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Abstract

Reversal learning measures the ability to form flexible associations between choice outcomes with
stimuli and actions that precede them. This type of learning is thought to rely on several cortical
and subcortical areas, including highly interconnected orbitofrontal cortex (OFC) and basolateral
amygdala (BLA), and is often impaired in various neuropsychiatric and substance use disorders.
However, unique contributions of these regions to stimulus- and action-based reversal learning
have not been systematically compared using a chemogenetic approach and particularly before and
after the first reversal that introduces new uncertainty. Here, we examined the roles of ventrolateral
OFC (vIOFC) and BLA during reversal learning. Male and female rats were prepared with
inhibitory DREADDs targeting these regions and tested on a series of deterministic and
probabilistic reversals during which they learned about stimulus identity or side (left or right)
associated with different reward probabilities. Using a counterbalanced within-subject design, we
inhibited these regions prior to reversal sessions. We measured initial and pre-post reversal
changes in accuracy to measure first detection and further adjustment to reversals, respectively.
We found that inhibition of vVIOFC, but not BLA, eliminated detection of stimulus-based reversals.
Conversely, both BLA and vIOFC inhibition resulted in significantly slower action-based reversal
learning in females, not males, indicating a sex-dependent role for these regions in this type of
learning. Further, learning in females was more impacted in first reversal by vIOFC inhibition than
inhibition of BLA, the latter more involved in probabilistic reversal learning. These findings add

to mounting evidence of sex-dependent learning flexibility.

Keywords: stimulus learning, action learning, deterministic, probabilistic, reward learning,

DREADDs
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Significance Statement

Inflexible learning is a feature of several neuropsychiatric disorders. We investigated how the
ventrolateral orbitofrontal cortex (vIOFC) and basolateral amygdala (BLA) are involved in
learning of stimuli or actions under different forms of uncertainty. Following chemogenetic
inhibition of these regions in both male and females, we measured detection and adjustment to
fully-predictive (i.e., deterministic) and subsequent probabilistic reversals. For action learning,
VvIOFC and BLA exhibited a sex-dependent role in deterministic and probabilistic learning with
females exhibiting the slowest learning following inhibition. For stimulus learning, vIOFC, but not
BLA, was required for reversal detection and adjustment. These findings provide insight into the
mechanisms of learning under different forms of uncertainty and the sex-dependency of these

mechanisms.
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Introduction

Reversal learning, impacted in various neuropsychiatric conditions, measures subjects’ ability
to form flexible associations between stimuli and actions with outcomes (Schoenbaum et al., 2003;
Izquierdo et al., 2013; Dalton et al., 2016). Reversal learning tasks can also be used to probe
learning following expected and unexpected uncertainty in the reward environment (Behrens et
al., 2007; Jang et al., 2015; Winstanley and Floresco, 2016; Soltani and Izquierdo, 2019). For
example, after the experience of the first reversal, all others are expected to some extent (Jang et
al., 2015). Additionally, unexpected uncertainty can be introduced by changes in reward
probabilities, after taking the baseline, expected uncertainty into account.

The basolateral amygdala (BLA) is an area of interest in reversal learning due its involvement
in value updating (Tye and Janak, 2007; Janak and Tye, 2015; Wassum and Izquierdo, 2015;
Groman et al., 2019) and the encoding of both stimulus-outcome and action-outcome associations
typically probed in Pavlovian-to-Instrumental tasks (Corbit and Balleine, 2005; Lichtenberg et al.,
2017; Malvaez et al., 2019; Sias et al., 2021). Manipulations of amygdala and specifically BLA
have resulted in reversal learning impairments (Schoenbaum et al., 2003; Churchwell et al., 2009;
Groman et al., 2019), impaired learning from positive feedback (Costa et al., 2016; Groman et al.,
2019), enhanced learning from negative feedback (Rudebeck and Murray, 2008; Izquierdo et al.,
2013; Taswell et al., 2021), and even improvements of deficits produced by OFC lesions (Stalnaker
et al., 2007). Yet BLA has not been extensively studied in the context of flexible reversal learning
of stimuli vs. actions with the exception of a recent lesion study in rhesus macaques (Taswell et
al., 2021). BLA has also not been systematically evaluated for its contributions to deterministic
vs. probabilistic schedules, with the exception of another lesion study in monkeys (Costa et al.,

2016). The idea that BLA encodes changes in the environment in terms of salience and
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98  associability (Roesch et al., 2010) suggests this region may facilitate rapid updating to incorporate

