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34  Abstract

35 The nucleus accumbens (NAc) is a key region in motivated behaviors. NAc medium spiny
36 neurons (MSNs) are divided into those expressing dopamine receptor D1 or D2. Classically, D1-
37 and D2-MSNs have been described as having opposing roles in reinforcement but recent evidence
38  suggests a more complex role for D2-MSNs.

39 Here we show that optogenetic modulation of D2-MSN to ventral pallidum (VP) projections
40  during different stages of motivated behavior has contrasting effects in motivation. Activation of D2-
41 MSN-VP projections during a reward-predicting cue results in increased motivational drive,
42  whereas activation at reward delivery results in decreased motivation; optical inhibition has the
43 opposite behavioral effect. In addition, in a free choice instrumental task, animals prefer the lever
44 that originates one pellet in opposition to pellet plus D2-MSN-VP optogenetic activation, and vice
45  versa for optogenetic inhibition.

46 In summary, D2-MSN-VP projections play different (and even opposing) roles in distinct
47 phases of motivated behavior.

48
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52 Introduction

53

54 Organisms are faced with the necessity to look for rewards in the environment to survive.
55  While natural rewards (e.g. food) motivate goal-directed behavior, similar mechanisms appear to
56 be involved in drug seeking, which can lead to drug abuse (Robbins 2002). Interestingly, individuals
57 associate environmental cues with specific rewards, causing for these cues to acquire motivational
58  significance that can shape goal-directed behavior (Rescorla 1994). For example, food-associated
59 cues can induce feeding in sated animals (Holland and Petrovich 2005), and drug-associated cues
60 can elicit drug taking after withdrawal (Grimm et al. 2002), suggesting that such motivational cues
61  have the ability to shape goal-directed behavior. Given these common cue-reward associative
62 mechanisms that natural and non-natural rewards share, by understanding the mechanisms that
63  guide motivated behavior for natural rewards it may be possible to provide insight into similar
64 pathological processes in drug addiction.

65 The nucleus accumbens (NAc) plays a significant role in regulating reward-seeking and
66  motivated behaviors (Berridge 2007). Electrophysiological studies have shown that NAc neurons
67 encode both the predictive value of environmental stimuli and the specific motor behaviors required
68 to respond to them (Carelli 2002; Nicola et al. 2004). Interestingly, with learning, NAc neurons, and
69 in particular those located in the core subregion (Ambroggi et al. 2011), develop responses to cues
70 predicting rewards (Roitman et al. 2005). In addition, others have shown that the NAc contains
71  distinct classes of neurons: one that increases firing at cue exposure in a cue-reward association
72 task; while other exhibits attenuated firing rate specifically at reward delivery (Gale et al. 2014).
73 The NAc receives dopamine signals from the ventral tegmental area (VTA), which acts
74 predominantly via activation of D1 or D2 dopamine receptors that are expressed by largely non-
75  overlapping populations of medium spiny neurons (MSNs) (Gerfen and Surmeier 2011). These two
76 MSN sub-populations project to different outputs: D1-MSNs project to the VTA, while both D1- and
77  D2-MSNs project to the ventral pallidum (VP) (Lu et al. 1998; Kupchik et al. 2015). Initial studies
78 suggested that different NAc MSN subtypes play distinct and opposing roles in motivated
79 behaviors: while activation of D1-MSNs promotes reward-related outcomes, activation of D2-MSNs
80 blunts rewarding events (Lobo et al. 2010; Kravitz et al. 2012; Calipari et al. 2016). However, other
81 studies challenged this functional opposing view and showed that NAc D2-MSN optical stimulation
82  promotes self-stimulation (Cole et al. 2018), suggesting that D2-MSNs may be pro-rewarding in
83 some contexts. Moreover, we have shown that brief optical activation of D2-MSNs paired with a
84  reward-predicting cue enhances motivation to obtain food rewards (Soares-Cunha et al. 2016,
85  2018). In addition, specific cue-driven activation of D2-MSN-VP projections would increase
86 motivation towards obtaining a food reward (Soares-Cunha et al. 2018). Interestingly, this
87 behavioral effect was triggered by a transient decrease in activity of GABAergic neurons within the
88 VP which, in turn, resulted in disinhibition of dopaminergic activity of the VTA (Soares-Cunha et al.
89  2018), known to induce increased motivational levels (llango et al. 2014; Han et al. 2017).
90 Nonetheless, others have shown that chronic inhibition of D2-MSNs during a progressive ratio (PR)
91 task (using chemogenetics), leads to enhanced motivation without affecting the sensitivity to reward
92  devaluation (Carvalho Poyraz et al. 2016). Interestingly, despite increasing motivation, inhibition of
93 D2-MSNs would cause animals to initiate more frequently behavior without goal-directed efficiency
94  (Gallo et al. 2018), an effect caused by disinhibition of VP GABAergic activity (Gallo et al. 2018).
95 These studies and others further support the notion that reward-related behavioral responses
96  depend on normal connectivity between NAc and VP (Chang et al. 2018), and that VP is a critical
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97  interface between reward processing and motor output (Chang et al. 2018; Ottenheimer et al.

98  2018).

99 In general, these results seem to point for the importance of D2-MSN-VP in specific
100 sequences of behavior such as action initiation and cue-driven responses. Thus, to better
101 understand the contribution of D2-MSN-VP projections in reward-related behaviors, we optically
102 manipulated these neurons during specific segments of behavior. We show that optogenetic
103 stimulation of D2-MSN-VP projections can bi-directionally modulate motivated behavior depending
104  on the timing of stimulation: activation during a cue that predicts a reward increases motivation
105  while activation of the same neurons at reward delivery decreases motivation in different behavioral
106 paradigms. This study adds to a better understanding on the role of D2-MSN-VP projections in
107 motivated behaviors and shows that these neurons play a much more complex role in reinforced
108 behavior than previously anticipated.

109

110

111 Results

112

113 Optogenetic activation D2-MSN terminals modulates ventral pallidum activity

114 Previous data from our group showed that optogenetic stimulation of NAc core D2-MSNs cell

115 bodies during cue exposure increases motivation and is rewarding (Soares-Cunha et al. 2016).
116 However, it remains to be determined if this behavioral effect is through D2-MSN terminals in the
117 VP or through another downstream region. So, in order to better understand the role of D2-MSN-
118 VP projections in motivated behavior, we used optogenetics to manipulate these terminals.

119 We unilaterally injected an AAV5 containing a construct with channelrhodopsin (ChR2) in
120  fusion with enhanced yellow fluorescent protein (eYFP) under the control of the dopamine receptor
121 D2 minimal promoter (pAAV-D2R-hChR2(H134R)-eYFP) in the NAc core of wild type Wistar Han
122 rats (D2-ChR2 group; Figure 1A), which allows specific manipulation of D2* neurons (Soares-
123 Cunha et al. 2016; Zalocusky et al. 2016). Expression of eYFP was observed in cell bodies in the
124 NAc core (Figure 1B) and in D2-MSN terminals located in the dorsal VP (dVP; Figure 1C), the VP
125 sub-region that is innervated by the NAc core D2-MSNs (Heimer et al. 1991). We next used single-
126  cell in vivo electrophysiology in anesthetized animals to evaluate optically-evoked response of dVP
127 neurons to D2-MSN terminal activation (1s, 25ms light pulses at 20Hz) (Figure 1D). Half of recorded
128  dVP neurons responded to D2-MSN terminal stimulation by decreasing firing rate (15 cells), 10%
129 increased firing rate (3 cells) and 40% (12 cells) presented no change in comparison with baseline
130 (Figure 1E). As a consequence, the net firing rate of dVP significantly decreased during the stimulus
131 period (Fe.20)= 7.32, p = 0.0083, one way ANOVA,; Figure 1E) in comparison to baseline activity
132 (Bonferroni post hoc, p = 0.0339). After optical stimulation, dVP firing rate returned to baseline
133 levels (Bonferroni post hoc, p = 0.6083). This effect is also shown in the temporal variation of activity
134  of all recorded neurons (Figure 1F).

