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SUMMARY

Neuronal activity in the nucleus accumbens core (NAcore) is necessary for reward-seeking
behaviors. We hypothesized that the differential encoding of natural and drug rewards in the
NAcore contributes to substance use disorder. We leveraged single-cell calcium imaging of
dopamine D1- and D2-receptor-expressing medium spiny neurons (MSNSs) in the NAcore of mice
to examine differences between sucrose and cocaine rewarded (self-administration) and
unrewarded (abstinent and cue-induced) seeking. Activity was time-locked to nose-poking for
reward, clustered, and compared between sucrose and cocaine. Only in cocaine-trained mice were
excited D1-MSNs securely stable, capable of decoding nose-poking in all rewarded and
unrewarded sessions and correlated with the intensity of nose-poking for unrewarded seeking.
Furthermore, D1-MSNs formed a stable ensemble predictive of seeking behavior after extended
cocaine, but not sucrose abstinence. The excited D1-MSN ensemble uniquely drives cue-induced
cocaine seeking and may contribute to why drug seeking is prepotent over natural reward seeking

in cocaine use disorder.
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INTRODUCTION

A major goal of research into the neural mechanisms of substance use disorder (SUD) is to
understand why a person suffering from SUD chooses to relapse to drug use at the expense of
engaging in nondrug rewarding life experiences. We hypothesized that an idea put forth over 30
years ago that discrete neuronal subpopulations within the brain, termed ensembles, encode
specific learned behaviors might offer insight into the underpinnings of this cardinal symptom of
SUDs!. The ensemble hypothesis has been invigorated over the last decade by advances in
visualizing and manipulating genetically discrete neuronal subgroups?. One approach uses
transgenic rodents transfected with immediate early gene (IEG) promoters that can mark neuronal
ensembles activated by initiating behaviors®#. Also, advances in techniques to record the activity
of single neurons in freely behaving animals, including in-vivo electrophysiology®® or single-cell

resolution calcium (Ca?*) imaging’®, opened avenues for ensemble characterization.

In the field of SUDs research, the IEG approach reveals that drug seeking initiated by drug-
associated context and discrete cues requires activity in a relatively small ensemble of neurons (2-
3%) in the nucleus accumbens*®% The nucleus accumbens is a well-established nexus in
processing both drug and natural reward seeking and is composed largely of two genetically
distinct subpopulations of medium spiny neurons expressing either D1 (D1-MSN) or D2 dopamine
receptors (D2-MSN)L. Importantly, the ensembles of IEG positive neurons induced by either
cocaine- or sucrose-conditioned cues overlap by only ~25%, indicating that the nucleus accumbens
uses largely separate ensembles to facilitate cue-initiated drug versus natural reward seeking®, a

finding consistent with earlier in vivo electrophysiological measurements??,

The IEG approach examines only neurons that are excited and does not consider neurons inhibited

by a stimulus, nor does it quantify time-specific changes in individual cell activity across task
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performance®®. For these reasons, we employed in vivo single cell Ca?* imaging in male and female
mice expressing Cre recombinase in either D1- or D2-MSNs. We compared neuronal ensembles
created during cocaine or sucrose self-administration (rewarded seeking) and during two
unrewarded seeking sessions; after a period of abstinence and in response to reward-associated
cues after extinction training. This approach allowed us to record increases and decreases in
activity of accumbens D1- and D2-MSNs that were time-locked to a behavioral operand for
seeking behavior, active nose-pokes (NPs). Furthermore, we leveraged the spatial resolution of
calcium imaging to investigate and contrast the stability of recorded neurons over the time-course

of a single seeking session and longitudinally between seeking sessions.
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RESULTS
Behavioral Responses:

Mice were virally transfected with a Ca®* reporter (pDAAV-Syn-Flex-GCaMP6f-WPRE-SV40) into
the core subcompartment of the nucleus accumbens (NAcore) and 4-8 weeks later implanted with
a lens over the viral injection site (Figure 1la-c)!*. Transfected neurons were visible in 26 of 35
mice, which were divided into two groups and trained for 12 days to self-administer either cocaine
or sucrose pellets paired with a light/tone cue (Figures 1d-f). During sucrose or cocaine self-
administration, active NPs were reinforced by a sucrose pellet or cocaine infusion when NPs were
separated by a 20 sec time-out period, while inactive NPs never delivered a reward. Following 10
days of forced abstinence, mice were returned to the operant chamber for a session with cues but
no reinforcer (termed post-abstinence seeking) to test for drug seeking, followed by 5-10 days of
extinction training to criterion without cue or reinforcer presentation. After extinction training was
completed, mice underwent cued reinstatement, during which active NPs by extinguished mice
yielded cue only. Calcium recordings were made during the following sessions, late (stable) self-
administration (two separate recordings across days 8-12), during the first day post-abstinence
(PA) and during the final cue-only reinstatement session (Figure 1d). D1- and D2-Cre mice showed
equivalent levels of self-administration across reward and genotype modalities (Figures 1le,f).
Similarly, equivalent rewarded active nose-poking between D1- and D2-Cre mice was observed
during the PA session and extinction training (Figures 1g,h and S1a,c). However, akin to previous
findings**®, D1- and D2-Cre mice reinstated more to cocaine cues than sucrose cues (Figure 1i).
Inactive NPs were not different between D1- and D2-Cre mice in rewarded (Figure 1le,f) or
unrewarded (Figure S1) seeking. No sex differences appeared in any of the behavioral measures

shown in Figure 1 (Figure S2).
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81  Total Ca?* activity per neuron:

82  We first quantified the total number of excitatory Ca?* events for each D1- or D2-MSN. While no
83  difference between sucrose and cocaine was found during self-administration (Figure S3a),
84  cocaine PA seeking produced more Ca?* events in D1-MSNs than sucrose, with equivalent event
85  number between rewards in D2-MSNs (Figure S3b). For cued reinstatement the number of Ca?
86  events in cocaine exceeded sucrose mice for both D1- and D2-MSNs (Figure S3c). Together these
87 data indicate that for unrewarded seeking cocaine-trained mice showed more Ca?" activity,
88  especially in D1-MSNs where cocaine exceeded sucrose in both PA and reinstatement sessions
89  (Figure S3d). In contrast, when a reward was delivered during self-administration the activity of

90 both D1- and D2-MSNs was equivalent between cocaine and sucrose.
91  Time-locked population mean of NP-induced Ca?* activity:

92  Rewarded seeking. We next time-locked Ca?* activity in D1- or D2-MSNs to reinforced active

93  NPs during self-administration. Heatmaps of averaged activity of D1- and D2-MSN indicated
94  similar heterogenous response of neurons regardless of MSN subtype or reward, with some
95 neurons activated and others inhibited around rewarded NPs (Figure 2a). Considering the
96 heterogeneity of responses, we first averaged and compared the time-locked activity of neurons
97 around rewarded NPs in sucrose and cocaine trained animals. Mean population activity was
98 compared to a null distribution generated by randomly shuffling the data around the NP
99 timestamps 1000x (95% CI was used for statistical significance). Population-averaged D1-MSN
100  activity showed an early (0-2 sec after NP) and late (4-6 sec) excitation associated with cocaine
101 self-administration, compared to an early excitation and late inhibition associated with sucrose
102  self-administration (5-10 sec; Figure 2b). The comparable early excitation likely resulted from

103 nose-poking for either reward, while the late differences between sucrose and cocaine delivery
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104  may be explained by differences in the reward delivered. Sucrose pellets were dispensed from a
105  second port after the NP activated cue consumption, allowing us to accurately time-lock activity
106  around NPs at the sucrose delivery port, directly associated with reward retrieval. The late decrease
107 in D1-MSN activity corresponded to accessing sucrose pellet in the 2" port (Figure S4). Although
108  not directly measured here, it is estimated that intravenous cocaine accesses the rodent brain within
109  3-7 sec®®, supporting the possibility that the late D1-MSN excitatory response corresponded to
110  cocaine delivery, especially considering that cocaine-induced increases in extracellular dopamine
111 would promote depolarization of D1-MSNs?’. Differences between sucrose and cocaine were also
112 measured in D2-MSNs showing early excitation for cocaine and no significant change for sucrose
113 (Figure 2c). D2-MSNs in cocaine administering mice also showed late (4-7 sec) reduction in
114  activity, possibly a pharmacological effect of cocaine since a cocaine-induced rise in extracellular

115 dopamine would be expected to promote hyperpolarization of D2-MSNs?*’.