99  new information. The contribution of BLA to reversal learning and its dependence on the nature
100  of the association (i.e., stimulus- vs. action-based), sensory modality (i.e., visual), and type of
101  uncertainty introduced by the task design (i.e., deterministic vs. probabilistic, but also first reversal
102  versus all subsequent reversals) has not been extensively studied using a chemogenetic approach
103  inrats.
104 In parallel, studies with manipulations in rat OFC in reversal learning have included targeting
105  ofthe entire ventral surface (Izquierdo, 2017), or systematic comparisons of medial vs. lateral OFC
106  (Hervig et al., 2020; Verharen et al., 2020). Here we examined the role of vIOFC, a subregion not
107  as often probed in reward learning as medial and more (dorso)lateral OFC (cf. Zimmermann et al.
108  (2018)) but also densely-interconnected with BLA (Barreiros et al., 2021a; Barreiros et al., 2021b).
109  Additionally, unlike almost all previous studies on reversal learning, we included both male and
110  female subjects.
111 Using a within-subject counterbalanced design, we inactivated these regions prior to reversal
112  sessions and measured both learning and detection/adjustment to reversals. We found that vIOFC,
113  but not BLA, inhibition impaired detection of deterministic and probabilistic stimulus-based,
114 reversals. Conversely, BLA and vlOFC inhibition resulted in significantly slower action-based
115  reversal learning in females, but not males, suggesting a sex-dependent role for these regions.
116  Learning in females was more impacted in first (deterministic) reversal by vIOFC inhibition, and
117  more robustly affected by BLA inhibition in the subsequent probabilistic reversal. These results
118  suggest similar roles for vVIOFC and BLA in flexible action-based learning, but a more specialized
119  role for VIOFC in setting adjustments in stimulus-based learning. Further, fitting choice data with

120  reinforcement learning models indicated the attenuated probabilistic action-based reversal learning
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121 deficits were mediated by a larger memory decay for the unchosen option, especially following
122  vIOFC inhibition. Finally, our findings underscore the importance of including male and female
123  animals in neuroscience studies, adding to mounting evidence of sex-modulated learning (Chen et
124  al., 2021a; Chen et al., 2021b).

125

126  Materials and Methods

127  Subjects

128 Animals for behavioral experiments were adult (N=56, 25 females; 52 used for behavioral
129  study and 4 for ex vivo imaging) Long-Evans rats (Charles River Laboratories) average age post-
130 natal-day (PND) 65 at the start of experiments, with a 280g body weight minimum for males and
131 240g body weight minimum for females at the time of surgery and the start of the experiment. Rats
132  were approximately PND 100 (emerging adulthood; Ghasemi et al. (2021)) when behavioral
133  testing commenced. Before any treatment, all rats underwent a 3-day acclimation period during
134  which they were pair-housed and given food and water ad libitum. During that time, they remained
135 in their home cage with no experimenter interference. Following this 3-day acclimation period,
136  animals were handled for 10 min per animal for 5 consecutive days. During the handling period,
137  the animals were also provided food and water ad libitum. After the handling period, animals were
138 individually-housed under standard housing conditions (room temperature 22-24° C) with a
139  standard 12 h light/dark cycle (lights on at 6am). Animals were then surgerized and tested on
140  discrimination and reversal learning 1-week post-surgery. At the point of reversal, they were
141 beyond the 3-week expression time for Designer Receptors Exclusively Activated by Designer

142  Drugs (DREADD:s).
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143 A separate group of Long-Evans rats (N=4, all males) were used for validation of
144  effectiveness of DREADDs in slides of BLA and vIOFC, using ex vivo calcium imaging
145  procedures. All procedures were conducted in accordance to the recommendations in the Guide
146  for the Care and Use of Laboratory Animals of the National Institutes of Health and with the
147  approval of the Chancellor’s Animal Research Committee at the University of California, Los
148  Angeles.

149

150  Surgery

151 Viral Constructs

152 Rats were singly-housed and remained in home cages for 4 weeks prior to testing while the
153  inhibitory hM4Di DREADDs expressed in BLA (n=16, 9 females), vIOFC (n=19, 9 females), or
154  eGFP control virus (n=17, 7 females) in these regions. In rats tested on behavior, an adeno-
155  associated virus AAVS driving the hM4Di-mCherry sequence under the CaMKIla promoter was
156  used to express DREADDs bilaterally in BLA neurons (0.1 pl, AP =-2.5; ML= +£5; DV =-7.8
157  and 0.2 pl, AP=-2.5; ML= +£5; DV=—8.1, from bregma at a rate of 0.1 pl/min; AAV8-CaMKIla-
158  hM4D(Gi)-mCherry, Addgene, viral prep #50477-AAV8). In other animals, this same virus
159  (AAV8-CaMKlIla-hM4Di-mCherry, Addgene) was bilaterally infused into two sites in vVIOFC (0.2
160  ul, AP =+3.7; ML=42.5; DV = —4.6 and 0.15 pl, AP=4; ML= +2.5; DV=—4.4, from bregma at
161  arate of 0.1 pl/min). A virus lacking the hM4Di DREADD gene and only containing the green
162  fluorescent tag eGFP (AAV8-CaMKIla-eGFP, Addgene) was also infused bilaterally into either
163  BLA (n=7), vIOFC (n=5), or anterior cingulate cortex [(n=5); 0.3 ul, AP =+3.7; ML=+2.5; DV =
164  —4.6, rate of 0.1 pul/min] as null virus controls. Our vIOFC targeting is most similar to infusion