135
136  Cue-paired optogenetic activation of D2-MSN-VP projections increases motivation
137 Previous data presented conflicting results regarding D2-MSNs’ role in motivation (Carvalho

138  Poyraz et al. 2016; Soares-Cunha et al. 2016, 2018; Gallo et al. 2018), suggesting that these
139  neurons play distinct roles in different stages of motivated behavior. In this work, we decided to
140  focus on the modulation of D2-MSN-VP terminals in motivated behaviors. First, we tested D2-ChR2
141 animals in the PR task that has one active lever associated with reward delivery and one inactive
142  lever (Figure 1G). Each trial begins with turning ON of a cue light located above the active lever.
143  The PR directly measures motivational level which is given by the breakpoint, that is the moment
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144  when the animal gives up pressing for the reward (Wanat et al. 2010). Control group was injected
145  with an AAV containing pAAV-D2R-eYFP (D2-YFP) (Figure 1 — figure supplement 1A-B).

146 During continuous reinforcement (CRF) training, both groups increased lever pressing
147  throughout days similarly (Fues = 1.5, p= 0.2230, two way ANOVA; Figure 1H). All animals
148 increased lever pressing in the fixed-ratio (FR) schedule days in the correct versus incorrect lever
149  (Fp22) = 61.3, p < 0.0001, two way ANOVA; Figure 11).

150 After stable lever pressing, we performed optical stimulation (1s, 25ms pulses at 20Hz) of D2-
151 MSN terminals in the dVP paired with cue light period of the PR session. D2-MSN-VP stimulation
152  induced a significant increase in the number of cumulative lever presses (D2-ChR2 ON versus D2-
153 ChR2 OFF; Fis,72) = 10.6, p < 0.0001, two way ANOVA,; Figure 1J). D2-ChR2-stimulated animals
154 presented a 51% increase in breakpoint in comparison to D2-YFP-stimulated rats (t11= 5.98, p <
155 0.0001, unpaired ¢ test; Figure 1K). All D2-ChR2 rats displayed a significant increase in breakpoint
156 in the session with optical stimulation (ON) in comparison with the session without optical
157 stimulation (OFF) (= 10.2, p < 0.0001, paired f test; Figure 1L), which was counterbalanced
158  between days. This enhancement was not due to changes in food consumption, since the number
159  of pellets earned was similar in the two PR sessions (ts= 2.0, p = 0.0930, paired t test; Figure 1 —
160  figure supplement 1C).

161 When optogenetic activation occurred during the inter-trial interval (ITl), no differences in the
162 cumulative lever pressing (Figure — figure supplement 1D), breakpoint (Figure — figure supplement
163 1E), or number of food pellets earned (Figure 1 — figure supplement 1F) was observed between
164  D2-ChR2 and D2-YFP animals, showing that the motivation boost effect is restricted to particular
165  stages of behavior.

166
167 Cue-paired optogenetic inhibition of D2-MSN-VP projections decreases motivation
168 We next inhibited D2-MSN-VP terminals during PR performance. Animals were injected with

169  an AAVS5 containing halorhodopsin (eNpHR) under the control of the D2 minimal promoter (pAAV-
170  D2R-eNpHR3.0-eYFP) (Figure 2A,B; Figure 1 — figure supplement 1A,B) (Soares-Cunha et al.
171 2016).

172 D2-NpHR and D2-YFP rats presented similar rate of lever pressing in the training sessions.
173 During CREF training, both groups increased lever pressing similarly across days of training (F,e0) =
174 2.9, p =0.0962, two way ANOVA; Figure 2C), and all animals increased lever pressing in the FR
175 schedule in the correct versus incorrect lever (Fa18) = 27.5, p < 0.0001, two way ANOVA,; Figure
176  2D). D2-MSN-VP optical inhibition (10s constant light at 10mW) during cue light period of the PR
177 session, induced a significant decrease in the number of cumulative lever presses (D2-eNpHR ON
178 versus D2-eNpHR OFF; Fs48) = 5.3, p = 0.0006, two way ANOVA,; Figure 2E). This was translated
179 into a 43% decrease of the breakpoint of D2-eNpHR group in comparison to D2-YFP stimulated
180 rats (%=3.4, p = 0.0076, unpaired t test; Figure 2F). All D2-NpHR rats displayed a significant
181  decrease in breakpoint in the ON session in comparison with the OFF session (ts=10.2, p < 0.0001,
182 paired f test; Figure 2G). D2-NpHR and D2-YFP rats earned a similar number of pellets in the PR
183  session (£=0.1, p = 0.8925, unpaired f test; Figure — figure supplement 1A).

184 Optogenetic inhibition during the ITI did not induce differences in the cumulative lever pressing
185  (Figure 2 —figure supplement 1B), breakpoint (Figure 2 — figure supplement 1C), or number of food
186 pellets earned (Figure 2 — figure supplement 1D).

187
188 Impact of reward-paired optogenetic modulation of D2-MSN-VP projections in motivation
189 D2-MSN-VP modulation during cue exposure induced robust changes in motivational drive,

190 but the impact of this manipulation during other task-relevant periods remained unknown. Thus, we
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191 next paired D2-MSN-VP projection activation/inhibition with cue exposure as in the previous task,
192  and in another session, optical modulation was paired with reward (pellet) delivery (Figure 3A).
193 Interestingly, D2-ChR2 animals presented a significantly lower number of cumulative lever presses
194  (30.2% less) performed in the PR session with optical stimulation paired with reward delivery, in
195 comparison with D2-YFP animals (Fs60) = 9.9, p < 0.0001, two way ANOVA; D2-ChR2 reward
196 versus D2-YFP reward, Tukey’s multiple comparison, p < 0.0001; Figure 3B). In addition, D2-ChR2
197  animals presented a significantly lower number of cumulative lever presses in comparison to the
198 PR session in which they received optical activation at cue exposure (48.2% decrease; Tukey’s
199 multiple comparison, p < 0.0001; Figure 3B). As compared to D2-YFP, there was a 46.5% reduction
200  in breakpoint (t19=7.1, p < 0.0001, unpaired t test); and a 64% reduction in comparison to D2-ChR2
201 cue session (t11=15.6, p < 0.0001, paired t test; Figure 3C,D).

202 Optogenetic inhibition of D2-MSN-VP projections paired with reward delivery significantly
203 increased the number of cumulative lever presses in comparison to both D2-YFP (18.2% increase;
204 Tukey’s multiple comparison, p = 0.0495; Figure 3B) and D2-eNpHR cue (24.3% increase; Tukey’s
205 multiple comparison, p = 0.0036; Figure 3B). As compared to D2-YFP, there was a 36.9% increase
206 in breakpoint (t17=8.6, p < 0.0001, unpaired f test); and a 105% increase in comparison to D2-
207 eNpHR cue (t10=11.9, p < 0.0001, paired ¢ test; Figure 3C,D).

