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Abstract (250 Word Max., 228 words)  25 
Substantia nigra pars compacta (SNc) dopamine neurons and their targets are involved in 26 
addiction and cue-induced relapse. However, afferents onto SNc dopamine neurons themselves 27 
appear insensitive to drugs of abuse like cocaine when afferents are collectively stimulated 28 
electrically.  This is in contrast to ventral tegmental area (VTA) dopamine neurons, whose 29 
glutamate afferents are robustly reactive to cocaine.  We used an optogenetic strategy to isolate 30 
identified SNc inputs and determine if cocaine sensitivity in the mouse SNc circuit is conferred 31 
at the level of three glutamate afferents: dorsal raphé (DR), pedunculopontine (PPN) and 32 
subthalamic (STN) nuclei.  We found that excitatory afferents to SNc dopamine neurons are 33 
sensitive to cocaine in an afferent-specific manner.  A single exposure to cocaine in vivo led to 34 
PPN-innervated synapses reducing the AMPA-to-NMDA receptor-mediated current ratio. In 35 
contrast to work in the VTA, this was due to increased NMDA receptor function with no change 36 
in AMPA receptor function. STN synapses showed a decrease in calcium-permeable AMPA 37 
receptors after cocaine, but no change in AMPA-to-NMDA ratio.   Cocaine also increased the 38 
release probability at DR- and STN-innervated synapses, quantified by decreases in paired-pulse 39 
ratios.  However, release probability at PPN-innervated synapses remained unaffected.  By 40 
examining identified inputs, our results demonstrate a functional distribution among excitatory 41 
SNc afferent nuclei in response to cocaine, and suggest a compelling architecture for 42 
differentiation and separate parsing of inputs within the nigrostriatal system.  43 44 
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Significance (120 Word Max., 120 words) 45 
Prior studies established that SNc dopamine neurons are a key node in the circuitry that drives 46 
addiction and relapse, yet cocaine apparently has no effect on electrically stimulated excitatory 47 
inputs. Our study is the first to demonstrate the functional impact of a drug of abuse on synaptic 48 
mechanisms of identified afferents to the SNc. Optogenetic dissection of inputs originating from 49 
3 nuclei: DR, PPN, and STN were tested for synaptic modifications following in vivo cocaine 50 
exposure. Our results demonstrate that cocaine differentially induces modifications to SNc 51 
synapses depending on input origin. This presents implications for understanding dopamine 52 
processing of motivated behavior; most critically, that dopamine neurons selectively modulate 53 
signal reception processed by afferent nuclei.54 
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Introduction (650 Word Max., 392 words) 55 
While VTA dopamine neurons have received intense scrutiny in the regulation of drug 56 

addiction, SNc dopamine neurons also encode critical features of drug addiction. Direct 57 
activation and inhibition of SNc dopamine neurons induce both reward and aversion, 58 
respectively (Ilango et al., 2014; Rossi et al., 2013). Prior exposure to cocaine is known to cause 59 
sensitization or increased expression of behaviors mediated by dopamine release in dorsal 60 
striatum on subsequent exposure to cocaine (Wolf, 1998; Zahniser et al., 1988). This further 61 
suggests SNc dopamine neurons, which project to dorsal striatum, are affected by exposure to 62 
cocaine. Finally, SNc dopamine neuron activity is uniquely increased when a learned, cocaine-63 
associated cue is presented in context, which may underlie cue-induced relapse (Ito et al., 2000; 64 
Ito et al., 2002). Given these effects, SNc dopamine neurons may be a site of cocaine action 65 
whereby synapses originating from different nuclei might respond differentially to cocaine 66 
exposure.  67 

One of the first effects beginning one day after a single exposure to cocaine, is an 68 
increase in excitatory postsynaptic currents mediated by AMPA receptors in dopamine neurons 69 
of the VTA, but apparently not SNc (Heikkinen et al., 2009; Lammel et al., 2011; Saal et al., 70 
2003; Ungless et al., 2001). The increase in excitatory current in VTA was primarily due to 71 
insertion of the inward rectifying, calcium-permeable variety of AMPA receptors, without any 72 
apparent changes in presynaptic function (Bellone and Luscher, 2006; Ungless et al., 2001). 73 
However, these experiments used electrical stimulation to evoke excitatory currents, masking 74 
any potential differences in the effects cocaine had on separate afferents. To dissect the influence 75 
of different identified inputs to SNc dopamine neurons we used an optogenetic strategy to 76 
selectively stimulate three prominent SNc glutamate afferents: DR, STN, and PPN.  77 
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We found that optogenetic stimulation of DR, PPN and STN afferents in vitro induces 78 
excitatory currents in SNc dopamine neurons that differ in synaptic physiology even in drug 79 
naïve animals. In animals exposed to cocaine one day before experiments, DR-, PPN-, and STN-80 
innervated synapses were affected with different changes in release probability, AMPA receptor 81 
redistribution, and AMPA-to-NMDA receptor-mediated current ratios selective to each input. 82 
Thus, we demonstrate that drugs of abuse also target synaptic inputs to SNc dopaminergic 83 
neurons. Further, the dopaminergic neuron is not a passive component of the reward circuitry, 84 
but rather actively changes receptor distribution to strengthen or weaken distinct inputs. 85 
Materials and Methods 86 
Animal Procedures 87 

