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Abstract

Psychiatric disease often produces symptoms that have divergent effects on neural activity. For
example, in drug dependence, dysfunctional value-based decision-making and compulsive-like
actions have been linked to hypo- and hyper-activity of orbital frontal cortex (OFC)-basal ganglia
circuits, respectively, however, the underlying mechanisms are unknown. Here we show that
alcohol dependence enhanced activity in OFC terminals in dorsal striatum (OFC-DS) associated
with actions, but reduced activity of the same terminals during periods of outcome retrieval,
corresponding with a loss of outcome control over decision-making. Disrupted OFC-DS terminal
activity was due to a dysfunction of dopamine-type 1 receptors on spiny projection neurons (D1R
SPNs) that resulted in increased retrograde endocannabinoid (eCB) signaling at OFC-D1R SPN
synapses reducing OFC-DS transmission. Blocking CB1 receptors restored OFC-DS activity in
vivo and rescued outcome-based control over decision-making. These findings demonstrate a
circuit-, synapse-, and computation specific mechanism gating OFC activity following the

induction of alcohol dependence.
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Introduction

The DSM-5 categorizes alcohol as one of the few drugs whose dependence can produce
neurocognitive disorders (American Psychiatric Association, 2013). Thus, treatment of alcohol
dependence would benefit from understanding mechanisms producing impaired cognition. Value-
based decision-making is one such cognitive process, with its disruption contributing to poor daily
function, that when combined with the emergence of compulsive control contributes to excessive
drug-seeking, and relapse (Belin et al., 2013; Everitt and Robbins, 2016; Gremel and Lovinger,
2017; Hogarth et al., 2013; LUscher et al., 2020). Recently, there has been renewed focus on
orbital frontal cortex (OFC) circuits in addiction and addiction-like behaviors (Everitt and Robbins,
2016; Lischer et al., 2020; Moorman, 2018; Schoenbaum et al., 2016, 2006), as they play a key
role in computations related to decision-making and the evaluation of outcomes (Fellows, 2007;
Stalnaker et al.,, 2015; Wallis, 2007). However, a mechanistic understanding of how drug-
dependence disrupts the ability of OFC and its downstream circuits to represent information
necessary for appropriate control over decision-making is lacking.

Indeed, drug dependence in general has been widely associated with reduced OFC
activity and output (Catafau et al., 1999; Lischer et al., 2020; Schoenbaum et al., 2016, 2006;
Volkow et al., 1997; Volkow and Fowler, 1994). In alcohol dependent individuals, reduced OFC
activity correlates with aberrant value-based decision-making (Boettiger et al., 2007; Duka et al.,
2011; Forbes et al., 2014). However, OFC hyperactivity has been observed in alcohol
dependence in response to predictive information (Hermann et al., 2006; Reinhard et al., 2015;
Tapert et al., 2003) and during approach behaviors (Ernst et al., 2014). In concert, both rodent
and non-human primate models of alcohol dependence have identified long-lasting changes to
OFC neuron excitability, structure, and transmission (Nimitvilai et al., 2017, 2016; Renteria et al.,
2018). Thus, it seems likely that alcohol dependence differentially alters the contribution of OFC
circuits and their downstream controllers to varied decision-making processes, thereby enhancing

some computations while reducing others, leading to alterations in behavioral control.
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79 One such circuit is OFC excitatory projections into basal ganglia, with synapses onto direct
80 and indirect pathways in the dorsal striatum (DS) (Renteria et al.,, 2018; Wall et al., 2013).
81  Excitatory transmission from OFC-DS projections carries information that may support value-
82 based decision-making, as inhibition of transmission results in habitual control (Gremel et al.,
83  2016). We recently found that alcohol dependence selectively attenuates output of this circuit,
84  with along-lasting reduction in OFC-DS transmission onto dopamine-type 1 (D1) spiny projection
85 neurons (SPNs) of the direct pathway (Renteria et al., 2018). In addition, alcohol dependence
86 produces a loss of value-based decision-making (Corbit et al., 2012; Dickinson et al., 2002;
87 Renteria et al., 2018) and reductions in associated OFC activity (Catafau et al., 1999; Lischer et
88 al., 2020; Schoenbaum et al., 2016, 2006; Volkow et al., 1997; Volkow and Fowler, 1994). Indeed,
89 this behavioral phenotype was rescued by increasing OFC activity (Renteria et al., 2018).
90 Together, these findings suggest that dependence may result in a reduced communication of
91 value-related information from OFC into basal-ganglia circuits to support decision-making.

92 However, dependence has also been associated with compulsive phenotypes (Everitt and
93 Robbins, 2016, 2005; Luscher et al., 2020) and hyperactivity of OFC-DS circuits has been
94  implicated in obsessive compulsive disorder (OCD) (LUscher et al., 2020; Milad and Rauch, 2012;
95 Pauls et al., 2014; Robbins et al., 2019), as well as animal models of compulsive (Ahmari et al.,
96 2013) and compulsive addiction-like behaviors (Pascoli et al., 2018, 2015). Indeed, increased
97 OFC terminal activity was observed in mice when they self-stimulated ventral tegmental area
98 (VTA) dopamine neurons, despite the presence of a punishing foot-shock (Pascoli et al., 2018).
99  This corresponded to post-synaptic potentiation of OFC-DS transmission (Pascoli et al., 2018),
100  suggesting that increased transmission from OFC into basal ganglia circuits contributes to the
101  emergence of compulsive actions. Thus, OFC-DS circuits are poised to regulate both compulsive
102  action and value information, computations that are both implicated in addiction and may be

103  differentially altered in psychiatric disease.
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104 Here we examine mechanisms underlying how drug dependence affects OFC-DS circuit
105 information representation and its control over decision-making. Using a well-established model
106  of alcohol dependence, we find that dependence selectively enhances OFC-DS activity
107  associated with action while reducing OFC-DS activity during periods associated with outcome
108 retrieval through down-regulation of D1 receptor function in SPNs and enhanced
109 endocannabinoid (eCB) signaling at OFC-D1 SPN synapses in the DS. Restoring OFC-DS activity
110  rescues value-based decision-making. Our data has important implications for hypotheses
111  regarding compulsive and habitual phenotypes observed in addiction.

112

113 Results

114  Altered encoding of OFC-DS terminal activity following alcohol dependence

115 To examine whether alcohol dependence alters information sent to dorsal striatum, we used fiber
116  photometry to measure calcium activity of OFC terminals in DS during self-initiated value-based
117  decision-making. We utilized a well-validated and commonly used model of alcohol dependence,
118  chronic intermittent ethanol (CIE) vapor exposure (Becker, 1994; Becker and Lopez, 2004;
119  Griffin 3rd et al., 2009; Lopez and Becker, 2005) (Figure 1A). Performed in 3 cohort replications,
120 mice (Air n = 10, CIE n = 12) were exposed to ethanol vapor for 16 hours each day for 4
121  consecutive days followed by a 3-day withdrawal. This cycle of ethanol vapor and withdrawal was
122 repeated for 4 consecutive weeks and resulted in blood ethanol concentrations of 33.70 £ 2.24
123 mM (mean = SEM) (See Methods). Prior to CIE procedures, mice were injected with AAV-
124  hSynapsin1-axon-GCaMP6s-P2A-mRuby3 in the OFC and implanted with a fiber targeted to the
125 medial DS to record OFC terminal activity (See Methods) (Figure 1B-D). Alcohol withdrawal has
126  been delineated into two differing stages, an acute withdrawal period lasting 2-3 days, and longer
127  protracted withdrawal period that can last 3 or more months (American Psychiatric Association,
128  2013; Heilig et al., 2010). To avoid effects of acute withdrawal and examine potential alterations
129 in the protracted withdrawal period, mice were food restricted and five days after the last vapor
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130 exposure were trained to lever press for a food reward under a random ratio schedule of
131 reinforcement to bias value-based decision-making, measured as a sensitivity to outcome
132 devaluation (Dickinson et al., 1983; Gremel and Costa, 2013) (Figure 1E).

133 Alcohol dependence did not prevent mice from learning to lever press for food. Air control
134 mice and CIE exposed mice made the same number of lever presses (repeated-measures
135  ANOVA: main effect of Training day: Fs, 160)= 43.10, p < 0.0001; no main effect of CIE exposure
136  or interaction: Fs<0.16) (Figure 1F), and pressed the lever at roughly equal rates (repeated-
137 measures ANOVA: main effect of Training day: Fg 160) = 27.42, p < 0.0001; no main effect of
138  treatment or interaction: Fs < 1.22) (Figure 1G). The two groups made similar number of head
139  entries across training (repeated-measures ANOVA: main effect of Training day: Fs, 160)= 5.92, p
140 < 0.0001; no main effect of CIE exposure or interaction: Fs < 1.29) (Figure 1H), and earned similar
141  numbers of rewards (repeated-measures ANOVA: main effect of Training day: Fg 160)= 19.42, p
142 < 0.0001; no main effect of treatment or interaction: Fs < 0.60) (Figure 11). As mice self-initiate,
143  self-terminate their own behavior, it appeared they often made multiple lever presses in close
144  succession. We used bout analyses to examine whether mice organized their lever presses into
145  distinguishable patterns (See Methods). Mice grouped their lever presses into distinct bouts, and
146 Air and CIE mice had similar numbers of bouts (Air: 40.92 + 4.15, n=37; CIE: 49.78 £+ 417, n =
147  37; non-parametric two-sample Kolmogorov-Smirnov (KS) test: D = 0.30, p = 0.07) (Figure 1J)
148  with similar numbers of lever presses per bout (Air: 8.19 £ 0.18, n = 1514; CIE: 8.032 £ 0.16, n =
149  1842; KS-test: D = 0.04, p = 0.14) (Figure 1K). However, Air and CIE mice differentially executed
150 these bouts, with CIE mice having shorter intervals between lever presses within a bout (Inter-
151 press Interval, Air: 1.84 s + 0.05, n = 1514; CIE: 1.31 s £ 0.04, n = 1842; KS-test: D = 0.17, p <
152  0.0001) (Figure 1L) resulting in shorter bout durations (Air: 19.15 s £ 0.59, n = 1514; CIE: 13.59
153 s+0.41,n=1842; KS-test: D=0.14, p < 0.0001) (Figure 1M). Thus, the prior induction of alcohol
154  dependence led to a change in action execution, manifested as faster completion of lever press