208 No significant differences were observed in the number of food pellets earned during the PR
209  sessions (Figure 3 — figure supplement 1A).
210

211 Optogenetic activation of D2-MSN-VP projections paired with reward shifts preference and
212  decreases motivation

213 Considering the distinct role of D2-MSN-VP projections in different stages of the PR test, we
214  tested animals in another reward-related task. Animals were tested in a two-lever free choice
215  behavioral paradigm, in which animals have available two levers that deliver one food pellet each;
216 one lever is randomly assigned to stimulate D2-MSN-VP projections (stim+), while the other lever
217  is assigned to deliver the pellet alone (stim-) (Figure 4A).

218 Throughout acquisition days, D2-ChR2 rats showed a clear preference for pressing the stim-
219 lever in comparison with the stim+ lever (Fi.48 = 7.3, p < 0.0001, two way ANOVA; Bonferroni
220 multiple comparison, p < 0.0001; Figure. 4B). As expected, D2-YFP rats showed no preference for
221 either lever (Figure 4B). Regardless of this preference, no significant differences were found in the
222 total number of lever presses (in both levers) in the last day of training between D2-ChR2 (average
223 of 1230.1 lever presses) and D2-YFP (average of 996.3 lever presses) rats (f11 = 1.6, p = 0.1426,
224 unpaired t test; data not shown).

225 Considering this preference, we next decided to evaluate individuals’ behavior in reward
226 extinction conditions. The same behavioral task was performed but no pellet was delivered on
227 either lever, though optical stimulation still occurred at stim+ lever (Figure 4D). Interestingly, both
228 groups decrease lever pressing in both levers, indicating that the instrumental response was
229  dependent on the delivery of the reward (Figure 4E).

230 After 2 reminder sessions with laser paired with reward delivery in the assigned lever, we
231 performed the task in laser extinction conditions, i.e., the outcome is the same in both levers — one
232 pellet — but no stimulation is given (Figure 4G). D2-ChR2 animals showed no preference for either
233 lever under laser extinction conditions (Fs30) = 1.2, p = 0.3178, two way ANOVA,; Bonferroni
234 multiple comparison, p > 0.9999; Figure 4H).

235 Next, we performed two sessions of PR, one session for each lever (Figure 4J).
236 Interestingly, D2-ChR2 rats pressed cumulatively more in the PR session in which animals worked
237 for the stim- lever, in comparison with the session in which they had to press for the stim+ lever
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238 (Fe,72) = 135.7, p < 0.0001, two way ANOVA; Bonferroni multiple comparison, p < 0.0001; Figure
239  4K). There was a significant decrease in breakpoint (53%) in all D2-ChR2 animals for stim+ lever
240 in comparison to stim- (s = 10.3, p < 0.0001, paired ¢ test; Figure 4M). No differences in the number
241 of food pellet consumed during both PR sessions was found (D2-ChR2 stim+ versus D2-ChR2
242 stim-; t6 = 0.6, p = 0.5729, paired t test; Figure 4 — figure supplement 1A).

243

244  Optogenetic inhibition of D2-MSN-VP projections paired with reward shifts preference and
245 increases motivation

246 We next performed the two-lever free choice behavioral paradigm with optogenetic inhibition
247  of D2-MSN-VP terminals. Rats were presented with two levers that originated a food pellet, but
248 stim+ was now associated with optogenetic inhibition of D2-MSN-VP projections. A significant
249  difference was found between choice of levers along the days of training: D2-eNpHR rats showed
250 a significant preference for pressing the stim+ lever in comparison with stim- lever (Fz,s6) = 26.8, p
251 < 0.0001, two way ANOVA; Figure 4C). As anticipated, D2-YFP rats showed no preference for
252 either lever (Figure 4C). No significant differences were found in the total number of lever presses
253 in the last day of training between D2-NpHR (average of 1135 lever presses) and D2-YFP (average
254  0of 996.3 lever presses) (fo = 0.9, p = 0.3780, unpaired f test; data not shown).

255 We next performed the task in food extinction conditions (Figure 4D). Both groups significantly
256  decreased lever pressing on either lever (Figure 4F), indicating that stimulation alone is not
257  sufficient to maintain increased lever pressing.

258 Next, we performed the same task but in laser extinction conditions, which makes the outcome
259  (pellet alone) equal in both levers (Figure 4G). D2-eNpHR animals showed no preference for either
260 lever (F.40) = 6.8, p = 0001, two way ANOVA; Bonferroni multiple comparison, p > 0.9999; Figure
261 4l).

262  After performing a reminder of the two-lever free choice task, we performed two PR sessions, one
263  for each lever (Figure 4J). D2-eNpHR rats pressed cumulatively more in the PR session in which
264 animals worked for the stim+ lever in comparison with stim- lever (Fs.40) = 217.0, p < 0.0001, two
265 way ANOVA; Bonferroni multiple comparison, p < 0.0001; Figure 4L). This was reflected in a
266  significantly increased breakpoint (103%) in all D2-eNpHR animals for the PR session of stim+
267 lever in comparison with the session of stim- lever (t4 = 8.6, p = 0.0010, paired t test; Figure 4N).
268  No differences in the number of food pellets consumed in both PR sessions was observed (D2-
269 eNpHR stim+ versus D2-eNpHR stim-; 4+ = 2.1, p = 0.1045, paired t test; Figure 4 — figure
270  supplement 1B).

271
272 No differences in food consumption with D2-MSN-VP modulation
273 In order to further verify if D2-MSN-VP projections play a relevant role in food consumption

274  we evaluated the amount of food — normal chow and food pellets — that animals would consume in
275  one session with no optogenetic modulation and one session with either optogenetic activation (D2-
276  ChR2) or optogenetic inhibition (D2-eNpHR) of D2-MSN-VP projections. For this, all animals
277 performed three days of free food consumption in a cage similar to the home cage and the amount
278  of food consumed was monitored by evaluating the weight at the end of each 30-minute session;
279 all animals performed two days of consumption test without optical stimulation (that were averaged)
280 and one day with optogenetic stimulation. Neither optogenetic activation nor optogenetic inhibition
281  of D2-MSN-VP projections had a significant impact in the consumption of normal chow or food
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282 pellets (Figure 4 — figure supplement 2A-F), indicating that the changes in motivation caused by
283  optogenetic modulation were not due to differences in food consumption or satiety.
284

285

286

287 Discussion

288

289 Despite remarkable advances in identifying the role of specific neuronal populations of the

290  reward circuit in motivated behaviors (Parker et al. 2016; Saunders et al. 2018; Engelhard et al.
291  2019), there is still a lot of controversy regarding NAc D1- and D2-MSNs (Soares-Cunha et al.
292 2016, 2019; Natsubori et al. 2017; Cole et al. 2018). D2-MSNs have been considered to play a
293 crucial role in inducing transient punishment and aversive responses (Kravitz et al. 2012); however,
294  accumulating evidence points to a heterogenous role of this neuronal population in behavior
295  (Soares-Cunha et al. 2016, 2019; Natsubori et al. 2017; Cole et al. 2018). In the present study we
296 report that optogenetic activation of D2-MSN-VP projections occurring at the same time as reward-
297 predicting cue increases motivation. Contrary, if optogenetic stimulation was paired with reward
298 (pellet) delivery, this resulted in decreased breakpoint/motivation. Inhibition experiments led to
299 opposit effects in behavior, confirming these results. In addition, we report that in a free-choice
300 task in which rats could press a lever to receive a food pellet or a food pellet paired with laser
301 stimulation, a shift in preference towards pellet alone was observed, and vice versa for optogenetic
302 inhibition. These results suggest that D2-MSN terminals in the VP are likely differentially activated
303  during different phases of motivated behaviors.