25 Balb/c mice of either sex (6-10 weeks old) were used for bilateral DR, STN and PPN 88 
stereotaxic injections of pseudotyped AAV1-CaMKII-ChR2-EYFP virus. Numbers of male and 89 
female mice are denoted for each experiment “#M/#F mice”. Fewer female mice were used, but 90 
when they were the results were near the overall mean. Surgeries were performed while the 91 
mouse was anesthetized with 1.5 % isofluorane in 1.8L/min oxygen.  STN injections of 50-150 92 
nL were made using the coordinates AP -1.80 mm, ML ±1.70 mm, and DV -4.31 mm relative to 93 
Bregma.  PPN injections of 100 - 300 nL of the same virus were made using the coordinates AP -94 
4.40 mm, ML ±1.27 mm, and DV -3.50 mm. DR injections of 300 nL of the same virus were 95 
made using the coordinates AP –4.30 mm, ML ±0.2 mm, and DV –3.30 mm. All injections were 96 
infused at 30-50 nL/min. All mice were handled in accordance with state and federal regulations 97 
in procedures approved by the UTSA IACUC. 98 
Electrophysiology 99 
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Unless noted otherwise, chemicals were purchased from Fisher or Sigma-Aldrich. 3-4 100 
weeks after surgery, mice were injected intraperitoneally with saline or 10mg/kg cocaine in 101 
saline. 24 hrs after injection, brain slices were prepared and dopamine cells were identified as 102 
previously described (Goertz et al., 2015).  Mice were anesthetized with isofluorane and 103 
decapitated. The brain was submerged in ice cold cutting solution (in mM): 110 cholineCl, 2.5 104 
KCl, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2, 10 dextrose, 25 NaHCO3, 1.3 ascorbic acid, and 2.4 105 
sodium pyruvate. 250 μm horizontal sections were made on a vibratome in ice cold cutting 106 
solution oxygenated with 5% CO2/ 95% O2. The slices recovered for 30 minutes at 35° C in 107 
aCSF (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 4 MgCl2, 2 CaCl2, 10 dextrose, 25 NaHCO3, 108 
1.3 ascorbic acid, 2.4 sodium pyruvate supplemented with 0.16mM l-glutathione and saturated 109 
with 5% CO2/ 95% O2. The slices were stored at room temperature for the remainder of the day. 110 
Slices were transferred to a recording chamber and perfused with 32.5-35.5° C aCSF 111 
supplemented with 100 μM picrotoxin (Sigma-Aldrich) flowing at 1.5-3 mL/min. Pipettes with 112 
3-7 MOhm resistance were used containing (in mM): 135 CsCl, 2 MgCl2, 10 HEPES, 5 QX-314, 113 
5 Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid tetrasodium salt, 2 ATP-114 
trisodium salt (MP Biomedicals), 0.2 GTP-disodium salt (MP Biomedicals); pH = 7.3 and 115 
osmolarity = 275 mOsm.  116 

Recordings were made using a Multiclamp 700B amplifier (Molecular Devices). Signals 117 
were digitized at 15-30 kHz and saved to a hard drive for analysis using the program, Axograph 118 
X. Putative dopaminergic neurons within the SNc were identified as having a spontaneous firing 119 
rate < 10 Hz, action potential half width >1.5 ms, and a large Ih current in response to 120 
hyperpolarizing pulses. Cell-attached mode was used to examine the spike width and spike rate 121 
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of spontaneously occurring action potentials. Within 10 s of achieving whole cell access, a 122 
negative voltage step (-60 to -120 mV) was applied to test for the presence of Ih.   123 

A 0.05 ms electrical pulse was applied using a 250μm tungsten bipolar stimulator (FHC) 124 
placed rostral from a cell of interest (≈ 200 μm). A 473 nm laser coupled to a 250 μm optical 125 
fiber directed at SNc was used for optical stimulation. Laser settings were optimized to ensure 126 
that responses were due to propagating action potentials. An example of this procedure is 127 
presented in Figure 6C and D. Typical settings included a laser intensity of 30 mW and pulse 128 
duration of 1 ms. Electrical stimulation intensity was chosen to match the amplitude of optically-129 
evoked EPSCs (see Fig. 2A and 4A). Once electrical and optical stimulations were matched they 130 
were not changed for the duration of the recording. For paired pulse ratios (PPRs), two stimuli, 131 
electrical or optical, were given in succession at a 50 ms interval.  The holding current was 132 
monitored for 3-5 minutes to wait until the recording had not changed amplitude for 30 seconds. 133 
Post hoc the baseline was examined for changes in holding current. Access resistance was 134 
monitored, and measured post hoc, to ensure access resistance had not changed greater than 135 
25%.   136 

AMPA-to-NMDA ratios were calculated from the ratio of the evoked AMPA and NMDA 137 
receptor-mediated EPSCs at +40 mV. Specifically, we recorded the EPSC in control aCSF and 138 
then switched to aCSF containing 50-100 μM D-AP5 (Tocris), to block NMDA receptors, 139 
revealing the AMPA receptor-mediated EPSC. For all buffer changes or drug wash ins, 10 mL of 140 
aCSF was perfused to the neuron before recording EPSCs, as this corresponded to a four-fold 141 
change in buffer at the recording cell. The AMPA receptor-mediated EPSC was subtracted from 142 
the control EPSC to calculate the NMDA receptor-mediated EPSC. 0.5 μM Joro spider toxin 143 
(Santa Cruz Biotechnology) and 20-100 μM Naspm trihydrochloride (Tocris) were used as 144 
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calcium permeable AMPA (cp-AMPA) receptor antagonists. The effect of 100μM spermine 145 
added to the internal was tested on 5 cells with no significant change in AMPA receptor 146 
rectification. Rectification index of AMPA receptor-mediated EPSCs is the ratio of the current at 147 
a holding voltage of -60 mV divided by the current at a holding voltage of +40 mV. Rise time is 148 
defined as the time the EPSC rises from 20% to 80% of peak. For decay time constants, EPSCs 149 
are fit with a double exponential curve and the two taus and amplitudes are used to calculate the 150 
weighted average of tau. Slices were fixed in 4% paraformaldehyde in phosphate-buffered saline 151 
(PBS) and stored in PBS with 0.02% sodium azide.  152 
Statistics 153 

A T-test was used for all pairwise comparisons. One-way ANOVA was used for all 154 
multiple comparisons between inputs, and two-way ANOVA was used for all comparisons 155 
between control and cocaine-injected animals. Reported p-values are adjusted for multiple 156 
comparisons using a Holm-Sidak correction for parametric analysis. The oDR-, oPPN- and 157 
oSTN-evoked PPRs from control and cocaine-injected mice were normally distributed based 158 
upon the Shapiro-Wilk normality test, and so were analyzed using parametric analysis.  159 
Imaging 160 