165  sites reported previously by Dalton et al. (2016), and 0.7 mm more medial than others (Costa et
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166  al., 2023). In rats used for ex vivo calcium imaging, the same target regions were infused with
167  either GCaMP6f (AAV9-CaMKIla-GCaMP6f, Addgene), a 1:1 combination of GCaMP6f+mCherry
168 (AAVS8-CamKlIla-mCherry, Vector BiolLabs, #VB1947), or a 1:1 combination of
169  GCaMP6f+hM4Di-mCherry (same as used for behavior, AAV8-CaMKlIla-hM4Di-mCherry,
170  Addgene).
B hV4Di eGEP - S
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Figure 1. Bilateral targeting of basolateral amygdala (BLA) and ventrolateral orbitofrontal cortex (vIOFC) and
confirmation of effective DREADDs inhibition using ex vivo Ca®* imaging in slices. (A) Photomicrograph of hM4Di-
mCherry DREADDs expression in BLA. Numerals indicate mm anterior to Bregma. (B) Reconstructions of viral expression of
hM4Di (magenta) and enhanced green fluorescent protein, eGFP (green) in BLA. The more intense colors represent regions
where expression overlapped the most across animals. (C) In BLA neurons expressing GCaMP6f and GCaMP6f+mCherry,
application of CNO (10uM) in the presence of picrotoxin (50 uM) had no effect on the frequency of elicited Ca?* events (top
left and right: example of single cell traces, bottom left: Ca®* event changes, each line is a cell). In BLA neurons that expressed
hM4Di, there was a reduction in the frequency of elicited Ca®* events during CNO application (bottom right). (D)
Photomicrograph of hM4Di-mCherry DREADDs expression in vIOFC. Numerals indicate mm anterior to Bregma. (E)
Reconstruction of viral expression of hM4Di (magenta) and enhanced green fluorescent protein, e GFP (green). The more
intense colors represent regions where expression overlapped the most across animals. (F) In vIOFC neurons expressing
GCaMP6f and GCaMP6f+mCherry, application of CNO (10uM) had no effect on the frequency of elicited Ca?* events (top left
and right: example of single cell traces, bottom left: Ca?* event changes, each line is a cell). In vIOFC neurons that expressed
hM4Di, there was a reduction in the frequency of Ca®* events during CNO application (bottom right). n=2-5 slices/rat, 2-way
ANOVA and multiple comparison tests ***p<0.001, *p<0.05.

171

172 Surgical Procedure


https://doi.org/10.1101/2023.04.03.535471

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.03.535471; this version posted April 4, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

173 Infusions of DREADD or eGFP control virus were performed using aseptic stereotaxic
174  techniques under isoflurane gas (1-5% in O2) anesthesia prior to any behavioral testing experience.
175  Before surgeries were completed, all animals were administered 5 mg/kg s.c. carprofen (NADA
176 #141-199, Pfizer, Inc., Drug Labeler Code: 000069) and 1cc saline. After being placed in the
177  stereotaxic apparatus (David Kopf; model 306041), the scalp was incised and retracted. The skull
178  was leveled with a +/- 0.3 mm tolerance on the A-P to ensure that bregma and lambda were in the
179  same horizontal plane. Small burr holes were drilled in the skull above the infusion target. Virus
180  was bilaterally infused at a rate of 0.01 pl per minute in target regions (coordinates above). After
181  each infusion, 5 min elapsed before exiting the brain.

182

183  Histology

184 At the end of the experiment, rats were euthanized with an overdose of Euthasol (Euthasol,
185 0.8mL, 390 mg/mL pentobarbital, 50 mg/mL phenytoin; Virbac, Fort Worth, TX), were
186  transcardially perfused, and their brains removed for histological processing. Brains were fixed in
187  10% buffered formalin acetate for 24 h followed by 30% sucrose for 5 days. To visualize hM4Di-
188  mCherry and eGFP expression in BLA or vIOFC cell bodies, free-floating 40-um coronal sections
189  were mounted onto slides and cover-slipped with mounting medium for DAPI. Slices were
190  visualized using a BZ-X710 microscope (Keyence, Itasca, IL), and analyzed with BZ-X Viewer
191  and analysis software.

192 Reconstructions of viral expressions of hM4Di (magenta) and green fluorescent protein,
193  eGFP (green) across the AP plane (Fig. 1BE) were conducted using Photoshop and Illustrator
194  (Adobe, Inc., San Jose, CA) by individuals blind to condition. Two independent raters then used

195  Imagel (U. S. National Institutes of Health, Bethesda, Maryland, USA) to trace and quantify pixels
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196 at AP +3.7 (VIOFC) and AP -2.8 (BLA) for each animal. Three measures were obtained per
197  hemisphere and were highly correlated (Spearman rank correlation: » = 0.93, p < 0.01). Only
198  subjects with bilateral expression were included in behavioral analyses (3 BLA rats excluded due
199  to unilateral expression). There were no differences in expression level between males and females
200 for pixel count reconstructions [F(1,12) = 0.32, p = 0.58], but there was a significant difference
201  between target brain region (vVIOFC, BLA) in the hM4Di virus group [F(1,12)=9.71, p = 0.009]; the
202  latter was expected given the larger infusion volumes in vlIOFC.

