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Abstract  38 

Behavioral flexibility is key to survival in a dynamic environment. While flexible, goal-directed 39 

behaviors are initially dependent on dorsomedial striatum, they become dependent on lateral 40 

striatum with extended training as behaviors become inflexible. Similarly, dopamine release 41 

shifts from ventromedial to lateral striatum across learning, and impairment of lateral dopamine 42 

release disrupts habitual, inflexible responding. This raises the possibility that lateral dopamine 43 

release is a causative mechanism in establishing inflexible behaviors late in training, though this 44 

has not been directly tested. Here, we utilized optogenetics to activate dopamine terminals in 45 

dorsal medial (DMS), dorsal lateral (DLS), and ventral (NAc) striatum in DATcre mice to 46 

determine how specific dopamine subpopulations impact behavioral flexibility. Mice performed 47 

a reversal task in which they self-stimulated DMS, DLS, or NAc dopamine terminals by pressing 48 

one of two levers before action-outcome lever contingencies were reversed. Consistent with 49 

presumed ventromedial/lateral striatal function, we found that mice self-stimulating ventromedial 50 

dopamine terminals rapidly reversed lever preference following contingency reversal, while mice 51 

self-stimulating dopamine terminals in DLS showed impaired reversal learning. These 52 

impairments were characterized by more regressive errors and reliance on lose-stay strategies 53 

following reversal, suggesting reward insensitivity and overreliance on previously learned 54 

actions. This study supports a model of striatal function in which dorsomedial dopamine 55 

facilitates goal-directed responding, and dorsolateral dopamine release is a key mechanism in 56 

supporting the transition toward inflexible behaviors. 57 

 58 
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Introduction  75 

The ability to rapidly update previously learned action-outcome associations is a key feature of 76 

flexible, goal-directed behavior. Reversal learning, or switching between competing and often 77 

opposing reward-related behaviors, is one commonly studied form of cognitive flexibility 78 

(Izquierdo et al., 2017). As an example of reversal learning, international travel can often require 79 

a driver to rapidly update on which side of the road they are driving, and it can require great 80 

cognitive effort to not default to previously learned and deeply-ingrained behaviors (i.e., driving 81 

on the more familiar side). Accordingly, several diseases associated with reduced cognitive 82 

flexibility, including obsessive-compulsive disorder, drug addiction, Parkinson’s disease, and 83 

schizophrenia, are characterized by impairments in reversal learning (Clark et al., 2004; Gillan et 84 

al., 2011; Leeson et al., 2009). 85 

  86 

The striatum, the primary input nucleus of the basal ganglia, is thought to guide behavioral 87 

selection (Mink, 2003). Recent work in animal models has suggested distinct roles of dorsal 88 

striatal subregions in behavioral flexibility, with medial aspects promoting and lateral aspects 89 

impairing flexibility. Lesioning dorsomedial striatum produces deficits in goal-directed behavior 90 

(Yin et al., 2005), while lesioning dorsolateral striatum disrupts the emergence of inflexible, 91 

habitual behavior (Yin et al., 2004; Hilario et al., 2012). Activity (Gremel & Costa, 2013) and 92 

synaptic strength (O’Hare et al., 2016) in dorsomedial and dorsolateral striatum are associated 93 

with flexible and habitual responding, respectively. Similarly, lesions of dorsomedial striatum 94 

impair reversal learning (Castañé et al., 2010), while optically silencing lateral striatum enhances 95 

reversal learning (Bergstrom et al., 2018), suggesting that lateral striatum establishes inflexibility 96 

by promoting well-ingrained behavioral patterns after repeated exposure to action-outcome 97 

associations. In contrast to dorsal striatum, ventral striatum, and specifically nucleus accumbens 98 

core (NAc), is necessary for acquisition of new skills and may be implicated in behavioral 99 

flexibility. Lesions of the NAc core disrupt aspects of spatial reversal (Stern & Passingham, 100 

1995), though other studies have reported more modest effects of NAc core lesions on flexibility 101 

(Floresco et al., 2006). Based on these findings, a model has emerged positing that flexible 102 

behavior reflects dependence on ventro-medial striatal circuits, which shifts to lateral striatum as 103 

tasks become well learned and inflexible (Thorn et al., 2010; Yin et al., 2009).  104 

 105 

Striatum receives dopamine inputs from midbrain, which are required for behavioral flexibility 106 

during reversal of action-outcome contingencies. Dopamine is a key neurotransmitter in the 107 

learning of associations and their predictive cues (Schultz, 1998; Tsai et al., 2009). Impairments 108 

in dopamine transmission slow behavioral reversal (Clarke et al., 2011; Radke et al., 2019) and 109 

dopamine D2 receptor availability is associated with rate of reversal learning in monkeys 110 

(Groman et al., 2011). Phasic increases in dopamine concentration provide positive feedback 111 

about outcomes, and predict an animal's ability to reverse (Klanker et al., 2015). Accordingly, 112 

optogenetic activation (Adamantidis et al., 2011) or photosilencing (Radke et al., 2019) of 113 

dopamine neurons facilitates or impairs reversal, respectively. Consistent with the functional 114 
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divide between dorsomedial and dorsolateral striatum, lesioning dopamine inputs to DMS 115 

specifically impairs reversal (Grospe et al., 2018), while lesioning dopamine inputs to DLS 116 

impairs inflexible responding and renders animals goal-directed (Faure et al., 2005; Faure et al., 117 

2010). Interestingly, the pattern of dopamine release across subregions is dynamic, with 118 

dopamine release in ventromedial striatum occurring early in learning, and dopamine release in 119 

lateral striatum emerging late in learning as behaviors become well-learned (Willuhn et al., 2012; 120 