Injection site images of both bright field and YFP fluorescence were collected with a 161 
CCD camera on a fluorescent stereomicroscope. High-resolution images of afferents in SNc 162 
were prepared from slices labeled for tyrosine hydroxylase. The slices were blocked and 163 
permeabilized in 5% normal goat serum and 0.2% triton X-100 at room temperature for greater 164 
than 1 hour. Slices were incubated overnight at 4 °C with mouse anti-tyrosine hydroxylase 165 
(1:500, Millipore) and rabbit anti-green fluorescent protein (1:1000, Life Sciences) in PBS with 166 
1% normal goat serum and 0.1% triton X-100. The slices were washed three times for 5 minutes 167 
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in PBS with 0.05% triton X-100 and then incubated at room temperature with goat anti-mouse 168 
Alexa 594 (1:1000) and goat anti-rabbit Alexa 488 (1:1000, Life Sciences) in PBS with 1% 169 
normal goat serum and 0.1% triton X-100. After 1-2 hours slices were washed two times for 5 170 
minutes in PBS with 0.05% triton X-100, once for ten minutes in PBS with 4',6-Diamidino-2-171 
Phenylindole, Dilactate (DAPI, Life Technologies), and mounted in ProLongGold (Life 172 
Technologies). Z-stack images (12 images spaced by 0.5 μm) of the stained sections were 173 
collected on a Zeiss 510 meta using a 40X oil objective to give 1.0 μm thick optical sections. 174 
Results 175 
PPN afferents activate a different proportion of AMPA and NMDA receptors than STN or 176 
DR afferents. 177 

To selectively stimulate EPSCs from DR, PPN, or STN terminals, the light-sensitive 178 
opsin, channelrhodopsin (ChR2), was expressed in DR, PPN, or STN (Fig. 1A, B).  Injections 179 
into DR, PPN, and STN resulted in dense axonal expression of ChR2-EYFP within SNc without 180 
infecting dopamine neurons (Fig. 1C). When the nucleus is correctly targeted with virus, EPSCs 181 
are stimulated from all three inputs by a brief flash of light (Fig. 2A, B, black traces). The 182 
intensity and duration of the laser is minimized to prevent desensitization of ChR2 and ensure 183 
responses are caused by propagating action potentials (example shown in Fig. 6C, D), but is then 184 
held constant for all optically evoked EPSCs for that neuron. The current stimulated by light is 185 
distinguished as an EPSC by two characteristics. First, there is a delay between light onset to 186 
current onset greater than 1 ms, which is typical of electrically activated EPSCs. Second, a 187 
longer duration light pulse, 50-100 ms, does not produce an inward plateau current that decays 188 
when the light ends. Electrical stimulation was set to approximate optically evoked EPSCs in the 189 
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same cell (Fig. 2A). Optically and electrically evoked EPSCs were then characterized for AMPA 190 
and NMDA receptor activation. 191 

The AMPA-to-NMDA receptor-mediated current ratios were calculated by recording the 192 
stimulated EPSC (laser stimulation of DR, STN, or PPN terminals; or electrical stimulation of all 193 
afferents) at + 40 mV before and after blocking NMDA receptors with 50-100 μM D-AP5 to 194 
reveal the AMPA receptor-mediated EPSC. Optical stimulation of PPN afferents (oPPN) evoked 195 
both AMPA and NMDA receptor-mediated currents in whole-cell recordings of SNc dopamine 196 
neurons (red and blue traces, respectively, Fig. 2B). The AMPA-to-NMDA ratio for oPPN-197 
evoked EPSCs was significantly higher than the ratio measured from electrical stimulation of 198 
EPSCs (Fig. 2B, C, PPN: 0.82 ± 0.11 vs. Elec.: 0.46 ± 0.07; n = 15 cells, 6M/1F mice; 8 cells, 199 
3M mice; One-way ANOVA, F (3, 36) = 5.656, p = 0.0028; Holm-Sidak’s adjusted p = 0.0471). 200 
Optical stimulation of STN afferents (oSTN) predominantly activated NMDA receptor-mediated 201 
currents, similar to electrical stimulation (Fig. 2B, C, STN: 0.36 ± 0.05 vs. Electrical: 0.46 ± 202 
0.07, n = 10 cells, 2M/2F mice; 8 cells, 3M mice; Holm-Sidak’s adjusted p = 0.8752). Thus, 203 
oPPN-evoked EPSCs also had a significantly different AMPA-to-NMDA ratio from oSTN-204 
evoked EPSCs (Fig. 2A, Holm-Sidak’s adjusted p = 0.0047). Similar to STN and electrical 205 
stimulation, optical stimulation of DR afferents (oDR) predominantly activated NMDA receptor-206 
mediated currents (Fig. 2B, C, DR: 0.44 ± 0.05 vs. Electrical: 0.46 ± 0.07, n = 7 cells, 2M/1F 207 
mice; 8 cells, 3M mice; Holm-Sidak’s adjusted p = 0.8797). Thus, oDR-evoked EPSCs also had 208 
a significantly different AMPA-to-NMDA ratio from oPPN-evoked EPSCs (Fig. 2B, C, Holm-209 
Sidak’s adjusted p = 0.0471). 210 