304

305 Previously we showed that cue-paired optogenetic activation of D2-MSNs in the NAc leads to
306 a significant increase in motivation (Soares-Cunha et al. 2016). However, other studies showed
307  that chronic inhibition of these neurons using chemogenetics increases motivation (Carvalho
308 Poyraz et al. 2016; Gallo et al. 2018). This apparently contradictory findings can now be reconciled
309  with the evidence that D2-MSNs appear to play distinct roles during different stages of reward-
310 related tasks. Our data indicates that D2-MSN-VP projections are important to add value to a cue
311  that predicts a future reward, and to increase effort towards obtaining the reward. Conversely,
312 activation of D2-MSN-VP projections at reward delivery decreases breakpoint/motivation, contrary
313  to the observed effects with cue-paired optical activation. This behavioral data suggests that D2-
314 MSN-VP inputs activation is necessary to invigorate cue value, but suppression of D2-MSN-VP
315 activity is required for efficient reward consumption.

316 Altogether the PR task data pinpoints that D2-MSNs projecting to the VP are necessary to
317 encode the value of a reward-predicting cue, but not so much for the reward itself. In agreement,
318 in the two-choice task, optogenetic activation of D2-MSN-VP projections paired with reward delivery
319  (stim+) shifts preference for stim- lever; the contrary was observed with optical inhibition of these
320 terminals. Interestingly, and in support of our behavioral results, data from extracellular recordings
321 in the dorsomedial striatum has shown that D2-MSNs are selectively active during action initiation,
322 but are suppressed at outcome delivery (Nonomura et al. 2018). In addition, electrophysiological
323 studies performed in the NAc have shown that MSNs exhibit phasic increases in firing rate during
324  cue presentations, but attenuated firing rates at reward delivery (Gale et al. 2014). Similarly,
325  electrophysiological recordings in the NAc during a Pavlovian conditioning approach task showed
326  that MSNs exhibit significant responses during task performance: while MSNs increase firing rate
327 during conditioned stimulus presentations, the responses to reward were predominantly inhibitory
328 (Wan and Peoples 2006). Yet, it is important to refer that in these electrophysiological studies no

8


https://doi.org/10.1101/2020.11.27.401042
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.27.401042; this version posted November 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

329 separation between D1- and D2-MSNs was performed. More recently, a key role for D2R-
330 expressing neurons in the NAc has been identified in response to reward-predicting cue, given that
331 these neurons increased firing at cue, but not at lever pressing, that predicted lever availability for
332  electrical stimulation of the VTA (Owesson-White et al. 2016). Interestingly, calcium transients of
333 D1- or D2-MSNs detected in the ventrolateral striatum with fiber photometry during a PR task,
334  showed that D2-MSNs increase activity at trial start, but decrease as lever pressing for reward
335 continues, reaching minimal levels at reward delivery (Natsubori et al. 2017). Moreover, higher D2-
336 MSN calcium transients associated with cue exposure were correlated with a higher motivational
337 state (Natsubori et al. 2017). Although dorsal and ventrolateral striatum are functionally distinct
338  from the NAc, these data are in agreement with our results indicating that D2-MSNs in the core
339 subregion are highly relevant for the reward-predicting cue period. Importantly, this effect may be
340  subregion specific, because core and shell have different behavioral roles, presumably because of
341  different inputs that they receive (Zahm 1999; Voorn et al. 2004). We focused our attention on NAc
342 core projections to the VP because this sub-region has been proposed to be particularly relevant
343  for acquisition of cue-reward associations, while shell seems to be more relevant for reward
344  prediction and affective processing (Carelli 2004; Saddoris 2013; Saddoris et al. 2015; West and
345  Carelli 2016; Sackett et al. 2017)

346 Another interesting finding from this study was that in reward extinction conditions, laser
347 stimulation per se was not able to support the shift in preference. This data may be defying to
348 reconcile with the fact that brief optical activation of D2-MSNs per se is reinforcing since it induces
349 place preference (Cole et al. 2018). Nevertheless, these findings are similar to previous studies in
350 which optogenetic stimulation of central amygdala (Robinson et al. 2014) or laterodorsal
351  tegmentum-to-NAc projections (Coimbra et al. 2019) increased preference for the lever associated
352 with optical stimulation, but only if paired with food reward. One possible explanation is that in the
353  two-choice task, animals are mildly food restricted so their primary goal is to obtain the food pellet,
354 so in reward extinction conditions the stimulation alone is not enough to sustain lever pressing.
355  One other possibility is that one would need additional sessions to observe self-stimulation of these
356 projections.

357 In laser extinction conditions, in which pressing either lever results in equal pellet delivery,
358 animals pressed similarly on each lever. Still, in a reminder session where optical inhibition was
359 associated with reward delivery in stim+ lever, animals would show a significant increase in
360 motivation to work for that lever. Again, this suggests that D2-MSNs-VP terminals are likely
361 suppressed during reward delivery. Although these effects could be attributed to potential
362  alterations in the hedonic value of the reward (Berridge 2007; Berridge et al. 2009) caused by
363 stimulation itself, the fact that stimulation during free feeding behavior did not induce any
364 consumption differences for chow or food pellets likely rules out this hypothesis.

365

366 One possibility by which modulation of D2-MSNs in the VP could affect motivated behavior is
367 that activation of these projections causes an indirect effect in downstream regions important for
368 motivated behaviors, namely the VTA that is densely innervated by VP GABAergic projections
369  (Flagel et al. 2011; Ostlund et al. 2014; Burke et al. 2017; Soares-Cunha et al. 2019). Given that
370  optogenetic activation of D2-MSN-VP projections causes a net decrease in the firing rate of VP
371 putative GABAergic neurons, the tonic inhibitory control that VP GABAergic neurons exert over
372  dopaminergic neurons in the VTA is inhibited (Hjelmstad et al. 2013), which could lead to increased
373  dopaminergic activity and consequent increase in motivated responses. Indeed, previous data from
374  our team showed that optical activation of D2-MSNs leads to inhibition of VP GABAergic neurons,
375 and consequently increased VTA dopaminergic activity (Soares-Cunha et al. 2019).
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376

377

378  Conclusion

379 In the present work we show that D2-MSN-VP projections differentially contribute for distinct

380 phases of motivated behavior. Activity of these neurons is necessary to increase the value of a cue
381  that predicts a reward, but it does not seem necessary for the operant execution of the task. This
382 is particularly shown in the two-choice task, where, although D2-ChR2 animals show preference
383  for one of the levers (stim-) as learning of the instrumental task progresses, the total number of
384 lever presses (stim+ lever plus stim- lever) does not differ from control animals. Interestingly, this
385 is also observed in studies showing preference for the stim+ lever (Robinson et al. 2014; Coimbra
386 etal. 2019).