Radke et al., 2019). Further, dorsomedial and dorsolateral dopamine neurons are composed of 121 

unique populations that carry distinct information (Lerner et al., 2015). Taken together, this 122 

raises the possibility that the onset of dopamine release in dorsolateral striatum is a key 123 

mechanism in the transition from flexible to inflexible responding across learning, though this 124 

possibility has not been directly tested.  125 

  126 

To test this hypothesis, we implanted fiber optics into DMS, DLS, or NAc core of mice that 127 

express channelrhodopsin-2 in dopamine neurons. Mice performed an intracranial self-128 

stimulation (ICSS) reversal task, in which they received optogenetic stimulation at implantation 129 

site upon pressing one of two levers that was initially active. After demonstrating preference for 130 

the initially active lever for a period of five days, the active lever was switched and mice had to 131 

reverse lever preference to the second lever in order to receive laser stimulation. Mice preferred 132 

the active lever regardless of stimulation site, but only mice with fiber optics targeting 133 

dorsomedial and ventral striatum were able to fully reverse their preference in favor of the 134 

secondarily active lever following contingency reversal. Consistent with this, mice with fiber 135 

optics targeting dorsolateral striatum made more errors that tended to be regressive, rather than 136 

perseverative, and they relied more heavily on lose-stay strategies following reversal, suggesting 137 

self-stimulation of DLS biases mice toward previously reinforced actions and reduces sensitivity 138 

to more proximal reinforcing outcomes. Taken together, these results suggest that behavioral 139 

flexibility is mediated by striatal subregion-specific dopamine activity, with ventral and 140 

dorsomedial dopamine promoting flexible responding, and dorsolateral dopamine promoting 141 

inflexibility. 142 

 143 
 144 

Materials and methods 145 

Animals 146 

All experiments were approved by the Oberlin College Institutional Animal Care and Use 147 

Committee and were conducted in accordance with the National Institutes of Health’s Guide for 148 

the Care and Use of Laboratory Animals and Animal Research: Reporting of In Vivo 149 

Experiments (ARRIVE) guidelines. Mice were maintained on a 12 hr/12 hr light/dark cycle and 150 

were provided ad libitum access to water and food. Experiments were carried out during the light 151 

cycle using a total of 36 DATIREScre (JAX: 006660) and DATIREScre X Ai32 RosaChR2(H134R)-EYFP 152 

(JAX: 024109) mice ranging from 2 to 6 months of age. DATcre mice preferentially express Cre 153 

in dopamine neurons (Bäckman et al., 2006), such that DATcre mice crossed with Ai32 mice 154 
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express Channelrhodopsin-2 (ChR2) in dopamine neurons (Madisen et al., 2012; B. O’Neill et 155 

al., 2017; Howard et al., 2017; Figure 1A+C). 156 

 157 

Reagents 158 

Isoflurane anesthesia was obtained from Patterson Veterinary (Greeley, CO, USA). Sterile and 159 

filtered phosphate buffered saline (PBS, 1X) was obtained from GE Life Sciences (Pittsburgh, 160 

PA, USA). Unless otherwise noted, all other reagents were obtained through VWR (Radnor, PA, 161 

USA). 162 

 163 

Stereotactic Surgery and Viral Injections 164 

Mice were anaesthetized with isoflurane (4% at 2 L/sec O2 for induction, 0.5-1.5% at 0.5 L/sec 165 

O2 afterward) and then placed in a stereotactic frame (David Kopf Instruments, Tajunga, CA, 166 

USA). The scalp was shaved and sterilized with povidone iodine and an incision was made in the 167 

scalp. The skull was scored with Optibond (Patterson Dental) and holes were drilled above the 168 

striatum or midbrain dopamine neurons. DATcre mice received 1µl injections of virus encoding 169 

ChR2 (AAV5-EF1-DIO-hChR2(H134R)-EYFP-WPRE-pA, UNC Viral Vector Core) targeting 170 

substantia nigra pars compacta (SNc; -3.2 AP, ±1.5 ML, -3.8 DV). A 5µL syringe needle 171 

(Hamilton) was lowered to the DV coordinate over 2 minutes and held in place for 1 min before 172 

the start of injection. Injections took place over 5 min, the needle was left undisturbed in the 173 

brain for 5 min after the completion of virus delivery, and the needle was then removed over the 174 

course of 5 minutes. Both virally-injected DATcre and DATcre x Ai32 mice received bilateral 175 

fiber optic implants to allow optogenetic activation of dopamine terminals. Virally-injected 176 

DATcre received fiber optics targeting dorsomedial striatum (DMS; +0.8 AP, ±1.0 ML, -2.3 DV) 177 

or dorsolateral striatum (DLS; +0.8 AP, ±2.25 ML, -2.3 DV) immediately following injection. 178 

DATcre x Ai32 mice received fiber optics in DMS or DLS at the same location listed above, or 179 

in the nucleus accumbens (NAc; +1.2 AP, ±1.1 ML, -4.0 DV), but received no viral injection.  180 

Fiber optic implants were secured to the skull with a skull screw and dental cement (Patterson 181 

Dental). Mice were allowed to recover for a minimum of 2 weeks (Ai32 mice) or 3 weeks 182 

(virally-injected mice) before behavioral experiments took place. 183 

 184 

Fiber Optic Implants 185 

Fiber optic implants were custom fabricated and were comprised of 0.39 NA, 200 µm core 186 

Multimode Optical Fiber (ThorLabs) inserted into a multimode ceramic zirconia ferrules 187 

(1.25mm OD, 230um ID; SENKO). The fiber optic was affixed in the ferrule with two-part 188 

epoxy (353ND; Precision Fiber Products). Each end of the fiber optic was polished using fiber 189 

optic sandpaper (ThorLabs) and functionality was tested ensuring minimal loss of light power 190 

and even output prior to implantation.   191 

 192 

Intracranial Self-Stimulation Reversal Task 193 

Behavioral sessions took place in a Med Associates behavioral chamber housed inside a sound-194 
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attenuating cubicle. The behavioral chamber was outfitted with two levers, a house light, and a 195 

food port. Two distinct orientations of levers were utilized in these experiments. For virally-196 

injected DATcre mice, levers were oriented on either side of the food port (Supplemental Figure 197 

S1E). For subsequent DATcre x Ai32 experiments, the lever closest to the door was later moved 198 

to the back of the opposite wall to make proximity to the door consistent across both levers 199 

(Figure 1E). At the beginning of behavioral sessions, mice were briefly anesthetized with 200 

isoflurane (4%, 2 l/min O2) and fiber optic implants were connected to fiber optic leads inside 201 

the behavioral chamber, which were connected to a diode-pumped single-state laser (Laserglow, 202 

473nm) by a commutator (Doric Lenses) to allow for free rotation. Mice were placed on a ≥10 203 

day optogenetic intracranial self-stimulation (ICSS) task (Figure 1F and Supplemental Figure 204 

S1F for Ai32 and virally-injected mice, respectively). Here, all sessions began with the 205 

illumination of the house light and extension of both levers. Depressing one of the two levers 206 

resulted in laser onset while the opposite lever had no effect (see Laser Stimulation for 207 

stimulation details). Mice were trained to self-stimulate for at least 5 days with no changes in 208 

contingency. During this five day period, mice were required to meet three criteria: 1. A 209 

minimum of 10 presses on the active lever, 2. Preference (>50% of all presses) for the active 210 

lever on at least 4 of the 5 days, and 3. Preference for the active lever on the fifth day of training. 211 