To determine if the AMPA receptor subunit composition differed at DR-, STN- and PPN-211 
innervated synapses, we pharmacologically isolated AMPA receptor mediated currents and 212 
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examined the current-voltage (I-V) relationship. oDR- and oPPN-evoked EPSCs at different 213 
holding potentials resulted in a linear I-V relationship with a current near zero at a holding 214 
voltage of 0 mV (Fig. 3A). However, oSTN-evoked EPSCs had an I-V relationship with inward 215 
rectification that preferentially fit a Woodhull model with an inward current at a holding voltage 216 
of 0 mV (Fig. 3A, B, DR: F (2 45) = 0.1672, p = 0.8466, r2 = 0.70 for linear fit, n = 8 cells, 2M 217 
mice; PPN:, F (2, 51) = 0.9787, p = 0.3828, r2 = 0.53 for linear fit, n = 9 cells, 4M mice; STN: F 218 
(2, 39) = 3.409, p = 0.0432, r2 = 0.43 for Woodhull Model; n = 7 cells, 3M/2F mice) (Bowie and 219 
Mayer, 1995). This suggests that in naïve animals, calcium-permeable AMPA receptors are 220 
preferentially localized to STN-innervated synapses. As calcium-permeable AMPA receptors are 221 
modulated by an internal polyamine block, we included 100μM spermine in the internal solution 222 
for several I-V measurements for oPPN-evoked EPSCs and again found a linear I-V relationship, 223 
not the Woodhull model, best fit the data regardless of internal (Normal internal: F (2,21) = 224 
0.5623, p = 0.5782, n = 4 cells, 3M mice; Internal + Spermine: F (2, 27) = 0.6900, p = 0.5102, n 225 
= 5 cells, 1M mouse). We also compared the inputs using a rectification index (RI) , the ratio of 226 
the current amplitude at a holding voltage of -60 mV to +40 mV, to draw parallels with other 227 
studies of cocaine-mediated plasticity (Argilli et al., 2008; Bellone and Luscher, 2006; Good and 228 
Lupica, 2010; Yuan et al., 2013). Consistent with the characterization of the full I-V 229 
relationships, oSTN-evoked EPSCs had a significantly elevated RI in comparison to the very 230 
similar oPPN- and oDR-evoked EPSCs (Fig. 3C; one-way ANOVA F(2, 35) = 13.57, p < 231 
0.0001; STN vs. PPN: 3.41 ± 0.47 vs. 2.00 ± 0.19, Holm-Sidak’s p-value = 0.0034, n = 12 cells 232 
each, 6M/2F mice for STN, 6M mice for PPN; STN vs. DR: 3.41 ± 0.47 vs. 1.36 ± 0.09, Holm-233 
Sidak’s p-value < 0.0001, n = 12 cells and 6M/2F mice for STN, 14 cells and 3M/1F mice for 234 
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DR; PPN vs. DR: Holm-Sidak’s p = 0.1161). This suggests that synapses innervated by STN 235 
preferentially activate calcium-permeable AMPA receptors. 236 

To directly test for the presence of calcium-permeable AMPA receptors, we used a 237 
selective antagonist, either 100 μM NASPM or 0.5 μM joro spider toxin (JTx). There was no 238 
difference in effect between the antagonists (Fig. 3D, E; STN: 49.0% ± 9% vs. 34.4% ± 9.6% 239 
percent inhibition by NASPM vs. JTx; n = 3 cells and 2M/1F mice for each; unpaired t-test t(4) = 240 
1.091, p=0.3365) and so results from the antagonists were pooled. All inputs were sensitive to 241 
calcium-permeable AMPA receptor antagonists. However, oSTN-evoked EPSCs were 242 
significantly more sensitive to calcium-permeable AMPA receptor antagonism relative to both 243 
oDR- and oPPN-evoked EPSCs (Fig. 3D, E; STN: 41.7 ± 6.8% of control one sample t-test t(5) 244 
= 8.571, p=0.0004, n=6 cells, 4M/2F mice; PPN: 80.7 ± 3.6% of control, one sample t-test t(7) = 245 
5.335, p = 0.0011, n = 8 cells, 3M mice; DR: 72.4 ± 6.2% of control, one sample t-test t(8) = 246 
4.446, p = 0.0022, n = 9 cells, 2M mice; Fig. 3D; one-way ANOVA F(2,20) = 11.45, p = 0.0005, 247 
STN vs. PPN, Holm-Sidak’s p = 0.0005; STN vs. DR, Holm-Sidak’s p = 0.0027; PPN vs. DR, 248 
Holm-Sidak’s p = 0.2880). Analysis of the time constant of decay for the AMPA receptor-249 
mediated current, did not confirm a significant difference between the inputs (Fig. 3F; PPN: 5.3 250 
± 0.8 ms, n = 13 cells, 5M/1F mice; STN: 4.7 ± 1.0 ms, n = 12 cells, 5M/2F mice; DR: 7.9 ± 1.2 251 
ms, n = 14 cells, 3M/1F mice; one-way ANOVA, F(2, 36) = 2.912, p = 0.0673). Thus, oSTN-252 
evoked EPSCs are typified by an abundance of NMDA receptors in comparison to AMPA 253 
receptors, and higher expression of calcium-permeable than non-permeable AMPA receptors. 254 
However, oPPN-evoked EPSCs are mediated by nearly equivalent amounts of NMDA and 255 
AMPA receptors, with the majority of the AMPA receptors containing the GluA2 receptor 256 
subunit and being calcium impermeable. Finally, oDR-evoked EPSCs are typified by a NMDA 257 
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receptor function higher than AMPA receptors, similar to STN-innervated synapses, but lack 258 
calcium-permeable AMPA receptors, similar to PPN-innervated synapses. 259 
Cocaine increases NMDA receptor-mediated currents at PPN-innervated synapses while 260 
decreasing calcium-permeable AMPA receptor-mediated currents at STN-innervated 261 
synapses 262 

Following a single in vivo injection of cocaine 24 hours prior to recording, electrically-263 
evoked EPSCs showed no significant difference in AMPA-to-NMDA ratio in SNc dopamine 264 
neurons when compared to control animals (Fig. 4A, B, control 0.46 ± 0.07 vs. cocaine-injected 265 
0.59 ± 0.05, n = 8 cells, 3M mice; 15 cells, 5M mice; two-way ANOVA F(3, 76)=4.081, 266 
p=0.0096, Holm-Sidak’s p=0.6180), similar to previous reports (Lammel et al., 2011). However, 267 
oPPN-evoked EPSCs had a significant decrease in AMPA-to-NMDA ratio (Fig. 4A, B, control 268 
0.82 ± 0.11 vs. cocaine-injected 0.46 ± 0.07, n = 15 cells, 6M/1F mice; 10 cells, 2M mice; Holm-269 
Sidak’s p=0.0058). In contrast to PPN, oSTN-evoked currents did not show any changes in 270 
AMPA-to-NMDA ratio following a single injection of cocaine (Fig. 4A, B, control 0.36 ± 0.05 271 
vs. cocaine-injected 0.47 ± 0.08, n = 10 cells, 2M/2F mice; 10 cells, 2M/2F mice; Holm-Sidak’s 272 
p=0.6180). Similar to STN, oDR-evoked currents also did not show any changes in AMPA-to-273 
NMDA ratio (Fig. 4A, B, control 0.44 ± 0.05 vs. cocaine-injected 0.33 ± 0.07, n = 7 cells, 2M/1F 274 
mice; 9 cells, 3M mice; Holm-Sidak’s p = 0.6180). 275 