116  Unrewarded seeking. D1- and D2-MSN individual activity contained heterogenous responses to

117 NPs for unrewarded sucrose- and cocaine-seeking (Figure 2c,e). Population mean activity of all
118  recorded neurons revealed differences between sucrose and cocaine PA (Figure 2d) and cue-
119  reinstated seeking (Figure 2f). Population-averaged D1-MSN activity around NPs for cocaine PA
120  rapidly increased (peak=+1 sec), while a slightly delayed decrease was observed for sucrose
121 seeking (peak=+2 sec). Moreover, D1-MSN activity was inhibited in cocaine mice between 4-9
122 sec after the NP. D2-MSN activity was increased by PA seeking for both rewards peaking

123 immediately after NP and gradually returning to baseline.

124  The average time-locked cue reinstated response across all neurons differed for D1-MSNs between
125  sucrose and cocaine (Figure 2e). Cocaine cue-reinstated NPs were associated with a rapid increase

126 in time-locked activity while no averaged time-locked activity was recorded in sucrose mice


https://doi.org/10.1101/2024.08.05.606522
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.05.606522; this version posted August 7, 2024. 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-NC-ND 4.0 International license.

127  (Figure 2f). Neither sucrose nor cocaine time-locked NPs during cued reinstatement were

128  associated with a change in overall activity in D2-MSNs (Figure 2f).

129  Taken together, the most striking feature in these data was that rewarded and unrewarded cocaine
130  seeking activity was associated with consistent excitatory responses in D1-MSNs (Figure 2g). In
131  contrast, D1-MSN responses to sucrose seeking activity varied depending on the session and

132 reward availability, from increase to decrease to no change.

133 Subpopulations of MSNs time-locked to NPs:

134  Rewarded Seeking. Due to the heterogeneity of the neuronal responses recorded around seeking

135  NPs, we clustered individual neurons into subpopulations based on their time-locked peri-NP
136  activity over the 5 sec before and 10 sec after rewarded NPs. Individual neurons were parsed into
137  excited, inhibited or not time-locked, by comparing their mean activity across all trials to a null
138 distribution generated by shuffling the Ca?* activity around behavioral responses (1000x iterations,
139  95% confidence interval, Figure 3a,b and Figures S5-6; see Methods for details). The
140  subpopulations of neurons were compared between cocaine- and sucrose-trained mice across the
141  behavioral protocol in Figure 1d, including during self-administration, PA seeking, and cued

142  reinstatement.

143 During rewarded self-administration, sucrose NPs yielded a higher proportion of time-locked
144  excited and inhibited subpopulations of D1- and D2-MSNs than cocaine NPs (Figure 3c). Notably,
145  the activity of excited D1-MSNs during cocaine self-administration showed a bimodal distribution
146  (figure S5), akin to that of the mean population activity (Figure 2c). The bimodal distribution is
147  consistent with two different populations of excited D1-MSNs, the first activated between 0-

148  2seconds, and the second activated between 3-7 seconds, which supports the earlier conclusion


https://doi.org/10.1101/2024.08.05.606522
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.05.606522; this version posted August 7, 2024. 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-NC-ND 4.0 International license.

149  that the two peaks may be due to an early cue response, followed by a delayed pharmacological

150  cocaine-mediated excitatory response.

151 Unrewarded Seeking: During PA seeking, the proportion of subpopulations of D1- and D2-MSNs
152 showing excitation, inhibition, both or not time-locked were comparable in size between sucrose-
153  and cocaine-trained mice (Figure 3d). Notably, cue reinstated cocaine seeking recruited more
154  overall time-locked D1-MSNs than sucrose seeking, which was explained predominantly by a
155  nearly 2-fold increase in excited D1-MSNs (Figure 3e,f). In general, time-locked excited D1-
156  MSNSs were more excited and more synchronized around NPs during unrewarded cocaine seeking
157  sessions compared to sucrose (Figure S5), while time-locked inhibited neurons were more
158 inhibited during sucrose seeking sessions compared to cocaine (Figure S6). On the other hand, the
159  proportions of D2-MSN showed no differences between sucrose or cocaine during unrewarded

160  post-abstinence or reinstated seeking during (Figure 3d,e).

161  Taken together (Figure 3f), these data indicate that during self-administration, when the reward is
162  available, sucrose reinforcement is recruiting more excited and inhibited D1- and D2-MSNs,
163  perhaps contributing to the fact that when given a choice, rodents prefer food over cocaine
164  reward*™ (however, see’®). When the reward is omitted during cued reinstatement test, cocaine
165  associated NPs and cues recruit more excited and inhibited D1-MSNs than sucrose associated

166  NP/cues.
167  Stability of time-locked activity within a seeking session:

168  We tracked time-locked individual neurons across the course of a seeking session to determine if
169  the responses of neuronal subpopulations were stable or different neurons were recruited to the

170  time-locked excited and inhibited subpopulations of MSNs. Stability was estimated by time-
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171 locking to odd- or even-numbered NPs, and if an MSN was time-locked to both sets of events, it

172 was considered stable (Figure 4a shows examples of stable and unstable neurons).

173 Stability of time-locked activity during reward seeking. For either self-administered rewards, the

174  proportion of stable excited D1-MSNs trended (p= 0.059) higher in cocaine than sucrose self-
175  administration. No other differences in stability were evident between sucrose and cocaine across

176  the subpopulations.

177  Stability of time-locked activity during unrewarded seeking. We performed the same

178  subpopulation stability analyses for both the PA seeking and cue reinstatement. During the PA
179  session the odd/even analysis for stability showed two major differences (Figure 4c). Excited D1-
180  MSNs in cocaine mice were more stable than sucrose excited D1-MSNSs. Also, inhibited D2-MSNs
181  in cocaine mice were remarkably unstable and showed less stability than sucrose inhibited D2-

182 MSNSs.

183  The odd/even analysis for cued reinstatement showed that excited D1-MSNs trended (p= 0.068)
184  towards being more stable in cocaine compared to sucrose mice (Figure 4d). No other differences
185 in stability between sucrose and cocaine were evident between sucrose and cocaine across the

186  subpopulations.

187  The patterns of subgroup stability across the three different seeking sessions are summarized in
188  Figure 4e, which illustrates the percent difference in stable MSNs between cocaine and sucrose.
189  The primary result is that excited D1-MSNs are more stable in response to active seeking in
190 cocaine- compared with sucrose-trained mice, regardless of the type of seeking session (self-
191  administration, PA or cued reinstatement). Also, relative to sucrose, cocaine mice had fewer stable

192  inhibited D2-MSNs in the PA session.
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193  Correlations between time-locked subpopulations and NPs. We examined if the neuronal

194  subpopulations were statistically associated with cued active NPs by linear regression comparisons
195  between cued NPs and the percent of neurons in each subgroup. Combining D1- and D2-MSNs
196  revealed that cocaine excited MSNs were correlated with NPs during self-administration and PA
197  seeking and cocaine inhibited MSNs correlated with NPs during self-administration (Table S2).
198  When the MSNs were separated into the excited D1- and D2-MSN subpopulations, only cocaine
199  excited D1-MSNs remained correlated with NPs during self-administration and PA (Figure 4f,
200 Table S2). Similarly, only inhibited D1-MSNs were correlated with cocaine NPs (Figure 4f). No
201  correlations were observed during cued-reinstatement, nor in sucrose seeking for any

202  subpopulation of MSNs (Figure 4f; Table S2).
203  Decoding NP initiation using MSN subpopulations:

204  Neuronal responses preceding NPs may represent a motivational signal to seek the reward. We
205  used machine learning (Figure S7) to determine if Ca®" data from time-locked subpopulations of
206  D1- and D2-MSNs could decode the initiation of an NP (activity during the 5 sec preceding NP).
207  The decoding accuracy in shuffled datasets of random events were used as control and were

208  subtracted from the quantified time-locked data in each subgroup for each animal in the study.