Mice that failed to reach these criteria were provided up to 10 additional training sessions until 212 

the criteria was achieved, and, if they failed to reach this criteria, were excluded from the study. 213 

To test response flexibility between self-stimulation contingencies, mice that met these criteria 214 

underwent reversal on day six, in which the active and inactive lever contingencies were 215 

reversed. Therefore, pressing the formerly active lever now had no effect and the formerly 216 

inactive lever triggered laser onset. Virally-injected DATcre mice were allowed unrestricted 217 

lever pressing during 90 min sessions. To partially control for variable press rates seen in virally-218 

injected mice, DATcre x Ai32 mice were capped at a total of 100 presses on either lever, and 219 

sessions were terminated when 100 presses were made or after 60 minutes - whichever came 220 

first. At the end of each behavioral session, the house light was turned off and both levers were 221 

retracted. 222 

 223 

Laser Stimulation 224 

Prior to all behavioral sessions, laser output was calibrated to 10 mW for virally-injected 225 

DATcre and 5 mW for DATcre x Ai32 mice from the end of fiber optic leads using an optical 226 

power meter (ThorLabs). During self-stimulation trials, virally-injected DATcre mice received 227 

50Hz, 50p, 10ms pulse duration laser stimulation following each active lever press; while 228 

DATcre x Ai32 mice received 30Hz, 30p, 24ms pulse duration stimulus trains. A subset of 229 

DATcre x Ai32 mice (2 DMS, 2 DLS) received 1 sec laser pulses following each active lever 230 

press.  231 

 232 

Histology  233 
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After finishing all behavioral tests, mice were deeply anesthetized with isoflurane (4%, 2 l/min 234 

O2) and transcardially perfused with 0.9% saline and 4% paraformaldehyde (PFA). Brains were 235 

removed and allowed to post-fix in 4% PFA at 4˚C for 24 hours. Then, brains were transferred to 236 

a 30% sucrose solution at 4˚C for at least 48 hours before sectioning. Brains were sectioned on a 237 

freezing microtome into 30 μm coronal sections, and stored in cryoprotectant at 4˚C. To 238 

characterize Cre expression in DATcre mice, one DATcre mouse was injected with AAV8-239 

hSyn-DIO-mCherry (Addgene, cat#50459) in midbrain (SNc; -3.2 AP, ±1.5 ML, -3.8 DV; see 240 

Stereotactic Surgery and Viral Injections above). This tissue was washed 2x15 minutes in Tris 241 

buffered saline (TBS), and blocked in 3% horse serum and 0.25% Triton X-100 prior to antibody 242 

staining for 1 hour. Sections were then incubated with 1:500 diluted primary antibodies of anti-243 

TH polyclonal rabbit antibody (Cell Signaling, cat#2792S) for 24 h at 4˚C on a shaker. 244 

Following incubation, sections were washed 2x15 minutes in TBS to remove excess primary 245 

antibody, then incubated with TBS and 3% horse serum and 0.25% Triton X-100 before being 246 

incubated with Alexa Fluor© 488 Anti-Rabbit IgG (Cell Signaling, cat#4412S, diluted 1:250) for 247 

2 hours at room temperature. Tissue was then washed 2x20 minutes in TBS to reduce 248 

background staining. Slices were subsequently floated in 0.1M phosphate buffer and mounted on 249 

slides. After drying, sections were mounted (Aqua-Poly/Mount, Polysciences, 18606-20) with 250 

DAPI (VWR, IC15757410; 1:1000). Slides were kept at RT overnight before moving to 4˚C for 251 

long-term storage. Sections were imaged using a Leica DM4000B fluorescent microscope or a 252 

Zeiss LSM 880 confocal microscope. 253 

 254 

Data Analysis 255 

Lever preference was defined as presses on either lever/total presses in session *100. Errors were 256 

defined as presses on the inactive lever and were counted and averaged across early reversal 257 

(days 1 and 2 following contingency reversal), and late reversal (days 3, 4, and 5 following 258 

contingency reversal) for each subject before being averaged across groups. Perseverative errors 259 

were defined as inactive lever presses following contingency reversal before the now-active lever 260 

was sampled each day. Regressive errors were defined as presses on the now inactive lever 261 

following first sampling of the now-active lever each day. Transitions were categorized as ‘lose’ 262 

if an inactive press was followed by an inactive press (lose-stay) or an active press (lose-shift), or 263 

‘win’ if an active press was followed by an inactive press (win-shift) or active press (win-stay). 264 

Presses were calculated using Excel (Microsoft). Win/lose, shift/stay transitions were counted 265 

and verified using Matlab software MATLAB (R2018b, Mathworks). Drawings in Figure 266 

1A,B,E,F and Supplemental Figure S1A,B,E,F were made by CDH in Adobe Illustrator CC 2019 267 

(Adobe). 268 

 269 

Statistical Analysis 270 

Statistical analysis was performed by GraphPad Prism 7.04 (GraphPad). Presses and lever 271 

preferences were compared using Two-Way Repeated Measures ANOVA with Geisser-272 

Greenhouse corrections and post hoc Fisher’s LSD tests. Early vs Late reversal error analyses 273 
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were compared using Two-way Repeated Measures ANOVA with post hoc Sidak multiple 274 

comparisons tests. For all tests, significance was defined as p ≤ 0.05 (*), and marginal 275 

significance was defined as p ≤ 0.1 (#). 276 

 277 

Results  278 

Optogenetic dopamine self-stimulation and reversal across striatal subregions 279 

To probe the contribution of dorsal medial, lateral, and ventral dopamine projections to the 280 

striatum in behavioral flexibility, we crossed DATIRESCre mice (Bäckman et al., 2006) with Ai32 281 

RosaChR2(H134R)-EYFP mice (DAT x Ai32) to drive Cre-dependent expression of channelrhodopsin-282 

2 (ChR2) in dopamine neurons (Madisen et al., 2012; O’Neill et al., 2017; Howard et al., 2017; 283 

Figure 1A+C). These mice were deeply anesthetized and implanted with fiber optics targeting 284 

either dorsomedial striatum (DMS), dorsolateral striatum (DLS), or nucleus accumbens (NAc) to 285 

activate distinct projections of dopamine inputs (Figure 1B+D, see methods). In an earlier pilot 286 

group, we employed DATIRESCre (DATcre) mice that were anesthetized and injected with AAV 287 

encoding Cre-dependent ChR2 in dopamine neurons (Supplemental Figure S1A+C). These mice 288 

were then chronically implanted with fiber optics targeting DMS or DLS (Supplemental Figure 289 