To address whether the amount of AMPA or NMDA receptors changed at PPN-276 
innervated synapses following a single exposure to cocaine, we examined the amplitude and 277 
kinetics of the AMPA and NMDA receptor-mediated currents. In all cases, the duration and 278 
power of laser stimulation was tuned to give a maximal response. We found no significant 279 
change in the AMPA receptor-mediated current for oPPN-, oSTN, or oDR-evoked EPSCs (Fig. 280 
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4C, PPN: control 73.7 ± 15.0 pA vs. cocaine-injected 107.5 ± 26.6, n = 15 cells, 6M/1F mice; 10 281 
cells, 2M mice; two-way ANOVA F(2, 55)=1.093, p=0.3424, Holm-Sidak’s p=0.2660; STN: 282 
control 19.1 ± 9.1 pA vs. cocaine-injected 11.9 ± 2.2 pA, n = 10 cells, 2M/2F mice; 10 cells, 283 
2M/2F mice;  Holm-Sidak’s p=0.9337; DR: control 30.2 ± 14.4 pA vs. cocaine-injected 30.0 ± 284 
8.3 pA, n = 7 cells, 2M/1F mice; 9 cells, 3M mice;  Holm-Sidak’s p=0.9912). However, there 285 
was a significant increase in the NMDA receptor-mediated current for oPPN-evoked EPSCs, but 286 
not for oSTN- or oDR-evoked EPSCs, one day after a single injection of cocaine (Fig. 4D, PPN: 287 
control 121.2 ± 25.7 pA vs. cocaine-injected 238.1 ± 48.6, n = 15 cells, 6M/1F mice; 10 cells, 288 
2M mice; two-way ANOVA F(2, 54)=3.343, p=0.0428; Holm-Sidak’s p=0.0049; STN: control 289 
49.0 ± 17.0 pA vs. cocaine-injected 30.8 ± 6.5 pA, n = 10 cells, 2M/2F mice; 10 cells, 2M/2F 290 
mice; Holm-Sidak’s p=0.6406; DR: control 41.2 ± 10.7 pA vs. cocaine-injected 91.6 ± 15.7 pA, 291 
n = 6 cells, 2M/1F mice; 9 cells, 3M mice; Holm-Sidak’s p=0.4701). The kinetics of the AMPA 292 
receptor-mediated EPSCs showed no significant changes in onset or decay kinetics of oPPN-293 
evoked EPSCs (Data not shown; rise time: control 0.78 ± 0.10 ms vs. cocaine-injected 0.72 ± 294 
0.09 ms, n = 15 cells, 6M/1F mice; 10 cells, 2M mice; two-tailed t-test p = 0.6532; tau decay: 295 
control 6.1 ± 0.6 ms vs. cocaine-injected 4.7 ± 0.7 ms, n = 19 cells, 7M/2F mice; 10 cells, 2M 296 
mice; two-tailed t-test p = 0.1461). However, both onset and decay kinetics were hastened for 297 
oPPN-evoked NMDA receptor-mediated EPSCs (Fig. 4E; rise time: control 3.22 ± 0.16 ms vs. 298 
cocaine-injected 2.47 ± 0.19 ms, n = 15 cells, 6M/1F mice; 10 cells, 2M mice; two-tailed t-test p 299 
= 0.0073; weighted tau decay: control 129.6 ± 15.2 ms vs. cocaine-injected 82.3 ± 7.7 ms, n = 15 300 
cells, 6M/1F mice; 10 cells, 2M mice; two-tailed t-test p = 0.0116). Thus, cocaine elicits changes 301 
in synapses on SNc dopamine neurons in an input-specific manner, with a decrease in the 302 
AMPA-to-NMDA ratio at PPN-innervated synapses, but not at STN- or DR-innervated synapses. 303 



 

 16 

Specifically, NMDA receptors appear to be inserted, as those currents were augmented at the 304 
PPN-innervated synapses. 305 