155 bouts.
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156 When we examined OFC-DS Ca*" activity during decision-making, we observed
157  modulation of calcium transients during action epochs (-2s to 2s after the onset of a lever press
158  bout) and outcome retrieval epochs (-2s to 2s around head-entry into food receptacle following
159  reward delivery) during decision-making. As mice can readily see the food reward prior to making
160 a head entry, this outcome retrieval period encompasses reward perception, retrieval and
161  potentially consumption. We examined whether modulations of calcium transients were
162 differentially affected by alcohol dependence. First, we saw CIE led to increased OFC-DS Ca**
163  activity prior to the onset of a lever press bout (False Discovery Rate (FDR)-corrected two-sided
164  permutation test, Air: n = 1363, CIE n = 1650, See Methods) (Figure 1N). In addition, there was
165  a significant difference between groups in the net area under the curve (AUC) (Air: -0.40 + 0.08,
166 n=1363; CIE: -0.05 + 0.06, n = 1650; unpaired t test: t3p011 = 3.70, p < 0.001) (Figure 10). When
167  we examined lever presses independent of bout grouping, we observed a similar pattern of Ca®*
168  activity in CIE mice (Figure 1-figure supplement 1). In contrast, when we examined OFC-DS
169  activity during the period associated with outcome retrieval, following reward delivery (first head
170  entry after reinforcer delivery), we found the opposite pattern. There, Air controls showed a large
171 increase in OFC terminal activity, whereas in CIE mice this was significantly blunted (FDR-
172 corrected two-sided permutation test, Air: n = 521, CIE: n = 682) (Figure 1P) and an overall
173 decrease in the net AUC (Air: 1.00 £ 0.16, n =521; CIE: 0.24 £ 0.11, n = 682; unpaired t test: t1201
174 =4.12,p <0.0001) (Figure 1Q). The above analyses were performed on lever presses collapsed
175  across animals to maintain the variability observed in individual mouse data. We also found the
176  same results when we compared animal session average data between groups (Figure 1-figure
177  supplement 1), suggesting the observed differences across decision-making epochs are not
178  driven by data from a single animal, but indeed are prevalent across animals. Together, these
179  findings suggest that alcohol dependence leads to slightly enhanced OFC-DS terminal activity
180 associated with actions, but substantially less OFC-DS terminal activity during the period

181 associated with outcome retrieval.
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182 Given the necessity of OFC-DS pathway function for successful outcome devaluation
183  (Gremel et al., 2016), the substantial reduction in OFC-DS activity observed in CIE during periods
184  associated with outcome retrieval suggests value-based decision-making may be impaired in
185 these CIE mice. Thus, we used sensory-specific satiety to induce outcome devaluation (Figure
186  1R-U, see Methods), where reductions in lever pressing on the devalued compared to valued day
187  are indicative of outcome devaluation. Pre-planned comparisons on normalized data to account
188 for differences in response rates between individual mice, showed that Air reduced responding
189  following outcome devaluation, while CIE mice did less so (repeated-measures ANOVA: main
190 effect of valuation state: F(;, 19)= 6.36, p < 0.05; no main effect of CIE exposure or interaction: Fs
191 < 2.98; pre-planned corrected comparisons between Valued and Devalued days: Air p < 0.02;
192 CIE p > 0.6) (Figure 1U, Figure 1-figure supplement 1). Indeed, Air mice differentially distributed
193 lever pressing between devalued and valued days, and CIE mice did not (one-sample paired t-
194  testvs. 0.5; Air-t,=3.68, p < 0.05; CIE t;= 0.54, p = 0.30) As previous data found enhancing OFC
195  activity was sufficient to rescue the deficits in outcome devaluation in CIE mice (Renteria et al.,
196  2018), the current data suggest that their inability to update outcome value following devaluation
197 may be a result of the dampened OFC-DS activity during outcome retrieval epochs (Figure 1P,
198 Q).

199

200 CIE does not alter CB1 receptor function or eCB long-term plasticity

201  The reduced calcium activity in OFC-DS terminals is suggestive of a decrease in presynaptic
202  transmission. In dorsal striatum, OFC terminals synapse onto both direct and indirect output
203  pathways of the basal ganglia (Wall et al., 2013). However, we previously found CIE results in a
204  selective and long-lasting decrease in presynaptic OFC transmission onto D1 SPNs of the direct
205  pathway, but not dopamine type-2 (D2) SPNs of the indirect pathway (Renteria et al., 2018). This
206  reduction in OFC-D1 SPN transmission was stable and persistent across 3 weeks of chronic
207  withdrawal (Renteria et al., 2018). As an OFC-DS projection neuron most likely sends collaterals
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208 to both D1 SPNs and D2 SPNs (Wall et al., 2013), the cell-type specific decrease in presynaptic
209 transmission may be mediated by a CIE-induced alteration in eCB signaling (Henderson-
210 Redmond et al., 2016; Parsons and Hurd, 2015; Pava and Woodward, 2012). eCBs are produced
211  and released from the postsynaptic cell and act as a retrograde signal to activate presynaptic
212 cannabinoid type 1 (CB1) receptors, resulting in an inhibition of presynaptic calcium and a
213 subsequent decrease in neurotransmitter release (Castillo et al., 2012; Gerdeman et al., 2002;
214 Heifets and Castillo, 2009; Kano et al., 2009; Kreitzer and Regehr, 2001; Lovinger, 2008). In the
215 dorsal striatum, CB1 receptors have been implicated in habitual action control (Hilario et al., 2007;
216  Nazzaro et al., 2012) and activation of CB1 receptors on OFC terminals in DS has been shown
217  to disrupt sensitivity to changes in expected outcome value (Gremel et al., 2016).

218 To identify CIE-induced mechanisms by which OFC transmission is selectively decreased
219 to D1 SPNSs, nine cohort replicates of mice were exposed to 4 rounds of CIE as previously
220 described (Figure 1A) and electrophysiological recordings were performed within 3-21 days of
221  withdrawal (Figure 2A). Prior to CIE, D1-tdTomato or D1DR-Cre mice were injected with AAV5-
222 CamKlla-GFP-Cre and a Cre-dependent channelrhodopsin (ChR2) (AAV5-Ef1a-DIO-ChR2-
223  eYFP; UNC viral vector core) in OFC to limit ChR2 expression to CamKIlla expressing excitatory
224 projection neurons (Gremel et al., 2016; Gremel and Costa, 2013; Renteria et al., 2018; Tye et
225 al., 2011) (Figure 2B, C). D1DR-Cre mice received an additional injection of AAV5-Flex-tdTomato
226  in the DS to identify D1-expressing SPNs (Figure 2D). Whole-cell patch clamp recordings were
227  performed on tdTomato expressing D1 SPNs in the DS and optically evoked EPSCs were
228  recorded by activating ChR2 expressing OFC terminals with 470 nm light in the DS (Figure 2B).

229 We first hypothesized that CIE procedures induced a change in CB1 receptor function.
230 We applied a CB1 receptor agonist (1 yM WIN 55,212-2) (Figure 2E, F), but found a similar
231  decrease in EPSC amplitude between Air (44.72 + 1.98% of baseline at 30-40 min, n=6, paired t

232 testvs. baseline: ts=27.96, p < 0.0001) and CIE exposed mice (47.08 + 9.03% of baseline at 30-
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233 40 min, n = 6, paired t test vs. baseline: ts=5.86, p < 0.01) (unpaired t test comparing Air and CIE
234 mice: t1o=0.25, p = 0.80).

235 Another possibility for the observed decrease in OFC transmission may involve a CIE-
236 induced change in the expression of eCB-mediated plasticity (DePoy et al., 2013). Given the
237  decreased OFC transmission induced by CIE, we hypothesized that eCB-mediated long-term
238  depression (LTD) would be occluded in CIE exposed mice. eCB-LTD has been extensively
239  studied and described using a high frequency stimulation (HFS) induction protocol. However, we
240 needed to probe input-specific contributions, and conventional ChR2 shows a strong inactivation
241  and desensitization to HFS (Lin, 2010). Thus, we opted to use a group 1 mGIuR agonist, DHPG,
242  toinduce LTD (Kreitzer and Malenka, 2007, 2005; Wu et al., 2015; Yin et al., 2006). A 10-minute
243  bath application of DHPG (50 uM) paired with postsynaptic depolarization to 0 mV, resulted in
244 LTD of optically evoked EPSCs (Air: 54.60 + 8.40% of baseline at 30-40 min, n = 6, paired t test
245  vs. baseline: ts=5.41, p < 0.01; CIE: 46.68 + 4.97% of baseline at 30-40 min, n = 5, paired t test
246  vs. baseline: t,=10.74, p < 0.001) (Figure 2G). However, this DHPG-induced LTD was of similar
247  magnitude between Air and CIE exposed mice (unpaired t test: tg= 0.77, p = 0.46) (Figure 2H).
248  Bath application of a CB1 receptor antagonist, SR141716 (1 uM) showed the observed LTD to
249  be CB1 receptor dependent in both groups (Air: 103.2 + 5.85% of baseline at 30-40 min, n = 4,
250 paired t test vs. baseline: t3= 0.54, p = 0.63; CIE: 108.3 + 5.85% of baseline at 30-40 min, n =6
251  paired t test vs. baseline: t5= 0.96, p = 0.38) (Figure 2I, J). Thus, CB1 receptor dependent eCB-
252  LTD at OFC-D1 SPNs synapses also remains intact after CIE exposure.

253 While CB1 receptor function and eCB-mediated plasticity at OFC-D1 SPN synapses was
254  still intact in CIE mice, we wondered whether regulation of eCB signaling may be disrupted in
255  alcohol dependence. Prior work in striatum has shown that activation of D1 receptors prevents
256  the expression of eCB-LTD (Trusel et al., 2015; Wu et al., 2015). Additionally, positive-timing
257  induction protocols in striatum require D1 receptor blockade for the expression of CB1 receptor
258 dependent LTD (Shen et al., 2008). Based on these previous findings, we reasoned that D1

10
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259  receptor activation may negatively regulate eCB-LTD. We found that activation of D1 receptors
260 by bath application of SKF 81297 (3 uM) in Air controls blocked DHPG-LTD (96.32 + 10.41% of
261 baseline at 30-40 min, n = 6, paired t test vs. baseline: t5=0.35, p = 0.74) but had no effect in CIE
262 exposed mice (56.12 £ 4.85% of baseline at 30-40 min, n = 7, paired t test vs. baseline: t; = 9.06,
263 p < 0.001). The LTD that CIE mice continued to express was still CB1 receptor dependent, as
264  bath application of SR141716 (1 uyM) blocked the DHPG- LTD (104.2 + 11.55% baseline at 30-
265 40 min, n = 5, paired t test vs. baseline: t,=0.37, p = 0.73) (Figure 2K, L).

266 This effect may not be specific to OFC-D1 SPNs and could also be present at any
267  glutamatergic input onto D1 SPNs. However, evoked EPSCs by electrical stimulation in a subset
268  of mice where OFC-DS transmission was optically assessed, showed a similar magnitude of
269 DHPG-LTD in both Air and CIE exposed mice that was CB1 receptor dependent (Figure 2- figure
270  supplement 2A-C). Further, DHPG-LTD of electrically evoked EPSCs was blocked by SKF 81297
271 in Air mice (Figure 2-figure supplement 2F, G). While activation of D1 receptors with bath
272 application of DHPG did result in a short-term depression in CIE, electrically evoked EPSC
273  amplitudes returned to baseline at 30-40 min (Figure 2-figure supplement 2F, G) in contrast to
274  the long-lasting effect observed when optically evoking EPSCs (Figure 2K, L). Additionally, we
275  found that this short-term depression was sensitive to a CB1 receptor antagonist, as we observed
276  no short- or long-term changes in EPSC amplitude in the presence of SR141716 (1 uM) (Figure
277  2-figure supplement 2F, G). Thus, the disrupted D1 receptor regulation of long-term eCB plasticity
278  appears to be at least somewhat selective to OFC-D1 SPNs, as we do not see similar changes
279  when examining excitatory input generally. These results raise the hypothesis that D1 receptor
280  signaling may be altered in CIE exposed mice.

