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Abstract  31 
Dopamine is known to differentially modulate the impact of cortical input to the 32 

striatum between the direct and indirect pathways of the basal ganglia (BG). 33 

However, the role of extrastriatal dopamine receptors (DRs) in BG information 34 

processing is less clear. To investigate the role of extrastriatal DRs we studied their 35 

distribution and function in one of the output nuclei of the rodent’s BG, the 36 

entopeduncular nucleus (EP). qRT-PCR indicated that all DR subtypes were 37 

expressed by EP neurons, suggesting that both D1-like receptors (D1LRs) and D2-like 38 

receptors (D2LRs) were likely to affect information processing in the EP. Whole-cell 39 

recordings revealed that striatal inputs to the EP were potentiated by D1LRs whereas 40 

pallidal inputs to the EP were depressed by D2LRs. Changes to paired-pulse ratio 41 

(PPR) of inputs to the EP suggested that dopaminergic modulation of striatal inputs is 42 

mediated by postsynaptic receptors, and that of GP evoked inputs are mediated by 43 

presynaptic receptors. We show that these changes in synaptic efficacy changed the 44 

information content of EP neuron firing. Overall, the findings suggest that the 45 

dopaminergic system affects the passage of feedforward information through the BG 46 

by modulating input divergence in the striatum and output convergence in the EP. 47 
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Significance statement 48 

The entopeduncular nucleus (EP), one of the basal ganglia (BG) output nuclei, is an 49 

important station in BG information processing. However, it remains unclear how EP 50 

neurons encode information, and how dopamine affects this process. This contrasts 51 

with the well-established role of dopamine in the striatum which is known to 52 

redistribute cortical input between the direct and indirect pathways. Here we show 53 

that in symmetry with the striatum, dopamine controls the rebalancing of information 54 

flow between the two pathways in the EP. Specifically, we demonstrate that dopamine 55 

modulates EP activity by modulating striatal and pallidal GABAergic inputs. These 56 

results call for a reassessment of current perspectives on BG information processing 57 

by highlighting the functional role of extrastriatal dopamine receptors.   58 
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Introduction  59 
The classical model of the basal ganglia (BG) posits that dopaminergic modulation of 60 

the input stage of these nuclei (cortico-striatal transmission) is responsible for 61 

balancing the information flow between the direct and indirect pathways (Gerfen and 62 

Surmeier, 2011) which leads to the modulation of learning, reward signaling and the 63 

execution of motor actions (Beninger, 1983; Schultz et al., 1992; Nakahara et al., 64 

2004; Wickens et al., 2007). However, dopaminergic innervation and dopamine 65 

receptors are present in many other structures of the basal ganglia, such as the globus 66 

pallidus (GP), the substantia nigra pars reticulata (SNr) and the EP (Lindvall et al., 67 

1974; Beckstead et al., 1979; Yung et al., 1995; Rivera et al., 2003; Fuchs and 68 

Hauber, 2004; Kliem et al., 2010; Mitkovski et al., 2012). Nigral dopaminergic axons 69 

innervating the striatum form collaterals in the EP and GP (Smith et al., 1989; Caille 70 

et al., 1996; Gauthier et al., 1999; Bolam et al., 2000; Watabe-Uchida et al., 2012), 71 

thus suggesting a concurrent modulation of multiple basal ganglia nuclei by the same 72 

neurons. However, the role of dopamine in shaping extrastriatal integration and 73 

consequently the output of the basal ganglia remains unclear (Rommelfanger and 74 

Wichmann, 2010).  75 

The EP, the rodent equivalent of the primate GPi, a major output nucleus of the BG, is 76 

a key structure in the process of action selection. Dendrites of single EP neurons are 77 

innervated by GABAergic axons of striatal spiny projection neurons (SPNs) whereas 78 

the soma of these neurons is innervated by GABAergic axons arriving from the GP 79 

(Nagy et al., 1978; Bolam and Smith, 1992). Thus, individual EP neurons directly 80 

process information stemming from both the direct and indirect pathways. 81 

Functionally, the GABA concentration in the EP is affected by dopaminergic agonists 82 

and antagonists (Floran et al., 1990; Aceves et al., 1995; Kliem et al., 2007). 83 
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Following dopamine depletion, the firing rate, firing pattern and entropy rate of EP 84 

neurons change (DeLong, 1990; Filion and Tremblay, 1991; Ruskin et al., 2002; 85 

Darbin et al., 2015). Anatomically, the EP is a bottleneck for information flow in the 86 

basal ganglia (Bar-Gad et al., 2000). In rats, the striatum consists of 2.8 million 87 

neurons, the GP consists of 45,000 neurons, whereas the EP consists of only 3000 88 

neurons (Oorschot, 1996). This extensive anatomical reduction through BG stations is 89 

a clear indication that feedforward information from the cortex is subjected to massive 90 

reduction that leads to a highly compact representation of cortical information before 91 

being expanded back to the cortex via the thalamus (Bergman et al., 1998). This 92 

funnel-like structure accounts for the large global impact of any modulation of 93 

information at the EP bottleneck.  94 

Based on these converging anatomical, theoretical and functional findings we 95 

hypothesized that dopamine plays a key role in the convergence of the pathways into 96 

the EP in addition to its role in their divergence from the striatum. Here we tested this 97 

hypothesis using qRT-PCR, whole-cell patch-clamp recordings, and numerical 98 

modeling.  99 
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Materials and methods 100 