203

204  Food Restriction

205 Five days prior to any behavioral testing, rats were placed on food restriction with females
206  on average maintained on 10-12 grams/ day and males given 12-14 grams/ day of chow. Food
207  restriction level remained unchanged throughout behavioral testing, provided animals completed
208  testing sessions. Water remained freely available in the home cage. Animals were weighed every
209  other day and monitored closely to not fall below 85% of their maximum, free-feeding weight.
210

211 Drug administration

212 Inhibition of vIOFC or BLA was achieved by systemic administration of clozapine-N-
213  oxide, CNO (i.p., 3mg/kg in 95% saline, 5% DMSO) in animals with DREADDs. Rats with eGFP
214  in these regions underwent identical drug treatment. Rats were randomly assigned to drug
215  treatment groups, irrespective of performance in pretraining. CNO was administered only during
216  reversal learning, 30 min prior to behavioral testing. We followed previous work on timing and
217  dose of systemic CNO (Stolyarova, Rakhshan et al., 2019; Hart et al., 2020) and considering the

218  long duration of test sessions. To control for nonspecific effects of injections and handling stress,

10
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219  we also injected animals with saline vehicle (VEH). To increase power and decrease the number
220 of animals used in experiments, we used a within-subject design for assessing the effects of CNO,
221  with all rats receiving CNO and VEH injections in a counterbalanced order. Thus, for drug
222  administration if a rat received CNO on the first reversal (R1), it was administered VEH on the
223  second reversal (R2), CNO on the third reversal (R3), and VEH on the fourth reversal (R4), or vice
224  versa: VEH on R1, CNO on R2, VEH on R3, and CNO on R4.

225

226  Behavioral Testing

227 Pretraining. Behavioral testing was conducted in operant conditioning chambers outfitted
228 with an LCD touchscreen opposing the sugar pellet dispenser. All chamber equipment was
229  controlled by customized ABET Il TOUCH software (Lafayette Instrument Co., Lafayette, IN).
230 The pretraining protocol, adapted from established procedures (Stolyarova and Izquierdo,
231 2017), consisted of a series of phases: Habituation, Initiation Touch to Center Training (ITCT),
232  Immediate Reward Training (IMT), designed to train rats to nose poke, initiate a trial, and select a
233  stimulus to obtain a reward (i.e., sucrose pellet). Pretraining stages have been reported in detail
234  elsewhere (Stolyarova, Rakhshan et al., 2019). For habituation pretraining, the criterion for
235  advancement was collection of all 5 sucrose pellets. For ITCT, the criterion to the next stage was
236  set to 60 rewards consumed in 45 min. The criterion for IMT was set to 60 rewards consumed in
237 45 min across two consecutive days. After completion of all pretraining schedules, rats were
238 advanced to the discrimination (initial) phase of either the action- or stimulus-based reversal
239  learning task, with the task order counterbalanced (Fig. 2AB or Fig. 4AB). A subset of animals

240  was tested first on the action-based task (10 vIOFC hM4Di, 9 BLA hM4Di), while others were

11
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241  tested first on the stimulus-based task (9 vIOFC hM4Di, 7 BLA hM4Di, 17 eGFP). Three viIOFC
242  rats completed only the stimulus-based task.

243 Action-based deterministic discrimination learning. After completion of either all
244  pretraining schedules or all four reversals of the stimulus-based task, rats were advanced to the
245  discrimination (initial) phase of the action-based task (Fig. 2A). Rats were required to initiate a
246  trial by touching the white graphic stimulus in the center screen (displayed for 40 s), and after
247  initiation rats would be presented with two stimuli (i.e., fan or marble) on the left and right side of
248  the screen (displayed for 60 s). Rats could nosepoke either the spatial side rewarded with one
249  sucrose pellet (the better option, pr(B)=1.0;) or the spatial side that went unrewarded (the worse
250  option, pr(W)=0.0). Thus, rats were required to ignore the properties of the stimuli and determine
251  the better rewarded side. If a side was not selected, it was scored as a choice omission, and a 10 s
252  inter-trial interval (ITI) ensued. If a trial was not rewarded, a 5 s time-out would occur, followed
253 by a 10 s ITL If a trial was rewarded, a 10 s ITI would occur after the reward was collected. The
254 criterion was set to 60 or more rewards consumed and selection of the correct option in 75% of the
255  trials or higher during a 60 min session across two consecutive days. After reaching the criterion
256  for the discrimination phase, the rats were advanced to the reversal phase beginning on the next
257  session. Animals were not administered either CNO or VEH injections during discrimination
258  learning.