We tested if exposure to cocaine also changes the AMPA receptor subtypes activated by 306 
DR, STN, and PPN. Exposure to cocaine significantly decreased the rectification index of oSTN-307 
evoked EPSCs, but did not affect oPPN- or oDR-evoked EPSCs (Fig. 5A, B, STN: control 3.4 ± 308 
0.5 vs. cocaine-injected 2.4 ± 0.2, n = 12 cells, 6M/2F mice; 11 cells, 3M/1F mice, two-way 309 
ANOVA F(2, 66)= 3.331 p=0.0419; Holm-Sidak’s p=0.0171; PPN: control 2.0 ± 0.2 vs. cocaine-310 
injected 2.1 ± 0.1, n = 12 cells, 6M mice; 14 cells, 3M mice, Holm-Sidak’s p=0.9414; DR: 311 
control 1.4 ± 0.1 vs. cocaine-injected 1.5 ± 0.1, n = 14 cells, 3M/1F mice; 9 cells, 3M mice; 312 
Holm-Sidak’s p = 0.9414).  Given the change in rectification index, we tested for the sensitivity 313 
of the oSTN-evoked EPSC to calcium-permeable AMPA receptor antagonists. We found that the 314 
calcium-permeable AMPA receptor-mediated currents evoked by oSTN were significantly 315 
decreased by exposure to cocaine (STN: control 42% ± 7% vs. cocaine-injected 85% ± 5%, n=6 316 
cells, 4M/2F mice; 5 cells, 1M/1F mice, two-way ANOVA F(2, 32)=10.23, p = 0.0004, Holm-317 
Sidak’s p < 0.0001; PPN: 81% ± 4% vs. cocaine-injected 78% ± 5%, n=8 cells, 3M mice; 6 cells, 318 
2M mice, Holm-Sidak’s p = 0.8998; DR: 72% ± 6% vs. cocaine-injected 69% ± 4%, n = 9 cells, 319 
2M mice; 4 cells, 1M mouse, Holm-Sidak’s p = 0.8998). Thus, injection of cocaine in vivo 320 
decreased the proportion of calcium-permeable AMPA receptors specifically at STN-innervated 321 
synapses. 322 
Cocaine increases the probability of release at STN- and DR-innervated synapses  323 
 To determine if exposure to cocaine causes presynaptic changes, we investigated the 324 
relative probability of release of STN, PPN, and DR afferents. To test the use of optical 325 
stimulation in measuring paired-pulse ratios (PPRs) of EPSCs, we verified that increasing light 326 
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intensity and pulse duration caused a decrease in onset latency with an increase in amplitude 327 
(Fig. 6C, D). Increasing light intensity and pulse duration augments afferent fiber recruitment, 328 
thus increasing EPSC amplitude and decreasing onset latency. This suggests that stimulation 329 
with lower light intensity and pulse duration evokes EPSCs via propagating action potentials 330 
(Tecuapetla et al., 2010). In the control condition, oSTN-evoked EPSCs exhibited paired pulse 331 
facilitation (Fig. 6A, B, 1.21 ± 0.09; n = 7 cells, 4M/1F mice) while oPPN-, oDR-, and 332 
electrically-evoked EPSCs showed paired pulse depression (Fig. 6A, B, PPN: 0.48 ± 0.07, n = 8 333 
cells, 4M mice; DR: 0.82 ± 0.11, n = 11 cells, 2M/1F mice; Electrical: 0.68 ± 0.07, n = 10 cells, 334 
6M/1F mice).  Analysis with shorter and longer inter-stimulus intervals showed paired-pulse 335 
depression leading to paired-pulse facilitation for STN-innervated synapses, while PPN and DR 336 
afferents continually showed paired-pulse depression (data not shown). In vivo exposure to 337 
cocaine did not significantly change the probability of release for electrically- or oPPN-evoked 338 
EPSCs (Fig. 6A, B, Electrical: control 0.68 ± 0.07 vs. cocaine-injected 0.85 ± 0.06, n = 10 cells, 339 
6M/1F mice; 18 cells, 5M mice, two-way ANOVA F(3, 79) = 9.447, p <0.0001, Holm-Sidak’s p 340 
= 0.1799; PPN: control 0.48 ± 0.07 vs. cocaine-injected 0.42 ± 0.06; n = 8 cells, 4M mice; 11 341 
cells, 2M mice, Holm-Sidak’s p = 0.5950).  However, oSTN-evoked EPSCs showed a switch 342 
from paired-pulse facilitation to depression following cocaine exposure (Fig. 6A, B, control 1.21 343 
± 0.09 vs. cocaine-injected 0.61 ± 0.05, n = 7 cells, 4M/1F mice; 11 cells, 2M/1F mice, Holm-344 
Sidak’s p < 0.0001). The PPR of oDR-evoked EPSCs was also significantly decreased by 345 
exposure to cocaine (Fig. 6A, B, control 0.82 ± 0.11 vs. cocaine-injected 0.48 ± 0.08, n = 11 346 
cells, 2M/1F mice; 11 cells, 3M mice, Holm-Sidak’s p = 0.0049). 347 
Discussion (1500 Word Max., 1137 words) 348 
Synaptic properties are afferent specific 349 
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Midbrain dopamine neurons receive excitatory inputs from discrete brain nuclei, which 350 
could underlie heterogeneous neuronal responses (Geisler et al., 2007; Tian et al., 2016; Watabe-351 
Uchida et al., 2012). Previous studies using thick or oblique sections to preserve axon tracts to 352 
SNc showed that minimal, focal electrical stimulation of STN neurons evoked postsynaptic 353 
potentials mediated by AMPA and NMDA receptors, similar to PPN-evoked potentials (Futami 354 
et al., 1995; Iribe et al., 1999; Kang and Futami, 1999). Using an optogenetic strategy to 355 
selectively stimulate identified inputs, we compared the synaptic properties of DR, STN and 356 
PPN afferents to SNc dopamine neurons. Optogenetic activation of PPN (oPPN)-mediated 357 
EPSCs elicited an AMPA-to-NMDA ratio suggesting equivalent expression of each receptor 358 
type.  In contrast, oSTN- and oDR-activated EPSCs were similar to electrical activation with 359 
significantly more of the EPSC being NMDA receptor-mediated. This suggests that sub-maximal 360 
electrical stimulus preferentially activates STN and DR afferents. However, this might be due to 361 
the spatial orientation of the stimulating electrode, the afferents innervating the DA cell, and 362 
efficiency of viral transduction in the target nuclei. oDR-, oSTN-, and oPPN-evoked EPSCs were 363 
further characterized by the AMPA receptor subtype. oDR- and oPPN-activated AMPA receptor-364 
mediated EPSCs exhibit a linear I-V relationship and were relatively insensitive to a calcium 365 
permeable AMPA receptor antagonist (Isaac et al., 2007). By contrast, oSTN-evoked EPSCs 366 
were mediated by AMPA receptors with an inwardly rectifying I-V relationship and sensitivity 367 
to calcium permeable AMPA receptor antagonists, suggesting the lack of GluA2 subunits. Thus, 368 
at baseline, dopamine neurons adjust the weight of individual inputs by manipulating both the 369 
NMDA and AMPA receptor content. 370 
Cocaine-induced plasticity is afferent-selective  371 
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Previous research on cocaine-evoked changes on dopamine neurons in the VTA suggests 372 
that an increase in AMPA-to-NMDA ratio occurs through insertion of calcium permeable AMPA 373 
receptors at electrically-activated synapses (Bellone and Luscher, 2006). Exposure to cocaine has 374 
been shown to also change the NMDA receptor subunits expressed on VTA dopamine neurons 375 
(Mameli et al., 2011; Schilstrom et al., 2006; Yuan et al., 2013). While these studies were done 376 
using electrical stimulation, focal stimulation of PPN showed a similar insertion of calcium 377 
permeable AMPA receptors post cocaine-injection, so it was still unclear if cocaine affects all 378 
synapses or synapses from specific afferents (Good and Lupica, 2010).  379 

Exposure to cocaine caused changes to oSTN-evoked EPSCs, altering presynaptic release 380 
properties and removing inward rectifying, calcium permeable AMPA receptors. oDR-evoked 381 
EPSCs showed cocaine augmented presynaptic release properties without affecting post-synaptic 382 
receptors. oPPN-evoked EPSCs had a reduction in the AMPA-to-NMDA ratio, and unchanged 383 
presynaptic efficacy. Consistent with previous reports, we found no cocaine-induced changes in 384 
AMPA-to-NMDA ratio or PPR of electrically stimulated EPSCs to SNc dopamine neurons 385 
(Lammel et al., 2011). 386 

