phasic (right) firing patterns. Each panel 1097 
displays the results from 140 individual trajectories from independent runs. G-H, Probability distributions 1098 
of log [DA]EC level observed in different runs, shown for tonic (G) and phasic (H) firing patterns. The 1099 
respective insets show the behavior in the range log[DAEC/nM] > 1.5. Results for ellipsoid geometry are 1100 
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presented in cyan. The principal semi-axis lengths of the ellipsoid are 8.73, 1.44 and 4.36 ms which 1101 
yield same surface area and volume with the realistic geometry.  1102 
 1103 
Figure 10. Time evolution of DA level in the synapse following a release event. Panels A-D show 1104 
[DA]syn as a function of time for tonic (left) and phasic (right) firing, under uniform (top) and non-1105 
uniform (bottom) distribution of DATs. The mean and variation in [DA]syn within 1 m collected from 1106 
140 independent runs are displayed. Results are shown for the time interval 2.5 – 3.75s as a single firing 1107 
block, representative of dynamic equilibrium reached under stationary conditions. The thick line in the 1108 
middle of cloud is the mean value over all runs, and the cloud represents the standard deviation, 1109 
highlighting the large fluctuations in the synaptic DA levels.  1110 
 1111 

Figure 11. Distribution of peak heights and widths for EC DA levels.  Results are presented for four 1112 
different types of DAT distribution on the plasma membrane, in addition to the well-mixed case. The 1113 
curves are color-coded, as labeled.  The probability distributions of peak widths (A and B) and peak 1114 
heights (C and D) are presented for tonic (tonic) and phasic (bottom) firing patterns.  1115 
 1116 
Figure 12. Probability distributions of [DA]EC level under lateral DAT diffusion, shown for A, tonic 1117 
(top) and Green, blue and red colors represent uniform DAT distribution, nonuniform DAT distribution 1118 
and nonuniform DAT distribution with lateral diffusion of DAT. B. Probability distributions of DAT 1119 
distances to closest AZ from 140 independent simulations for the nonuniform DAT distribution with (red) 1120 
and without (blue) lateral diffusion. 1121 
  1122 
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 1123 
 1124 

Movie Legends 1125 
 1126 
Movie 1 DA release, diffusion and reuptake events in the presence at the early (equilibration; 1127 
100s of milliseconds) and later (up to 4 s) of MCell simulations. Color code: Red – dopamine, 1128 
Green – Inward facing DAT, White – Outward facing DAT. For the first 10 ms, inter-frame time 1129 
interval is 1 ms; between 10 and 1000 ms, it is 10 ms; in the rest, 100 ms. To emphasize release 1130 
events, the frequency of snapshots is reduced between 3.5 s to 4 s. Multiple release events are 1131 
observed, including one at 3.8 s where a close-up view of the corresponding AZ is displayed. 1132 
 1133 
Movie 2 – Dynamics of DA molecules and time evolution of [DA]EC under tonic firing. Same 1134 
color code as in Movie 1. The total duration of the movie is 5 seconds. The bottom plot displays 1135 
the time evolution of [DA]EC during the course of simulations. 1136 
 1137 
Movie 3 – Dynamics of DA molecules and time evolution of [DA]EC under phasic firing. Same 1138 
color code as in Movie 1. The time span of the movie is 5 seconds.  1139 
 1140 
 1141 

Extended Data Legend 1142 
 1143 
 1144 
Extended Data 1. Code – MCell models are described by mdl files. Mdl files are modular and 1145 
information related to geometry, molecules, reactions, surface types, release events and output 1146 
are given in the code. Input files could be modified using any text editor. The main file needs to 1147 
be executed with MCell. A directory with name react_data and viz_data are created which 1148 
contains the simulation output described in the input files.   1149 
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Tables 1150 
 1151 

Table 1. Geometric characteristics of axon terminals reconstructed(1) for simulations.  1152 
 1153 

Subsystem V( m)3 Surface area ( m)2 Available(3) Surface area ( m)2 

D
A

 a
xo

ns
 

Terminal 1 1.22 6.8 5.47 

Terminal 2 24.63 59.47 53.83 

Terminal 3 3.53 20.18 18.03 

Terminal 4 15.84 56.33 51.11 

Terminal 5 4.72 25.14 25.14 

Terminal 6 1.71 10.12 10.12 

Terminal 7 0.82 5.57 5.57 

Terminal 8 2.04 12.94 12.94 

Terminal 9 15.32 46.86 39.08 

Terminal 10 15.18 58.65 55.5 

Terminal 11 3.85 18.99 18.98 

Terminal 12 9.69 34.31 31.75 

Terminal 13 2.58 12.35 9.64 

Total for all terminals 101.03 367.71 337.16 
 

Non-DA expressing cells 
 

463.62 1058.00 0 

DA axons+ other cells 564.65 1425.71 337.16 
Available EC volume(2) 155.35 

(1) Using experimental data from Block et al (2015) 1154 
(2) Obtained by subtracting 564.65 from 720 m3 (for the simulation box of 10 x 10 x 7.2 m3)  1155 
(3) Excluding those at the simulation box boundaries 1156 