Animals 101 

All procedures were approved and supervised by the Institutional Animal Care and 102 

Use Committee and were in accordance with the National Institutes of Health Guide 103 

for the Care and Use of Laboratory Animals and the Bar-Ilan University Guidelines 104 

for the Use and Care of Laboratory Animals in Research. This study was approved by 105 

the Israel National Committee for Experiments in Laboratory Animals at the Ministry 106 

of Health. 107 

Quantitative real time polymerase chain reaction (qRT-PCR) to assess mRNA 108 

expression levels of dopamine receptors. 109 

Five adult female Wistar rats were used for qRT-PCR. Rats were anaesthetized using 110 

isoflurane, followed by an I.M. injection of ketamine HCl (100 mg/kg) and xylazine 111 

HCl (10 mg/kg). Rats were sacrificed by rapid decapitation, the brain was quickly 112 

removed and sagittal slices (400 μm) were cut on an HM 650 V Slicer (MICROM 113 

International GmbH, Germany). The EP or STR was mechanically isolated from the 114 

slice, frozen on dry ice and stored at -80°C until use. RNA was extracted from either 115 

the striatum or EP using a TRIzol Reagent (Ambion, Life Technologies, California, 116 

USA). Complementary DNA (cDNA) was generated using the Revert Aid H minus 117 

first strand cDNA synthesis kit (Thermo Fisher Scientific, Lithuania). RT-PCR 118 

reactions were performed using Fast SYBR Green Master Mix (Applied Biosystems, 119 

California, USA) in a StepOnePlus instrument (Applied Biosystems, California, 120 

USA). Primers were calibrated and a negative control was carried out for each primer 121 

pair. Samples were measured in triplicates and values were normalized to mRNA 122 

levels of β-Actin. Denaturing was performed at 94°C for 30 seconds, annealing for 10 123 

seconds (the temperature for each primer pair is indicated in Table 1), and elongation 124 
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was performed at 72°C for 10 seconds. Quantification was assessed at the logarithmic 125 

phase of the PCR reaction using the 2-ΔΔCT method. 126 

Gene Annealing 

Temperature 

Accession 

number 

Product 

Length (bp) 

Primer Sequences 

DRD1 55°C NM_012546.3 168 Forward: 

5’TCCTTCAAGAGGGAGACGAA 3’  

Reverse:  

5’ CCACACAAACACATCGAAGG 3’ 

DRD2 58°C NM_012547.1 230 Forward:  

5’ CATTGTCTGGGTCCTGTCCT 3’  

Reverse:  

5’ GCTCTGAAAGCTCGACTGCT 3’ 

DRD3 59°C NM_017140.2 104 Forward:  

5’ GAGCTCCTGTAGACGTGTGG 3’  

Reverse:  

5’ TGGGATCCCCTGTTGTGTTG 3’ 

DRD4 56°C NM_012944.2 166 Forward:  

5’ GTAGTTGGGGCCTTCCTGTA 3’ 

Reverse:  

5’ CGGCATTGAAGATGGTGTAG 3’ 

DRD5 58°C NM_012768.1 146 Forward:  

5’ GTATCATCAGCGTGGACCGT 3’ 

Reverse:  

5’ CCAATTGAGTTGGACCGGGA 3’ 

Actin 56°C NM_031144.3 165 Forward:  

5’ TGTCACCAACTGGGACGATA 3’  

Reverse:  

5’ GGGGTGTTGAAGGTCTCAAA 3’ 

Table 1. Primers used for quantitative real-time-PCR to assess mRNA expression of the 5 127 

subtypes of dopamine receptors and β-actin. 128 

In vitro slice preparation  129 

Brain slices were obtained from 15-21 day old Wistar rats as previously described 130 

(Stuart et al., 1993; Lavian et al., 2013). Rats were killed by rapid decapitation 131 

following the guidelines of the Bar-Ilan University animal welfare committee. The 132 
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brain was quickly removed and placed in ice-cold artificial cerebrospinal fluid 133 

(ACSF) containing (in mM): 125 NaCl, 2.5KCl, 15 NaHCO3, 1.25 Na2HPO4, 2 134 

CaCl2, 1 MgCl2, 25 glucose, and 0.5 Na-ascorbate (pH 7.4 with 95% O2/5%CO2). In 135 

all experiments the ACSF solution contained APV (50 μM) and CNQX (15 μM) to 136 

block NMDA and AMPA receptors, respectively. Thick sagittal slices (320-370 μm) 137 

were cut at an angle of 17 degrees to the midline on an HM 650 V Slicer (MICROM 138 