259 Action-based reversal learning. After the discrimination phase, the rats advanced to the
260 reversal phase. Before a reversal learning session, rats were injected intraperitoneally with either
261 3 mg/kg of CNO or VEH 30 min prior to each reversal testing session. The side previously
262  associated with the pr(B)=1.0 probability was now associated with a pr(W)=0.0 probability of

263  being rewarded, and vice versa. The criterion was the same as the deterministic discrimination

12
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264  phase. After reaching the criterion for the first deterministic reversal phase (i.e., R1), the rats
265 advanced to the second deterministic reversal phase (i.e., R2) beginning on the next session. Rats
266  that had previously received VEH during the first reversal would now receive CNO injections, and
267  vice versa.

268 After completing both deterministic reversal learning phases, rats advanced to the first
269  probabilistic reversal learning phase (i.e., reversal 3, R3). Rats underwent the same injection
270  procedure as the prior reversals. However, the spatial side (i.e., left or right) previously associated
271 with pr(B)=1.0, was now associated with a pr(W)=0.1 probability of being rewarded, whereas the
272  spatial side previously associated with pr(W)=0.0 probability, was now associated with pr(B)=0.9.
273  The criterion was the same as the previous deterministic reversal learning phases. After reaching
274  the criterion for the first probabilistic reversal learning phase (i.e., reversal 3, R3), rats were
275  advanced to the second probabilistic reversal phase (i.e., reversal 4, R4) beginning on the next
276  testing day, where the probabilities would be reversed once again. Rats that had previously
277  received VEH during the first probabilistic reversal now received CNO injections, and vice versa.
278 Stimulus-based deterministic discrimination learning. After completion of all pretraining
279  schedules (or all reversals of the action-based task), rats were advanced to the discrimination
280  (initial) phase of learning in which they would initiate a trial by touching a white graphic stimulus
281 in the center screen (displayed for 40 s), and choose between two different visual stimuli
282  pseudorandomly presented on the left and right side of the screen. Stimuli were displayed for 60 s
283  each, randomly assigned as the better or worse stimulus: pr(B)=1.0 or pr(W)=0.0. If a trial was
284  not initiated within 40 s, it was scored as an initiation omission. If a stimulus was not selected, it
285  was scored as a choice omission, and a 10 s ITI ensued. If a trial was not rewarded, a 5 s time-out

286  would occur, followed by a 10 s ITL. Finally, if a trial was rewarded, a 10 s ITI would follow after
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287  the reward was collected. A criterion was set to 60 or more rewards consumed and selection of the
288  correct option in 75% of the trials or higher during a 60 min session across two consecutive days.
289  After reaching the criterion for the discrimination phase or if rats were unable to achieve criterion
290  after 10 days, rats were advanced to the reversal phase beginning on the next session. Animals
291  were not administered either CNO or VEH injections during discrimination learning.

292 Stimulus-based reversal learning. After the discrimination phase, rats advanced to the first
293  deterministic reversal learning phase (i.e., reversal 1, R1) where they were required to remap
294  stimulus-reward contingencies. As above, before a reversal learning session, rats were injected
295 intraperitoneally with either 3 mg/kg of CNO or VEH 30 min prior to each reversal testing session.
296  The criterion was the same as discrimination learning. After reaching the criterion for the first
297  reversal phase or if they were unable to achieve criterion after 10 days, the rats were advanced to
298  the second deterministic reversal phase (i.e., reversal 2, R2) beginning on the next testing day,
299  where the reward contingencies were reversed once again. Rats that had previously received VEH
300  during the first reversal now received CNO injections, and vice versa.

301 After completing both deterministic reversal learning phases, rats advanced to the first
302  probabilistic reversal learning phase (i.e., reversal 3, R3). The injection procedure remained the
303  same as prior reversals. However, the visual stimulus previously associated with pr(B)=1.0, would
304 now be associated with pr(W)=0.1, whereas the stimulus previously associated with pr(W)=0.0,
305  would now be associated with pr(B)=0.9. The criterion remained the same as prior reversals. After
306 reaching the criterion for the first probabilistic reversal learning phase or if rats were unable to
307  achieve criterion after 10 days, the rats were advanced to the second probabilistic reversal phase

308 (i.e., reversal 4, R4) beginning on the next testing day, where the probabilities would be reversed
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309 once again. As above for action-based reversal learning, rats that had previously received VEH
310  during the first probabilistic reversal now received CNO injections, and vice versa.

311

312  Exvivo calcium imaging

313 In N=4 animals (all males), following >3 weeks following stereotaxic viral injections, rats
314  (n=1 rat/brain region/virus combination; n=2-5 slices/rat) were deeply anesthetized with isoflurane
315  (Patterson Veterinary, MA, USA), decapitated and brains submerged in ice cold oxygenated
316 (95/5% 02/CO») slicing artificial cerebrospinal fluid (ACSF) containing (in mM): 62 NaCl, 3.5
317 KCI, 1.25 NaH;POs, 62 choline chloride, 0.5 CaCl,, 3.5 MgCl,, 26 NaHCO3, 5 N-acetyl L-
318 cysteine, and 5 glucose, pH adjusted to 7.3 with KOH. Acutely microdissected vIOFC or BLA
319  slices (300 uM thick) were obtained (VT1200s, Leica, Buffalo Grove, IL) and transferred to room
320 temperature normal ACSF containing (in mM): 125 NaCl, 2.5 KCI, 1.25 NaH;POs, 2 CaCly, 2
321 MgCl,, 26 NaHCOs, 10 glucose, pH adjusted to 7.3 with KOH, and allowed equilibrate for >1 hr
322 prior to transfer into a perfusion chamber for imaging.