S1B+D). Data for DATcre x Ai32 mice are found in main figures throughout this text, and data 290 

for virally-injected DATcre mice are found in supplementary figures matching main figure 291 

numbers. These groups were not collapsed, as the behavioral task and operant box layout 292 

between these two groups differed (see Methods, Figure 1E-F and Supplemental Figure S1E-F).  293 

 294 

 295 
Figure 1. Subjects and experimental design. A. Breeding scheme. DATcre+/- mice were crossed with Ai32+/+ mice 296 

to establish DATcre+/- x Ai32+/- mice. B. Mice were chronically implanted with fiber optics targeting dorsomedial 297 

(M, left), dorsolateral (L, center), or ventral striatum (V, nucleus accumbens core; right). C. DAT x Ai32 mice 298 
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express ChR2 selectively in SNc and VTA. D. Representative fiber optic implantation sites for DMS (left), DLS 299 

(center), and NAc (right). E. Operant chamber configuration for Ai32 experiments. Two levers were extended on 300 

either side of the operant chamber. F. Schematic of experimental design. Mice could press either lever a total of 100 301 

times each day, and following five days of meeting criteria for preferring the active lever (see Methods), the 302 

contingency was reversed, and the active lever became inactive and vice versa, and mice were tested for an 303 

additional five days. 304 

 305 

 2-3 weeks following surgery, fiber optic implants were connected to fiber optic leads 306 

capable of delivering blue (473 nm) laser light, and mice were placed in a Med Associates 307 

behavioral chamber with two retractable levers and a house light (Figure 1E; Supplemental 308 

Figure 1E). Mice performed an intracranial self-stimulation reversal schedule: they had access to 309 

two levers, and pressing one of these levers led to delivery of laser light while pressing the other 310 

lever had no effect, and after 5 days, this contingency was reversed (Figure 1F, Supplemental 311 

Figure S1F). To control for differences in rewards earned, which can modify flexibility (Adams 312 

& Dickinson, 1981), DAT x Ai32 mice were limited to 100 cumulative presses per session on 313 

either lever during the initial training and reversal phases. In contrast, virally-injected mice were 314 

allowed unrestricted pressing for both training and reversal. During the training phase, both DAT 315 

x Ai32 mice and virally-injected DATcre mice responded significantly more on the active lever 316 

relative to the inactive lever (two-way repeated-measures ANOVA; DMS, significant effect of 317 

lever, F(1, 14) = 18.04, p <0.001, no significant effect of time or lever x time interaction, 318 

significant post hoc test for all points, p<0.05; DLS, significant effect of lever, F(1, 12) = 9.839, p 319 

<0.01, no significant effect of time or time x lever interaction, significant post hoc tests at day 320 

1+2, p <0.05, trending effect at days 3+5, p<0.1; NAc, significant effect of lever, F(1, 14) = 9.927, 321 

p <0.01 no significant effect of time or time x lever interaction, significant post hoc tests at days 322 

1+2, p <0.05, trending effect at days 3-5, p <0.1; Figure 2 A-C; Supplemental Figure S2A+B). 323 

Similarly, when normalized to the total number of lever presses, mice displayed a significant 324 

preference for the active over the inactive lever (DMS; two-way repeated-measures ANOVA, 325 

significant effect of lever, F(1, 14) = 78.74, p <0.0001, and time x lever interaction, F(4, 56) = 3.407, 326 

p <0.05, no significant effect of time; DLS; significant effect of lever, F(1, 12) = 41.04, p <0.0001, 327 

no significant effect of time or time x lever interaction; NAc; significant effect of lever, F(1, 14) = 328 

67.4, p <0.0001, no significant effect of time or time x lever interaction; significant post hoc tests 329 

for all points tested across DMS, DLS and NAc, p<0.05; Figure 2 D-F; Supplemental Figure 330 

S2C+D). Taken together, terminal stimulation of dopamine neurons was reinforcing across all 3 331 

implantation sites in both Ai32 and virally-injected DATcre mice. 332 
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 333 
Figure 2. Responding during the initial training phase across implantation sites. Total press counts and 334 

preference (presses on either lever / total presses * 100) for mice self-stimulating dopamine terminals in DMS 335 

(A+D), DLS (B+E), and NAc (C+F) across the five training days. Mean ± SEM, #p>0.1, *p<0.05, **p<0.01, 336 

***p<0.001, ****p<0.0001 for post hoc tests. 337 

 338 

  To determine flexibility of responding following 5 days of self-stimulation training, the 339 

lever contingencies were reversed at the beginning of the sixth day such that the formerly active 340 

lever became inactive, and vice versa. By the fourth day of reversal, both DMS and NAc 341 

implantation groups had significantly reversed their lever preference (two-way repeated-342 

measures ANOVA; DMS, significant time x lever interaction, F(5, 70) = 20.06, p <0.0001, no 343 

significant effect of time or lever, significant post hoc test at day -1, 3, and 5, p <0.05, trending 344 

effect at day 4, p <0.1; NAc, F(5, 70) = 5.228, p <0.001, no significant effect of time or lever, 345 

trending post hoc tests at days -1 and 4; Figure 3A+C). In contrast, mice that self-stimulated 346 

DLS dopamine terminals did not significantly alter preference following reversal (no significant 347 

effect of lever, time, or time x lever interaction, all p >0.27). When normalized to total number of 348 

presses, mice that self-stimulated DMS and NAc dopamine similarly switched their lever 349 

preference (two-way repeated-measures ANOVA; DMS, significant time x lever interaction, F(5, 350 

70) = 31.54, p <0.0001, no significant effect of lever or time, significant post hoc tests at days -1, 351 

3, and 5, p <0.05, trending effect at day 4, p <0.1; NAc, F(5, 70) = 11.37, p <0.0001, no significant 352 

effect of lever or time, significant post hoc test at days -1 and 4, p <0.05, trending effect at day 2, 353 

p <0.1; Figure 3D+F), while mice that self-stimulated DLS dopamine showed a decrease in 354 

initial preference, but no significant preference for the newly active lever (significant time x 355 

lever interaction, F(5, 60) = 4.822, p<0.001, trending effect of lever, p <0.1, no significant effect of 356 

time, significant post hoc test at day -1, p < 0.05, trending effect at day 1, p >0.1; Figure 3E). 357 
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This was largely replicated in virally-injected DATcre mice: while both DMS and DLS 358 

stimulation groups showed a modest tendency to reverse (Supplemental Figure S3A-B), when 359 

these values are normalized to % total presses, the DMS group significantly altered preference 360 