While the AMPA-to-NMDA ratio decreased for PPN-innervated synapses, cocaine 387 
caused a qualitatively different change to STN-innervated synapses by exchanging the type of 388 
AMPA receptors functioning at STN-innervated synapses without changing the AMPA-to-389 
NMDA ratio. Our evidence suggests that cocaine administration is specifically redistributing the 390 
NMDA receptor content at the PPN synapse, as the amplitude of the NMDA receptor-mediated 391 
EPSC changed along with the kinetics. The metric of AMPA-to-NMDA ratio as a gauge for 392 
synaptic strength, which assumes that NMDA receptor content doesn't change, may not be as 393 
generally applicable as previously thought. In our study, either NMDA receptors are potentiated 394 
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or AMPA receptors are depressed, based upon the input. Previous research has suggested 395 
signaling from NMDA receptors and D1-type dopamine receptors underlie changes in AMPA-396 
to-NMDA ratio changes at synapses on VTA dopamine neurons (Dong et al., 2004; Ungless et 397 
al., 2001). However, as those studies showed an increase in AMPA-to-NMDA ratio with an 398 
insertion of calcium-permeable AMPA receptors, the signaling mechanisms may be distinct 399 
between VTA and SNc dopamine cells. More recent evidence has shown a change in NMDA 400 
receptor function, due to the increase in expression of NR3a-containing NMDA receptors (Creed 401 
et al., 2016; Yuan et al., 2013). However, this causes an increase in the time constant of decay, 402 
suggesting the synaptic changes at synapses on VTA dopamine neurons are distinct from the 403 
changes seen at PPN-innervated synapses on SNc dopamine neurons. Given that the changes of 404 
STN and PPN-innervated synapses are qualitatively different and neither effect is predicted by 405 
electrical stimulation of glutamate afferents, our data demonstrate that cocaine causes selective 406 
effects to specific inputs to dopamine neurons.  407 

STN-innervated synapses had a loss of calcium-permeable AMPA receptors and a 408 
reduction in PPR, thus both a pre- and post-synaptic effect of cocaine occurs at this synapse. 409 
Activation of mGlu1 receptors may be required for the loss of the calcium permeable AMPA 410 
receptors postsynaptically, whereas presynaptically mGlu1 receptors activation causes long term 411 
depression (Luscher and Huber, 2010). However, postsynaptic activation of mGlu1 receptors can 412 
also cause presynaptic potentiation (Lapointe et al., 2004). Thus, activation of mGlu1 receptors 413 
could cause a coordinated loss of a type of AMPA receptor postsynaptically while strengthening 414 
the release probability presynaptically. 415 

DR-innervated synapses were relatively insensitive to cocaine postsynaptically, showing 416 
that DA neurons can differentially modulate their receptors based upon the input. However, 417 
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cocaine did cause a decrease in the PPR, similar to the decrease in PPR at STN-innervated 418 
synapses. This presynaptic effect of cocaine proves to be specific, as neither electrical nor PPN-419 
innervated synapses showed any change in PPR. This shows that the effects of cocaine do not 420 
necessarily affect both sides of the synapse simultaneously. 421 