323 Imaging was performed on a Scientifica SliceScope, with imaging components built on an
324  Olympus BX51 upright fluorescence microscope equipped with an sCMOS camera (Hamamatsu
325  Orca Flash 4.0v3). Anatomical regions in brain sections for Ca" imaging were first identified by
326  brightfield imaging with 780nm LED (Scientifica) illumination. Ca?>* imaging was performed
327  using a 40x, 0.80NA water immersion objective (Olympus), continuous 470nm LED illumination
328 (ThorLabs), and a filter cube suitable for GCaMP6f imaging: Excitation: Brightline 466/40,
329  Dichroic: Semrock FF495-Di03, Emission: Brightline 525/50. Slices were housed on poly-D
330 lysine cover slips attached to RC-26G chamber (Warner Instruments, Holliston, MA), which was
331  modified with platinum wires to apply electric field stimulation. Images were acquired continually

332  with 20 ms exposure time. Electric field stimulation was applied at 110 mV (twin pulse every 5s).
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333  Temperature of ACSF during the recorded sessions was held at 28° C to minimize bubble
334  formation.

335

336  Calcium data extraction

337 Prior to imaging sessions, 40x images of red and green fluorescence were captured and
338 subsequently overlaid for post-hoc genotyping of individual cells (GCaMP6f",
339  GCaMPo6f"/hM4Di-mCherry*, or GCaMP6f/mCherry"). Blinded scorers semi-manually curated
340 regions of interest (ROIs) using Python-based Suite2P software (Pachitariu et al., 2017). ROI
341  fluorescence was subtracted from the annular surround fluorescence, low-pass filtered, and
342  transformed to dF/Fy as previously described (Asrican and Song, 2021) where Fy is calculated with
343  aboxcar filter with a 200-frame lookback window. dF/Fo values were clipped between 0 and 9000
344  to eliminate negative changes. Area under the curve and event frequency of each cell was
345  calculated for each drug treatment. A threshold of 0.15 dF/F was used to determine significant
346  events, which is lower than the dF/F of a single ex vivo action potential, but significantly above
347  signal to noise in our recorded traces (Tada et al., 2014), Fig. 1CF.

348

349  Data Analyses

350 MATLAB (MathWorks, Natick, Massachusetts; Version R2021a) was used for all
351  statistical analyses and figure preparation. Data were analyzed with a series of mixed-effects
352  General Linear Models (GLM) for the discrimination learning phase to establish there were no
353  Dbaseline differences in learning measures between the hM4Di and eGFP animals (i.e., virus group)
354  prior to any drug treatment for each task separately. Mixed-effects GLMs were also conducted on

355 reversal phases, with all fixed factors included in the model [i.e., reversal number (1-4), virus
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356  group (hM4Di, eGFP), drug (CNO, VEH), sex (female, male), drug order (CNO1, VEH1)] and
357  individual rat as a random factor. These GLMs were run for each task type (stimulus- and action-
358  Dbased tasks) separately. Since learning reached asymptote at 5-days for stimulus-based reversal
359  learning, only the first 5 days were included in the GLM. Similarly, since rats typically reached a
360 plateau (and criterion) at 150 trials for action-based reversal learning, we included only the first
361 150 trials in the GLM. Significant reversal number and/or drug order interactions were further
362  analyzed with a narrower set of fixed factors and Bonferroni-corrected post-hoc comparisons. In
363 the instance where sex was found a significant predictor (moderator), sex was entered as a
364  covariate factor in subsequent reversals. Accuracy (probability correct) before and after a reversal
365 (-3 and +3 sessions surrounding a reversal) was analyzed using ANOVA with virus group (hM4Di,
366  eGFP) and drug order (CNOI1, VEHI) as fixed factors on the average change pre-post reversal.
367  Virus expression level was analyzed with ANOVA by sex (male, female) and region (vIOFC,
368 BLA) on pixel counts.

369 Dependent measures for learning included probability of choosing the correct or better
370  option, initiation latencies and omissions (failure to initiate a trial, latency to initiate a trial,
371  respectively), correct and incorrect choice latencies (latency to select the correct or better stimulus
372  or spatial side and latency to select the incorrect or wrong stimulus or spatial side, respectively),
373  reward latencies (latency to collect the reward), probability of win-stay, and probability of lose-
374  shift. Probability of win-stay and lose-shift adaptive strategies were calculated for the stimulus-
375  Dbased task such that each trial was classified as a win if an animal received a sucrose pellet, and as
376  aloss if no reward was delivered. Statistical significance was noted when p-values were less than

377  0.05. All Bonferroni post-hoc tests were corrected for number of comparisons.
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378 To analyze ex vivo calcium imaging data, 2-way ANOVAs with drug and virus as factors
379  were conducted to compare calcium event changes in GCaMP6f and GCaMP6f+mCherry in each
380  brain region for control experiments, and for GCaMP6f and GCaMP6f+hM4Di-mCherry in each
381  brain region for the experimental group. Tests corrected for number of comparisons were
382  conducted for interactions.