281

282  Ethanol dependence disrupts D1 receptor function

283 D1 receptors may negatively modulate eCB signaling as activation of D1 receptors
284  increases spontaneous presynaptic neurotransmitter release (André et al., 2010), a decrease in

11
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285 eCB content (Patel, 2003), and prevents the expression of eCB-LTD (Wu et al., 2015). To
286  determine whether CIE alters D1 receptor activity we used both an in vitro and in vivo assay of
287 D1 receptor function. First, D1 receptor activation in vitro has been shown to increase excitability
288 of D1 SPNs (Hernandez-Lopez et al., 1997; Planert et al., 2013; Surmeier et al., 2007). Similar to
289  previous findings, we found that washing on D1 agonist, SKF 81297 (10 uM), enhanced D1 SPN
290 action potential firing in response to current injections in the DS of Air controls (repeated-
291 measures ANOVA: interaction (Current x SKF 81297): F(10,90)= 5.72, p < 0.0001; main effect of
292 Current: F(10,90)= 22.46, p < 0.0001; main effect of SKF 81297: F(y ¢y= 32.37, p = 0.0003) (Figure
293  3A). In contrast, bath application of SKF 81297 had no effect on D1 SPN excitability in CIE mice
294 (repeated-measures ANOVA: no interaction (Current x SKF 81297): F(10,80)= 0.28, p = 0.98; main
295 effect of Current: F 1o, g0) = 29.87, p < 0.0001 but no main effect of SKF 81297: F(4,5y= 0.09, p =
296  0.77) (Figure 3B). This suggests that D1 receptor signaling is disrupted in CIE mice and is in line
297  with our previous data in which a D1 agonist failed to modulate DHPG-LTD in CIE mice (Figure
298 2K, L).

299 To test whether alcohol dependence alters the function of DS D1 receptors in vivo, we
300 relied on previous findings where an imbalance in striatal dopamine induced rotational behavior
301 (Glick et al., 1976; Martin et al., 2008). We gave Air and CIE mice a unilateral microinjection of
302 the D1 agonist, SKF 81297 (300 nL, 5 ug/pL), into the left hemisphere of the DS (Figure 3C,
303  Figure 3-figure supplement 3) and we measured the subsequent number of clockwise (CW) and
304  counterclockwise (CCW) rotations. The prediction is that an increase in unilateral dopamine
305 signaling should normally lead to an increase in clockwise rotational behavior (Figure 3C). While
306  Air mice showed the predicted increase in CW rotations, CIE mice showed reduced D1-agonist
307 induced rotational behavior. A one-way ANOVA (F 24)= 9.31, p < 0.001) showed that Air controls
308 had significantly more CW than CCW rotations (Bonferroni corrected, p < 0.001) and had more
309 CW rotations compared to CIE mice (Bonferroni corrected, p < 0.05) (Figure 3D). Importantly,
310 there was no difference in the total number of rotations between Air and CIE mice (Air: 62.13
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311 4.54,n=8; CIE: 57.67 £ 7.76, n = 6; unpaired t test: t;,= 0.53, p = 0.61) (Figure 3E). However,
312  the percentage of CW rotations out of total rotations in CIE mice was significantly lower compared
313  to Air controls (Air: 73.72 + 4.08, n = 8; CIE: 47.72 + 4.21, n = 6; unpaired t test: t12 = 4.36, p <
314  0.001) (Figure 3F). The blunted D1 receptor agonist response in CIE mice could be due to
315 alterations in D1 receptor expression; however, Western blot analysis showed no change in D1
316  receptor expression in the DS between CIE and Air mice (Figure 3-figure supplement 4).
317 Together, these data provide evidence that CIE results in disruption of D1 receptor function
318 downstream of D1 receptor activation.

319

320 CIE enhances depolarization induced suppression of excitation of OFC transmission to D1
321 SPNs

322  Given the alcohol dependence-induced long-lasting disruption of D1 receptor function and the
323  role of D1 receptors in the negative modulation of eCB signaling (André et al., 2010; Patel, 2003),
324  we hypothesized that we may see an increase in eCB signaling in CIE mice. To test for CIE-
325 induced changes in eCB signaling in OFC-D1 SPN transmission, we used depolarization-induced
326  suppression of excitation (DSE), a short-term form of eCB plasticity (Diana and Marty, 2004). To
327 induce DSE of optically evoked EPSCs from OFC terminals (Figure 4A), D1 SPNs were
328 depolarized to +50 mV for 10 seconds which resulted in a short-term decrease of EPSC
329 amplitudes in both Air (DSE Air: 25.78 + 3.82, n = 8, 3 mice, paired t test vs. baseline: t;=6.75, p
330 < 0.001) and CIE mice (DSE CIE: 42.10 £ 8.25, n =9, 3 mice, paired t test vs. baseline: tg= 15.31,
331 p < 0.0001) that was CB1 receptor dependent (bath application of SR141716 (1 uM), DSE Air:
332 2.71 £ 3.09, n = 5, paired t test vs. baseline: t,= 0.88, p = 0.43; DSE CIE: 1.77 £ 5.20, n = 6,
333  paired t test vs. baseline: ts = 0.34, p = 0.75) (Figure 4B, C). We found that CIE mice showed a
334 larger magnitude of DSE than did Air controls (unpaired t test Air vs. CIE: t;s= 3.53, p < 0.01),
335 indicating a CIE-induced increase in eCB signaling in OFC-D1 SPN transmission (Figure 4B, C).
336 To again determine if this effect is selective for OFC-D1 input, we examined DSE in electrically
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337 evoked EPSCs (Figure 4D) and found DSE in both Air (DSE Air: 32.96 + 2.50, n = 6, 3 mice,
338 paired t test vs. baseline: ts= 13.19, p < 0.0001) and CIE mice (DSE CIE: 36.84 £ 7.00, n=6, 3
339 mice, paired t test vs. baseline: ts = 5.27, p < 0.01), that was also sensitive to CB1 receptor
340 blockade (DSE Air: 2.40 £ 4.88, n = 6, paired t test vs. baseline: ts= 0.49, p = 0.64; DSE CIE: 3.97
341 +1.94, n=5, paired t test vs. baseline: t;= 2.05, p = 0.11). In contrast to optically evoked EPSCs
342 at OFC-D1 SPNs synapses (Figure 4A-C), Air and CIE mice showed a similar magnitude of DSE
343  when EPSCs were electrically evoked (unpaired t test Air vs. CIE: t1=0.52, p = 0.61) (Figure 4D-
344  F). Further, the CIE-induced increase in DSE was cell-type selective as we observed no difference
345 in DSE of D2 SPNs of Air and CIE mice with either optical stimulation of OFC terminals or local
346  electrical stimulation (Figure 4-figure supplement 5). The CIE-induced increase in DSE was seen
347 throughout the protracted withdrawal period (Figure 4-figure supplement 6). These results
348  suggest that the increase in DSE of OFC transmission onto D1 SPNs following the induction of
349  alcohol dependence are at least partially selective to the OFC input.

350

351 CB1 receptor antagonist restores OFC transmission and goal-directed control

352  The above data suggests an enhancement of eCB signaling at OFC-D1 SPN synapses in CIE
353  mice. Given this, we reasoned that CB1 receptor antagonism may alter the aberrant in vivo activity
354 seen in OFC-DS terminals and restore sensitivity to outcome devaluation. However, the
355 prevalence of CB1 receptors in cortico-basal ganglia circuits makes indirect actions on circuit
356  activity also likely, which could obscure or counter effects at OFC-DS terminals. To examine this,
357 we gave systemic injections of Vehicle or CB1 antagonist, SR141716 (3 mg/kg), prior to operant
358 sessions and measured subsequent calcium activity in OFC-DS terminals during behavior (Figure
359  5A). Blocking CB1 receptors does not interfere with the ability to lever press (Hilario et al., 2007),
360 and we also found that systemic administration of SR141716 had no obvious effect on gross lever

361 press-related behavior (Figure 5-figure supplement 7).
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362 We first looked at terminal activity during lever press bouts, where we previously saw
363  slightly enhanced activity in CIE mice (Figure 11, J). In Air control mice, systemically blocking CB1
364  receptors decreased OFC terminal activity during lever press bouts (FDR-corrected two-sided
365 permutation test, Vehicle: n = 462; SR141716: n = 359) (Figure 5B, C). This was also reflected in
366 the observed significant decrease in Net AUC (Vehicle: -0.21 £ 0.12, n = 462; SR141716: -1.42
367 0.16, n = 359; unpaired t test: tg19= 6.27, p < 0.0001) (Figure 5C). Similarly, CIE mice also showed
368 a decrease in OFC terminal activity prior to lever press bout onset with CB1 receptor blockade
369 (FDR-corrected two-sided permutation test, Vehicle: n = 536; SR141716: n = 385) and but no
370  significant decrease in Net AUC (Vehicle: 0.04 £ 0.09, n = 536; SR141716: -0.17 + 0.14, n = 385;
371 unpaired t test: tg19 = 1.50, p = 0.14) (Figure 5D, E). As blocking CB1 receptors at OFC-DS
372  terminals should prevent any eCB-related decrease in calcium activity (Kreitzer and Regehr,
373  2001), this suggests the reduced lever-press related OFC-DS terminal activity is due to eCB
374  actions on broader circuit activity.

375 However, eCBs are thought to be released at glutamatergic synapses in DS in an activity-
376  dependent manner (Adermark et al., 2009; Adermark and Lovinger, 2009) and we saw larger
377 increases in OFC-DS terminal activity during periods of associated with outcome retrieval (Figure
378 1L, M). Hence, we also examined effects of blocking CB1 receptors on the reduced outcome
379  retrieval activity observed in CIE mice (Figure 1P, Q). Systemic administration of the CB1
380 antagonist in Air controls resulted in a brief, slight increase OFC terminal activity prior to the first
381 head entry after reinforcer delivery (FDR-corrected two-sided permutation test, Vehicle: n = 177;
382 SR141716: n = 162) (Figure 5F), but did not induce a difference in Net AUC (Vehicle: 1.05 + 0.28,
383 n=177; SR141716: 1.15 + 0.32, n = 162; unpaired t test: t337 = 0.24, p = 0.81) (Figure 5G). In
384  contrast, systemic administration of the CB1 antagonist in CIE mice produced a significant and
385  sustained increase in OFC terminal activity during this period of outcome retrieval (FDR-corrected
386 two-sided permutation test, Vehicle: n = 275; SR141716: n = 219) (Figure 5H) and a significant
387 increase in net AUC (Vehicle: 0.09 £ 0.18, n = 275; SR141716: 0.83 + 0.16, n = 219; unpaired t
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388  test: t490=3.10, p < 0.01) (Figure 5I). A similar pattern was observed when we examined effects
389 of the CB1 antagonist on average animal session data (Figure 5- figure supplement 8). Thus, it
390 appears that systemic administration of a CB1 antagonist produces different effects on OFC-DS
391 terminal activity dependent on the behavior. Notably, we see a large CB1 receptor antagonist-
392 induced increase in OFC-DS terminal activity during periods associated with outcome retrieval in
393  CIE mice, in which OFC-DS terminal is normally blunted and endocannabinoid signaling is
394  enhanced.