By stimulating specific glutamate inputs to SNc dopamine neurons, we have 422 
demonstrated that cocaine differentially modulates excitatory inputs to SNc dopamine neurons. 423 
While often thought to be involved in psychomotor behaviors, SNc dopamine neurons are also 424 
involved in associations of natural rewards or cocaine with cues (Hassani et al., 2001; Ito et al., 425 
2002; Rossi et al., 2013). PPN, STN, and DR are thought to convey specific aspects of reward-426 
cue conditioning to SNc dopamine neurons. Similar to stimulation of SNc or VTA, stimulation 427 
of DR can act as its own reward, supporting instrumental learning and inducing condition place 428 
preference (Liu et al., 2014; McDevitt et al., 2014; Qi et al., 2014). PPN neuronal activity is 429 
sensitive to sensory-based changes in reward context (Norton et al., 2011). Neurons within STN 430 
respond to different types of reward such as natural or drug rewards (Baunez et al., 2005). While 431 
lesion experiments have suggested PPN and STN may encode motivation for learning drug-cue 432 
associations, STN does this at the expense of natural reward-cue associations (Baunez et al., 433 
2005; Bechara and van der Kooy, 1989). The present results show how cocaine can alter the 434 
influence each input has on dopamine neuron activity at the cellular level.  Instead of having the 435 
same response to every glutamate input, dopamine neurons modulate receptor expression at 436 
specific synapses, tuning their responses to each input.  Cocaine would then co-opt this ability by 437 
preferentially enhancing synaptic responses that increase the influence of contextual 438 
environmental stimuli linked to cocaine administration. 439 
  440 
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Figure Legends 548 
Fig. 1.  Injection of AAV-encoded ChR2-YFP in DR, PPN, and STN targets YFP expression 549 
to each nucleus and its projection targets. A, Horizontal sections from mice injected with virus 550 
into PPN, STN and DR, demonstrate YFP expression (green) throughout the nucleus 4 weeks 551 
after injection. Abbreviations: DLL, dorsal nucleus of the lateral meniscus; DR, dorsal raphe; 552 
LPB, lateral parabrachial nucleus; LPBE, LPB external part; MiTg, microcellular tegmental 553 
nucleus; MPB, medial parabrachial nucleus; mRT, mesencephalic reticular formation; PaR, 554 
pararubral nucleus; PSTh, parasubthalamic nucleus; SNCD, substantia nigra, compact part, 555 
dorsal tier; SNR, substantia nigra, reticular part. B, Ovals represent the distribution of labeled 556 
neurons for mice used for control (magenta) and cocaine-injected (yellow) mice. C, YFP-labeled 557 
afferents (yellow) in SNc from PPN, STN, and DR are seen amongst anti-tyrosine hydroxylase 558 
labeled dopamine neurons (magenta). 559 
 560 
Fig. 2. PPN, STN, and DR afferents have distinct postsynaptic receptor compositions in 561 
drug naïve mice.  A, Example of a matched optogenetically-evoked EPSC in STN with an 562 
electrically-evoked EPSC in the same dopamine neuron. B, Optogenetically-evoked EPSCs 563 
(black traces; stimulation for all traces at arrows) from PPN (oPPN), STN (oSTN), DR (oDR), 564 
and electrically-evoked EPSCs (stimulus artifact removed, Elec.) contain both NMDA (blue 565 
traces) and AMPA (red traces) receptor-mediated currents. C, AMPA-to-NMDA receptor-566 
mediated current ratios. oPPN-evoked EPSCs had similar amount of AMPA receptor-mediated 567 
and NMDA receptor-mediated currents with a ratio near 1. oSTN-, oDR- and electrically-evoked 568 
EPSCs have lower AMPA-to-NMDA receptor-mediated current ratios under 0.5. *: p < 0.05, **: 569 
p < 0.01 570 
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 571 
Fig. 3. PPN, STN, and DR afferents activate different complements of AMPA receptors on 572 
dopamine neurons. A, oPPN-evoked (black), oSTN-evoked (blue), and oDR-evoked (red) 573 
AMPA receptor-mediated currents at holding voltages of -60, -40, -20, 0, +20, and +40 mV, 574 
from bottom trace to top trace. B, oPPN- and oDR-evoked AMPA receptor mediated currents 575 
(black and red) have a linear I-V relationship, indicating they contain the GluA2 subunit.  oSTN-576 
evoked AMPA receptor-mediated current with inwardly rectifying I-V relationship (blue), not 577 
going through 0 pA, 0 mV. C, Rectificaton index corresponding to the ratio of currents at a 578 
holding voltage of -60 mV to +40 mV. The dashed line represents a ratio of 1.5, corresponding to 579 
a linear I-V relationship. D, PPN-evoked an inward current (black) that is marginally sensitive to 580 
NASPM (NASPM, green). oSTN-evoked AMPA receptor-mediated current (black) is 581 
significantly inhibited by NASPM (green) indicating the presence of calcium permeable AMPA 582 
receptors. oDR-evoked AMPA receptor-mediated current (black) is also partially inhibited by 583 
NASPM (green). E, Calcium permeable AMPA receptor antagonists, Joro toxin and NASPM, 584 
significantly decrease the normalized amplitude of AMPA receptor-mediated currents from 585 
oSTN in comparison to oPPN and oDR. F, The time constant of decay for AMPA receptor 586 
mediated currents produced at a holding voltage of -60 mV. *: p < 0.05, **: p < 0.01 587 
 588 
Fig. 4. Exposure to cocaine decreases the proportion of AMPA receptors relative to NMDA 589 
receptors at PPN synapses by changing the NMDA receptor content. A, After a single 590 
exposure to cocaine in vivo, oPPN-evoked AMPA (red) receptor- and NMDA (blue) receptor-591 
mediated currents become similar to oSTN, oDR, and electrical (stimulus artifact removed, 592 
Elec.). The oPPN-evoked EPSC and electrically-evoked EPSC were recorded from the 593 
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same dopamine neuron. Total EPSC is indicated by the traces in black. B, Cocaine 594 
decreases the ratio of AMPA-to-NMDA currents at PPN inputs, but does not affect the AMPA-595 
to-NMDA ratio of oSTN-, oDR- or electrically-evoked EPSCs. C, The amplitude of the AMPA 596 
receptor-mediated EPSCs evoked from oPPN, oSTN, and oDR are not significantly affected after 597 
exposure to cocaine. D, Exposure to cocaine significantly increases the amplitude of NMDA 598 
receptor-mediated currents evoked by oPPN, but not oSTN or oDR. E, F, NMDA receptor-599 
mediated EPSCs evoked by oPPN show a reduced rise time (E) and time constant of decay (F) 600 
after cocaine administration. *: p < 0.05, **: p < 0.01 601 
 602 
Fig. 5. A single injection of cocaine in vivo causes removal of calcium permeable AMPA 603 
receptors at STN synapses. A, After exposure to cocaine, oPPN-, oSTN-, and oDR- evoked 604 
EPSCs (black, blue, and red, respectively) have similar rectification of AMPA receptor-mediated 605 
currents. B, Rectification index of AMPA receptor-mediated currents from individual afferents 606 
in control (saline and naïve) and cocaine-treated animals. The dashed line represents a ratio of 607 
1.5, corresponding to a linear I-V relationship. C, After exposure to cocaine, oPPN- and oDR-608 
evoked inward currents (black) are partially sensitive to NASPM (green). Post-cocaine injection, 609 
oSTN-evoked AMPA receptor mediated current (black) is only partially sensitive to NASPM 610 
(green) indicating the relative decrease of calcium permeable AMPA receptors when compared 611 
to the same input in control animals.  D, Calcium permeable AMPA receptor antagonists, Joro 612 
toxin and NASPM, do not significantly decrease the normalized amplitude of AMPA receptor-613 
mediated currents from oSTN, oDR or oPPN after cocaine exposure in vivo. *, p < 0.05, **, p < 614 
0.01 615 
 616 
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 617 
Fig. 6.  Cocaine increases the probability of release at STN and DR synapses but does not 618 
affect PPN synapses. A, oPPN- and oDR-evoked EPSCs demonstrate paired pulse depression. 619 
oSTN-evoked EPSCs show paired pulse facilitation whereas electrical stimulation (artifact-620 
blanked) evoked EPSCs with paired pulse depression.  Exposure to cocaine leads to paired pulse 621 
depression from facilitation of oSTN-evoked EPSCs, increased paired pulse depression of oDR-622 
evoked EPSCs, and no change in oPPN- or electrically-evoked EPSCs. B, oSTN-evoked EPSCs 623 
have a paired pulse ratio (PPR) that is significantly higher than electrically- or oPPN-evoked 624 
EPSCs.  The PPR of oDR- and oSTN-evoked EPSCs is significantly reduced by in vivo cocaine 625 
exposure, while PPRs of electrically- and oPPN-evoked EPSCs remain unchanged. Exposure to 626 
cocaine also caused an increase in the PPR of EPSCs from electrical stimulation relative to 627 
oSTN. C, D An example of oPPN-evoked EPSC in which amplitude increased and onset latency 628 
decreased as the light intensity (C) or pulse duration (D) was increased, indicating the EPSCs 629 
were elicited by propagating action potentials. *, p<0.05, **, p < 0.01  630 
 631 
 632 