383

384  Reinforcement Learning Models

385 To capture the differences in learning and choice behavior during the action-based task, we
386 utilized two conventional reinforcement learning (RL) models. Specifically, the subjective
387  estimate of reward (V) for each choice option was updated on a trial-by-trial basis using reward
388  prediction error (RPE), the discrepancy between actual and expected reward value. In the first
389  model, which we refer to as RL, the value estimate of the chosen option (V¢) for a trial ¢ was
390  updated using the following equations:

391 Ve(t + 1) = Ve(6) + a(R() — Ve (D), (1)

392  where R(¢) indicates the presence (1) or absence (0) of a reward for the given trial, and « is the
393  learning rate dictating the amount of update in the value estimate by RPE. In this model, the value
394  ofunchosen option was not updated.

395 The second model, referred to as RLgecqy, used the same learning rule as Equation (1) for
396  updating the value of the chosen option, and additionally updated the value of the unchosen option

397  (Vu) as follows:

398 Vut+1) =Vy(®) = va(Vy(t)), (2)
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399  where y, is a decay rate controlling the amount of passive decay in value of the unchosen option.
400 In both models above, the probability of choosing a particular option was computed using the

401  following decision rule:

402 P(t) = (1 + e POV ®O)y-1 (3)

403  where i and j corresponds to two alternative options (i.e., left and right for action-based task), and
404 [ is the inverse temperature or sensitivity governing the extent to which higher-valued options are
405  consistently selected.

406 We used the standard maximum likelihood estimation method to fit choice data and
407  estimate the parameters for each session of the experiment. The values of the learning rate & and
408  decay rate y; were bounded between 0 and 1, and f was bounded between 1 and 100. Initial
409  parameter values were selected from this range, and fitting was performed using the MATLAB
410  function fimincon. For each set of parameters fitted to each session, we repeated 30 different initial
411  conditions selected from evenly-spaced search space to avoid local minima. The best fit was
412  selected from the iteration with the minimum negative log-likelihood (LL). For the first model
413  (RL), we treated the uninitiated or uncommitted trials with no choice data as if they had not
414  occurred. In contrast, for the second model (RLiecay), both choice options were considered
415  unchosen for those trials and both of the value estimates decayed passively according to Equation
416  (2).

417 To quantify goodness of fit, we computed both Akaike Information Criterion (AIC) and
418  Bayesian Information Criterion (BIC) for each session as follows:

419 AIC = =2 xLL+2xk, 4)

420 BIC = =2 LL +In(n) * k, (5)
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421  where k is the number of parameters in the model (two for RL and three for RLgecay), and n is the
422  number of choice trials in the session.

423

424  Results

425  Exvivo calcium imaging in slices

426 We performed ex vivo Ca?" imaging to confirm the selective action on CaMKII* neuronal
427  excitability in VIOFC and BLA in rats expressing hM4Di DREADD vs. controls expressing
428  mCherry. In BLA, there was no significant effect of CNO (10uM) on Ca?" events for neurons
429  expressing GCaMP6f or GCaMP6f+mCherry (Fig. 1C). A 2-way ANOVA resulted in a significant
430  drug x virus interaction [F(2,;324)= 3.367, p = 0.036], with a selective reduction in the frequency of
431  elicited Ca*' events during CNO only in neurons expressing GCaMP6f+hM4Di (multiple
432  comparison test, p=0.049).

433 In vIOFC, there was also no significant effect of CNO (10pM) on Ca?* events for neurons
434  expressing GCaMP6f or GCaMP6f+mCherry (Fig. 1F). However, in CaMKII" vIOFC neurons
435  expressing GCaMP6f+hM4Di there was a decrease in the frequency of Ca?* events during CNO
436  application. A 2-way ANOVA revealed a significant drug x virus interaction [F (2,400) = 8.349, p<
437  0.001], with multiple comparisons test resulting in decreased Ca®" events in GCaMP6f+hM4Di
438  following CNO (p = 0.02), and increased activity in GCaMP6f expressing neurons after CNO (p
439 =0.02).

440

441  Discrimination learning: eGFP controls

442 Mixed-effects GLMs for the discrimination learning phase were conducted for each task

443  separately to establish if there were baseline differences in learning measures between animals
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444  infused with eGFP virus in different brain regions. There were no differences between the eGFP
445  groups by target region on learning (i.e., the probability of choosing the correct side) across trials
446  in the action-based task (Bregion = -0.13, t(2392) = -0.72, p = 0.47), as well as no differences in
447  learning (i.e., probability of choosing the correct visual stimulus) across sessions in the stimulus-
448  based task (Pregion=0.10, t(77) = 1.70, p = 0.09). Thus, animals’ data were collapsed into a single
449  eGFP virus group for subsequent analyses.