(Supplemental Figure S3C) while the DLS group did not (Supplemental Figure S3D). Together, 361 

these data suggest that dopamine terminal stimulation in DMS and NAc promotes flexible 362 

responding for self-stimulation, while DLS terminal stimulation promotes less flexible 363 

responding. 364 

 365 
Figure 3. Responding during the reversal phase across implantation sites. (A-C) Total number of presses the 366 

day before and following contingency reversal (dotted line; lever 1 initially active before becoming inactive and vice 367 

versa), for mice self-stimulating DMS (A), DLS (B), and NAc (C) dopamine terminals. (D-F) Lever preference 368 

before and after contingency reversal for mice self-stimulating DMS (D), DLS (E), and NAc (F) dopamine 369 

terminals. Mean ± SEM, #p>0.1, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 for post hoc tests. 370 

 371 

Analysis of Errors and Behavioral Strategy in Reversal 372 

  Differences in behavioral flexibility could result from insensitivity to negative outcomes  373 

(perseverative errors), or from reverting to a previously-reinforced choice following sampling of 374 

the now-correct choice (regressive errors) (Ragozzino, 2007; Floresco et al., 2009; Izquierdo et 375 

al., 2017). In order to investigate if error quantity and type differed between groups across 376 

training, we quantified the total number of errors within each behavioral session during early 377 

(day 1-2) and late (day 3-5) reversal. We found that mice with fiber optics targeting DMS, DLS, 378 

or NAc made a partially different number of errors during reversal (two-way repeated-measures 379 

ANOVA, trending effect of group; F(2, 20) = 3.288, p=  0.0582, no significant effect of time or 380 

group x time interaction; Figure 4A), and this tendency was partially attributed to increased 381 

numbers of errors late in reversal for the DLS group relative to the NAc group (trending post hoc 382 
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test DLS vs NAc, p = 0.072, all other tests p >0.1). The vast majority of these errors were 383 

attributed to regressive errors, and groups did not differ in numbers of perseverative errors (two-384 

way repeated-measures ANOVA; no significant effect of group, time, or interaction; all p > 0.05; 385 

Figure 4B), though groups slightly differed in numbers of regressive errors (two-way repeated-386 

measures ANOVA, trending effect of group; F(2, 20) = 2.774, p = 0.0865; no significant effect of 387 

time or time x group interaction) with DLS mice having a weak tendency for higher numbers of 388 

regressive errors relative to NAc mice (post hoc tests DLS vs NAc, p =0.11 and p =0.12 for early 389 

and late, respectively, all other post hoc tests p >0.1). Virally-injected DATcre DLS mice 390 

similarly made more total, regressive, and perseverative errors, particularly in late reversal, but 391 

these results were not statistically significant (Supplemental Figure S4A-C).  392 

  To determine the proportion of errors across variable numbers of responses for each 393 

mouse, we next normalized total errors to total numbers of presses, and numbers of 394 

perseverative/regressive errors to total numbers of errors. However, groups did not differ in 395 

proportion of errors normalized to total presses other than an overall reduction in errors over 396 

time (two-way repeated-measures ANOVA; significant effect of time F(1, 20) = 4.436, p <0.05, no 397 

significant effect of group or group x time interaction; Figure 4D), and groups did not differ in 398 

proportion of perseverative or regressive errors normalized to total error count (two-way 399 

repeated-measures ANOVA, no significant effect of group, time, or group x time interaction for 400 

perseverative and regressive error proportions; Figure 4E+F). This was also true for virally 401 

injected mice, who did not differ in normalized error numbers or error type (two-way repeated-402 

measures ANOVA, no significant effect of group, time, or interaction; Supplemental Figure S4 403 

D-F). Thus, mice self-stimulating DLS dopamine had slightly higher numbers of errors, and 404 

these errors tended to be regressive, though this effect was weak. 405 
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 406 
Figure 4. Errors across implantation site groups through early and late reversal. A+D. Total number of errors 407 

across early (mean of days 1-2) and late (mean of days 3-5) reversal (A) and error proportion normalized to total 408 

presses (D). B+E. Number of perseverative errors (errors before sampling of active lever each day) in early and late 409 

reversal (B) and normalized to total # errors (E). C+F. Number of regressive errors (errors following sampling of 410 

correct lever each day) in early and late reversal (C) and normalized to total # errors (F). Mean ± SEM # p ≤ 0.1 for 411 

post hoc tests. 412 

 413 

  In addition to error types, elevation of dopamine in different subregions may differently 414 

drive reinforcement across learning, which may later influence behavioral strategies following 415 

reversal. For example, mice could rely more on their aggregate reinforcement histories 416 

experienced during training (win-shift or lose-stay strategies), or on immediate feedback of more 417 

proximal outcomes (win-stay or lose-shift strategies; Reed, 2016). Previous work has noted that 418 

lesions of DLS reduce lose-shift responding (Skelin et al., 2014), supporting the notion that 419 

distinct neural circuits underlie these different behavioral strategies (Gruber & Thapa, 2016). 420 

Consistent with this, we found significantly different numbers of lose-stay events following 421 

reversal across implantation site groups (two-way repeated-measures ANOVA; significant effect 422 

of group; F(2, 20) = 3.99, p < 0.05; no significant effect of time or time x group interaction; Figure 423 

5A), with DLS mice showing significant and partial increases in lose-stay responses late in 424 

reversal relative to NAc and DMS mice, respectively (significant post hoc test for DLS vs NAc 425 

late in reversal, p >0.05, trending post hoc test for DLS vs DMS, p =0.059, all other post hoc 426 
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tests, p <0.1). On the other hand, groups did not differ in numbers of lose-shift, win-stay, or win-427 

shift events (two-way repeated-measures ANOVA, no significant effect of group, all p > 0.05; 428 

Figures 5B-D), but mice tended to increase win-stay responding across reversal (partial effect of 429 

time, F(1, 20) = 3.770, p <0.1; Figure 5C) and differently altered win-shift responding (partial 430 

group x time effect, F(2, 20) = 2.972, p <0.1; Figure 5D; no other significant main effects for lose-431 

stay, win-stay, or win-shift responding, all p <0.1, and no significant post hoc tests). Virally-432 

injected DLS mice also had more lose-stay errors, but groups did not differ statistically in 433 

numbers of lose-stay, win-stay, win-shift, or lose-shift responses (Supplemental Figure S5A, 434 