209  Rewarded NPs during self-administration were decoded by excited D1-MSNs in sucrose and
210 cocaine mice and excited D2-MSNs only in cocaine mice (Figure 5). Only in cocaine mice did
211 inhibited D1-MSNS effectively decode NPs. Surprisingly, MSNs that were not time-locked
212 decoded sucrose, but not cocaine rewarded NPs for both D1- and D2-MSNs. Akin to rewarded
213 NPs, for both sucrose and cocaine PA seeking excited D1-MSNs predicted NPs and inhibited D1-
214  MSNSs decoded only cocaine NPs (Figure 5a). Excited D2-MSNs also predicted PA NPs for

215  cocaine, but not sucrose (Figure 5b). During cued reinstatement excited D1-MSNs decoded NPs

11
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216  only in cocaine mice and no other subgroup of D1- or D2-MSNs successfully decoded sucrose or
217  cocaine NPs. Figure 5¢ summarizes the capacity of subpopulations of MSNs to decode cocaine
218 and sucrose NPs in all three behavioral sessions. Similar to the above observations of
219  subpopulation stability and overall activity (Figures 3f, 4e), only excited D1-MSNs decoded NPs
220 in all three cocaine seeking sessions. Also, it was surprising that for sucrose rewarded NPs both
221 the D1- and D2-MSNs that were not time-locked predicted the NPs. This argues that other
222 subpopulations not identified using our time-locking algorithm may be contributing to sucrose but

223 not cocaine self-administration.
224  Stability of time-locked activity between self-administration sessions.

225  Lastly, we determined if time-locked subpopulations of MSNs were stable longitudinally between
226  different rewarded self-administration sessions, and if the same neurons associated with cocaine
227  self-administration had similar responding in a subsequent unrewarded PA session. Neurons
228  between multiple sessions were tracked using a previously established nearest-neighbor cell
229  registration method®® (Figure 6a). The same D1-MSN and D2-MSN were tracked between two
230 late sucrose and cocaine self-administration sessions (Figure 6b,c) where mouse self-
231 administration was stable and reliable (day 7-9 versus 10-12, respectively). Neurons were termed
232 stable if they showed similar time-locked responses during the first and second self-administration
233 sessions. There was no difference in stability between sucrose and cocaine rewarded seeking in
234  either of the D1- or D2-MSN subpopulations (Figure 6b,c; Table S4 for statistical values). To
235 verify if neuronal responses are preserved across multiple self-administration sessions, we used
236 machine learning to train an SVM model on tracked neurons from an early self-administration
237  session (day 7-9) to decode NPs from a later self-administration session (days 10-12). Tracked D1-

238  MSNSs, but not D2-MSNs, from one self-administration session successfully decoded seeking

12
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239  behavior from the other session in cocaine and sucrose trained animals (Figure 6d; Table S5 for
240  statistical values). This indicates that a relatively stable neuronal representation of D1-MSNs was

241  formed during self-administration in both reward subtypes.

242  Stability of time-locked activity between rewarded and unrewarded sessions.

243 One key aspect of drug seeking behavior is the long-lasting associations made between drug
244  seeking and drug-associated cues, whereby associated cues gain salience to drive behavior despite
245  an extended period of abstinence. We asked if the neuronal representations that we recorded during
246  cocaine and sucrose self-administration were carried forward into unrewarded PA seeking
247  sessions, with the overarching hypothesis that stable neuronal representations are likely
248  responsible for the prepotent seeking for cocaine over sucrose. We longitudinally tracked neurons
249  between the last self-administration session (day 10-12) into the PA session conducted after 7-10
250 days of abstinence. Akin to the within session stability measurements (Figure 4), excited cocaine
251  D1-MSNs were more stable than sucrose D1-MSNs across the two sessions (Figure 6e; Table S4).
252 We also trained machine learning models on the recorded data from tracked neurons from self-
253  administration session to decode NPs during PA sessions. Interestingly, only cocaine D1-MSNs
254 that tracked from self-administration to PA sessions accurately decoded seeking in the PA session
255  (Figure 6g; Table S5 for statistical values), indicating a stable and persistent representation of

256  cocaine seeking compared to sucrose seeking despite an extended period of abstinence.

257  Together with the within session stability data (Figure 4) and the overall responsiveness time-
258 locked D1- and D2-MSNs (Figure 2), the across-session stability further emphasizes the role of
259  greater excited D1-MSN stability in cocaine versus sucrose trained mice across the rewarded and
260 unrewarded (PA) seeking modalities, indicative of a stable long-term ensemble consistently

261  recruited during cocaine seeking events.
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262  DISCUSSION

263 We used a variety of analytical approaches to determine if cocaine and sucrose seeking involved
264  neuronal activity in distinct subpopulations NAcore MSNs, with the overarching hypothesis that
265 any differences discovered might contribute to why individuals with cocaine use disorder are more
266  motivated by cues predicting cocaine over natural rewards. Using single cell Ca?* imaging as a
267  measure of neuronal activity allowed us to quantify activity in specific subpopulations of D1- and
268 D2- MSNs and to longitudinally track the subpopulations within and between rewarded and
269  unrewarded seeking®®. The most striking and consistent distinction we discovered between sucrose
270  and cocaine seeking was that excited D1-MSNs show greater overall activity, stability and capacity
271  to decode cocaine seeking behavior compared to sucrose seeking. This difference in D1-MSN
272 activity between cocaine and sucrose seeking was most evident during unrewarded cocaine
273 seeking (PA and cue reinstated seeking). In contrast, similar patterns of activity in D1- and D2-
274  MSNs were often manifested by sucrose and cocaine seeking when the reward was available

275  during self-administration.

276  During rewarded self-administration sessions, both reward types were associated with comparable
277  peri-NP excitation of D1-MSNs, similar heterogeneity of responses across excited/inhibited
278  subpopulations, and comparable decoding accuracy of D1- and D2- neuronal data to predict NPs.
279  However, a difference between sucrose and cocaine in D1-MSN activity was observed between 5-
280 10 sec after the rewarded NP that likely corresponded to receipt of the reward. Cocaine showed an
281  delayed excitatory response associated with intravenous cocaine delivery that contrasted with a
282  delayed inhibitory response associated with sucrose reward consumption. Interestingly, distinct
283  and non-overlapping subpopulations of excited D1-MSNs were associated with the immediate NP

284  and the subsequent delayed response to reward, suggesting different neuronal ensembles and
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285  possibly brain circuits involved in each response!!. While the cocaine-associated delayed increase
286 is consistent with cocaine’s increase in dopamine stimulation of D1-dopamine receptors®, the
287  findings that sucrose retrieval was associated with a decrease rather than an increase in D1-MSNs
288  activity of the NAcore was surprising but consistent with previous in vivo electrophysiological

289  recordings from the nucleus accumbens during food consumption?22,

290  While excited D1-MSNs were also associated with rewarded sucrose seeking by some measures,
291  the activity was not as consistent as with cocaine for unrewarded seeking. For example, excited
292  D1-MSN activity during unrewarded cocaine sessions was notably more robust, of higher
293  amplitude and more synchronized around seeking activity (Figure S5). Also, our different
294  measures of neuronal stability showed a higher consistency within the excited D1-MSN
295  subpopulation in cocaine-trained animals compared to sucrose in unrewarded sessions.
296  Furthermore, excited D1-MSNs decoded and predicted NPs only in cocaine, not sucrose cue
297  seeking. Together, these findings indicate that an excited D1-MSN subpopulation formed a
298  consistent and stable ensemble mobilized by unrewarded cocaine seeking. Importantly, while this
299  ensemble was formed and stable for both sucrose and cocaine self-administration, only the cocaine
300 excited D1-MSN ensemble persisted into unrewarded PA seeking. In contrast, the parallel
301  ensemble of excited D1-MSNSs present during sucrose self-administration did not reform during
302  PA seeking for sucrose. In conclusion, an excited D1-MSN ensemble formed during self-
303 administration of either cocaine or sucrose, but propagated to unrewarded seeking only in cocaine-
304 trained mice. This conclusion is buttressed by finding that only excited D1-MSN activity
305 correlated with the intensity of cocaine PA seeking, while no subpopulation of MSNs correlated
306  with sucrose behavioral seeking. Moreover, we replicated our previous findings and the findings