387

388 It is becoming increasingly evident that D2-MSNs have divergent roles in different stages of
389 behavior, which highlights the need to perform electrophysiological recordings with opto-tagging
390  (Kravitz et al. 2013) or calcium imaging (Klaus et al. 2017) in freely behaving animals during task
391 performance, to determine the temporal activity of D2-MSN-VP projections during behavior.

392

393 Overall, this work shows that the role of D2-MSN-VP projections in reinforced behaviors is far
394  more complex than anticipated, suggesting the need of a coordinated activity of the same neuronal
395 population during behavioral performance for the execution of highly motivated behaviors.
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396  Materials and Methods
397
Key Resources Table
Reagent type i
(Species) or Designation Source or Reference Identifier .AddItIOI’?al
information
resource
Straip (Ratus Wistar han rat Charleg River . NA Wild-type rats
norvegicus, male) Laboratories, Spain
Recombinant DNA AAV5-D2R- .
reagent hChR2(H134R)-EYFP Deisseroth lab NA
Recombinant DNA AAV5-D2R- .
reagent eNpHR3.0-EYFP Deisseroth lab NA
Recombinant DNA AAV5-D2R- EYFP Deisseroth lab NA
reagent
. . catalog #A-11055, )
Antibody goat anti-GFP Abcam RRID: AB_2534102 1:500
. Alexa fluor 488 . catalog #A-11055, )
Antibody donkey anti-goat Invitrogen RRID: AB_2534102 1:500
Software, algorithm Spike2 Cambnggg;;ectromc RRID:SCR_000903
Software, algorithm Med-PC program Med Associates RRID:SCR_012156
Software, algorithm GraphPad Prism GraphPa:gCSoftware RRID:SCR_002798 Version 8.4.0
Python packages , Python Software
Software, algorithm (numpy 1.10.1; scipy Foundation, NA
0.18.1) Beaverton, OR, USA
398
399
400 Animals
401 Male Wistar Han rats (two to three months old at the beginning of the experiments) were used.

402 Animals were maintained under standard housing conditions with 12/12h light/dark cycle (lights on
403  from 8a.m. to 8p.m.) and room temperature of 21 + 1°C, with relative humidity of 50-60%. Rats
404  were individually housed after optical fiber implantation and standard diet (4RF21, Mucedola SRL)
405 and water were given ad libitum, until the beginning of the behavioral experiments, in which animals
406  switched to food restriction to maintain 85% of initial body weight.

407 Behavioral manipulations occurred during the light period of the light/dark cycle. Health
408  monitoring was performed according to FELASA guidelines (Nicklas et al. 2002). All procedures
409 were conducted in accordance with European Regulations (European Union Directive
410  2010/63/EU). Animal facilities and animal experimenters were certified by the National regulatory
411 entity, Diregao-Geral de Alimentagdo e Veterinaria (DGAV). All protocols were approved by the
412 Ethics Committee of the Life and Health Sciences Research Institute (ICVS) and by DGAV (protocol
413 number 19074, approved on 08/30/2016).

414
415  Constructs and virus
416 eYFP or hChR2(H134R)-eYFP or eNpHR3.0-eYFP were cloned under the control of the D2R

417  minimal promoter region as described before (Soares-Cunha et al. 2016; Zalocusky et al. 2016).
418 Constructs were packaged in AAV5 serotype by the University of North Carolina at Chapel Hill
419  (UNC) Gene Therapy Center Vector Core (UNC). AAV5 vector titters were 3.7-6 x 102 viral
420 molecules/ml as determined by dot blot.

421

422  Surgery and optic fiber implantation

1"
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423 Rats were anesthetized with 75 mg kg™' ketamine (Imalgene, Merial) plus 0.5 mg
424  kg™' medetomidine (Dorbene, Cymedica). Virus was unilaterally injected into the NAc; coordinates
425  from bregma, according to (Paxinos and Watson 2005): +1.2 mm anteroposterior (AP), +1.2 mm
426  mediolateral (ML), and -6.5 mm dorsoventral (DV; D2-ChR2 group and D2-eYFP control group).
427 An optic fiber was then implanted in the VP (coordinates from bregma: —0.1 mm AP, +2.4 mm ML,
428 and -7.5 mm DV), which was secured to the skull using two 2.4 mm screws (Bilaney) and dental
429  cement (C&B kit, Sun Medical).

430 Rats were allowed to recover for three weeks before initiation of the behavioral trainings.
431

432

433 Behavior

434 Animals and apparatus. Rats were habituated to 45 mg of food pellets (F0021; Bio-Serve) in

435 the home cage, which were used as reward during the behavioral protocol, 1 day before training
436 initiation. Behavioral sessions were performed in operant chambers (Med Associates) that
437  contained a central, recessed magazine to provide access to 45 mg of food pellets (Bio-Serve),
438  two retractable levers with cue lights located above them that were located on each side of the
439 magazine. Chamber illumination was obtained through a 2.8-W, 100-mA light positioned at the top-
440  center of the wall opposite to the magazine. The chambers were controlled by a computer equipped
441  with the Med-PC software (Med Associates).

442

443 PR 1 schedule of reinforcement. All training sessions started with illumination of the house
444  light that remained until the end of the session. On the first training session [continuous
445  reinforcement (CRF) sessions] one lever was extended. The lever would remain extended
446  throughout the session, and a single lever press would deliver a food pellet (maximum of 50 pellets
447 earned within 30 minutes). In some cases, food pellets were placed on the lever to promote lever
448 pressing. After successful completion of the CRF training, rats were trained to lever press on the
449 opposite lever using the same training procedure. In the four following days, the side of the active
450 lever was alternated between sessions. Then, rats were trained to lever press one time for a single
451  food pellet in a fixed ratio (FR) schedule consisting in 50 trials in which both levers are presented,
452 but the active lever is signaled by the illumination of the cue light above it. FR sessions began with
453  extension of both levers (active and inactive) and illumination of the house light and the cue light
454  over the active lever. Completion of the correct number of lever press led to a pellet delivery,
455  retraction of the levers and the cue light turning off for a 20-s inter-trial interval (ITl). Rats were
456  trained first with one lever active and then with the opposite lever active in separate sessions (in
457  the same day). In a similar manner, rats were then trained using an FR4 reinforcement schedule
458 for 4 d and a FR8 for 1 day. On the test day, rats were exposed to PR or FR experimental sessions
459  (one session per day) according to the following schedule: day 1, FR4; day 2, PR (optical
460  stimulation); day 3, FR4; day 4, PR (no optical stimulation). PR sessions were identical to FR4
461 sessions except that the operant requirement on each trial (T) was the integer (rounded down) of
462 1.4 lever presses, starting at 1 lever press. PR sessions ended after 15 min elapsed without
463 completion of the response requirement in a trial. All animals performed 4 sessions of PR: in the
464  first session all animals received no optogenetic manipulation; in following sessions one third of the
465 animals received optogenetic manipulation during ITI, one third received optogenetic manipulation
466  at cue exposure and one third received optogenetic manipulation at pellet delivered. The days of
467  optogenetic manipulation were counterbalanced between groups. All PR sessions were separated
468 by two days of FR4 with no stimulation.
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469 Optical activation consisted of: 473nm, 25ms light pulses over 1s, 10mW at the tip of the
470 implanted fiber.