B+D).  435 

  We next normalized error strategies to total number of errors to account for differing 436 

number of errors across animals. Implantation site groups had differing proportions of lose-stay 437 

errors (two-way repeated-measures ANOVA, significant effect of group, p <0.05, no significant 438 

effect of time or group x time interaction; Figure 5E) with DLS having significantly more lose-439 

shift errors than DMS mice (significant post hoc for DLS vs DMS, p <0.05), and partially 440 

increased lose-shift errors relative to NAc mice (marginally significant post hoc test for DLS vs 441 

NAc, p <0.1) late in reversal. Groups also slightly differed in their proportion of win-shift errors, 442 

which also tended to increase across reversal (two-way repeated-measures ANOVA, trending 443 

effect of group and time, F(2, 20) = 3.056 and F(1, 20) = 3.925, respectively, p >0.1, no significant 444 

time x group interaction; Figure 5F), which was largely attributed to differences between DMS 445 

and DLS groups late in reversal (trending post hoc for DMS vs DLS, p =0.054, all other post hoc 446 

tests p >0.05). Virally-injected mice increased numbers of win-stay responses, normalized lose-447 

stay proportions, and normalized win-shift proportions, suggesting generalized optimization of 448 

responding across groups in reversal (Supplemental Figure S5C, E+F), but these effects did not 449 

differ between implantation site groups. In sum, this data suggests that self-stimulation of 450 

dopamine terminals in DLS resulted in subsequent increases in errors which were largely 451 

regressive, increased reliance on lose-stay strategies, and partial decreases in win-shift strategies, 452 

which may reflect reliance on initial as opposed to more proximal behavioral outcomes and/or 453 

disruption in optimal foraging strategies (Charnov, 1976). 454 
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                      455 
Figure 5. Assessment of behavioral strategy across early and late reversal. A. Average number of lose-stay 456 

events (selection of inactive lever following selection of inactive lever) following reversal across implantation sites. 457 

B. Average number of lose-shift events (selection of active lever following selection of inactive lever) following 458 

reversal across implantation sites. C. Average number of win-stay events (selection of active lever following 459 

selection of active lever) following reversal across implantation sites. D. Average number of win-shift events 460 

(selection of inactive lever following selection of active lever) following reversal across implantation sites. E. 461 

Average proportion of lose-stay errors normalized to total number of errors. F. Average proportion of win-shift 462 

errors normalized to total number of errors. Mean ± SEM *, p ≤ 0.05,  #, p ≤ 0.1 for post hoc tests. 463 

   464 

Discussion 465 

Distinct roles of dopamine in striatal subregions in behavioral flexibility 466 

  The current study suggests that dopamine self-stimulation in dorsomedial (DMS) and 467 

accumbens core (NAc) promotes behavioral flexibility, while dorsolateral (DLS) dopamine 468 

activation promotes less flexible responding. This finding is consistent with a well-supported 469 

model of dorsal striatal functioning, which posits that DMS and DLS promote flexible and 470 
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inflexible behaviors, respectively (Yin & Knowlton, 2006; Yin et al., 2004; Yin et al., 2009; 471 

Thorn et al., 2010; Smith & Graybiel, 2016; Crego et al., 2020); and is consistent with previous 472 

dopamine lesion studies suggesting that lesions of DMS or DLS dopamine impair or enhance 473 

flexibility, respectively (Faure et al., 2010; Grospe et al., 2018). Dopamine release is initially 474 

present in ventromedial striatum early in learning (Willuhn et al., 2012; Radke et al., 2019) 475 

before shifting to dorsolateral striatum as behaviors become well-learned (Willuhn et al., 2012). 476 

Thus, optogenetic stimulation of DLS dopamine in the current study may bypass normal gating 477 

mechanisms of DLS dopamine release to enhance inflexible responding. A similar mechanism 478 

may be involved in drug addiction, as drugs of abuse exacerbate habit formation (Nelson & 479 

Killcross, 2006; Nelson & Killcross, 2013), potentially by driving release of dopamine directly in 480 

DLS (Everitt et al., 2008). Consistent with this notion, cocaine exposure shifts cue-related 481 

neuronal activity during discriminative learning from ventral to dorsolateral striatum (Takahashi 482 

et al., 2007). Characterizing the brain circuits that guide this progression from ventromedial to 483 

dorsolateral dopamine signaling, which may involve reciprocal and spiraling connections 484 

between striatum and SNc (Lerner et al., 2015; Ambrosi & Lerner, 2021; Haber et al., 2000), is 485 

therefore of great clinical value. 486 

  It is possible that optogenetic self-stimulation of DLS dopamine terminals alters 487 

responding in reversal via plasticity in DLS (Calabresi et al., 2007), which could promote 488 

dominant DLS activity and shift behavior toward inflexible responding (Gremel et al., 2016; 489 

O’Hare et al., 2016; Thorn et al., 2010; Yin et al., 2009). DLS receives preferential input from 490 

sensorimotor cortical areas implicated in stimulus-response learning, while DMS receives 491 

preferential input from associative cortical regions implicated in goal-directed strategies 492 

(Suzanne N Haber, 2016). Therefore, dopamine release in DLS may establish dependence on 493 

stimulus-response behavior by strengthening cortical-DLS circuits (O’Hare et al., 2016; Gremel 494 

et al., 2016). On the other hand, it is possible that activating lateral dopamine enhances 495 

generalization between the active and inactive lever, which is supported by slightly lower 496 

preference for the active lever prior to reversal in DLS mice (Figure 3B). This is consistent with 497 

previous work demonstrating lesions of DLS impair action generalization, while DMS lesions 498 

enhance action discrimination (Hilario et al., 2012). One interesting question left unresolved by 499 

the current work is how manipulations of dopamine activity in one striatal subregion may 500 

influence activity in other striatal subregions once inflexible behaviors have been established. 501 