307  of others*™, that cue reinstated seeking is greater for cocaine than sucrose cues.
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308  The partial similarity between the excited D1-MSN subpopulations during rewarded cocaine or
309  sucrose seeking and the striking difference in this subpopulation during unrewarded sucrose versus
310 cocaine seeking, raises an important question. What mediates the propagation of the excited D1-
311  MSN subpopulation from rewarded into unrewarded seeking only in cocaine mice? Indicative of
312  potentiated D1-MSNs synapses, non-contingent or self-administered cocaine infusions produce
313  enduring increases in dendritic spine density and spine head diameter selectively in accumbens
314 D1-MSNs?*?%, This is paralleled by an increase in AMPA glutamate receptor mediated currents
315  after extended withdrawal from cocaine self-administration?®28, Importantly, enduring
316  potentiation is found selectively in D1-MSNs after abstinence from cocaine, not sucrose self-
317  administration®®. While the enduring adaptations induced by cocaine, not sucrose, demonstrate a
318  mechanism whereby D1-MSN excitatory responses to glutamate release are potentiated for weeks
319  after discontinuing drug use, measurements of synaptic potentiation during unrewarded seeking
320 reveal that cocaine, but not sucrose cues elicit further potentiation that is transiently expressed only
321 for the duration of a seeking session®®. For example, ex vivo measures of synaptic potentiation,
322 including increased AMPA/NMDA ratio and dendritic spine head diameter, are transiently
323 elevated only in D1-MSNs during cued cocaine, not sucrose seeking?®3!. This is paralleled by
324  increased extracellular matrix signaling through b3-integrins selectively in D1-MSNs®?-3 and
325  decreased astroglial synaptic proximity during cued seeking for cocaine or heroin, not sucrose®.
326  Combined these data are highly consistent with our Ca?* activity measurements revealing an
327 ensemble of excited D1-MSNs associated with NPs for cocaine PA and cued reinstatement, but
328  not for unrewarded sucrose seeking. Furthermore, the data offer a mechanism by which this occurs,

329 via both enduring synaptic potentiation in withdrawal and transient synaptic potentiation that
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330 depends on temporary adaptations in astroglial morphology and signaling in the extracellular

331  matrix.

332 A role for D1-MSNs as key regulators of reward seeking is consistent with a variety of
333 optogenetic® and DREADD stimulation and inhibition®3"*8 studies concluding that activity in
334  D1-MSNs is sufficient and necessary for rewarded and unrewarded cue seeking*3°3!. Conversely,
335 these studies generally conclude that activity in D2-MSNs serves an opposing function to reduce
336 reward seeking®*31373° However, optogenetic and DREADD studies indiscriminately stimulate
337 or inhibit D1- or D2-MSNs, which does not reflect the electrophysiological and imaging
338  observations that subpopulations of MSNs can be active and inhibited during a seeking event
339 regardless of genotype®’. In accord with the importance of this caveat, the functional dichotomy
340 between D1- and D2-MSNs is being challenged by studies showing a more nuanced collaborative
341  role between MSN subpopulations®®-42, For example, if animals undergoing operant food seeking
342  are tested during periods of reward unavailability, fiber photometry recordings reveal increased
343 Ca?* activity in both MSN subtypes, and inhibiting either subtype results in associated increases
344  of unproductive reward seeking®®. Also, 2-photon imaging from the shell subcompartment of
345  nucleus accumbens shows that distinct functional clusters of both D1- and D2-MSNs encode the
346  intensity of sucrose rewards versus consummatory (i.e. licking) behavior*. Furthermore, a recent
347  examination of how valence of a conditioned stimulus controls operant responding concluded that
348 D1- and D2-MSNs collaborate to provide information regarding specific valence-independent
349  associative learning® . Finally, the dichotomous model of D1- and D2-MSN functioning fails to
350 account for further genetic heterogeneity within each subtype, such as a recently identified
351  subpopulation of D1-MSNs expressing tachykinin-2 that negatively regulates cocaine seeking

352 behavior“®. While our study reveals both excited and inhibited subpopulations of D1- and D2-
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353  MSNs in the NAcore can be associated with both cocaine and sucrose seeking, only the excited
354 D1-MSN population was stable and predictive of unrewarded cocaine, not sucrose seeking.
355  Nonetheless, these data do not discount a role for other subpopulations of MSNs contributing to
356  both cocaine and sucrose seeking. Consistent with this idea, there is ~25% overlap between

357  neurons labeled for the IEG c-fos during cue-induced cocaine and sucrose seeking®.

358  Our experiments show that cocaine seeking is associated with a stable ensemble of D1-MSNs
359  activity within rewarded seeking sessions that persists for at least 10 days of abstinence into a post-
360  abstinence seeking session. Stability of individual neuronal activity within the 120 min rewarded
361 and unrewarded seeking sessions as well as longitudinally after 10 days of abstinence between a
362  rewarded and unrewarded sessions strongly argues that a discrete ensemble of excited D1-MSNs
363 is formed during self-administration and becomes critical for unrewarded cocaine seeking.
364  Conversely, the relative instability and poor decoding of time-locked MSN responses during
365 unrewarded sucrose seeking is consistent with network level neuronal encoding that likely
366 involves recruitment of shifting populations of D1- and D2-MSNs to guide behavior. This
367 interpretation resonates with behavioral studies directly comparing cocaine and sucrose seeking
368 thatgenerally show neuronal activity in the NAcore is obligatory for cued reinstatement of cocaine,
369  but not sucrose seeking®#7“8, Thus, sucrose seeking involves a more distributed network in the
370  brain that can function in the absence of NAcore neurons, possibly reflecting the survival necessity
371 of food seeking®. In contrast, cocaine seeking is associated with drug-induced enduring and
372 transient neuroadaptations selective for NAcore D1-MSNs that favor the formation of an excited
373 D1-MSN ensemble underpinning cocaine NPs?®2°4°_ Based on our observations of a cocaine, not
374  sucrose seeking ensemble of excited D1-MSNs and other findings identifying long-lasting and

375 cue-induced transient adaptations by cocaine over sucrose seeking, we hypothesize it is the
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376  formation of this ensemble that causes cocaine cues to more potently drive seeking compared to
377  sucrose cues*>®®! and contributes to why individuals suffering cocaine use disorder seek cocaine

378 inresponse to cocaine-associated stimuli in preference to seeking natural rewards.
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577  Figure 1. Single-cell resolution imaging of D1- and D2-MSN of nucleus accumbens core during

578  sucrose/cocaine rewarded and unrewarded seeking.

579 (@) lllustration showing the surgical planning, including virus injection location and planned lens placement
580 in D1-and D2-cre mice. (b) Micrograph from D1-cre mouse showing virus expression (stained with GFP+,
581  green) and gradient index (GRIN) lens tract. (c) Field of view recording of a D1-cre mouse (upper left
582  panel), the maximal intensity projection of the processed version (upper right panel), and example of
583  temporal traces recorded from 10 random neurons (lower panel). (d) Schematic showing experimental