471 Optical inhibition consisted of: 589nm, 10 s of constant light, 10mW at the tip of the implanted
472  fiber.

473

474 Two-choice schedule of reinforcement. During instrumental training, rats were presented two
475 illuminated levers, one on either side of the magazine (Robinson et al. 2014). Presses in one lever

476  (stim+) lead to instrumental delivery of a pellet plus laser stimulation (optical activation: 1s, 20Hz,
477 473nm; optical inhibition: 4s constant light, 589 nm; both with 10mW at the tip of the implanted
478  fiber) accompanied by a 4s auditory cue (white noise or tone; always the same paired for a
479 particular rat, but counterbalanced assignments across rats). In contrast, pressing the other lever
480 (stim-) delivered a single pellet accompanied by another 4s auditory cue (tone or white noise), but
481  with no laser illumination. For both levers, presses during the 4s after pellet delivery had no further
482 consequence. Each daily session began with a single presentation of each lever (either stim+ or
483 stim-) to ensure that the rat sampled both reward outcomes. After these two initial trials, both levers
484  were presented simultaneously for the remainder of the session (30 minutes total), allowing the rat
485  to freely choose between the two. Training sessions consisted in three days of Fixed Ratio (FR) 1,
486  one day of FR4, one day of Random Ratio (RR) 4 and three days of RR6.

487

488 Food extinction. To assess whether laser stimulation alone could maintain responding on a
489 stim+ associated lever when the reward was discontinued, rats were given the opportunity to earn
490 the same levers but without pellet (pellet extinction) (Robinson et al. 2014). Each completed trial
491  (RR4) on the stim+ lever resulted in the delivery of laser stimulation (optical activation: 1s, 20Hz,
492 473nm; optical inhibition: 4s constant light, 589 nm; both with 10mW at the tip of the implanted
493 fiber) and the previously paired auditory cue but no pellet delivery. Each completed trial on the
494  other lever (previously pellet alone) resulted in the delivery of its auditory cue but no pellet itself.
495

496 Laser extinction. To test the persistence of laser-induced preference, rats received 2 days
497 reminder training with stim+ versus stim- (Robinson et al. 2014). After that, rats underwent 4
498  consecutive days of laser-extinction testing, where outcomes for both levers consisted in the
499  delivery of a pellet and the associated auditory cue, with no administration of laser stimulation.
500

501 PR 2 schedule of reinforcement. The PR test was performed with either the stim+ lever or
502  stim- lever (order of test conditions was balanced across animals) and was repeated for each
503 animal with the other lever (Robinson et al. 2014). The number of presses required to produce the
504 next reward delivery increased after each reward, according to an exponential equation (PR =
505  [5elrewardnumber0.2)] — 5 gand rounded to the nearest integer). To determine whether any preference in
506 responding was the result of increased workload, animals were given a FR4 session (identical to
507 the initial day of training) after the first PR.

508

509 Normal chow consumption. We next examined the effect of laser stimulation on voluntary
510 normal chow consumption in a 30-minute chow consumption test. Intake test was conducted in a
511  familiar chamber (similar to the home cage) containing bedding on the floor in which rats had serial
512 access to pre-weighed quantities of regular chow pellets (20 g) while also having constant access
513  to water. Intake tests were repeated on 3 consecutive days. Laser stimulation was administered
514  only on 1 day (optical activation: 20Hz, 473nm throughout the entire session; optical inhibition:
515 constant light, 589 nm throughout the entire session; both with 10mW at the tip of the implanted
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516  fiber), which occurred on either day 2 or 3 (counterbalanced across rats). Control intake was
517 measured in the absence of any laser stimulation on the 2 remaining days (day 1 and either day 2
518  or 3, averaged together to form a baseline measurement). Chow was weighed at the end of the
519 testto calculate the amount consumed.

520

521 Food pellets consumption. We examined the effect of laser stimulation on voluntary palatable
522  food consumption in a 30-minute test food pellet consumption test. Intake test was conducted in a
523  familiar chamber (similar to the home cage) containing bedding on the floor in which rats had serial
524  access to pre-weighed quantities of food pellets (around 20 g) while also having constant access
525  to water. Intake tests were repeated on 3 consecutive days. Laser stimulation was administered
526  only on 1 day (optical activation: 20Hz, 473nm throughout the entire session; optical inhibition:
527 constant light, 589 nm throughout the entire session; both with 10mW at the tip of the implanted
528  fiber), which occurred on either day 2 or 3 (counterbalanced across rats). Control intake was
529 measured in the absence of any laser stimulation on the 2 remaining days (day 1 and either day 2
530 or 3, averaged together to form a baseline measurement). Food pellets were weighed at the end
531  of the test to calculate the amount consumed.

532

533 Food preference. We examined the effect of laser stimulation on voluntary food preference in
534 a 90 min free-intake test. Intake tests were conducted in a familiar chamber (similar to the home
535  cage) containing bedding on the floor in which rats had serial access to pre-weighed quantities of
536  chow (20 g) and food pellets (about 20 g), while also having constant access to water. Each food
537  intake session consisted of 30 min access to 20 g of chow followed by 60 min of access to about
538 20 g of food pellets and chow. Intake tests were repeated on 3 consecutive days. Laser stimulation
539  was administered only on 1 day (optical activation: 20Hz, 473nm throughout the entire session;
540  optical inhibition: constant light, 589 nm throughout the entire session; both with 10mW at the tip of
541  the implanted fiber), which occurred on either day 2 or 3 (counterbalanced across rats). Control
542 intake was measured in the absence of any laser stimulation on the 2 remaining days (day 1 and
543  either day 2 or 3, averaged together to form a baseline measurement). Chow and food pellets were
544  weighed at the end of the test to calculate the amount consumed.

545
546  Optogenetic manipulation
547 Optical manipulation was performed using either a 473 nm (ChR2) or 589 nm (NpHR) DPSS

548 lasers, which were controlled by the MedPC software (Med Associates), through a pulse generator
549 (Master-8; AMPI, New Ulm, MN, USA).

550 Before all behavioral sessions, rats were connected to an opaque optical fiber, through
551 previously implanted ferrules placed unilaterally in the VP.

552 Optical stimulation was performed as follows: 473 nm; frequency of 20 Hz; 25ms pulses; 10
553 mW at the tip of the implanted fiber.

554 Optical inhibition was performed as follows: 589 nm; 4sec continuous light of 10 mW at the tip
555  of the implanted fiber.

556

557  Invivo single cell electrophysiological recordings

558 Three weeks post-surgery, D2-ChR2 rats (n = 4) were anaesthetized with urethane (1.44 g

559 kg™, Sigma). The total dose was administered in three separate intraperitoneal injections, 15 min
560 apart. Adequate anesthesia was confirmed by the lack of withdrawal responses to hindlimb
561 pinching. A recording electrode coupled with a fiber optic patch cable (Thorlabs) was placed in the
562 VP (coordinates from bregma: 0 to -0.12 mm AP, +2.3 to +2.5 mm ML, and -7 to —7.6 mm DV).

14


https://doi.org/10.1101/2020.11.27.401042
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.27.401042; this version posted November 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

563 Single neuron activity was recorded extracellularly with a tungsten electrode (tip impedance 5-10
564 Mat 1 kHz) and data sampling was performed using a CED Micro1401 interface and Spike2
565 software (Cambridge Electronic Design). The DPSS 473 nm laser system, controlled by a
566  stimulator (Master-8, AMPI) was used for intracranial light delivery. Optical stimulation was
567 performed as follows: 473 nm; frequency of 20 Hz; 12.5-ms pulses over 1 s, 10 mW.