International GmbH, Germany) and transferred to a submersion-type chamber, where 139 

they were maintained for the remainder of the day in ACSF at room temperature. 140 

Experiments were carried out at 37°C, and the recording chamber was constantly 141 

perfused with oxygenated ACSF. We observed functional connectivity between the 142 

striatum, GP and EP only when the brain was sliced at ~17 degrees to the midline. 143 

Deviating from this angle probably resulted in the severing of the axons leading to the 144 

EP, leading to a lack of synaptic responses when the striatum or GP were stimulated.  145 

In vitro electrophysiology  146 

Individual EP neurons were visualized using infrared differential interference contrast 147 

microscopy. Electrophysiological recordings were performed in the whole-cell 148 

configuration of the patch clamp technique. Recordings were obtained from the soma 149 

of EP neurons using patch pipettes (4–8 MΩ) pulled from thick-walled borosilicate 150 

glass capillaries (2.0 mm outer diameter, 0.5 mm wall thickness, Hilgenberg, 151 

Malsfeld, Germany). The standard pipette solution contained (in mM): 140 K- 152 

gluconate, 10 NaCl, 10 HEPES, 4 MgATP, 0.05 SPERMIN, 5 l-glutathione, 0.2 153 

EGTA, and 0.4 GTP (Sigma, pH 7.2 with KOH). Under these conditions the Nernst 154 

equilibrium potential for chloride was calculated to be -69.2 mV. The reference 155 

electrode was an Ag–AgCl pellet placed in the bath. Voltage and current signals were 156 

amplified by an Axopatch-200B amplifier (Axon Instruments), filtered at 5 kHz and 157 
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sampled at 20 kHz. Current signals were filtered at 2 kHz and sampled at 20 kHz. The 158 

10 mV liquid junction potential measured under the ionic conditions here was not 159 

corrected for. In the voltage clamp experiments the pipettes were coated with Sylgard 160 

(DOW Corning). 161 

Electrical stimulation was applied via a monopolar 2-3KΩ Narylene-coated stainless 162 

steel microelectrode positioned in the dorsal striatum or GP. The anode was an Ag– 163 

AgCl pellet placed in the bath. Stimulation pulses were biphasic 50-500 μA currents 164 

(200 μs cathodal followed by 200 μs anodal phase). Stimulus trains consisted of 10-20 165 

pulses delivered to the striatum or GP at 1-80 Hz. In several experiments the 166 

following drugs were added to the ACSF: R-SCH23390 to block D1 type dopamine 167 

receptors (final concentration 10 μM), sulpiride to block D2 type dopamine receptors 168 

(3 μM). 169 

Experimental Design and Statistical Analyses 170 

All off-line analyses were carried out using Matlab R2013a (Mathworks, 171 

RRID:SCR_001622) and IgorPro 6.0 (WaveMetrics, RRID:SCR_000325) on a 172 

personal computer. Data for each experiment were obtained from at least four rats. All 173 

results for each experiment were pooled and displayed as the mean ± SEM, unless 174 

mentioned otherwise. The peak amplitude of each synaptic response was calculated 175 

after subtraction of the leak current. IPSC latency was calculated as the time from the 176 

end of the stimulation to the onset of current deflection. Spontaneous firing rate and 177 

coefficients of variation (CV) were calculated from recordings that lasted 1 to 5 178 

minutes. The prestimulus average firing rate was calculated from spikes extracted 179 

from continuous recording of a duration equivalent to that of the stimulation period. 180 

Changes in firing pattern were determined through raster plots and changes in spike 181 
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time entropy throughout the stimulation. A paired t-test indicated that the changes in 182 

firing rate and entropy between control conditions and after application of dopamine 183 

antagonists were significant (* p< 0.05 and ** p< 0.01). 184 

Entropy of spike timing was calculated for each evoked IPSP. The time between two 185 

consecutive evoked IPSPs was divided into bins of 10 ms, and the probability of spike 186 

discharge was calculated for each bin. Entropy was calculated using:  187 

(1)      188 

and normalized to the maximal entropy value.  189 

Simulating short-term synaptic plasticity in ionotropic synapses 190 

The mathematical framework used here to simulate short-term plasticity was taken 191 

from (Varela et al., 1997). This model faithfully captures physiological results but 192 

deliberately ignores the biological mechanisms underlying short-term plasticity. It is 193 

assumed that the postsynaptic amplitude, A, relies on three factors: the initial 194 

amplitude A0, the facilitation variable F, and the depression variable D.  195 

(1)      196 

Both F and D were initially set to 1.  197 

The depression variable D was multiplied for each stimulus by a constant d 198 

representing the depression following a single action potential: 199 

 (2)      200 

Since D decreased with each action potential. After each stimulus, D recovered 201 