395 Given this, we hypothesized that blocking eCB signaling in DS would restore adaptive
396  outcome devaluation in alcohol dependent mice. Two separate cohort replicates of mice were
397 implanted with bilateral cannula targeting DS (Figure 6-figure supplement 9) and then exposed to
398  Air or CIE followed by lever press training for a food outcome (Figure 6A, B) as previously
399 described (Figure 1). Air and CIE mice pressed the lever at similar levels (repeated-measures
400  ANOVA: main effect of Training day: Fg 240)= 161.5, p < 0.0001; no main effect of CIE exposure
401  orinteraction: Fs < 0.13) (Figure 6C) and earned a similar number of reinforcers across training
402 (repeated-measures ANOVA: main effect of Training day: F 240)= 71.45, p < 0.0001; no main
403  effect of CIE exposure or interaction: Fs < 0.18) (Figure 6D). As described above, lever presses
404  were organized into bouts (Figure 1). Similar to the previous cohorts, we found that lever press
405  bouts were differentially executed in Air and CIE mice in that CIE mice had slightly less presses
406  per bout, shorter inter-press intervals and consequently, shorter bout durations (Figure 6-figure
407  supplement 9).

408 We then examined the sensitivity of lever pressing to changes in expected outcome value
409  using outcome devaluation procedures (Figure 6E). Just prior to outcome devaluation procedures,
410 mice were injected with either vehicle or CB1 antagonist, SR141716, directly in the DS. We saw
411  that in Air mice, intra-DS SR141716 had no effect on outcome devaluation responding. Once
412 again, CIE exposed mice treated with vehicle did not show sensitivity to outcome devaluation.
413  However, CIE mice that were given an injection of SR141716 in the DS significantly decreased
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414  lever press responding on the devalued day relative to the value day (Figure 6F). A repeated
415  measures ANOVA, showed a significant interaction (Training day x Treatment: F(3 25=4.41, p =
416  0.01) and main effect of Devaluation day (F(, 28y = 33.28, p < 0.0001) but no main effect of
417  Treatment (F < 0.1). Thus, locally blocking CB1 receptors in the DS of CIE mice was sufficient to
418  restore value-based decision-making.

419

420 Discussion

421  Often differing symptoms in psychiatric conditions produce opposing changes in the activity of a
422  brain area. As there is increasing potential for cortical activity modulation to be used in the
423  treatment of psychiatric disorders, we need a greater understanding of how such cortical
424  modulation will affect downstream circuit engagement and information representation. Here we
425 find that alcohol dependence enhances activity associated with actions in OFC terminals in
426  striatum, while also reducing activity associated with outcome retrieval. We identify one
427  mechanism potentially responsible for the reduced OFC-DS activity specific to epochs of outcome
428  retrieval: a disruption in D1 receptor function in SPNs and an enhancement of eCB signaling that
429  reduces OFC-D1 SPN transmission in the DS (Figure 7). Restoration of OFC-DS transmission
430 through CB1 receptor blockade restored use of reward value to control decision-making. Thus,
431  alcohol dependence induces long-lasting, computational-specific changes to cortical transmission
432 in part through cell-type, synapse specific changes in post-synaptic modulation of this cortical
433  terminal release.

434 We observed OFC-DS terminal activity profiles reminiscent of common OFC observations
435 in humans: OCD-related hyperactivity (Milad and Rauch, 2012; Pauls et al., 2014; Robbins et al.,
436  2019), the hallmark representation of reward evaluation (Fellows, 2007; Wallis, 2007), and
437 dependence-induced hypoactivity (Catafau et al., 1999; Lischer et al., 2020; Schoenbaum et al.,
438 2016, 2006; Volkow et al., 1997; Volkow and Fowler, 1994). Alcohol dependent mice showed
439  slightly increased OFC terminal activity during lever press behavior (Figure 1), similar to the
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440 increased OFC-DS activity reported in compulsive phenotypes (Pascoli et al., 2018). While we
441  did not directly measure markers of compulsivity in the present studies, we have previously
442  reported that CIE procedures can increase response rates for both food reinforcers (Renteria et
443  al., 2018) and alcohol self-administration (Renteria et al., 2020). This raises the hypothesis that
444  OFC-DS transmission has a role in alcohol-induced compulsive seeking. However, while this
445 increased OFC terminal activity may drive the increase in response rate in CIE mice, it may not
446  influence reward evaluation processes. We previously observed no correlation between response
447  rate and the sensitivity to outcome devaluation following alcohol dependence (Renteria et al.,
448  2018). Hence action control and the evaluation of outcome value may be differentially affected by
449  alcohol dependence. That we also found reduced OFC-DS terminal activity in CIE mice during
450 periods associated with outcome retrieval shows how population output activity may be
451  differentially modulated depending on the behavior measured. The observations that alcohol
452  dependence significantly decreased reward-related OFC-DS terminal activity, but increased
453  action-related activity, raises one hypothesis that alcohol-dependence differentially alters afferent
454  activity into OFC thereby altering the capability of OFC-DS projections to send action and
455  outcome information into basal ganglia circuits. Further, the restoration of OFC terminal activity
456  with a CB1 antagonist during outcome retrieval (Figure 5) and rescue of goal-directed control
457  when injected directly in DS (Figure 6), suggests there also is additional local synaptic modulation
458  of OFC-DS terminal activity during behavior.

459 Our data suggests that dependence induces an increase in eCB signaling at OFC-D1 SPN
460 synapses. While multiple aspects of eCB downstream signaling and plasticity were still intact,
461 including CB1 receptor function and the ability to induce an eCB dependent LTD (Figure 2),
462  upstream regulation of eCB signaling by D1 receptors was not. Using ex vivo brain slice
463  preparations from CIE mice, we observed no effect of the D1 agonist SKF 81297 on DHPG-LTD
464  or the excitability of D1 SPNs as previously reported (Hernandez-Lopez et al., 1997; Planert et
465 al., 2013; Surmeier et al., 2007) and observed in our controls. In vivo unilateral microinjections of
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466  SKF 81297 resulted in rotation behavior that was significantly attenuated in CIE mice and there
467  was no change in D1 receptor expression (Figure 3-figure supplement 4). These results suggest
468 that CIE disrupts the signaling cascade downstream of D1 receptor activation. Indeed, acute
469  ethanol has been shown to modulate downstream targets of D1 receptor activation (Ron and
470 Barak, 2016; Ron and Messing, 2013), including cellular inhibition of specific protein kinase C
471  (PKC) isoforms that constitutively phosphorylate D1 receptors to dampen D1 signaling (Rex et
472 al., 2008). Withdrawal was found to decrease PKC isoforms in the BLA (Christian et al., 2012),
473  although whether similar mechanisms occur in dorsal striatum is not known. As our measures of
474 D1 receptor function were done 3-21 days in withdrawal from chronic ethanol exposure, this
475  evidence raises one hypothesis that the present disruption in D1 receptor function observed may
476  reflect neuroadaptive compensatory changes in PKC activity. Others have shown, in postmortem
477  brain sections taken from human alcoholics, a down-regulation of D1 receptor binding sites in the
478  striatum (Hirth et al., 2016). In addition, rats exposed to CIE had an increase of dopamine release
479 inthe nucleus accumbens shell, but showed a blunted response to D1 receptor activation 21 days
480 in withdrawal (Hirth et al., 2016). While plenty of data suggest that chronic alcohol dependence
481  alters dopamine systems, the changes likely depend on the synapse, cell-type, and circuit.

482 The loss of D1 receptor function in SPNs of CIE exposed mice may be directly related to
483  the enhancement of eCB signaling (Figure 4 and Figure 7). Previous works have shown dopamine
484 and eCB signaling interact in which D1 receptor activation may reduce anandamide (AEA)
485  signaling (André et al., 2010; Patel, 2003) (but see (Giuffrida et al., 1999)), although, at what point
486 D1 signaling could interfere with AEA synthesis or release is not clear. However, DSE has widely
487  been shown to be mediated by 2-arachidonoyl glycerol (2-AG) and a CIE-induced increase in 2-
488  AG may contribute to the present effects. Others have shown that habitual alcohol seeking may
489 be mediated by an increase in 2-AG, as an inhibitor, DO34, was found to reduce habitual
490 responding (Gianessi et al., 2020). Thus, future work examining the contribution of different eCBs
491  is warranted.
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492 Conversely, the eCB system has been extensively studied in the modulation of dopamine
493  transmission (Covey et al., 2017), further underscoring the complex interactions of these signaling
494  systems. For example, as eCBs can reduce dopamine release in nucleus accumbens through
495 reducing cortical drive (Mateo et al.,, 2017), there may also be a CIE-induced decrease in
496  endogenous D1R activation at OFC-D1 SPN synapses. Given the large number of synaptic and
497  molecular targets that chronic ethanol exposure can modulate (Abrahao et al., 2017; Lovinger
498 and Roberto, 2013; Roberto and Varodayan, 2017), the synapse and cell-type specific alterations
499 in orbitostriatal transmission that we have observed are likely the result of ethanol-induced
500 changes in many neuromodulatory and synaptic signaling systems.

501 The CIE-induced alterations in eCB-mediated signaling and plasticity presented here were
502 found to be at least in part, specific to the OFC input. Local electrical stimulation (Figure 2-figure
503 supplement 2) likely includes OFC inputs in addition to excitatory inputs from other cortical and
504 limbic regions as well as thalamic nuclei (Wall et al., 2013). It is possible that other excitatory
505 inputs to D1 SPNs are differentially modulated by alcohol dependence such that changes at
506 individual inputs may be masked with electrical stimulation. However, enhanced eCB signaling is
507 not expected to apply to thalamostriatal inputs to D1 SPNs, as they lack CB1 receptors at
508 presynaptic terminals (Wu et al., 2015). Evidence for a CIE-induced change in other excitatory
509 inputs to D1 SPNs may be supported by the DHPG-induced short-term depression observed with
510 electrical stimulation in the presence of a D1 agonist (Figure 2-figure supplement 2). As the
511 observed short-term depression was found to be sensitive to a CB1 receptor antagonist, it likely
512  involves a change in eCB signaling, although the mechanism may differ from that observed with
513 long-term depression (Castillo et al., 2012; Heifets and Castillo, 2009; Kano et al., 2009; Lovinger,
514  2008).