568 Firing rate histograms were calculated for the baseline (10 s before stimulation), stimulation
569 period and after stimulation period (10 s after the end of stimulation). Spike latency was determined
570 by measuring the time between half-peak amplitude for the falling and rising edges of the unfiltered
571 extracellular spike.

572 We defined the neuronal instantaneous firing rate of the i-th neuron as given by r (ak, bx) = h
573  (u;, ak, bk, w), where h is a histogram function over the vector u; which stores the spiking times of
574  the i-th neuron in the population, within the time interval [ak, bk), and w was the bin size for h (usually
575  w=1s). In order to calculate the PETH, each recorded spike train from a single neuron was aligned
576 by the onset of optical stimulation. For each neuronal instantaneous firing rate rithe average activity
577  during baseline was subtracted (n=n-avg(r[{<40s]), and then neurons were sorted by the average
578 activity during optical stimulation.

579 VP GABAergic neurons were identified as those having a baseline firing rate between 0.2 and
580  18.7 Hz (Richard et al. 2016). Other non-identified neurons (corresponding to less that 10% of
581 recorded cells) were excluded from the analysis.

582
583  Immunofluorescence (IF)
584 Ninety minutes after initiation of the PR test, rats from Group | were deeply anesthetized with

585  pentobarbital (Eutasil) and were transcardially perfused with 0.9% saline followed by 4%
586 paraformaldehyde. Brains were removed and post-fixed in 4% paraformaldehyde for 24 hours.
587  Afterwards, brains were transferred to a 30% sucrose solution (for at least 48h), and then prepared
588  for sectioning. Coronal vibratome sections (50um) of NAc and VP were incubated with goat anti-
589  GFP (1:500, Abcam; catalog #ab6673, RRID: AB_305643).

590 Appropriate secondary fluorescent antibody was used (1:500, Invitrogen; catalog #A-11055,
591 RRID: AB_2534102). Finally, all sections were stained with 4’,6-diamidino-2-phenylindole (DAPI; 1
592  mg mi™).

593 Images were collected and analyzed by confocal microscopy (Olympus FluoViewTMFV1000).
594 Cell counts were normalized to the area of the brain region.

595

596  Statistical analysis

597 Prior to any statistical comparison between groups, normality tests (Shapiro-Wilks (S-W))

598 were performed for all data analyzed. When normality assumptions were met, statistical analysis
599 using parametric tests was performed: comparison between two groups in the behavioral
600 parameters was made using Student’s f-test (when normality assumptions were not met Mann-
601  Whitney was performed instead); comparison between behavior on the ON side and the OFF side
602  within the same subject was performed using paired t-test; Analysis of Variance (ANOVA) for
603 repeated measures was used to compare firing rate before, during and after stimulation, and
604  Sidak’s post hoc multiple comparisons was used for group differences determination (when
605 normality assumptions were not met Friedman’s test was performed, and Dunn’s multiple
606  comparison for post hoc analysis).

607 For the analysis of electrophysiological temporal variation, for each time bin, the activity during
608 stimulation was considered significant when on that time bin the activity was out 95% of the
609 distribution of the baseline activity. In the case of brief optogenetic stimulation datasets, given the
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610 zero mean baseline activity, the p-value was calculated as the fraction of samples in baseline
611 activity, which were, in absolute value, greater than the value of the onset activity (single sample).
612 For prolonged stimulation datasets, Komlogorov-Smirnov for 2 samples was performed to
613 determine differences between the distribution of the stimulus period and the baseline.

614 All statistical analysis was performed using Python packages (numpy 1.10.1; scipy 0.18.1,
615  Python Software Foundation, Beaverton, OR, USA) and GraphPad (Prism 7, La Jolla, CA, USA).
616 Results are presented as mean + SEM. All of the statistical details of experiments can be

617  found throughout the results description; these include the statistical tests used and exact p-value.
618  The n for each experiment is indicated in the figures’ legends.
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789 Figure 1 with 1 supplement. Optogenetic activation of D2-MSN-VP terminals during cue exposure increases
790 motivation. A Strategy used for NAc D2-MSN-VP projection optogenetic stimulation and electrophysiological
791 recordings in the dVP. ChR2-YFP was unilaterally injected into NAc, mainly targeting core. Stimulation was
792 made in terminals in the dVP. B Representative immunofluorescence showing eYFP expression in the NAc
793 and C in terminals in the dVP; scale bar=400um; AP = anteroposterior. D Pie chart showing that 50% of
794 putative GABAergic (pGABAeric) VP neurons decrease firing rate during optical stimulation (20 pulses of
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795 25ms at 20Hz). E dVP neurons significantly decrease firing rate in response to optical stimulation of D2-MSNs
796 terminals (n=30 neurons/4 rats). F PSTH of temporal variation of the normalized activity of pGABAeric VP
797 neurons that decrease (A; green, n=15 neurons), increase (B; red, n=3 neurons) and do not change activity
798 (C; gray, n=12 neurons) during the stimulation period (blue). G Rats were submitted to a PR session in which
799 optogenetic activation of D2-MSN-VP (20 pulses of 25ms at 20Hz) was paired with cue light presentation
800 above the active lever at trial initiation. H CRF training sessions of the PR schedule, shown as average of
801 number of lever presses per minute. I FR training sessions of the PR test shown as average number of lever
802 presses per minute. J Optogenetic stimulation of D2-MSN-VP projections during cue exposure increases
803 cumulative presses in the PR test session. K D2-MSN-VP terminal stimulation induces a significantly higher
804 breakpoint in comparison to D2-YFP animals. L All D2-ChR2 rats increase breakpoint in the session with
805 optical stimulation (ON) in comparison with the session without (OFF). npo.chr2=7, Np2.eyrp=6. Error bars
806 denote SEM. *p < 0.05.

23


https://doi.org/10.1101/2020.11.27.401042
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.27.401042; this version posted November 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

AAV5-D2R- Progressive Ratio (PR) " Continuous Reinforcement
_eYFP O_ptlc , = D2YFP
fiber / ~e— D2-eNpHR
- - Active Inactive o 15
© Lever Lever 3
£
]
g 10
a
Cue-paired §
Optical 5
inhibition
0
1 2 3 4 5 6
FR4 FR8 FR4
D2-MSN
> projections
o Fixed Ratio 500 Cumulative Lever Pressing 1g0,  Dreakpoint-oue 160, Breakpoint - OFF vs ON - cue
- D2-YFP incorrect = RSBy
—— D2-YFP correct
~=- D2-eNpHR incorrect a
© —+— D2-eNpHR correct 2 120 120
R 8 400 _
€ 2 E =
£ a S =
: £ oo by 2 4 *
5 5 2 3
Py 3 o ol
o £ L
2 20 5 2004 ~o~ D2eNpHR
- L l 404 40{ —= D2-YFP
0:__;4 \\\L—//L"”I\\
"""" s
o T T T T T T 0- I
1 2 3 4 5 5 5 10 15 20 25 30 D2-YFP D2-eNpHR OFF ON OFF ON
FR4 FR8 FR4
808 Day of training