584  design and timeline used to record Ca?* activity from D1- and D2-MSNs during sucrose or cocaine self-
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585  administration, post-abstinence seeking, and cued reinstatement. (e) D1-cre and D2-cre mice trained on
586  sucrose self-administration had similar total number of NPs per session (3-way ANOVA: Time x Genotype
587  x NP: F(11,144)= 0.909, p=0.534; Genotype x NP: F(1,144)= 0.056, p=0.814; Time x Genotype: F(11,144)=
588  0.888, p=0.553; Time x NP: F(11,144)= 1.973, p=0.035) and total number of sucrose pellets delivered per
589  session (Mixed Effects 2-way ANOVA: Time x Genotype: F(11,149)= 1.724; p=0.073; Genotype: F(1,14)=
590  1.125, p=0.307; Time: F(4,56)= 7.201, p<0.001) over 12 days of sucrose self-administration. (f) D1 and D2-
591 cre mice trained on cocaine self-administration had similar total number of NPs per session (3-way
592  ANOVA: Time x Genotype x NP: F(11,138)= 0.776, p=0.664; Genotype x NP: F(1,138)= 1.978, p=0.162;
593  Time x Genotype: F(11,138)= 0.701, p=0.736; Time x NP: F(11,138)= 1.540, p=0.124; and total number of
594  cocaine infusions delivered per session (2-way ANOVA: Time x Genotype: F(11,140)= 0.700, p=0.737;
595  Genotype: F(1,13)= 3.113, p=0.101; Time: F(11,140)= 3.938, p<0.001) over 12 days of cocaine self-
596  administration. (g) Number of rewarded NPs (cued) were comparable between sucrose- and cocaine-
597  trained D1- and D2-cre mice (2-way ANOVA: Cocaine Vs Sucrose: F(1,24)= 2.198, p=0.151, Genotype:
598  F(1,24)=0.051, p=0.823, and interaction: F(1,24)= 0.051, p=0.823). (h) Total number of NPs during first and
599 last extinction sessions in D1- and D2-cre mice trained on either cocaine (left) or sucrose (right). (i) Number
600  of rewarded NPs (cued) were higher in D1- and D2- cre mice trained on cocaine vs mice trained on sucrose
601  (2-way ANOVA: Cocaine Vs Sucrose: F(1,23)= 5.100, p=0.0337, Genotype: F(1,23)= 0.010, p=0.923, and

602 interaction: F(1,23)= 0.064, p=0.803). *p<0.05

603
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Figure 2. Different patterns of activity govern D1- and D2-MSN during rewarded and unrewarded
cocaine/sucrose seeking. (a) Heatmaps representing the peristimulus histograms of the mean individual
activity of recorded D1- (left) and D2-MSN (right) of mice previously trained on sucrose (upper) or cocaine

(lower) around the first 10 cued active nosepoke during stable self-administration (SA7-12, 2 sessions per
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609  animal), where active nosepokes result in reward delivery and cue presentation. Dotted line represents the
610  active NP. (b) Population-averaged trace activity of all recorded D1- (left) and D2- (right) MSNs during
611  cocaine (red/yellow) and sucrose (blue/cyan) self-administration (2 sessions per animal). Dotted lines
612  represent 95% CI of population mean activities generated by shuffling the data 1000x. Yellow and cyan
613  lines represent population-level mean Ca?* activity in cocaine or sucrose trained mice, respectively, outside
614  the 95% CI of the shuffled distribution. (c) Heatmaps representing the peristimulus histograms of the mean
615 individual activity of recorded D1- (left) and D2-MSN (right) of mice previously trained on sucrose (upper)
616  or cocaine (lower) around the first 10 cued active nosepoke during PA seeking test, where active nosepokes
617  resulted in cues without any associated rewards. (d) Population-averaged trace activity of all recorded D1-
618  (left) and D2- (right) MSNSs during cocaine (red/yellow) and sucrose (blue/cyan) PA. Yellow and cyan lines
619 indicate mean Ca?* activity outside the 95% CI. (e) Heatmaps representing the peristimulus histograms of
620  the mean individual activity of recorded around the first 10 cued active NP during cued-reinstatement. (f)
621  Population-averaged trace activity of all recorded D1- (left) and D2- (right) MSNs during cocaine
622  (red/yellow) and sucrose (blue/cyan) cued-reinstatement. Yellow and cyan lines indicate statistically
623  population-level mean Ca?* activity outside the 95% CI. (g) Summary table showing the trends of change
624  of population averaged activity of D1- and D2-MSN in cocaine and sucrose trained animals compared to a
625 randomly generated shuffled distribution (red: increased activity, blue: decreased activity, Grey: no

626  change).

627
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Figure 3. Subpopulations of D1- and D2-MSN time-locked to reward seeking activity

(a) An example of the distribution of the maxima and minima of mean neuronal activity around nosepoke
(5 seconds before to 10 seconds after) generated after shuffling the calcium trace of each neuron around
behavioral data points (1000x). If the maximum or minimum activity of the real data was higher or lower
than 97.5% of the maximum (right) or minimum (left), respectively, the neuron was considered to be time-
locked excited or inhibited. Arrows indicate the 97.5% maximum and minimum thresholds. (b) Examples
of peri-event activity histograms of time-locked excited (left) and time-locked inhibited (right) neurons.

Each row of the heatmaps represents an individual trial, i.e. a cued nosepoke. Activity traces in the lower
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panel represent mean = SEM activity across all trials. (c) Pie charts representing proportions of excited
(red) and inhibited (blue) neurons during cocaine or sucrose self-administration show higher proportions of
time-locked excited and inhibited neurons in sucrose vs cocaine trained mice. (d) Pie charts representing
proportions of excited (red) and inhibited (blue) neurons during cocaine or sucrose post-abstinence seeking
tests show no difference between both groups. (e) Pie charts representing proportions of excited (red) and
inhibited (blue) neurons during cocaine or sucrose cued reinstatement seeking tests show no difference
between both groups. Cocaine and sucrose were compared using a Chi square test. (f) Summary table
showing differences in distribution of excited/inhibited timelocked neurons between during different phases
of cocaine and sucrose seeking. Coding = %cocaine neurons/ %sucrose neurons within each subpopulation.
*p< 0.05 based on Chi square test comparing sucrose and cocaine subpopulations within each behavioral

trial
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650  Figure 4. Cocaine seeking is characterized by stable within session excited D1-MSN population.

651  (a) Example traces of stable and unstable neurons showing respectively consistent and inconsistent mean
652  increase in activity during odd- and even- numbered events. (Red: mean activity around odd-numbered
653  events; blue: mean activity around even numbered events; dotted lines represent the standard error). (b)
654  Bar graphs comparing the stability (blue — stable, black — unstable) of excited (Ex) and inhibited (In) D1-
655  MSN (left) and D2-MSN (right) ensembles during stable self-administration between sucrose- and cocaine-
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trained animals by comparing time-locking to odd-numbered events to even-numbered events. (* p<0.05
cocaine Vs sucrose; + p<0.10; see Table S1 for all Chi2 values). (c) Same graph as (b) for post-abstinence
test. (d) Same graph as (b) for cued-reinstatement. (e) Summary table showing percentage of stable neurons
within each ensemble during cocaine/sucrose self-administration (SA), post-abstinence seeking (PA), or
cued reinstatement (RST). (* p<0.05 comparing ensembles between cocaine sessions and sucrose sessions;
+p<0.10; see Table S1 for Chi? values). (f) Excited D1-MSN significantly predict total number of rewarded

and PA NPs in cocaine-trained mice (see Table S2 for r? values).

32


https://doi.org/10.1101/2024.08.05.606522
http://creativecommons.org/licenses/by-nc-nd/4.0/

663

664

665

666

667

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.05.606522; this version posted August 7, 2024. 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-NC-ND 4.0 International license.

da
> D1-MSN
SIETY
©2 o4 % FJF 044 * * ] * 04 , 4 0*
= ® o ® o °
O c !.’ ® ... [ ] @ ..
&)0?0_2-',.:,.;_;,_’;’ 0.2—:i;-i._ﬁ‘,. 0_2_.'."o-E .
o] ® ® [ )
(®)] LI * @ - > e
c g 00 o2 F 1 o @ o 004 S 0 ':! 0.0 - '3"3'-"* o B
'8 L? % o
O 2-02- - 0.2 - * 02 -
m =
0 = Sucrose Cocaine Sucrose Cocaine Sucrose Cocaine
Self-Administration Post-Abstinence Cued Reinsatement
@ Excited ® Inhibited ® Not Time-locked
b D2-MSN
Pk)
8L oad * * 4, 04 4 04, 4
‘5 E ® g : : L °
Q®B god= 1 % e 024° % dan e 024 ¢ o o 452 ®
oY 02 M © © -—— L — 0g 00
<3 ol 4 Tee o - . ° o e~
g)% 0.0 800 _."':.o 00 - 3.. _____ o-ugs- 001s, ena %30 g
5 < ° e :
8_% -0.2 4 - -0.2 L . -0.2 o ®
8 c Sucrose Cocaine Sucrose Cocaine Sucrose Cocaine
Self-Administration Post-Abstinence Cued Reinsatement
C
D1-MSN D2-MSN_
Sucrose Cocaine Sucrose Cocaine
Ex In N Ex | In N Ex In N Ex | In N

SA SA
PA PA
RST RST
L
p> 0.0062 p< 0.001

Not significant

Figure 5. Decoding nose poking by different MSN subpopulations.