515 Interestingly, we found the effects of CB1 antagonist on OFC terminal activity to be
516  dependent on the specific component of decision-making represented. Systemic injection of CB1
517  receptor antagonist was found to decrease OFC terminal activity in DS during initiation of lever
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518 press bouts in both Air and CIE mice (Figure 5), suggesting the effect the antagonist exerted was
519 not through activation of CB1 receptors on OFC terminals. One explanation could be a
520 disinhibition of inhibitory signaling onto OFC cell bodies or terminals in DS. CB1 receptors are
521 expressed on GABAergic terminals in cortex which, when blocked with a CB1 antagonist, would
522  allow for inhibition of cortical projection neurons. Additionally, in the striatum CB1 receptors are
523  expressed not only on cortical terminals, but also on SPNs and GABAergic interneurons (Shu-
524  Jung Hu and Mackie, 2015) which may provide local regulation of excitatory transmission. In
525  contrast, blocking CB1 receptors had little effect on OFC-DS transmission during outcome
526  retrieval epochs in Air controls but significantly increased activity in CIE mice. These observations
527  suggest that differences in instrumental responding and outcome encoding may result from
528 differentially engaged local regulation of OFC-DS transmission. As prior work showed a
529 dependency of outcome devaluation on the activity of OFC-DS terminals (Gremel et al. 2016), it
530 is important to note that our current findings suggest that OFC may pass into striatum information
531 pertaining to more than one type of computation employed during outcome devaluation.

532 The present mechanistic findings, which are not only synapse, cell-type, and projection
533  specific, but likely also dependent on input engagement or computation performed, demonstrate
534  the complexity of how circuits represent information. A circuit informational approach (Lovinger &
535  Gremel, 2020), aimed at identifying the strength and pattern of incoming transmission, recruited
536  plasticity mechanisms, and capabilities of local circuit modulation to affect transmission,
537 increasingly appears necessary in order to understand disease-induced disruptions to behavior.
538  Here we further our understanding of how OFC-DS circuitry regulates decision-making, building
539  off of previous works (Gremel & Costa, 2013; Gremel et al., 2016) to show this pathway carries
540 both action and reward information. Importantly, we now show that action and reward information
541  can recruit different downstream mechanisms depending on the pattern of activation. However,
542  much work remains to be done to understand the neuroadaptations induced by CIE that result in
543  aberrant decision-making. For example, what does the reduction in transmission from one cortical
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544  area mean for SPN output in the DS? Results in the present study focus on the effects of CIE on
545 OFC-D1 SPN transmission in the DS but the loss of value-based decision-making likely also
546 involves changes to habitual processes for which the neurocircuitry is less understood. Work
547 performed in non-human primates suggests chronic heavy alcohol consumption increases
548  excitatory drive and decreases local inhibition within the putamen or dorsolateral striatum (DLS),
549 an area supporting habitual action control (Cuzon Carlson et al., 2011). Thus, it may be that
550 alcohol dependence results in a decreased ability of associative cortical input to control DS output
551 as well as disinhibition of DLS. Elucidating the effects of alcohol dependence on corticostriatal
552  plasticity will further our understanding of the dependence-induced disruptions to decision-making
553  processes that contribute to continual drug seeking and taking behaviors.

554

555  Methods

556  Mice

557 B6.Cg-Tg(Drd1a-tdTomato)6Calak/d (Shuen et al., 2008) and B6.FVB(Cg)-Tg(Drd1-
558 cre)EY266Gsat/Mmucd mice were used for electrophysiological recordings and C57BL/6J mice
559  were used for behavioral experiments and fiber photometry. All mouse lines were obtained from
560 Jackson Laboratory and transgenic mouse lines were bred with C57BI/6J mice (Jackson
561 Laboratory) for one generation, in-house. Adult (> 8 weeks) male and female mice were housed
562  in groups of 2-4, with mouse chow (Purina 5015) and water ad libitum and were kept on a 14-
563  hour light/10-hour dark cycle. Behavioral and physiology experiments were conducted during the
564  light phase of the light cycle. All experiments were approved by the Institutional Animal Care and
565 Use Committees of the University of California San Diego and experiments were conducted
566  according to NIH guidelines.

567

568  Viral injections
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569  Mice were anesthetized with isoflurane and were given stereotaxically guided bilateral injections
570 into the OFC (coordinates from Bregma in mm: anterior [A], 2.70; medial [M], £1.65; ventral [V]:
571  2.65). D1-tdTomato mice, used for patch clamp recordings, were co-injected with 100 nL AAV5-
572  CamKlla-GFP-Cre and 100 nL AAV5-Ef1a-DIO-ChR2-eYFP in the OFC. D1-Cre mice received
573  additional bilateral injections of AAV5-FIp-tdTomato in the DS (coordinates from Bregma in mm:
574  anterior [A], 0.5; medial [M], £1.5; ventral [V]: 3.25). The coordinates target the medial DS from
575 the perspective of the dorsal-ventral axis, and more medial DS in respect to the medial versus
576 lateral striatal distinctions. For fiber photometry, C57BL/6J mice received unilateral injections with
577 500 nL AAV-hSyn-axon-GCaMP6s in the OFC. Viral spread and expression in OFC terminals
578  were assessed by imaging the extent of fluorescence in brain slices (Olympus MVX10).

579

580 Chronic intermittent ethanol exposure and repeated withdrawal

581 Mice were exposed to 4 rounds of ethanol vapor or air and repeated withdrawal (Becker, 1994;
582 Becker and Lopez, 2004; Griffin 3rd et al., 2009; Lopez and Becker, 2005). Each round consisted
583  of 16 h of vapor exposure followed by an 8 h withdrawal, repeated for 4 consecutive days. Ethanol
584  was volatilized by bubbling air through a flask containing 95% ethanol at a rate of 2—3 L/min. The
585  resulting ethanol vapor was combined with a separate air stream to give a total flow rate of
586  approximately 10 L/min, which was delivered to the mice housed in Plexiglas chambers (Plas
587 Labs Inc). Blood ethanol concentrations (BEC) were collected at the end of each round from
588 sentinel mice (mean BEC = 34.7 + 2.0 mM). No pyrazole or loading ethanol injections were given
589  prior to placement in vapor chambers (Renteria et al., 2018).

590

591  Operant behavior

592 Training was conducted as previously described (Gremel et al., 2016; Gremel and Costa, 2013;
593  Renteria et al., 2018). Two days prior to training, mice were food restricted and maintained at ~
594  90% of their baseline body weight throughout training and testing. Mice were placed in sound
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595 attenuating operant boxes (Med-Associates) and were trained to press a single lever (left or right)
596 for a food reinforcer (chow pellet). Mice were first trained to retrieve the outcome, in the absence
597  of levers, under a random time schedule (RT60) in which the outcome was delivered on average
598 every 60 seconds. Mice were then trained on a continuous reinforcement schedule (CRF) in each
599  context in which each lever press produced a single outcome, and the maximum number of
600 reinforcers earned in 3 daily sessions being 5, 15, and 30, respectively. Following CRF training,
601  mice were trained under a random ratio (RR) schedule of reinforcement. Mice received two days
602  of training in RR10 (on average the 10" lever press produces the outcome), followed by four days
603 under RR20. Sessions ended after 30 reinforcers were earned or after 60 min had elapsed. Lever
604  press bouts were analyzed using custom scripts on Matlab. Briefly, we found the inter press
605 intervals for all lever presses within a session and calculated the mean. Bouts were separated by
606 inter press intervals that were greater than the mean inter press interval. Only bouts of at least 3
607 lever presses were included for analysis.

608 Devaluation testing through sensory-specific satiation was conducted across two days: a
609 valued day and a devalued day. Mice were allowed to prefeed ad libitum for 1 hour on the food
610  pellet outcome previously earned by lever pressing (devalued day) or a 20% sucrose solution to
611  control for satiety (valued day). Each day immediately following prefeeding, mice underwent a 5-
612 minute extinction test in which the number of lever presses made were recorded, but no outcome
613  was delivered. Lever presses on the valued or devalued day were normalized to total lever
614  presses (valued + devalued) across devaluation testing to account for differences in response
615 rates across individual groups. Mice with optical fiber implants for OFC terminal recordings were
616  retrained after outcome devaluation using RR20 schedule of reinforcement and showed response
617 rates during retraining similar to responding prior to outcome devaluation (Figure 5-figure
618  supplement 6).

619

620  Fiber photometry
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621  Mice were injected with AAV-hSynapsin-axon-GCaMPG6s in the OFC and fibers were implanted
622 in the DS (coordinates from Bregma in mm: anterior [A], 0.5; medial [M], -1.5; ventral [V]: 3.25).
623  Fibers were attached for the last 5 days of operant training, beginning on the 2" day of random
624  ratio training. A blue LED (470 nm, Thorlabs) was used for excitation of OFC terminals in the DS.
625  Fluorescence emissions were collected with a bifurcated fiber (Thorlabs) which allowed for
626  simultaneous recording of two mice. The dual fiber core was focused through a 10x objective
627  (Olympus) onto a CMOS camera (FLIR Systems). Fluorescence intensity and analog signals for
628 lever press, head entries and reinforcer delivery were acquired simultaneously, thresholded, and
629 timestamped for later analyses using Bonsai software(Lopes et al., 2015). Photometry and
630 behavioral data were imported to Matlab (Mathworks Inc., Natick, MA, USA) and were analyzed
631  using custom scripts. To account for photobleaching and signal decay across a session, we fit a
632  double exponential line on the raw calcium fluorescence signal and normalized the signal to this
633  fit. We then estimated baseline fluorescence by calculating the running 10" percentile of the
634  fluorescence signal using a 15 second sliding window. Only sessions in which more than 97.5%
635  of the total session’s fluorescence signal exceeded a 1% change from baseline fluorescence were
636 included (Markowitz et al., 2018). For each session, “trials” were composed of peri-event signals
637 from -5 to 5 seconds around event onset. In each “trial”, 50 ms bins were z-scored to the session’s
638 mean pre-event baseline (-5 to -2 seconds). We analyzed this photometry data two ways. First,
639 these z-scored traces were combined across all mice within a group. This was done to conserve
640 the variance seen within a subject. Second, we averaged these z-scored traces for a given animal
641  session, and then averaged these traces across mice within a group. This examines between-
642  mouse variability but does not preserve within-subject variability. Outliers, defined as peak
643  amplitude Z-scores more than three scaled median absolute deviations (above and below) from
644  the median, were removed from group data.