exponentially to 1 using first order kinetics with a time constant :  202 

(3)      203 
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The facilitation variable F was increased with each stimulus by a constant f 204 

representing the facilitation following a single action potential:  205 

(4)      206 

since F increased with each action potential. F increased but was not 207 

multiplied by f, since multiplication during high frequency stimulation caused F to 208 

grow beyond all biological proportions. After each stimulus F recovered 209 

exponentially to 1 using first order kinetics with a time constant : 210 

(5)      211 

Cellular and Synaptic properties  212 

EP neurons were modeled as leaky integrate and fire (LIF) neurons:  213 

(6)     214 

V is the neuron membrane potential,  is the membrane time constant and was set to 215 

10 ms, Isyn is the synaptic current induced by the activity of STR and GP neurons. 216 

Inoise is a random current injected to induce stochastic spontaneous activity of EP 217 

neurons. When the membrane potential V reached -50 mV, an action potential fired 218 

and V reset to -65 mV. Simulated neurons had an average firing rate of 10-15 Hz and 219 

a CV of 0.8-1. 220 

We modeled striatum-EP synapses as displaying short-term facilitation. Thus, 221 

implementation of these synaptic properties resulted in a simplification of Eq. (1): 222 

(7)       223 

where , (Hanson and Jaeger, 2002; Lavian and Korngreen, 224 

2015). The initial amplitude of the striatal synapses, , was set to 10 pA. 225 

Similarly, the GP-EP synapse was modeled to display short-term depression: 226 
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(8)       227 

 where . The initial amplitude of the pallidal synapses, , was 228 

set to 70 pA. 229 

230 
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Results 231 

Dopamine receptors are expressed by EP neurons. 232 

Our working hypothesis posited dopaminergic modulation of several EP pathways. To 233 

identify these modalities, we first sought to determine the types and distributions of 234 

DRs in the EP. For this purpose, we used qRT-PCR to measure DR mRNA levels 235 

from small EP tissue samples mechanically extracted from brain slices (Figure 1A). 236 

Our qRT-PCR results detected the mRNA of all DR subtypes, indicating that all the 237 

DRs were expressed in the EP. Although all DRs were detected in the EP, the relative 238 

expression of D2R was significantly higher than that of D1R, D3R, D4R and D5R 239 

(n=5, one way ANOVA, F(4,20)=9, p<0.001; Tukey-Kramer post hoc test, p<0.05). To 240 

validate our qRT-PCR procedure, we repeated this analysis on tissue samples from the 241 

striatum (Figure 1B) obtaining results identical to the literature (Araki et al., 2007). In 242 

the striatum, expression of D2R was significantly higher than that of D1R, D3R, D4R 243 

and D5R (one way ANOVA: F(4,20)=274, p<0.001; Tukey-Kramer post hoc test: 244 

p<0.001), and expression of D1R was significantly higher than that of D3R, D4R and 245 

D5R (Tukey-Kramer post hoc test: p<0.01). The detection of mRNA transcripts in the 246 

EP suggested postsynaptic expression of all five DRs by EP neurons, supporting the 247 

notion of a potent effect of dopamine on EP activity.  248 

Dopamine receptors modulate GABAergic input to EP neurons.  249 

Both in-vitro (Floran et al., 1990) and in-vivo (Kliem et al., 2007) studies have 250 

implicated dopamine in the modulation of GABA concentration in the EP, suggesting 251 

that dopamine could modulate GABAergic synaptic transmission. Furthermore, given 252 

the partial symmetry in DR expression levels between the EP and the striatum (Figure 253 

1) we hypothesized that both D1LR and D2LR families would influence GABAergic 254 
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synaptic transmission in the EP. Therefore, we recorded from the somata of EP 255 

neurons using the whole-cell configuration of the patch-clamp technique. A train of 256 

10 pulses at 10 Hz delivered to the striatum induced short term facilitation of the 257 

IPSCs, in line with our previous findings (Lavian and Korngreen, 2015) (Figure 2A- 258 

B). After application of D1LR blocker SCH23390, the amplitude of the first IPSC in 259 

the train decreased from 35±6 to 20±5 pA (n=8, paired t-test, p<0.01; Figure 2A-C). 260 

Application of the D2LR blocker sulpiride did not change the amplitude of the first 261 

IPSC (control: 11.3±2.6 pA, sulpiride: 10.6 ±2.4 pA, paired t-test, p=0.67; Figure 2D- 262 

F, n=5). Thus, we concluded in partial symmetry with the action of dopamine in the 263 

striatum, that D1LRs may amplify direct pathway inputs from the striatum to the EP. 264 

The paired pulse ratio (PPR, IPSC2/IPSC1) of striatal evoked IPSCs was not 265 

significantly changed by application of SCH23390 (control: 1.22±0.04, SCH23390: 266 