  1157 
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 1158 
Table 2. Parameters and properties used in MCell simulations  1159 

Parameter Value Unit 
DA diffusion coefficient(a) 4.00 x 10-6 cm2/s 
Vesicle release probability(b) 0.06  
Average firing rate of DA neurons(c) 4.00 Hz 
# of DA released per release event (d) 3,250  
OF  OF* rate constant (k12) (e) 9.60 x 106 M-1s-1 
OF*  IF* rate constant (k23) (e) 20.00 s-1 
IF*  IF rate constant (k34) (e) 5.00 s-1 
IF ↔ OF forward rate constant (k41) (e) 2.00 s-1 
IF ↔ OF reverse rate constant (k14) (e) 8.00 s-1 
Total axonal surface area(f)       337.16  m2 
Uniform DAT surface density, (DAT) (f, g) 800  1/μm2 
High DAT surface density, h (DAT) (f, h) 6,339  1/μm2 
Low DAT surface density, l(DAT) (i) 50  1/μm2 
Very high DAT surface density, h2(DAT) (j) 30,000 1/μm2 
DA density of neurons, IDA  9.3  g/cm3 
Ratio of the total DA released per AP, R 0.05%  
Density of DA terminals, term 0.104  1/ m3 

(a)From reference (Rooney and Wallace, 2015);  (b)reported in (Dreyer et al., 2010); 1160 
(c)see (Dreyer et al., 2010); (d) see (Pothos et al., 1998); (e)estimated from molecular 1161 
computations; (f)derived from Block et al (2015). (g) Case 1 in Figure 2; (h) High-1162 
density region in Case 2; see Figure 2; (i) Low-density region in Cases 2-4; (j) Very-1163 
high-density region in Cases 3 and 4. 1164 

 1165 
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Table 3. Structural properties near AZs(*) 1189 

Active Zone Void Fraction Tortuosity Distance to closest DAT( m) 

1 0.35 1.22 0.20 

2 0.22 1.38 0.21 

3 0.20 1.56 0.24 

4 0.31 1.28 0.20 

5 0.37 1.36 0.89 

6 0.36 1.23 1.22 

 (*) (within a spherical region of 2.5  radius centered around the release site 1190 
  1191 
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 1192 
Table 4. [DA]EC values (mean ± SEM) under different conditions.  1193 

  [DA]EC ±  [DA]EC (nM) 

Space DAT distribution Tonic Phasic 

 Well-mixed DA(a) 8.16±0.92 8.29±1.41 

 Ellipsoid geometry 8.21±0.85 8.33±1.44 

Case 1 

Complex space 

Uniform(b) 7.54±0.86 6.93±1.92 

Case 2 Nonuniform(c) 16.59±1.26 14.19±2.44 

Case 3 Sharp bimodal(d) 33.12±3.13 29.65±4.49 

Case 4 Sharp bimodal(d) 32.49±2.86 32.89±3.68 
(a) Space/structure-independent. All other cases are in realistic DA neuronal geometry 1194 
(b) DAT densities for uniform and nonuniform (bimodal) distributions; see Table 2 1195 
(c) Case 2 ( h = 6339/ m2 and l = 50/ m2) 1196 
(d) Cases 3 and 4 ( h = 30,000/ m2 and l = 50/ m2; see Figures 2 and 11) 1197 

 1198 

  1199 
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 1200 
Table 5 –Percentage of high- and low-affinity DA receptors that can potentially bind DAs (*) 1201 

System Properties 

 
Percent probability of DA binding to  

DA receptors  
 
 

DAT 
distribution 

DA 
receptor 

type 

Firing pattern  
and stage 

based on saturation 
threshold levels 

based on Michaelis-
Menten kinetics  

Uniform 
(Case 1) 

High 
affinity 

Tonic 40.26 45.98 
Phasic Burst  45.09 51.80 
Phasic Pause  4.54 50.07 

Low 
affinity 

Tonic 0.40 2.22 
Phasic Burst  1.10 4.64 
Phasic Pause  0.06 1.92 

Nonuniform 
(Case 2) 

High 
affinity 

Tonic 71.14 63.84 
Phasic Burst  65.88 62.70 
Phasic Pause  72.05 64.5 

Low 
affinity 

Tonic 0.35 3.47 
Phasic Burst  1.97 5.47 
Phasic Pause  0.03 2.97 

 (*) The burst period is between 2.5 s and 2.75 s after DA release, and the pause between 2.75 and 1202 
3.75 s (see Figure 10). 1203 


