809 Figure 2 with 1 supplement. Optogenetic inhibition of D2-MSN-VP terminals during cue exposure decreases
810 motivation. A Strategy used for optogenetic inhibition of D2-MSN-VP terminals. B Rats were submitted to a
811 PR session in which optogenetic inhibition of D2-MSN-VP (10sec of constant light at 10 mW) was paired with
812 cue light presentation above the active lever at trial initiation. C CRF training sessions of the PR schedule,
813 shown as average of number of lever presses per minute. D FR training sessions of the PR test shown as
814 average number of lever presses per minute. E Optogenetic inhibition of D2-MSN-VP terminals during cue
815 exposure decreases cumulative presses in the PR test session. F D2-MSN-VP terminal inhibition induces a
816 significantly lower breakpoint in comparison to D2-YFP animals. G All D2-ChR2 rats decrease breakpoint in
817 the session with optical inhibition (ON) in comparison with a session without optical inhibition (OFF). np..
818 eNpHR=D, Np2-eyrp=6. Error bars denote SEM. *p < 0.05; **p < 0.01.
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819
820 Figure 3 with 1 supplement. Optogenetic modulation of D2-MSN-VP terminals at reward delivery decreases
821 motivation. A Rats were tested in two PR sessions: in one, optogenetic modulation — excitation: 20 pulses of
822 25ms at 20Hz; inhibition: 10sec of constant light at 10 mW - was paired with cue presentation; in the other
823 session, optogenetic modulation was paired with reward delivery. B Optogenetic activation of D2-MSN-VP
824 terminals at cue exposure results in a significantly higher number of cumulative lever presses in comparison
825 to D2-YFP control animals and in comparison with D2-ChR2 stimulated during reward delivery; optogenetic
826 inhibition of D2-MSN-VP terminals at cue exposure results in a significantly lower number of cumulative lever
827 presses in comparison to D2-YFP animals and in comparison with D2-eNpHR stimulated during reward
828 delivery. C, D Optogenetic stimulation of D2-MSN-VP terminals at cue exposure results in a significantly
829 higher breakpoint in comparison with control animals and with optogenetic stimulation of the same neurons at
830 reward delivery; the opposite is observed with optogenetic inhibition of the same projections. npz-chro=12; Npz-
831 eNpHR=11, Np2-eyrp=10. Error bars denote SEM. **p < 0.01; ***p < 0.001.
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Figure 4 with 2 supplement2. Optical activation/inhibition of D2-MSN-VP terminals paired with reward delivery
reduces/increases preference and decreases motivation. A In a two-choice acquisition lever pressing task,
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835 pressing stim+ lever results in the delivery of a food pellet reward and optical stimulation (D2-ChR2; 20 pulses
836 of 25ms at 20Hz) or optical inhibition (D2-eNpHR; 10sec of constant light at 10 mW); pressing stim- lever
837 results in delivery of food pellet reward alone. B Time-course representation of the responses of D2-ChR2
838 and D2-eYFP rats. D2-ChR2 rats show reduced preference for stim+ lever in comparison with stim- lever,
839 while D2-eYFP show no preference for either lever. C Time-course representation of the responses of D2-
840 eNpHR and D2-eYFP rats; D2-eNpHR rats show increased preference for stim+ lever in comparison with stim-

841 lever, while D2-eYFP show no preference. D Next, rats were tested in pellet extinction sessions, in which no
842 reward is given in any of the levers. E In pellet extinction, all D2-ChR2 decrease response for both levers. F
843 In pellet extinction, all D2-eNpHR animals decrease response for both levers. G In laser extinction sessions,

844 pressing in either stim+ or the stim- results in the delivery of food pellet alone, making the reward in both levers
845 equal. H In laser extinction conditions, D2-ChR2 rats showed no preference for either lever; the same was
846 observed for D2-eYFP rats. I under laser extinction, D2-eNpHR rats showed no preference for either lever,
847 pressing the same amount of times in both; the same was observed for D2-eYFP rats. J Rats were subjected
848 to two PR sessions, one for each lever: in one session, animals are tested for the stim+ lever, and in the other
849 session animals are tested for the stim- lever. K Cumulative lever pressing, showing that D2-ChR2 rats press
850 less on the stim+ lever session in comparison with the stim- lever session. L Cumulative lever pressing,
851 showing that D2-eNPHR rats press more on the stim+ lever session in comparison with the stim- lever session.
852 M Decrease in the breakpoint for stim+ session in comparison with stim- session in D2-ChR2 animals. N

853 Increase in breakpoint for stim+ session in comparison with stim- session for D2-eNpHR rats. npz-chr2=7, Np2-
854  <vrp=6. Error bars denote SEM. ***p < 0.001.
855
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856
857 Figure 1 — figure supplement 1. Optogenetic activation of D2-MSN-VP terminals during cue exposure

858 increases motivation. A Strategy used for optogenetic stimulation of D2-MSN-VP terminals; rats received AAV
859 injection of either AAV5-D2R-ChR2(H134R)-eYFP (for optical activation), AAV5-D2R-eNpHR3.0-eYFP (for
860 optical inhibition) or AAV5-D2R-eYFP (control) in the NAc, followed by optic fiber placement in the VP. B
861 Schematic of optic fiber placement location of D2-ChR2, D2-eNpHR and D2-eYFP rats. C In the PR session,
862 all D2-ChR2 rats earned the same number of food pellets. D-F D2-MSN-VP terminal optical stimulation during
863 inter-trial-interval (IT1), a period of time-out from the task, does not change D cumulative presses, E breakpoint
864 or F the number of food pellets earned in the PR session. npz-chro=7, Np2-eyrp=6. Error bars denote SEM.
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Figure 2 — figure supplement 1. Optogenetic inhibition of D2-MSN-VP terminals during cue exposure
decreases motivation. A In the PR session all D2-eNpHR rats earned the same number of food pellets. B-D
D2-MSN-VP terminal optical inhibition during inter-trial-interval (ITl), a period of time-out from the task, does
not change C cumulative presses, D breakpoint or J the number of food pellets earned in a PR session. npy-
eNpHR=5, Np2.eyFP=6. Error bars denote SEM.
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871

872 Figure 3 - figure supplement 1. Optogenetic modulation of D2-MSN-VP terminals at reward delivery
873 decreases motivation. A Number of food pellets earned during both PR sessions. np2.chro=12; Np2-enprr=11,
874 Np2-evrp=10. Error bars denote SEM.
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Figure 4 - figure supplement 1. Optical activation/inhibition of D2-MSN-VP terminals paired with reward
delivery reduces/increases preference and decreases motivation. A Food pellets earned during both PR
sessions. B Food pellets earned during both PR sessions. npz.chro=7, Np2-evFP=6, Np2-enpHR=D. Error bars

denote SEM.
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880
881 Figure 4 - figure supplement 2. Optogenetic modulation of D2-MSN-to-VP terminals does not change food
882 consumption. A Optogenetic modulation was performed during a free consumption behavioral session for food
883 pellets. B The amount of food pellets consumed was similar between a session with optical modulation (ON
884 session) and a session with no optical modulation (OFF session) for all groups. € Optogenetic activation or
885 inhibition was given during a free consumption behavioral session for regular chow. D the amount of chow
886 consumed was similar between a session with optical modulation (ON session) and a session with no optical
887 modulation (OFF session) for all groups. E Optogenetic activation or inhibition was given during a free
888 consumption behavioral session in which rats could chose to consume both food pellets and regular chow. F
889 All rats preferred to consume food pellets, irrespective of the experimental group. nchr2=5, Np2-eNpHR=S, ND2-
890 evrp=5. Error bars denote SEM. ***p < 0.001.
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