1.34±0.13, paired t-test, p=0.3, n=8). This finding suggests that dopamine modulates 267 

striatal synapses via postsynaptic D1LRs. 268 

Next, we investigated the effects of dopamine on GP inputs to the EP. Stimulation of 269 

the GP evoked GABAergic IPSCs with a mean amplitude of 59±6 pA (n=41). When 270 

the GP was stimulated at 10 Hz, the evoked IPSCs showed short-term depression, in 271 

line with previous findings (Kita, 2001; Lavian and Korngreen, 2015) (Figure 3A-B). 272 

Blocking D1LRs with SCH23390 did not change the amplitude of the first IPSC in 273 

the train (control: 62.5±17.9 pA, SCH23390: 62.2 ±19.4 pA, paired t-test, p=0.95; 274 

Figure 3A-C). However, blocking D2LRs with sulpiride increased IPSC from 65±9 to 275 

90±12 pA (n=19, paired t-test, p<0.001; Figure 3D-F). Hence, D2LRs appeared to 276 

depress indirect pathway inputs from the GP to the EP. Moreover, the PPR of GP 277 

evoked IPSCs was significantly decreased by application of sulpiride (control: 278 
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0.68±0.02, sulpiride: 0.6±0.02, paired t-test, p=0.002, n=19). This decrease in PPR 279 

suggests that dopamine acts presynaptically on pallidal synapses in the EP via D2LRs. 280 

Dopamine receptors modulate firing of EP neurons. 281 

Theoretical studies have suggested that short-term synaptic plasticity plays a role in 282 

optimizing information transmission (Rotman et al., 2011). We showed elsewhere that 283 

GABAergic transmission affects the firing of EP neurons (Lavian and Korngreen, 284 

2015). Thus, we hypothesized that dopaminergic modulation of GABAergic input 285 

would also impact EP firing. We recorded the responses of individual spontaneously 286 

firing neurons in the EP to repetitive stimulation of the striatum in the current-clamp 287 

mode (Figure 4A-B). Stimulation at 10 or 20 Hz induced a continuous decrease in 288 

firing rate (Figure 4C) and a decrease in spike timing entropy that increased with each 289 

IPSP (Figure 4D). A decrease in spike time entropy may suggest that the firing of the 290 

postsynaptic neuron can become more predictable, but may also stem from the 291 

decrease in firing rate. To determine the source of the changes in entropy, we 292 

measured the latency of the spike discharge from each evoked IPSP, and calculated 293 

the mean and standard deviation (STD) of the latency across trials (Figure 4E). We 294 

found that each evoked IPSP induced a greater delay in spike discharge latency, as 295 

well as a greater decrease in the latency STD, suggesting that the timing of the spike 296 

discharge became more precise. Blocking D1LR with SCH23390 partially blocked the 297 

progressive decrease in firing rate (20 Hz stimulation: 70±2% of baseline compared to 298 

48±6% of baseline, n=9, paired t-test, p<0.001; Figure 4C). Changes in entropy were 299 

also dopamine dependent, since under control conditions the maximal decrease in 300 

spike time entropy was to 42±4% of the baseline, whereas after application of 301 

SCH23390 it was only 68±10% of the baseline (n=9, paired t-test, p<0.001; Figure 302 

4D). Thus, blocking D1LR apparently decreased the ability of GABAergic input from 303 
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the striatum to modulate activity in the EP. The firing of EP neurons in acute brain 304 

slices is semi-regular whereas in-vivo it is more stochastic. Thus, the increase in firing 305 

rate and entropy could have been due to a slice artifact. We used simple numerical 306 

modeling to negate this possibility. Using a random fluctuating current, we drove a 307 

leaky integrate and fire (LIF, eqn. 6), inducing it to fire a stochastic spike train (CV 308 

between 0.8 to 1). We then repeatedly stimulated a model of a facilitating GABAergic 309 

synapse (eqn. 7) connected to this neuron. We did not fit the model to the 310 

experimental spike trains, but rather only adjusted the initial IPSC amplitude to 311 

roughly the same one observed experimentally. Our simulations showed that a 312 

facilitating inhibitory synapse can induce a continuous decrease in the spike time 313 

entropy of Poisson neurons, indicating that our findings are applicable to more 314 

realistic neuronal activity (Figure 6A-D). 315 

We further investigated the effect of D2LRs on the effect of pallidal GABAergic 316 

inputs to the EP (Figure 5A-B). During stimulation of the GP 20 Hz there was a 317 

significant decrease in firing rate and spike time entropy of EP neurons (Figure 5C-E). 318 

We found that the first evoked IPSP induced a strong transient decrease in firing rate 319 

and spike time entropy, whereas the effect of the following IPSPs was smaller. These 320 

effects on EP firing were reproducible in our LIF simulations (Figure 6E-H). After 321 

application of sulpiride, the maximal decrease in firing rate was 39±12% of the 322 

baseline, which was significantly larger than the control (n=5, paired t-test, p<0.05; 323 