(a) Nose poke decoding accuracy using the neuronal data of the three types of D1-MSN activity patterns
during self-administration (left), post-abstinence (middle) and cued-reinstatement (right). * p< 0.0062,

using a Student’s t-test comparing measured data to shuffled data points with the p values corrected for
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multiple comparisons using a false discovery rate, g= 0.02. Table S3 contains all t-test and probability
values. (b) Nose poke decoding accuracy using the neuronal data of the three types of D2-MSN activity
patterns. * p< 0.0062, using a Students t-test comparing measured data to shuffled data points with the p
values corrected for multiple comparisons using a false discovery rate of g= 0.02. (c) Summary table
showing the relative NP decoding accuracy of subtypes of D1- and D2-MSN between sucrose and cocaine

trained mice. Ex- excited, In- inhibited, N- not time-locked

34


https://doi.org/10.1101/2024.08.05.606522
http://creativecommons.org/licenses/by-nc-nd/4.0/

674

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.05.606522; this version posted August 7, 2024. 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-NC-ND 4.0 International license.

a
0N =
=z 8
g 14
o .
S = i “Ex In Ex In
S = = D1-MSNs
1215 T}ﬁs 10 -5 c: _5 10
Time (seconds) B Stable
Il Unstable
c Sucrose 100
1, SA-Day 7-9 '.EA:_DEVBJ2
E— — _Sucrose Cocaine
o :
23
wn° °
=12 o
o~ S 504
a 5
O
2
Q
3 - Ex In Ex In
E- == D2-MSNs
5 0 5 10-5 0 10
Time (seconds)
01O
AFIF
d Tracking Between SA Sessions
* *
0.4+ 0.4
>0 o ]
S0 °
c E
S 3 ®
3 0.2 ] *
2o % 0.2-
2L
53 .
3% 004 ---°
O ------ 0.0 * 5~ —iE—
o & ® [
= o [ ]
D1-MSN D2-MSN
e Sucrose e Cocaine

SA

Detected in
both SA sessions

2

€ Tracking Between SA and PA Sessions

Sucrose )
1 SA - Day 10-12 PA Sucrose Cocaine
——— —————  100- -
o | | IS
w = : " =
=z38]| — i g
ggg | = g
< Cocaine 2
o3 —
E :
=1 b
=z Ex In
= — D1-MSNs
1245 (; 5 10-5 :)*5 =0
Time (seconds) B Stable
Il Unstable
Sucrose
1 SA - Day 10-12 PA session
= T__f = 100_Sucrose Cocaine
a —
23 =—
o 95 e
=
N 51
O 3 ——
£ ==
=] ~
=z =
3 —_
° ==
99 =
5 0 5 10-5 0 5 10
Time (seconds)
ER) vmwa [R]
AFIF
g Tracking Between SA and PA
*
_ 0.4 ° 0.4
>0
cQ
© £
0 3
8% 0.2- . 0.2
< ) B °
o9 g
E® ®
T o ®
ol (]
05 00fes=e "% 001 i, f%f
0O L
- ) [ ]
D1-MSN D2-MSN
e Sucrose e Cocaine

35


https://doi.org/10.1101/2024.08.05.606522
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.05.606522; this version posted August 7, 2024. 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-NC-ND 4.0 International license.

675  Figure 6. Tracking the same neurons across self-administration (SA) to PA sessions shows a higher

676  stability of responding in the excited D1-MSN subpopulation.

677  (a) Left: Maximal intensity projections of recordings from two stable self-administration sessions recorded
678  within the same animal, showing similar fields of view; Right: schematic of the spatial footprints of all
679  identified neurons (green+white) in each session. The neurons that were successfully tracked over both
680  sessions are colored green. The neurons that were only visualized in one session but not the other are colored
681  white. Colored arrows point towards to examples of neurons detected in both sessions. (b) Left: Heatmaps
682  representing the mean activity of D1-MSNs longitudinally tracked between two stable cocaine or sucrose
683  self-administration sessions. Each row represents one neuron tracked across both sessions. Right: Bar
684  graphs comparing the stability (green— stable, black— unstable) of excitatory and inhibitory D1-MSNs
685  across two self-administration sessions. (c) Heatmaps representing the mean activity of D2-MSNs
686 longitudinally tracked and stability of neuronal activity between two cocaine or sucrose self-administration
687  sessions (SA 8/9 vs SA 10/11). There were no differences in proportion of stable neuron subpopulations
688  between sucrose and cocaine. (d) Decoding of the second SA session by training on the first SA session.
689  *p<0.05, paired t-test comparing each subpopulation with its shuffled distribution, Table S5 for all t and p
690  values. (e) Heatmaps representing the mean activity of D1-MSNs longitudinally tracked and stability of
691  neuronal activity between two cocaine or sucrose SA and PA sessions. Only stable excited D1-MSNs
692 differed between cocaine and saline (Chi? and p values in Table S4). (f) Heatmaps representing the mean
693  activity of D2-MSNs longitudinally tracked and stability of neuronal activity between cocaine (lower) or
694  sucrose (upper) self-administration (SA 10/11) and PA sessions. No differences between sucrose and
695  cocaine were found (Chi2 and p values in Table S4). (g) Scatter plot showing the decoding accuracy of
696  SVM model trained on the neuronal activity of D1- or D2-MSNs during the SA session and subsequently
697  used to decode NPs during the PA session. Only cocaine D1-MSNs decoded PA NPs (t and p values in

698  Table S5).
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Methods

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed and will be fulfilled

by the lead contact, Reda M. Chalhoub (chalhoub@musc.edu)

Materials Availability

This study did not generate new unique reagents

Data and code availability

Data reported in this paper, as well as custom MATLAB codes used for the analysis, are available
from the lead contact upon reasonable request.

Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.
Experimental model and subject details

Animals

Adult male and female transgenic D1-cre (129S6.FVB(B6)-Tg(Drd1la-cre)AGsc/KndlJ, Jax Strain
#:028298), D2-cre (B6.129S4(FVB)-Drd2tm1.1Mrub/J, Jax Strain #:010687), and A2A-cre
(B6;129-Adora2atm1Dyj/J, Jax Strain #:010687) mice were used in the experiments. All mice
were bred in-house and periodically outcrossed with wild-type C57/BL/6J mice to maintain
genetic diversity. Mice were group housed before surgeries, and single-housed after surgeries to
avoid interference with behavioral experiments and minimize the risk of infection or injury
resulting from the interaction with cage mates during the recovery period. After surgical
procedures were performed, animals were kept in a reverse light cycle (12-hour dark/12-hour light)

under controlled temperature and humidity settings. All behavioral experiments were run in the
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722 Dark Phase. Mice were at least 12 weeks old and weigh 20g prior to their first surgery. All
723 experiments and procedures were performed in compliance with the guidelines of the institutional

724  Animal Care and Use Committee at the Medical University of South Carolina.
725  Method details

726  Surgeries

727  All surgical procedures were conducted under isoflurane anesthesia (induction: 5%, maintenance:

728  1-2%, flow rate: 0.2 L/min).
729  Surgeries for endoscopic calcium imaging

730  After anesthesia induction and preparation and sterilization of the scalp, a small incision was made
731  to expose the skull surface. A dental drill (5Smm diameter) was used to create one craniotomy hole
732 over the left nucleus accumbens (AP: +1.6 mm, ML: +1.1 mm relative to Bregma). To achieve
733 cell-type specific calcium imaging, mice were stereotaxically injected with an adeno-associated
734  viral vector encoding a double-floxed inverted orientation GCaMP6f (pAAV-Syn-Flex-
735  GCaMP6f-WPRE-SV40, titer: ~ 1 x 10*® GC/mL, acquired from Addgene (#100833)) using
736 Nanoject Il (Drummond Scientific, total volume = 750 nL, rate of injection: 50 nL/min, total
737  duration 10 mins). Four weeks following viral injection, a lens with an integrated baseplate
738  (Inscopix, 0.6 mm diameter, 7.3mm length) was slowly lowered (0.2mm/min) over the same
739  location, under active miniscope visualization and guidance, until a clear and bright plane was
740  visualized, indicating proper expression of the virus and alignment of the lens. The chosen z-plane
741  was constrained to be between -4 and -5 to ensure placement in the nucleus accumbens core. The
742  lens and the baseplate were secured in place using two stainless steel screws (to the skull surface)