For example, could enhancing DMS/NAc dopamine release following establishment of inflexible 502 

behavior restore goal-directed responding? Consistent with this idea, direct deep-brain 503 

stimulation of NAc appears to be beneficial in the treatment of drug addiction (Bari et al., 2019) 504 

and obsessive-compulsive disorder (Müller et al., 2013). 505 

 There are caveats to this model of DMS/DLS functioning: for example, epigenetic 506 

manipulations of either DMS or DLS have been sufficient to impair habit formation  (Malvaez et 507 

al., 2018), which suggests a more general role of dorsal striatum in establishing inflexible 508 

responding. Most notably, a recent study found a correlation between DMS (but not DLS) 509 

dopamine signaling and compulsive reward-seeking, and demonstrated that optogenetic 510 
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stimulation of DMS dopamine is sufficient to drive compulsion (Seiler et al., 2020). Similarly, a 511 

separate series of studies concluded that self-stimulation of mesolimbic dopamine neurons in 512 

ventral tegmental area, which project primarily to ventral striatum, is sufficient to establish 513 

compulsive behaviors via strengthening centro-ventral dorsal striatal inputs from orbitofrontal 514 

cortex (Pascoli et al., 2015; Pascoli et al., 2018). This may seem to conflict with the current 515 

work, however, inflexibility in the current study (continuing to press the inactive lever despite no 516 

outcome) differs greatly from compulsivity (persistent behavior despite an aversive outcome). 517 

The current work also differs from many other studies of reversal and habit formation due to the 518 

use of direct brain stimulation as opposed to natural reinforcers (food or water rewards). 519 

Moreover, work from our lab and others have shown that striatal patches - µ-opioid receptor 520 

dense portions of striatum that span both DMS and DLS (Jenrette et al., 2019; Nadel et al., 2020) 521 

and exhibit unique control over dopamine release (Gerfen, 1992; Graybiel & Ragsdale, 1978) are 522 

critical for habit formation. Future work is necessary to investigate how optogenetic stimulation 523 

of dopamine within striatal subregions affects habit formation and reversal with natural rewards. 524 

 525 

Optogenetic self-stimulation of distinct striatal subregions alters behavioral strategies 526 

 In this study, we noted that mice that self-stimulated dopamine terminals in DLS made 527 

more lose-stay and regressive errors following reversal, potentially reflecting a reliance on long-528 

term valuation of the initially reinforced choice. This finding is in agreement with a previous 529 

study that found lesioning DMS, and presumably prompting reliance on DLS, resulted in more 530 

repetitive responding in a two-choice decision making task (Skelin et al., 2014). On the other 531 

hand, Skelin et al. also noted that lesions of DLS result in decreased lose-shift transitions, 532 

suggesting DLS is necessary for outcome sensitivity. That both lesions and optogenetic 533 

activation of DLS could similarly impair reward sensitivity may seem paradoxical, but it is 534 

possible that overactivation of DLS in the current study effectively renders mice outcome-535 

insensitive by driving overreliance on previously learned action valuation. The striatum is 536 

thought to encode both object and action-outcome valuation across both dorsal and ventral 537 

aspects (Yamada et al., 2013; Kang et al., 2021; Guo et al., 2018; Kim et al., 2015; Yasuda et al., 538 

2012); however, activity in dorsal striatum preferentially encodes valuation of specific actions 539 

(Burton et al., 2015; Nakamura et al., 2012; Hollerman et al., 1998), while ventral striatum better 540 

tracks outcomes. Studies in primates have also noted long-term value storage in brain centers 541 

promoting inflexible responding, including the posterior/tail of the striatum (Kim et al., 2015; 542 

Griggs et al., 2017; Guo et al., 2018) and SNr (Yasuda et al., 2012). Additionally, the current 543 

study noted a decrease in win-shift errors following self-stimulation of DLS dopamine. Win-shift 544 

strategy, and the related phenomenon of spontaneous alternation, both reflect normal and optimal 545 

foraging strategies thought to prevent “patch depletion” in foraging animals by varying 546 

behavioral choice despite reinforcement (Rayburn-Reeves et al., 2013; Charnov, 1976). Reduced 547 

proportion of win-shift events following DLS self-stimulation may reflect breakdown in this 548 

normal optimal foraging strategy, which may again reflect overlearning of the initially active 549 

lever. Together, these results suggest that enhancing DLS dopamine release may result in long-550 
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term activity shifts between the DMS and DLS, resulting in overlearning and overvaluation of 551 

the initially reinforced action. Future work could investigate the time course of how DMS and 552 

DLS store action valuation, which has not been well characterized. 553 

 554 

 The role of dopamine in reversal learning 555 

  The current study adds to the body of literature that suggests that dopamine is a key 556 

modulator of reversal learning (Izquierdo et al., 2017). Dopamine depletion in Parkinson’s 557 

patients (Peterson et al., 2009; Swainson et al., 2000) and in animals treated with 6-OHDA 558 

(Grospe et al., 2018; M. O’Neill & Brown, 2007; Clarke et al., 2011) is accompanied by deficits 559 

in reversal learning. Moreover, pharmacological modulations of dopamine receptors in NAc 560 

(Haluk & Floresco, 2009; Sala-Bayo et al., 2020) and DMS (Sala-Bayo et al., 2020; Wang et al., 561 

2019) impair reversal, and there is a link between D2 receptor availability and reversal learning 562 

(Izquierdo et al., 2017). Reversal learning may be facilitated by dopamine signaling positive 563 

reward prediction errors (RPE) in ventromedial striatum, which is only noted in animals that are 564 

able to successfully reverse (Klanker et al., 2015). Our study is in agreement with this notion, but 565 

may also suggest that elevated DLS dopamine during learning later interferes with reversal, 566 

which is further supported by a study suggesting DLS inhibition can improve early reversal 567 

(Bergstrom et al., 2018).  568 

  Previous studies utilizing optogenetic self-stimulation of SNc (Rossi, Sukharnikova, et 569 

al., 2013; Ilango et al., 2014) and ventral tegmental dopamine cell bodies (Adamantidis et al., 570 

2011; Ilango et al., 2014) suggest that mice remain capable of rapid reversal following switching 571 

of active and inactive levers. This may seem to partially conflict with the current study, however, 572 

direct stimulation of cell bodies in midbrain may activate both DMS and DLS projecting 573 

dopamine terminals. Consistent with the current work, a study investigating self-stimulation of 574 

dopamine terminals in NAc found that mice were flexible following reversal of the active 575 

nosepoke (Zell et al., 2020). Future work could explore the difference between stimulating cell 576 

bodies and terminals by employing retrograde tracing and intersectional approaches, including 577 

Canine adenovirus-2 (Lavoie & Liu, 2020), to perform optogenetics specifically targeting 578 

distinct dopamine projection populations (Lerner et al., 2015). 579 

 580 

Conclusion 581 

  In summary, the current work supports several previous studies suggesting that selective 582 

activation of dopamine is sufficient to reinforce operant behaviors (Adamantidis et al., 2011; 583 