Figure 5C). Moreover, in control conditions the decrease in spike time entropy 324 

following the first IPSP was 34±11% of the baseline, and after application of sulpiride 325 

was 10±9% of the baseline (n=5, paired t-test, p<0.05; Figure 5D). We also measured 326 

the latency of the spike discharge from each evoked IPSP, and calculated the mean 327 

and STD of the latency across trials (Figure 5E). We found that the first evoked IPSP 328 
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induced a greater delay in spike discharge, as well as a greater decrease in latency 329 

STD. Taken together, our experiments suggest that dopaminergic input facilitates the 330 

passage of information reaching the EP via the direct pathway while concurrently 331 

depressing information reaching the EP through the indirect pathway.   332 
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Discussion 333 

Here we showed that all DR subtypes are expressed in the EP, that GABAergic 334 

synapses in the direct and indirect pathways are differentially modulated by D1LRs 335 

and D2LRs receptors respectively in a manner reflecting their processing in the 336 

striatum, and that these GABAergic synapses can decrease the spike time entropy of 337 

EP neurons in a dopamine dependent manner. Our findings suggest that dopamine 338 

regulates the balance between the inputs of the direct and indirect pathways in the EP, 339 

thus forming an output amplifier for motor or limbic programs propagating through 340 

the basal ganglia. 341 

Because dopamine is critical for the normal functioning of the basal ganglia (Smith 342 

and Villalba, 2008), and in light of the evidence for dopaminergic modulation of 343 

activity in the EP (DeLong, 1990; Filion and Tremblay, 1991; Ruskin et al., 2002; 344 

Darbin et al., 2015) we investigated how dopamine shapes the activity of neurons in 345 

the EP. We used qRT-PCR to show that all dopamine receptors are expressed in the 346 

EP (Figure 1). These results are in partial agreement with previous studies observing 347 

D1R (Yung et al., 1995), D4R (Rivera et al., 2003) and D5R (Ciliax et al., 2000) in 348 

the EP. However, there is conflicting evidence regarding the expression of D2R; 349 

whereas one study did not detect D2R in rats (Yung et al., 1995), others have detected 350 

small amounts of D2R in the EP of rats (Boyson et al., 1986) and cats (Beckstead et 351 

al., 1988). This discrepancy may be due to the improved sensitivity of qRT-PCR as 352 

compared to earlier methods.  353 

Dopamine receptors modulate synaptic transmission in the EP. 354 

Here we show that dopamine modulates GABAergic inputs in the EP, similar to its 355 

effects in another basal ganglia output nucleus, the SNr (de Jesus Aceves et al., 2011) 356 

(Figures 2,3). Previous studies have shown that dopamine can alter the GABA 357 
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concentration in these two nuclei (Floran et al., 1990; Aceves et al., 1995), and 358 

suggested that this effect is mediated by presynaptic dopamine receptors expressed on 359 

GABAergic axons originating in the striatum and GP. Our results show that indeed 360 

dopamine modulates the GABAergic inputs from striatum and GP in the EP. 361 

The neurons in the EP and SNr share many electrophysiological and anatomical 362 

properties. In both nuclei, GP synapses are somatic and show short-term depression, 363 

whereas striatal synapses are located on distal dendrites and show short-term 364 

facilitation (Smith and Bolam, 1991; Bolam and Smith, 1992; Kita, 2001; Connelly et 365 

al., 2010). Moreover, in the two nuclei these synapses are modulated by dopamine (de 366 

Jesus Aceves et al., 2011), suggesting that our findings might be applicable to the SNr 367 

as well. However, here we found that the PPR of striatal evoked IPSCs in the EP was 368 

not changed by application of SCH23390, suggesting a postsynaptic mechanism, 369 

differently from the findings of a previous study found that in the SNr, the PPR of 370 

striatal evoked IPSCs increases in the presence of SCH23390, which may imply a 371 

presynaptic mechanism (de Jesus Aceves et al., 2011). Moreover, the dopaminergic 372 

neurons of the SNc are closer to the SNr, and SNc dendrites invade the SNr where 373 

they release dopamine (Geffen et al., 1976; Cheramy et al., 1981). Thus, whereas the 374 

short-term plasticity of GABAergic synapses in the SNr is similar to that of the EP, 375 

dopaminergic modulation of these synapses is probably different.  376 

The EP consists of several neuronal types, which differ in terms of their biochemistry, 377 

location along the EP, afferents and target nuclei (Kha et al., 2000; Wallace et al., 378 

2017). In the present study, we did not attempt to classify the neurons we investigated. 379 

Our electrophysiological recordings were collected from neurons all over the EP. Our 380 

electrophysiological analysis did not reveal any heterogeneity: all striatum-evoked 381 