645

646  Brain slice preparation
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647  Mice were at least 12 weeks of age at the time of slice preparation. Coronal slices (250 um thick)
648 containing the DS were prepared using a Pelco easiSlicer (Ted Pella Inc., Redding, CA). Mice
649  were anesthetized by inhalation of isoflurane and brains were rapidly removed and placed in 4°C
650 oxygenated ACSF containing the following (in mM): 210 sucrose, 26.2 NaHCO3;, 1 NaH,PO,, 2.5
651 KCI, 11 dextrose, bubbled with 95% O,/ 5% CO.. Slices were transferred to an ACSF solution for
652 incubation containing the following (in mM): 120 NaCl, 25 NaHCO3, 1.23 NaH,PO,, 3.3 KCI, 2.4
653 MgCl,, 1.8 CaCl,, 10 dextrose. Slices were continuously bubbled with 95% O,/ 5% CO, at pH 7.4,
654  32°C, and were maintained in this solution for at least 60 minutes prior to recording.

655

656  Patch clamp electrophysiology

657  Whole-cell patch clamp recordings were made in identified SPNs in the medial DS. Cells were
658 identified using an Olympus BX51WI microscope mounted on a vibration isolation table. Prior to
659  patching onto a cell, the presence of td-Tomato expression was used to verify cell-type (D1+ or
660 D1-) as well as eYFP expression for terminal expression of ChR2. eYFP expression was never
661 observed in SPN cell bodies. Recordings were made in ACSF containing (in mM): 120 NaCl, 25
662  NaHCOs3;, 1.23 NaH,PO,, 3.3 KCI, 0.9 MgCl,, 2.0 CaCl,, and 10 dextrose, bubbled with 95% O,/
663 5% CO,. ACSF was continuously perfused at a rate of 2.0 mL/min and maintained at a
664  temperature of 32°C. Picrotoxin (50uM) was included in the recording ACSF to block GABAA
665  receptor-mediated synaptic currents. Recording electrodes (thin-wall glass, WPI Instruments)
666  were made using a PC-10 puller (Narishige International, Amityville, NY) to yield resistances of
667 3-6 MQ. For current clamp experiments, electrodes were filled with (in mM): 135 KMeSO,, 12
668 NaCl, 0.5 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Tris-GTP, 260-270 mOsm (pH 7.3). For voltage
669 clamp experiments, electrodes were filled with (in nM): 120 CsMeSO,, 15 CsClI, 8 NaCl, 10
670 HEPES, 0.2 EGTA, 10 TEA-CI, 4 Mg-ATP, 0.3 Na-GTP, 0.1 spermine, and 5 QX-314-Cl. Access
671 resistance was monitored throughout the experiments. Cells in which access resistance varied
672  more than 20% were not included in the analysis.
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673 Glutamatergic afferents were stimulated either electrically or optically. For electrical
674  stimulation, a stainless steel bipolar stimulating electrode (FHC, Inc.) was placed dorsal to the
675  recording electrode, about 150-300um from the cell body. Optical stimulation was done using 470
676 nm blue light (4 ms pulse width) delivered via field illumination using a high-power LED
677 (LED4DO067, Thor Labs). Light intensity was adjusted to produce optically evoked excitatory
678  postsynaptic currents (EPSCs) with a magnitude of 100-300 pA. Recordings were made using a
679  MultiClamp 700B amplifier (Molecular Devices, Union City, CA), filtered at 2 kHz, digitized at 10
680  kHz with Instrutech ITC-18 (HEKA Instruments, Bellmore, NY), and displayed and saved using
681  AxographX (Axograph, Sydney, Australia). For long term depression (LTD) experiments, EPSCs
682  were evoked at 0.05 Hz for a 10 min baseline, followed by a 10 min bath application of (S)-3,5-
683  Dihydroxy-phenylglycine (S-DHPG) (50uM) paired with depolarization to 0 mV. After S-DHPG
684  application, EPSCs were monitored for 20 minutes at a rate of 0.05 Hz. Data were combined in 2
685  min bins and EPSC amplitudes were normalized to the 10 min baseline period. The magnitude of
686 LTD was calculated by averaging normalized EPSC values from 30 to 40 min. For current-clamp
687  recordings, a fixed current was injected for 800 ms in 50 pA steps from -400 pA to +500 pA and
688 the number of action potentials were counted at each step. Current injections were conducted
689  prior to (baseline) and after a 10-15 min wash on of the D1 receptor agonist SKF 81297 (10 uM).
690  For depolarization-induced suppression of excitation (DSE), EPSCs were evoked at a rate of 0.2
691 Hz for a 30 sec baseline followed by a 10 sec depolarization to +50 mV. After depolarization,
692 EPSCs were monitored for 120 sec at 0.2 Hz. Data were averaged over 3 trials for each neuron.
693 EPSC amplitudes were normalized to the average of the baseline period and the magnitude of
694 DSE was measured as the first point after depolarization. Data from each neuron within a
695 treatment group was combined and presented as mean + SEM.

696

697 Rotational behavior
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698  To probe for changes in D1 receptor function in vivo, mice were tested over a three-week period
699 following the conclusion CIE exposure. After cannula guided injections, mice were placed in a
700 round container and Bonsai software (Lopes et al., 2015) was used for video recording and
701  tracking orientation (radians). The number of rotations was counted using custom code in
702 MATLAB (Mathworks Inc., Natick, MA) in which the difference of orientation at each frame was
703  added until the sum was greater than or equal to 6.28 radians or one full clockwise rotation. The
704  sum total was reset to 0 with the count of each rotation. Counterclockwise turns were counted
705  when the sum was less than or equal to -6.28 radians. Each mouse was tested once for one hour
706  then immediately sacrificed for brain extraction and confirmation of cannula placement.

707

708 Immunoblotting

709  Tissue punches from the medial DS were prepared using a disposable biopsy puncher (Integra,
710 #3331-A) from fresh frozen brains of CIE or air exposed mice and kept at -80°C until further
711  processing. Proteins were extracted in ice-cold lysis buffer containing 150mM NaCl, 50mM Tris-
712 HCI, 1% Triton X-100, pH 7.4 and supplemented with protease inhibitors (Sigma, Complete Mini
713  Protease Inhibitor Cocktail, #11836153001) using a probe tip sonicator (Sonics, Vibra Cell).
714  Homogenates were further incubated on a rotator for 1h at 4°C and centrifuged at 12,000 x g for
715  15min at 4°C. Supernatant was kept and protein concentration was measured using the BCA
716  method (Pierce BCA Protein Assay, Thermo Fisher, #23225). Samples were incubated in 2x
717  Laemmli Buffer (120mM Tris-HCI, pH=6.8, 20% (w/v) glycerol, 4% SDS, 10% 2-mercaptoethanol,
718  0.02% bromphenol blue) for 15min at 50°C and 5ug of protein were separated on a 4-20% SDS
719 PAGE (Biorad, #4561096) and blotted onto nitrocellulose membranes by wet transfer.
720 Membranes were stained with Ponceau S solution to determine equal protein loading before
721  blocking in 0.1% PBST (phosphate-buffered saline, 0.1% Tween-20) containing 5% non-fat dry
722 milk for 1h at room temperature. Incubation with primary antibodies (guinea pig Anti-D1R 1:1000,
723 Frontier Institute, #2571594; rabbit Anti-D2R 1:1000; Frontier Institute, #2571596; rabbit Anti-
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724  cofilin [D3F9] 1:10,000, Cell Signaling Technology, #5175) in blocking buffer was performed
725  overnight at 4°C. Next day, membranes were washed three times in 0.1% PBST and incubated
726  with secondary antibodies (donkey Anti-guinea pig-Alexa-488 and/or donkey Anti-rabbit-Alexa-
727  647; 1:1000; Jackson Immuno Research) in blocking solution for two hours at room temperature
728  before another three 15min washes in 0.1% PBST. Membranes were briefly rinsed in PBS before
729  imaging using the Biorad ChemiDoc MP imaging system. Band densities (bands at ca. 75-100kD
730 for D1R or D2R) were quantified using Image J (NIH), normalized to cofilin (loading control; ca.
731  19kD) and are expressed as relative intensities.

732

733  Cannula guided drug injections

734  Mice were implanted with bilateral cannula (Plastics One) targeting the medial DS ([A], 0.5; [M],
735 = 1.5; [V], 3.25) under stereotaxic guidance and were given one week of recovery prior to CIE
736  procedures. For rotation behaviors, mice received a unilateral injection (left hemisphere) of 300
737  nL of SKF81297 (13.49 mM) at a rate of 100 nL/min 20 minutes prior to testing. For CB1 receptor
738  antagonist effects on devaluation, 300nL of an 8 pM solution of SR141716A made up of 75%
739 DMSO and 25% saline was injected into each hemisphere 30 minutes prior to prefeeding for
740  outcome devaluation testing.

741

742  Statistical analysis

743  Statistical significance was defined as an alpha of p < 0.05. Statistical analysis was performed
744  using GraphPad Prism 6 (GraphPad Software) and MatLab. To determine if there were significant
745  differences in photometry data between groups, permutation testing was performed (Jean-
746 Richard-dit-Bressel et al., 2020; Pascoli et al., 2018) in which trials of event related activity from
747  each treatment group were combined and randomly partitioned 1000 times to compute Z-score
748 means and standard deviations across 50 ms bins. To account for the potential false-discovery
749  rate associated with doing a high number of tests, we applied the Benjamini and Hochberg False

29


https://doi.org/10.1101/2020.12.04.411819
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.04.411819; this version posted December 4, 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 a CC-BY 4.0 International license.

750 Discovery Rate correction (Benjamini & Hochberg, 1995). We also put a significance threshold
751 that required at least 4 consecutive time points meet the threshold of p < 0.05. Behavioral and
752  electrophysiology data were analyzed using one-way ANOVA, repeated measures ANOVA with
753  pre-planned Bonferroni-corrected post hoc analyses or a one or two-tailed t-test.