Ilango et al., 2014; Keiflin et al., 2019; Covey & Cheer, 2019; Saunders et al., 2018). This work 584 

also supports a causative role of DLS dopamine release in establishing inflexible responding. It 585 

will be of great clinical significance to extend this work to other forms of flexibility, particularly 586 

for natural reinforcers and in drug addiction studies. Finally, future studies should explore how 587 

activation of ventromedial dopamine release modifies goal-directed behavior following habit 588 

formation, which could yield important clinical insights into therapeutic strategies for mediating 589 
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disorders characterized by maladaptive habit formation, including obsessive-compulsive disorder 590 

and drug addiction. 591 

 592 

Supplemental Information 593 

 594 

 595 
Supplemental Figure S1. Experimental design for virally-injected DATcre mice. A-B. Mice were anesthetized 596 

and injected with Cre-dependent AAV:ChR2 before being chronically implanted with fiber optics targeting 597 

dorsomedial (B, left) or dorsolateral (B, right) striatal dopamine terminals. C. DATcre mouse midbrain following 598 

injection with DIO AAV:ChR2 superimposed over immunohistochemical stain for tyrosine hydroxylase (TH). (D) 599 

Representative fiber optic implantation sites in DMS (left) and DLS (right). E. Operant chamber configuration. Two 600 

levers were extended on either side of the food port, and the initially active lever varied across subjects F. Schematic 601 

of experimental design. Mice could press either lever an unlimited number of times, and following five days of 602 

meeting criteria for preferring the active lever (see Methods), the contingency was reversed, and the active lever 603 

became inactive and vice versa and mice were tested for an additional five days. 604 
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 605 
Supplemental Figure S2. Responding during the initial training phase across implantation sites in virally-606 

injected mice. A-B. Total press counts for mice self-stimulating dopamine terminals in DMS (A; Two-way repeated 607 

measures ANOVA; significant lever x time interaction, F (4, 40) = 3.246, marginal effect of lever, F(1, 10) = 4.78, p 608 

<0.01, no significant effect of time, marginally significant post hoc tests at days 4-5, p <0.1) and DLS (B; significant 609 

effect of lever, F(1, 10) = 8.438, p <0.001, no significant lever x time interaction or effect of time, significant post hoc 610 

tests at days 3+5, p <0.05, trending post hoc tests at days 2+4, p <0.1) across the five training days. C-D. Press 611 

preference (presses on each lever / total presses * 100) for dorsomedial (C; two-way repeated measures ANOVA, 612 

significant effect of lever, F(1, 10) = 29.37, p <0.001, significant lever x time interaction, F (4, 40) = 5.306, p< 0.01, no 613 

significant effect of time, significant post hoc tests at all points, p <0.05) and dorsolateral striatum (D; significant 614 

effect of lever, F(1, 10) = 263.3, p <0.0001, no significant effect of time or time x lever interaction, significant post 615 

hoc tests at all points, p <0.05) across the five training days. Mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, 616 

****p<0.0001 for post hoc tests. 617 
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 618 
Supplemental Figure S3. Responding during the reversal phase across implantation sites in virally-injected 619 

mice.  (A-B). Total number of presses the day before and following contingency reversal (dotted line; lever 1 620 

initially active before becoming inactive and vice versa), for mice self-stimulating DMS (A; Two-way repeated-621 

measures ANOVA, significant time x lever interaction; F(5, 50) = 7.474, p <0.0001, no significant effect of time or 622 

lever x time interaction, trending post hoc test at day -1, p <0.1) and DLS (B; significant time x lever interaction; F(5, 623 

50) = 7.552, p <0.0001, no significant effect of time or lever x time interaction, significant post hoc test at day -1, p 624 

<0.05) dopamine terminals. (C-D). Lever preference before and after contingency reversal for mice self-stimulating 625 

DMS (C; significant time x lever interaction, F (5, 50) = 22.95, p<0.0001, trending effect of lever, F(1, 10) = 3.800, p 626 

<0.1, no significant effect of time, significant post hoc tests at day 1, 2, 3, and 5, p <0.05, trending post hoc test at 627 

day 4, p <0.1) and DLS (D; significant time x lever interaction, F (5, 50) = 14.44, p<0.0001, no significant effect of 628 

time or lever x time interaction, significant post hoc test at day -1, p <0.05) dopamine terminals. Mean ± SEM, 629 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 for post hoc tests. 630 
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 631 
Supplemental Figure S4. Errors across implantation site groups through early and late reversal in virally-632 
injected mice. A+D. Total number of errors (A; two-way repeated measures ANOVA; no significant effect of 633 
group, time, or group x time interaction; all p>0.05) and errors normalized to total number of presses (D; no 634 
significant effect of group, time, or group x time interaction; all p>0.05) across DMS and DLS implanted mice . 635 
B+E. Numbers of perseverative errors (B, two-way repeated measures ANOVA; no significant effect of group, 636 
time, or group x time interaction; all p>0.05) and perseverative errors normalized to total errors (E, no significant 637 
effect of group, time, or group x time interaction; all p>0.05). C+F. Numbers of regressive errors (C, two-way 638 
repeated measures ANOVA; no significant effect of group, time, or group x time interaction; all p>0.05) and 639 
regressive errors normalized to total errors across groups (F, no significant effect of group, time, or group x time 640 
interaction; all p>0.05). Mean ± SEM. 641 
 642 
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    643 
Supplemental Figure S5. Assessment of behavioral strategy across early and late reversal in virally-injected 644 
mice. A-D. Number of Lose-Stay (A; two-way repeated measures ANOVA; no significant effect of group, time, or 645 
interaction; p>0.05), Lose-Shift (B; two-way repeated measures ANOVA; no significant effect of group, time, or 646 
interaction; p>0.05), Win-Stay (C; two-way repeated-measures ANOVA; significant effect of time F(1, 10) = 6.928, p 647 
<0.05), and Win-Shift errors (D; no significant effect of group, time, or group x time interaction; all p>0.05). E-F. 648 
Proportion of lose-stay (E; two-way repeated-measures ANOVA; significant effect of time F(1, 10) = 5.265, p <0.05, 649 
no significant effect of group or group x time interaction) and win-shift errors (F; two-way repeated-measures 650 
ANOVA; significant effect of time F(1, 10) = 9.302, p <0.05, no significant effect of group or group x time 651 
interaction) normalized to total numbers of errors across DMS and DLS implantation sites. Mean ± SEM. 652 
 653 
 654 

 655 

 656 

 657 

 658 

 659 
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