IPSCs and all GP-evoked IPSCs were modulated similarly by application of D1LR 382 
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and D2LR antagonists. This possible homogenous innervation pattern is consistent 383 

with a recent elegant study demonstrating that different cell types in the EP receive 384 

similar GABAergic input from the striatum and GP (Wallace et al., 2017).  385 

Dopamine redistributes information between the direct and in-direct pathways 386 

in the EP.  387 

Theory suggests that synaptic plasticity plays a role in optimizing information 388 

transmission (Rotman et al., 2011). Here we investigated two types of GABAergic 389 

synapses that exhibit different forms of synaptic plasticity, and showed that these 390 

synapses have different effects on postsynaptic firing patterns. The facilitating 391 

synapses from the striatum induced a continuous decrease in spike time entropy that 392 

increased with each presynaptic action potential (AP), indicating that bursts of striatal 393 

APs can modulate EP firing, hence increasing its predictability. We further showed 394 

that the ability of striatal projection neurons to modulate firing in the EP is dopamine 395 

dependent (Figure 4). These results are in line with those of a recent study showing 396 

that dopamine depletion induces an increase in the entropy rate of EP neurons (Darbin 397 

et al., 2015).  398 

The effects of the depressing synapses from the GP on EP firing differed from those 399 

of the striatal synapses. As these synapses depress, they function as a low pass filter 400 

(Chance et al., 1998; Fortune and Rose, 2001). Our findings suggest that when a GP 401 

neuron fires a series of APs, the first AP induces a greater delay in the spike discharge 402 

than the delay induced by the subsequent APs. Moreover, we showed that the first 403 

evoked IPSP induces a transient drop in spike time entropy, whereas the next IPSPs 404 

have a lesser effect, which coincides with the ability of single GP stimulation to 405 
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synchronize EP neurons (Kita, 2001). Our results may indicate that dopamine can 406 

reduce this ability of GP neurons (Figure 5).  407 

The basal ganglia have long been implicated in motor control and action selection 408 

(Albin et al., 1989; DeLong, 1990). Recently it has been claimed that both the direct 409 

and indirect pathways of the basal ganglia are necessary for action initiation and 410 

execution (Tecuapetla et al., 2016). Moreover, in the EP, the point of integration of 411 

these two pathways (Nagy et al., 1978; Bolam and Smith, 1992), dopamine mediated 412 

transmission is necessary to release movement (Chiken et al., 2015). We posit a 413 

possible mechanism for the gating of motor programs by dopamine. Cortical 414 

information briefly activates striatal spiny projection neurons (SPNs). Activated SPNs 415 

can temporally decrease the entropy of EP neurons and lock their firing pattern to that 416 

of their own. The larger the facilitation of the striatal-EP synapse, the stronger the 417 

phase-lock will be. This predicts a correlation between an EP neuron and the SPN 418 

innervating it following cortical activation. This increase in mutual information 419 

should be manifested by a reduction in spike train entropy. Thus, reduction of entropy 420 

may be viewed as an indicator of the passage of information from the striatum via the 421 

EP. Concurrently with this flow of information from the striatum, short-term 422 

depression of perisomatic synapses from the GP may reduce the inhibition of the flow 423 

of striatal information. Release of dopamine in the EP would thus alter this dynamic 424 

balance between the striatum and GP in which striatal synapses potentiate while 425 

pallidal synapses depress, enhancing information flow from the striatum to the 426 

thalamus and other targets outside the basal ganglia. Conversely, when dopaminergic 427 

signaling is impaired, the ability of SPNs to control EP firing should be reduced, 428 

hence limiting the transmission of motor programs from the basal ganglia to the 429 

thalamus and other brain regions. Thus, our results may hint that short-term plasticity 430 
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in EP neurons actively multiplexes information in the direct and indirect pathways of 431 

the basal ganglia. Furthermore, during processes such as action selection and learning, 432 

which are facilitated by dopamine release, information from the striatum may be 433 

given dominance over that from the GP in single EP neurons. Taken together, these 434 

findings could imply that dopamine concurrently controls both the separation of 435 

cortical input to the basal ganglia in the striatum and the recombination of this 436 

information downstream in the EP which would act as a global modulator of the 437 

feedforward network of the basal ganglia.   438 
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Figure legends  594 
 595 

Figure 1: Postsynaptic expression of dopamine receptors in the EP. A, Expression 596 

levels of dopamine receptor mRNA in the EP, obtained with qRT-PCR (n=5). 597 

Expression levels, expressed as means ± SEM, were normalized to the expression 598 

levels of D1R. B, Expression levels of dopamine receptor mRNA in the striatum, 599 

obtained with qRT-PCR (n=5). Inset shows enlarged data for DR3-5.  600 

Figure 2: Striatum-EP IPSPs are differentially modulated by dopamine. 601 

Striatum-EP IPSPs are modulated by D1LR, but not D2LR receptors. Whole cell 602 

voltage clamp recordings of striatum evoked IPSCs in control conditions (black) and 603 

after application of SCH23390 (A, red) or sulpiride (D, blue) averaged over 10 604 

consecutive sweeps. Population average of striatum evoked IPSCs in control 605 

conditions and after application of SCH23390 (B, n=8) or sulpiride (E, n=5). The 606 

amplitude of the first evoked IPSC in the controls and after application of SCH23390 607 