743  and dental cement (1:5 mix of black and transparent acrylic cement). The animal’s lens was
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744  covered with a magnetic cap (Inscopix) to protect it from scratches and physical damage. All mice
745  were weekly monitored through imaging trials over 4 weeks after the surgery to detect single-cell
746  neuronal activity; if no single neurons were visualized, mice were euthanized and excluded from

747  the study.
748  Catheter Surgeries

749  For cocaine self-administration in mice, mice were implanted with a custom-made indwelling
750  jugular catheter connected to a back-mounted guide cannula, as previously described®*®, In brief,
751  a 12-mm catheter tip was subcutaneously passed from the back and inserted in the right jugular
752  vein through a 1cm mid-scapular incision. The catheter tip was sutured in place to the vein and
753  subcutaneous adipose tissue, while the entry port cannula was secured to the back. All mice
754  received a perioperative analgesic injection of Carprofen (5mg/kg, subcutaneously) and Cefazolin
755 (200 mg/kg, iv) to avoid infections, and were then treated daily with carprofen (5 mg/kg,
756  subcutaneously) and topical antibacterial ointment for 3 days post-operatively. Incision sites were
757  treated with topical triple antibiotic ointment and Catheters were flushed daily with heparin (100
758  units/mL) to prevent catheter occlusion and maintain patency. Patency of the catheters was
759  assessed by injecting the mice with 0.01-0.02mL of Brevital (2mg/mL): an immediate loss of
760  muscle tone within 0-5 seconds following the injection indicated a positive test and a patent
761  catheter. Mice with non-patent catheters at any point during self-administration were excluded,

762  and catheter patency was no longer assessed after the start of home-cage forced abstinence.
763  Self-administration
764  After recovering from their respective surgical procedures, mice were switched to a restricted food

765 diet (~3g of chow daily) to maintain their weight at 90% of their original weight. Self-
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766  administration was performed in an operative box (Med Associates, Inc) that contains: a house
767  light, two nosepoke ports, an availability light over the active nosepoke, a syringe pump (used for
768  cocaine self-administration), and a sucrose pellet dispenser connected to a tall food pellet

769  receptacle (used during sucrose self-administration).

770  Sucrose Self-Administration. Each session started with a 15-minute “baseline” period during which

771 the house light was off and the nosepokes did not result in sucrose delivery, followed by 120-
772 minutes of sucrose self-administration. The “baseline” period was used to adapt the animal to the
773 headcap connections (optical fiber cables for experiments involving optogenetics or miniscope for
774 experiments involving calcium imaging). A maximum of 100 sucrose pellets per session was
775  allowed to prevent an overdose. After self-administration, mice undergo abstinence from sucrose
776  self-administration for 10 days in their home cage during which they were handled daily. After the
777  incubation period, the mice were returned to the operant chamber to undergo a post-abstinence
778  seeking test (PA) during which the active nosepoke resulted in the presentation of the contingent
779  cues associated with the reward, but the sucrose reward was not delivered. After PA testing, mice
780  underwent extinction training to suppress responding to contextual cues. Each extinction session
781  lasted 120 mins (preceded by the 15 mins “light-OFF” period) during which the active nosepoke
782  no longer resulted in the presentation of cues or delivery of the reward. Extinction criteria was
783  determined a priori as two consecutive sessions with an average of presses less than 10 nosepokes.
784 At least five extinction training sessions were conducted before the mice underwent reinstatement
785  to the cues. Once the extinction criteria were met, mice underwent a cued-seeking reinstatement
786  test (RST) for 2 hours during which the conditioned cues were returned after every active
787  nosepoke. At the beginning of the reinstatement session, all mice received one free cue at the

788  beginning of the session to elicit operant responding.
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789  Cocaine Self-administration. After recovery from catheterization surgery, mice were trained daily

790 (1 session/day) to nosepoke the active port to receive a cocaine injection (0.75mg/kg/infusion),
791  which was associated with the presentation of a complex cue (light in the active port and a sound)
792  for 5 seconds, followed by a 20-second time-out period, during which active nosepokes elicited no
793  response. A maximum of 100 cocaine injections per session was allowed to prevent an overdose.
794  Each session started with a 15-minute “baseline” period during which the house light was off and
795  the nosepokes did not result in sucrose delivery, followed by 120-minutes of cocaine self-
796  administration. The “baseline” period was used to collect a baseline recording during the calcium

797  imaging experiments, or to adapt the animal to the headcap connections.

798  Post-Abstinence Seeking Test, Extinction, and Cued Reinstatement. After self-administration,

799  mice undergo abstinence from cocaine self-administration for 7-10 days in their home cage during
800  which they were handled daily. After the incubation period, the mice were returned to the operant
801 chamber to undergo a post-abstinence seeking test (PA) for 120 minutes (preceded by the 15 mins
802  “light-OFF” period) during which the active nosepoke resulted in the presentation of the contingent
803  cues associated with the reward, but the cocaine reward was not delivered. For experiments
804 including optogenetic and chemogenetic manipulations, multiple PA seeking tests were performed
805 to assess persistence of the behavioral responses. After PA testing, mice underwent extinction
806 training to suppress responding to contextual cues. Each extinction session lasted 120 mins
807  (preceded by the 15 mins “light-OFF” period) during which the active nosepoke no longer resulted
808 in the presentation of cues or delivery of the reward. Extinction criterion was determined a priori
809  as two consecutive sessions with an average less than 10 nosepokes. At least five extinction
810 training sessions were conducted before the mice underwent reinstatement to the cues. Once the

811  extinction criterion was met, mice underwent a cued-seeking reinstatement test (RST) for 2 hours
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812  during which the conditioned cues were returned after every active nosepoke. At the beginning of
813  the reinstatement session, all mice received one free cue at the beginning of the session to elicit
814  operant responding. Mice were considered successfully reinstated in response to the cue if they
815  nosepoke for the cue >10 times during a single session. Mice that failed a reinstatement test were
816  given 1 more day of extinction before repeating the reinstatement test. Mice that failed two cued-

817  reinstatement tests were excluded from the reinstatement test analysis.
818  Calcium Imaging from freely behaving animals

819  Acquisition. We recorded calcium activity of D1- and D2-MSN in freely behaving D1- and
820 D2/A2A-cre mice respectively using miniature fluorescent microscopes “miniscopes” (nVista 3.0,
821  Inscopix) on intermittent non-consecutive days throughout self-administration, post-abstinence
822  seeking test, extinction training and reinstatement sessions. After the lens placement surgery,
823  calcium dynamics were monitored weekly until individual neuron calcium changes were detected.
824  These sessions were also used to adapt the mice for the weight of the miniscope. These mice were
825  then randomized into cocaine self-administration and sucrose self-administration groups. Before
826  the beginning of the first recording session, the gain (limit 2-4), the LED intensity (0.5-1
827 mW/mm?), and the desired z-plane were optimized per animal to obtain the highest number of
828  well-defined regions of interests (ROIs), or putative neurons. The gain and LED settings were
829  saved to be used in all subsequent sessions; the z-plane was electronically adjusted to match the
830 same field of view during every session to allow tracking of the same neurons across time. All
831  recordings were performed at 15 Hz (exposure time = 0.667 seconds), at 2x spatial down-sampling
832 rate to reduce the generated file size. The operant chambers were connected to the Inscopix Data
833  Acquisition Box using two transistor-transistor logic (TTL) via BNC cables to synchronize the