754
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1049  Figure 1. CIE induced alterations in OFC terminal activity in the DS during instrumental
1050 responding. (A) Experimental timeline that includes surgeries followed by 4 cycles of CIE
1051  exposure, operant training and outcome devaluation. (B) Schematic of viral injections in the OFC
1052 and fiber implant in the DS. (C) Example viral expression in OFC. (D) Example OFC terminal
1053  expression and fiber placement in the DS. (E) Lever press training for a food pellet under random
1054 ratio schedule of reinforcement. (F) Lever presses, (G) response rate, (H) head entries and (I)
1055  reinforcers earned during training in Air (n = 10 mice, 3 vapor cohorts) and CIE (n = 12 mice, 3
1056  vapor cohorts) mice. (J) Average number of lever press bouts in Air and CIE mice. (K) Average
1057  number of lever presses per bout. (L) Average inter-press interval within lever press bouts. (M)
1058  Average bout duration. (N) Z-score of AF/F GCaMP6s traces recorded in OFC terminals during
1059 lever press bouts. (O) Net area under the curve (AUC) of Z-score GCaMPGs signal aligned to the
1060  start of a lever press bout. (P) Z-score of AF/F GCaMP6s trace during the first head entry after
1061 reinforcer delivery. (Q) Net AUC of Z-score GCaMP6s signal during first head entry after reinforcer
1062  delivery. (R) Schematic of outcome devaluation procedure. (S) Consumption of sucrose and
1063  pellets in Air (n = 5 mice) and CIE (n = 7 mice) mice during one-hour free feed period. (T)
1064  Schematic of extinction test following free feed period. (U) Distribution of lever presses across
1065 valued (V) and devalued (DV) days. Data points and bar graphs represent mean + SEM.
1066  Bonferroni-corrected post-hoc test of repeated-measures ANOVA, two-sided FDR-corrrected
1067 permutation test, or KS-test, *p < 0.05, ****p < 0.0001.
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Figure 1-figure supplement 1. (A) Schematic representation of fiber placement in DS. (B) Z-
score of AF/F GCaMP6s trace including all event trials during lever presses (two-sided FDR-
corrected permutation test, Air: n = 12673; CIE: n = 14871), (C) reinforcer delivery (two-sided
FDR-corrected permutation test, Air: n = 569; CIE: n = 705), and (D) all head entries (two-sided
FDR-corrected permutation test, Air: n = 8583; CIE: n = 8967). (E) Z-score of AF/F GCaMP6s
trace including the session average for each mouse during lever presses (two-sided FDR-
corrected permutation test, Air: n = 36; CIE: n = 34) (F) lever press bouts (two-sided FDR-
corrected permutation test, Air: n = 35; CIE: n = 36), (G) reinforcer delivery (two-sided permutation
test, Air: n = 32; CIE: n = 36), (H) all head entries (two-sided FDR-corrected permutation test, Air:
n=34; CIE: n=31), and (l) the first head entry after reinforcer delivery (two-sided FDR-corrected

permutation test, Air: n = 34; CIE: n = 38). Two-sided FDR-corrected permutation test, *p < 0.05.
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1104

1105  Figure 2. Endocannabinoid mediated plasticity of OFC transmission to D1 SPNs in Air and
1106  CIE mice. (A) Experimental timeline that includes surgeries followed by 4 cycles of CIE exposure
1107  and whole-cell recordings 3-21 days in withdrawal. (B) Schematic of viral injections in OFC and
1108  optical stimulation of OFC terminals during whole-cell recordings of D1 SPNs in the DS. (C)
1109  Representative viral expression of ChR2 in OFC (D) Example ChR2 expression of OFC terminals
1110 and expression of tdTomato in D1 SPNs in the DS. (E) Bath application of a CB1 receptor agonist,

1111 WIN55212-2 (1uM), during optical stimulation of OFC terminals to D1 SPNs in Air (n = 6 cells, 4
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1112  mice) and CIE (n = 6 cells, 3 mice). (F) Bar graphs representing the percentage change from
1113  baseline (min 0—10) after bath application of WIN55212-2 (min 30—40). (G) Endocannabinoid
1114  mediated long-term depression induced by bath application of a group 1 mGIuR agonist, DHPG
1115 (50 uM) paired with depolarization to 0 mV in Air (n = 6 cells, 3 mice) and CIE (n = 5 cells, 3 mice).
1116  (H) Bar graphs representing the percentage change from baseline after bath application of DHPG.
1117 (1) DHPG-LTD of OFC transmission is blocked by a CB1 receptor antagonist, SR141716 (1 uM)
1118  in both Air (n = 4 cells, 3 mice) and CIE (n = 6 cells, 3 mice). (J) Bar graphs representing the
1119  percentage change from baseline after bath application of DHPG in the presence of SR141716.
1120 (K) D1 agonist (3 yM SKF 81297) blocks the expression of DHPG-LTD in Air mice (n = 6 cells, 4
1121 mice) but has no effect in mice exposed to CIE (n = 7 cells, 5 mice; w/ SR141716 n = 5 cells, 2
1122  mice). (L) Bar graphs representing the percentage change from baseline after bath application of
1123  DHPG in the presence of SKF 81297 or SKF 81297 with SR141716. Scale bars represent 10 ms
1124  (horizontal) and 50 pA (vertical). Data points and bar graphs represent mean + SEM. Bonferroni-
1125  corrected or paired (vs. baseline) two-tailed t-test, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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1138  Figure 2-figure supplement 2
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1139

1140 Figure 2-figure supplement 2. No difference between Air and CIE in the expression of
1141 DHPG-LTD of electrically evoked EPSCs. (A) Schematic of local electrical stimulation and
1142  recording site in the DS. (B) DHPG-LTD of electrically evoked EPSCs expressed in both Air and
1143  CIE mice. (C) Bar graph representing the percentage change from baseline (min 0-10) after bath
1144  application of DHPG (min 30—40) (Air: 61.62 £ 8.03% of baseline at 30-40 min, n = 6, paired t test
1145  vs. baseline: t5 = 4.79, p<0.01; CIE: 47.69 £ 4.95% of baseline at 30-40 min, n = 6, paired t test
1146  vs. baseline: ts= 10.57, p = 0.0001; unpaired t test Air vs. CIE: tioc= 1.48, p = 0.17) (D) DHPG-
1147  LTD is blocked by a CB1 receptor antagonist, SR141716 (1 uM). (E) Bar graphs representing the
1148  percentage change from baseline after bath application of DHPG in the presence of SR141716
1149 (Air: 100.3 + 8.27% of baseline at 30-40 min, n=5, paired t test vs. baseline: t;= 0.04, p = 0.97;

1150 CIE: 97.25 + 6.87% of baseline at 30-40 min, n = 8, paired t test vs. baseline: t;=0.40, p = 0.70).
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(F) D1 agonist (3 uM SKF 81297) blocks the expression of DHPG-LTD in both Air and CIE. (G)
Bar graphs representing the percentage change from baseline after bath application of DHPG in
the presence of SKF 81297 or SKF 81297 with SR141716 (Air: 103.6 £ 8.45% of baseline at 30-
40 min, n = 4, paired t test vs. baseline: t;=0.43, p = 0.70; CIE: 95.11 = 11.97% of baseline at
30-40 min, n = 8, paired t test vs. baseline: t;= 0.41, p = 0.70). Short term depression in CIE mice
(74.04 + 9.88% of baseline at 10-20 min, n = 8, paired t test vs. baseline: t;= 2.63, p = 0.03) is
CB1 receptor dependent (107.10 £ 10.13% of baseline at 10-20 min, n = 4, paired t test vs.
baseline: t3= 0.70, p = 0.53; 99.61 £ 10.58% of baseline at 30-40 min, n = 4, paired t test vs.

baseline: t3= 0.04, p = 0.97). Data points and bar graphs represent the mean + SEM.

50


https://doi.org/10.1101/2020.12.04.411819
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.04.411819; this version posted December 4, 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 a CC-BY 4.0 International license.

1177  Figure 3
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1179  Figure 3. D1 receptor function is disrupted in CIE exposed mice.

1180  (A) Number of action potentials plotted against current injected under baseline conditions and in
1181  the presence of D1 agonist, SKF81297 (10 uM) (left) and sample traces (right) in D1 SPNs of Air
1182  (n =10 cells, 3 mice) and (B) CIE (n = 9 cells, 4 mice). Scale bars represent 100 ms (horizontal)
1183  and 20 mV (vertical). (C) Schematic of unilateral microinjections (300 nL) of SKF 81297 (5 ug/uL)
1184  in the left hemisphere in the DS and predicted bias towards clockwise (CW) rotations. (D) Number
1185  of CW rotations and counterclockwise (CCW) rotations in Air (n = 8 mice) and CIE (n = 6 mice)
1186 (2 vapor cohorts) mice counted over an hour session. (E) Total rotations (CW+CCW) in Air and
1187  CIE mice. (F) Percentage of CW turns in Air and CIE mice. Data points and bar graphs represent
1188 mean = SEM. Bonferroni-corrected post-hoc test of repeated-measures ANOVA or unpaired two-
1189  tailed t-test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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1191  Figure 3-figure supplement 3
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1192
1193  Figure 3-figure supplement 3. Unilateral D1 agonist injection and distance traveled.

1194  (A) Schematic representation of cannula tip placement in DS for unilateral injections. (B) Total
1195 distance traveled in Air and CIE mice. Bar graphs represent the mean + SEM.
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Figure 3-figure supplement 4
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Figure 3-figure supplement 4. No change in DS D1 or D2 receptor expression in CIE mice
compared to Air controls. (A) Example immunoblots for D1 and (B) D2 dopamine receptors (Air
=4,5,8,9;CIE=1, 2, 3,6, 7). (C) Band density for D1 and (D) D2 receptors normalized to coflin

averaged across two runs. Bar graphs represent the mean + SEM.

53


https://doi.org/10.1101/2020.12.04.411819
http://creativecommons.org/licenses/by/4.0/

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.04.411819; this version posted December 4, 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 a CC-BY 4.0 International license.

Figure 4
A N 125 ¢
T T 1251 100- nWas
| CAMKII-Cre+ 8 IL fu L
DIO-ChR2 2 | '
@ 75 o
c\o 100- w *kkk
L ] ~ n
______ OFC_ . -E,; 850 ., o;.
= o\o [ ] ==
i recording o 754 o e 00
i electrode E 254 —F
__________________ : &) -o— Air ...
D
‘ ‘ % ~-CIE
p : L 50 T T T 1 0 T T
E—— ’ 0 40 80 120 160 Arr  CIE
D1+ SPN Time (s)
D E F )
o 1257 100+ 177
) .
stimulating % Il 4\/1 L
electrode § l 754 s
_____ ous < 100 A u 1)
i _ recording ) 2501 s °
. electrode 2 > o T
: S 754 °
; E 254 | o®
: &) - Air
: @ -~ CIE °
& 50 ' . : : ol .
D1+ SPN 0 40 80 120 160 Air CIE

Time (s)
Figure 4. CIE induced enhancement of DSE at OFC terminals to D1 SPNs in the DS.
(A) Schematic of viral injections in OFC and optical stimulation of OFC terminals during whole-
cell recordings of D1 SPNs in the DS. (B) Depolarization induced suppression of excitation (DSE)
of OFC inputs to D1 SPNs in Air (n = 8 cells, 3 mice) and CIE (n = 9 cells, 3 mice). (C) Bar graphs
representing the percentage change from baseline immediately after depolarization. (D)
Schematic of local electrical stimulation during whole-cell recordings of D1 SPNs in the DS. (E)
DSE of excitatory inputs to D1 SPNs using electrical stimulation in Air (n = 6 cells, 2 mice) and
CIE (n = 6 cells, 3 mice). (F) Bar graphs representing the percentage change from baseline
immediately after depolarization. Scale bars represent 10 ms (horizontal) and 50 pA (vertical).
Data points and bar graphs represent mean = SEM. Scale bars represent 10 ms (horizontal) and
50 pA (vertical). Unpaired (Air vs. CIE) or paired (vs. baseline) two-tailed t-test, **p < 0.01, ***p <