(C) or sulpiride (F). Means ± SEM. *p<0.05 **p<0.01. 608 

Figure 3: GP-EP IPSPs are differentially modulated by dopamine. GP-EP IPSPs 609 

are modulated by D2LR, but not D1LR receptors. Whole cell voltage clamp 610 

recordings of GP evoked IPSCs in control conditions (black) and after application of 611 

SCH23390 (A, red) or sulpiride (D, blue) averaged over 10 consecutive sweeps. 612 

Population average of GP evoked IPSCs in control conditions and after application of 613 

SCH23390 (B, n=7) or sulpiride (E, n=19). The amplitude of the first evoked IPSC in 614 

the controls and after application of SCH23390 (C) or sulpiride (F). Means ± SEM. 615 

*p<0.05 **p<0.01. 616 
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Figure 4: Striatal inputs induce a continuous decrease in spike time entropy of 617 

EP neurons in a dopamine dependent manner. A, effects of repetitive activation of 618 

striatal synapses on the firing pattern in the EP. Repetitive stimulation of the striatum 619 

at 20 Hz, arrows indicate timing of stimulation pulses. In this and all subsequent 620 

recordings, stimulation artifacts were removed for clarity. Ten sweeps were overlaid 621 

to more clearly show the effect of the stimulations. B, raster plots of the response of 622 

an EP neuron to 20 Hz stimulation of the striatum in control conditions (i) and after 623 

application of SCH23390 (ii). C, changes in firings rate induced by 20 Hz stimulation 624 

of the striatum in control conditions (i) and after application of SCH23390 (ii, n=9). 625 

Normalized firing rate at the time of the last IPSC evoked by 10 or 20 Hz stimulation 626 

in the controls and after application of SCH23390 (Ciii). D, changes in spike time 627 

entropy induced by 20 Hz stimulation of the striatum in the control conditions (i) and 628 

after application of SCH23390 (ii, n=9). Normalized entropy at the time of the last 629 

evoked IPSC in the controls and after application of SCH23390 (Diii). E, changes in 630 

the STD of the latency of spike discharge induced by each evoked IPSP calculated for 631 

20 Hz stimulation of the striatum in control conditions (i) and after application of 632 

SCH23390 (ii, n=6). Normalized change in the STD of the latency at the time of the 633 

last evoked IPSC in control and after application of SCH23390 (Eiii). Means ± SEM. 634 

**p<0.001, *p<0.05. 635 

Figure 5: GP inputs induce a transient decrease in spike time entropy of EP 636 

neurons in a dopamine dependent manner. A, repetitive stimulation of the GP at 20 637 

Hz, arrows indicate timing of stimulation pulses. Ten sweeps were overlaid to more 638 

clearly show the effect of the stimulations on the spontaneous activity. B, raster plots 639 

of the response of an EP neuron to 20 Hz stimulation of the GP in control conditions 640 

(i) and after application of sulpiride (ii). C, changes in firings rate induced by 20 Hz 641 
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stimulation of the GP in control conditions (i) and after application of sulpiride (ii, 642 

n=5). Normalized firing rate at the time of the first evoked IPSC in control and after 643 

application of sulpiride (Ciii). D, Changes in spike time entropy induced by 20 Hz 644 

stimulation of the GP in control conditions (i) and after application of sulpiride (ii, 645 

n=5). Normalized entropy at the time of the first evoked IPSC in control and after 646 

application of sulpiride (Diii). E, changes in the STD of the latency of spike discharge 647 

induced by each evoked IPSP calculated for 20 Hz stimulation of the GP in control 648 

conditions (i) and after application of sulpiride (ii, n=6). Means ± SEM. *p<0.05.  649 

Figure 6: Simulated data show that striatum and GP inputs can modulate firing 650 

of Poisson neurons. Raster plots of the response of a simulated Poisson neuron to 20 651 

Hz stimulation of the striatum (A) and the GP (E). Changes in spike time entropy 652 

induced by 20 Hz stimulation of the striatum (B) and the GP (F, n=10). Changes in 653 

average latency of spike discharge induced by each evoked IPSP calculated for 20 Hz 654 

stimulation of the striatum (C) and the GP (G, n=10). Changes in the STD of the 655 

latency of spike discharge induced by each evoked IPSP calculated for 20 Hz 656 

stimulation of the striatum (D) and the GP (H, n=10). In all panels the experimental 657 

data are presented with black symbols and LIF stimulation with red symbols. The 658 

results of the simulation were not fitted to the data. They were overlaid on the 659 

experiments to allow for qualitative comparison. Means ± SEM. 660 
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