834  recorded calcium imaging frames and behavioral events.
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835 Image Processing and Signal Extraction

836  Processing and ROI segmentation. The pre-processing and ROI segmentation were performed
837 using the MATLAB application programming interface (API) of Inscopix Data Processing
838  Software v1.6 or custom MATLAB codes. The generated recordings were spatially down-sampled
839  (2x in both dimensions) to reduce the file size and allow shorter processing times. Any defective
840  pixels or dropped frames were corrected by linear interpolation from nearby pixels and frames. A
841  spatial bandpass filer (0.005-0.5 pixels-1) was next applied to remove the low and high spatial
842  frequency components that do not correspond to cells in focus. This was followed by applying a
843  frame-by-frame motion correction algorithm to account for any motion artifacts. The signal was
844  then normalized to background by subtracting and dividing each pixel value by the mean intensity

845  of that pixel over the entire recording, as follow:

846  AF/F_0=(F-F_0)/F_0 ,where F_0=pixel intensity at mean frame

847 A principal component analysis (PCA), followed by an independent component analysis (ICA),
848  were used to segment the recording into independent spatial footprints of putative neurons. The
849  corresponding temporal trace of each spatial footprint was calculated by applying the spatial
850 footprint on the background normalized movie. All components were manually inspected and
851 included in the analysis if they show typical neuronal shape of the spatial footprints and canonical
852  calcium signals of their corresponding temporal trace. If two neighboring neurons (distance<5
853  pixels) have highly correlated temporal traces (coefficient>0.9), the neuron with the lower signal-
854  to-noise ratio (SNR) is excluded from the analysis to eliminate any duplicate components

855  belonging to the same neuron.
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856  Detection of Excitatory Calcium Events. Ca2+ excitatory events were detected using Inscopix Data
857  Processing Software whenever the amplitude of the temporal trace crossed a 6 median absolute
858 deviation (MAD), with an indicator decay time of 200ms. The time of the Ca2+ event occurrence

859  was determined as the start of the event.

860  Histology

861 At the end of the behavioral experiments, the animals were deeply anesthetized with isoflurane
862 and then transcardially perfused with 10mL of phosphate buffer-saline (PBS) followed by 20mL
863  of 10% formalin solution. The brains were extracted and fixed in 10% formalin solution overnight
864  and then transferred to 20% sucrose in PBS for cryoprotection. After 24 hours, the brains were
865  frozen in dry ice and cut into 40um sections using a cryostat. For immunohistochemical staining,
866  free-floating sections were blocked with 2% normal donkey serum in 2% PBST for 1 hour on a
867  shaker at room temperature. These sections were incubated overnight at 4°C in blocking solution
868  containing chicken anti-GFP antibody (1:1000, Abcam ab13970). The next day, the sections were
869  washed 3x for 5-minutes with 0.1% PBST solution, before staining them with standard Alexa
870  conjugated secondary antibody (488 Goat Anti-Chicken, Thermofischer scientific: A-11039) for
871 2 hours. Hoechst 33258 (1:2000, Thermofischer) was added to slides during the last 15 minutes of
872  incubation with secondary antibody to stain for nuclei. Finally, brain sections were washed,
873  mounted on glass slides, and cover-slipped after adding Prolong Fold Fluorescent mounting
874  medium. To ensure successful virus expression and accurate lens placement, confirmation was

875  conducted following the staining under fluorescent microscopy.
876  Quantification and statistical analysis

877  Calcium Imaging Analysis
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878  Time-locked neurons. Time-locked neurons were defined similarly to what was previously done®,

879  Briefly, the actual calcium activity of all neurons around the active nosepokes (-5s before to 10s
880  after) was extracted, aligned to nosepoke onset, and averaged over the number of trials of interest
881  (all or first 10 nosepokes). For every neuron, the Ca?* activity around each rewarded nosepoke was
882  normalized to a baseline taken between -5 to -3 seconds before the nosepoke. The averaged 15-
883  second fluorescent neurons across the first 10 nosepokes were used to plot the peri-stimulus
884  heatmaps for the represented sessions. The average trace of all neurons was compared to a 1000x
885  shuffled distribution of means, obtained by circularly shuffling the calcium trace with respect to
886  the nosepoke timestamps 1000x and generating a null distribution of peri-stimulus histograms.
887  95% confidence intervals of the null distribution are plotted to compare to the trace generated from

888  real data.

889  To test whether a neuron was time-locked inhibited or time-locked excited, the maximum and
890  minimum mean activity of each neuron was compared to a shuffled distribution of 1000 maxima
891 and 1000 minima expected by chance. The shuffled distribution was generated by circularly
892  shuffling the temporal trace of every neuron around the behavioral events by random values and
893  calculating the minimum and maximum random mean activity at every iteration. A neuron was
894  considered significantly inhibited if its actual minimum was lower than the 2.5" percentile of the
895  shuffled distribution of minima, and significantly excited if its actual maximum was higher than

896  the 97.5" percentile of the shuffled distribution of maxima.

897  The stability of the time-locked neurons within the same session was assessed by using odd-
898 numbered events and even-numbered events. The neurons determined to be time-locked with
899  similar activity patterns (excited or inhibited) to both sets were considered stable. All events were

900 used in these analyses. Second, we repeated the time-locked analysis using the first 10 rewarded
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901 nosepokes and the second 10 rewarded nosepokes. The neurons determined to be time-locked with

902 similar activity patterns to both sets were considered stable.

903  Tracking neurons across different sessions. Neurons between multiple sessions were tracked using

904 a previously established nearest-neighbor cell registration method'®®. Maximum intensity
905  projections for each session were generated and thresholded at 50% of the maximum pixel value,
906 and the generated FOVs between sessions were first aligned to a reference session (last session of
907 self-administration), using translational corrections only. A threshold for a candidate cell to be
908 used for registration was determined by calculating within-session distances between nearest
909 neighbors. Nearest neighbor centroid distances were found to be always greater than 4um; we
910 chose 3um as a threshold to further reduce the chance of incorrect cross-session registration.
911  Neurons were tracked between two late self-administration sessions. Neurons were also tracked
912  between either of the two recorded self-administration sessions and the post-abstinence session:
913 the pairing resulting in a higher number of tracked neurons was selected for analysis to maximize

914  the power of the analyses.

915  Decoding Analysis. The nosepokes and cues were decoded using support vector machine models

916 trained on the neural data 5 second before or 5 second after the nosepoke occurrence, respectively.
917  For every event, a matched non-event epoch was randomly selected from the session, such as it is
918 30 seconds separated from any behavioral event in the session. Four-fold cross-validation was used
919  to evaluate the ability of the model to decode the validation set. After the four iterations, a mean
920 decoding accuracy is calculated and used to assess the ability of the neuronal data to predict the
921  behavioral events. The labels of the events and non-events were shuffled to generate the shuffled
922  distribution. For ensemble decoding, the ensembles were selected based on time-locked activity

923  across all events. All decoding accuracy scores were compared between animals using 2-way
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924  ANOVA, followed by Bonferroni correction. For decoding analysis in longitudinally tracked
925  neurons, an SVM model was trained using all the data from one session (SA), the resultant model
926  was then applied to a test data from the test session (SA or PA). The performance of all models
927  were compared to models trained on neuronal with shuffled event labels. Data was plotted and
928 reported as decoding accuracy using the real data subtracted from the decoding accuracy when

929  using the shuffled dataset.

930  Statistical Analysis and Graphics

931 Heatmaps and example traces were generated using MATLAB. Summary graphical
932  representations were generated using GraphPad Prism v9. All statistical analysis were performed
933  using either MATLAB 2022b or GraphPad Prism v9. All statistical rests were corrected for
934  multiple comparisons with the Bonferroni method when applicable. Comparisons of fractions of
935  neurons were done using Chi-Square tests. For the decoding results, all comparisons were made
936  using paired Student’s t-tests (real vs shuffled) and p values were corrected using a false discovery
937 rate with g=0.02. Animals in which there was <10 neurons were excluded from the analyses but
938 included in the behavioral data in figure 1. For all analysis, a p-value of 0.05 was considered

939  significant a priori.
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