0.001, ****p < 0.0001.
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Figure 4-figure supplement 5
A B C D
—~ 1501 100+ —~ 150+ 100+
2] 2
2 l 75- 2 6 I .
n.s.
g 100”‘——— = = [ 2 100+ *kk
8 W T R, 8 W 504 . 5
3 o ° ° 2 a Q.q o
> ° [ ) o0 =} o =S g
£ R 25- £ R25{[ 6 oo
2 50 1 [*ee B 501 o
< ) olL® < 0
8 eD2 Air - opto 8 oD2 Air - electrical
o 0 °D2 .CIE -?pto . 25 . . & 0202 ICIE - ellectriclal 25 . .
0 50 100 150 Air CIE 0 50 100 150 Air CIE
Time (s) Time (s)
E F G H
150 SR141716 100+ 150 SR141716 100-
£ It £
2 | 754 2 75+
& H*! 8
g 1% w50 3 W 50-
o @ © %]
a fa)
B - n.s. 3 o n.s.
2 Rl M =1 X5l
£ 501 ° g 50 o
S ®D1 Air - opt 04-—ar o i i 0 e=2 =,
) ir - opto T_%— 9 oD1 Air - electrical O oanT
E-_, eD1 CIE - opto ® & oD1 CIE - electrical o
0 T T T '25 T T 0 T T T '25 T T
0 50 100 150 Air CIE 0 50 100 150 Air CIE
Time (s) Time (s)

Figure 4-figure supplement 5. DSE in D2 SPNs and effect of SR141716 on DSE in D1 SPNs.
(A) Depolarization induced suppression of excitation (DSE) of OFC inputs to D2 SPNs in Air
control and CIE mice. (B) Bar graphs representing the percentage change from baseline
immediately after depolarization. (C) DSE of excitatory inputs to D2 SPNs using electrical
stimulation in Air and CIE mice. (D) Bar graphs representing the percentage change from baseline
immediately after depolarization. (E) DSE of OFC inputs to D1 SPNs in the presence of a CB1
receptor antagonist, SR141716 (1 uM) in Air and CIE mice. (F) Bar graphs representing the
percentage change from baseline immediately after depolarization. (G) DSE of excitatory inputs
to D1 SPNs using electrical stimulation in the presence of a CB1 receptor antagonist, SR141716

(1 pM) in Air and CIE mice. (H) Bar graphs representing the percentage change from baseline
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1248  immediately after depolarization. Data points and bar graphs represent the mean + SEM. Paired
1249  (vs. baseline) two-tailed t-test, **p < 0.01, ***p < 0.001.
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1272 Figure 4-figure supplement 6
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1274  Figure 4-figure supplement 6. CIE induced effects on D1 receptor function and DSE across
1275 recording days. (A) Experimental timeline that includes surgeries followed by 4 cycles of CIE
1276  exposure and whole-cell recordings 3-21 days in withdrawal. (B) Expression of DHPG-LTD in the
1277  presence of SKF 81297 was persistent across the withdrawal period. (C) SKF 81297 had no effect
1278 on D1 SPN firing of CIE mice across the withdrawal period. (D) DSE was increased in CIE mice
1279  across the withdrawal period.
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Figure 5. CB1 receptor antagonist restores OFC terminal activity for outcome encoding

(A) Schematic that depicts injections with vehicle or SR141716 followed by an operant session
under a random ratio 20 (RR20) schedule of reinforcement in Air (n = 9 mice, 3 vapor cohorts)
and CIE (n = 11 mice, 3 vapor cohorts). (B) Z-score of AF/F GCaMP6s trace recorded in OFC
terminals during lever press bouts in mice injected with vehicle or SR141716 and (C) net area
under the curve (AUC) for each signal in Air and (D), (E) CIE mice. (F) Z-score of AF/F GCaMP6s
trace recorded in OFC terminals during the first head entry after reinforcer delivery in mice injected
with vehicle or SR141716 and (G) net area under the curve (AUC) for each signal in Air and (H),
() CIE mice. Data points and bar graphs represent mean + SEM. Two-sided FDR-corrected

permutation test or unpaired two-tailed t-test, *p < 0.05, **p < 0.01, ****p < 0.0001
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Figure 5-figure supplement 7
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Figure 5-figure supplement 7. CB1 antagonist did not alter lever press behavior between
training days. (A) Experimental timeline that includes training after outcome devaluation and
injections with vehicle or SR141716. (B) Lever presses, (C) response rate, (D) reinforcers earned,
and (E) head entries across all training days and retraining and testing days following outcome
devaluation. (F) The number of lever presses, (G) response rate, (H) reinforcers earned, () head
entries during vehicle or SR141716 injection test sessions in Air and CIE mice. Data points across

training days represent the mean + SEM.
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1332  Figure 5-figure supplement 8
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1334  Figure 5-figure supplement 8. OFC terminal activity in DS with vehicle or CB1 antagonist.
1335  (A) Z-score of AF/F GCaMPG6s trace including all event trials in vehicle or SR141716 test sessions
1336  during lever presses (two-sided FDR-corrected permutation test, Vehicle: n = 3858; SR141716:
1337  n=3773) and (B) reinforcer delivery (two-sided FDR-corrected permutation test, Vehicle: n=177;
1338 SR141716: n = 160) in Air mice. (C) Z-score of AF/F GCaMP6s trace including all event trials in
1339  vehicle or SR141716 test sessions during lever presses (two-sided FDR-corrected permutation

1340 test, Vehicle: n = 5420; SR141716: n = 4721) and (D) reinforcer delivery (two-sided FDR-
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1341  corrected permutation test, Vehicle: n = 274; SR141716: n = 217) in CIE mice. (E) Z-score of
1342  AF/F GCaMP6s trace including the session average for each Air mouse in vehicle or SR141716
1343  test sessions during lever presses, (two-sided FDR-corrected permutation test, Vehicle: n = §;
1344  SR141716: n = 10), (F) lever press bouts (two-sided FDR-corrected permutation test, Vehicle: n
1345 =8;SR141716: n=9), (G) reinforcer delivery (two-sided FDR-corrected permutation test, Vehicle:
1346 n = 8; SR141716: n = 10), and (H) the first head entry after reinforcer delivery (two-sided FDR-
1347  corrected permutation test, Vehicle: n = 8; SR141716: n = 10). (l) Z-score of AF/F GCaMP6s trace
1348  including the session average for each CIE mouse in vehicle or SR141716 test sessions during
1349 lever presses, (two-sided FDR-corrected permutation test, Vehicle: n = 11; SR141716: n = 10),
1350  (J) lever press bouts (two-sided FDR-corrected permutation test, Vehicle: n = 9; SR141716: n =
1351  10), (K) reinforcer delivery (two-sided FDR-corrected permutation test, Vehicle: n = 12;
1352 SR141716: n = 9), and (L) the first head entry after reinforcer delivery (two-sided FDR-corrected
1353  permutation test, Vehicle: n = 12; SR141716: n = 10). Two-sided permutation test *p < 0.05.
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1368

1369  Figure 6. Blockade of CB1 receptors in the DS restores value-based decision-making in
1370  CIE mice. (A) Experimental timeline that includes surgeries followed by 4 cycles of CIE exposure,
1371  operant training and outcome devaluation (B) Schematic of mouse lever press training in which
1372 Air (Vehicle: n = 7 mice, SR141716: n = 8 mice, 3 vapor cohorts) and CIE mice (Vehicle: n = 8
1373 mice, SR141716: n = 9 mice, 3 vapor cohorts) were trained under a random ratio schedule of
1374  reinforcement for a food reinforcer. (C) Lever presses during operant training in Air and CIE mice.
1375 (D) Reinforcers earned during operant training in Air and CIE mice. (E) Schematic of outcome
1376  devaluation procedure that includes one-hour access to sucrose (valued) or the reinforcer earned

1377  during training (devalued) followed by a 5 min extinction test. (F) Normalized lever presses
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1378  showing the distribution of lever pressing between the valued and devalued day in Air and CIE
1379  mice that received microinjections (300 nL) of vehicle or SR141716 (2 uM). Data points and bar
1380 graphs represent mean = SEM. Bonferroni-corrected post-hoc test of repeated-measures
1381  ANOVA, *p < 0.05, ***p < 0.001.
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Figure 6-figure supplement 9
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Supplemental Figure 9. Behavioral data during lever press training and outcome
devaluation in treatment and control groups of Air and CIE mice. (A) Schematic
representation of bilateral cannula placement in DS. (B) Lever presses across training days for

each treatment group (repeated-measures ANOVA: main effect of Time: Fg 204y = 157.0, p <
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1410 0.0001); no main effect of Treatment or interaction, Fs < 1.08). (C) Response rate of lever
1411  pressing during acquisition (repeated-measures ANOVA: main effect of Time: Fg 204)= 86.80, p <
1412  0.0001); no main effect of Treatment or interaction, Fs < 1.10). (D) Reinforcers earned across
1413  training days (repeated-measures ANOVA: main effect of Time: Fg 224)= 70.03, p < 0.0001); no
1414 main effect of Treatment or interaction, Fs < 1.40). (E) Head entries across training days
1415 (repeated-measures ANOVA: main effect of Time: Fg 204)= 10.68, p < 0.0001); no main effect of
1416  Treatment or interaction, Fs < 1.02). (F) Average number of lever press bouts (Air: 54.58 + 2.83,
1417 n =60; CIE: 55.54 £ 2.61, n = 68; unpaired t test: t;,6= 0.25, p = 0.80), (G) lever presses per bout
1418 (Air: 8.52 £ 0.12, n = 3275; CIE: 8.10 £ 0.10, n = 3777; unpaired t test: t;o50 = 2.72, p < 0.01), (H)
1419 interpress interval per lever press bout (Air: 1.56 £ 0.03, n = 3275; CIE: 1.37 + 0.05, n = 3777,
1420 unpaired t test: t7050= 3.33, p < 0.001), and (I) bout duration in Air and CIE mice (Air: 10.72 £ 0.23,
1421 n=3275; CIE: 9.34 + 0.27, n = 3777; unpaired t test: t;o50 = 3.85, p < 0.001). (J) Consumption of
1422  sucrose and pellets on valued and devalued days respectively (repeated-measures ANOVA: no
1423  interaction or main effects of Time or Treatment, Fs < 0.41). (K) Lever presses on Valued and
1424  Devalued days for each treatment group (repeated-measures ANOVA: Valuation state x
1425 Treatment interaction: F3 28 = 3.28, p < 0.05; main effect of Valuation state: F( 25 = 23.71, p <
1426  0.0001); no main effect of Treatment F < 0.49). Data points and bar graphs represent the mean
1427  + SEM. Bonferroni corrected post-hoc test of repeated-measures ANOVA or unpaired two-tailed
1428  t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
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1436  Figure 7
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1438 Figure 7. Summary of hypothesized alterations in D1 receptor function and
1439 endocannabinoid signaling in D1 SPNs of CIE exposed mice. In Air controls (left), D1 receptor
1440  activity regulates endocannabinoid production and/or release. In CIE mice (right), the loss of D1
1441  receptor function leads to unregulated endocannabinoid signaling and the long-term reduction in
1442  glutamate release from OFC inputs.
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