450

451  Discrimination learning: hM4Di vs. eGFP

452 For the action-based task, there were no significant effects of virus or virus interactions for
453  vIOFC vs. eGFP on probability correct (Bvirs = -0.13, 1(4792) = -1.02, p = 0.31), with similar
454  findings for the comparison of BLA vs. eGFP (Bvirus = -0.14, t(4792) =- 1.06, p= 0.29; Fig. 2C).
455  All animals met criterion very quickly (~2 days), thus, we compared trials to reach 75% criterion
456  (i.e., probability of choosing the correct side). Both hM4Di virus groups performed comparably
457  [M+£SEM: vIOFC hM4Di (81.1£23.0), BLA hM4Di (84.1+21.7)], whereas the eGFP group met
458  criterion within fewer trials (59.5+18.6), but the difference was not statistically significant [vIOFC
459  hM4Di vs. eGFP: Bvirus= 54.5, t(25) = 1.34, p=0.19; BLA hM4Di vs. eGFP: Byius = 54.8, t(25) =
460 1.38, p=0.18].

461 For the stimulus-based task, there were also no significant effects of virus or virus
462 interactions for either VIOFC vs. eGFP on probability correct (Pvirs = -0.06, t(141) = -1.26, p =
463  0.21), or for BLA vs. eGFP (Byirus = -0.05, t(152) = -1.32, p = 0.19; Fig. 4C). The animals on
464  average took approximately ~6 days to meet criterion regardless of virus group [M+SEM: vIOFC
465 hM4Di (6.1+0.7), BLA hM4Di (6.5+1.2), eGFP (6.9+0.7)]. However, many animals did not meet

466  criterion after a maximum of 10 days of testing (61% of rats).
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467 Given the poorer learning in the stimulus-based task, we evaluated whether this was due to
468  the order of task administered [i.e., Stimulus = Action or Action = Stimulus]. To test whether
469 learning was influenced by task order, we analyzed probability correct during initial
470  discrimination learning for the stimulus-based task, which resulted in no effect of task order (Border
471  =0.03, (220) = 0.97, p = 0.33), but a significant task order x session interaction (Porder x session ==
472  0.03, t(220) = -3.06, p = 0.002). Thus, subsequent analyses were conducted with task order
473  analyzed separately by session, which revealed that animals administered the Action = Stimulus
474  task order exhibited poorer learning across sessions (Psession = 0.01, t(58) = 2.03, p = 0.05),
475  compared to those administered the Stimulus—=> Action task order (Bsession= 0.04, t(162) = 6.14, p
476 < 0.0001). Notably, only 1 BLA hM4Di animal successfully met criterion on stimulus-based
477  learning for the Action = Stimulus order, while no OFC hM4Di animals achieved this.

478

479  Accuracy in reversal learning across session and trials

480 Action-based reversal learning. Mixed-effects GLMs were used to analyze probability
481  correct, with trial number, reversal number, drug order, drug, virus, and sex as between-subject
482  factors, trial number, reversal number, and drug as within-subject factors, and individual rat as
483  random factor. GLMs were conducted separately by target region (VIOFC vs. eGFP and BLA vs.
484  eGFP), using the following formula for the full model: y ~ /1 + trial number * reversal number *
485  virus *drug * drug order * sex + (I + trial number * reversal number * drug| rat)].

486 For the comparison of vVIOFC with eGFP, several interactions were found: interaction of
487  sex, virus, drug, and trial number (Bsex x virus x drug x trial number = 0.035, 1(19136) = 2.16, p = 0.03), an
488 interaction of sex, virus, drug, drug order, and trial number (Bsex x virus x drug order x trial number = =0.000,

489  t(19136) =-2.32, p = 0.02), as well as an interaction of virus, drug, drug order, reversal number,
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490 and trial number (Bvirus x drug x drug order x reversal number x trial number = -0.001, t(19136) =-2.19, p= 003)
491  Due to these interactions, we were justified to look further at individual reversals. For the
492  comparison of vVIOFC hM4Di vs eGFP, sex emerged as a significant predictor of R1 probability
493  correct (Psex = -0.279, t(4784) = -2.03, p = 0.04), and thus sex was entered in the model as a
494  covariate: y ~ [I + trial number * reversal number * virus * drug order + sex + (1 + trial number
495  *drug| rat)]. With sex as a covariate, there was a significant effect of trial number (Birial number =
496  0.003, t(4791) = 7.08, p = 1.63¢!?) and a nonsignificant but trending interaction of virus, drug
497  order, and trial number for R1: (Bvirus x drug order x trial number = -0.002, t(4791) = -1.80, p = 0.07; Fig.
498  2D). For probability correct in R3, we also found sex a significant moderator, interacting with drug
499 (Bsexxdrug: 0.334, t(4784) = 2.18,p = 0.029), and dI'ug X tl‘ial l’lumber (Bsexx drugxtrial number— '0.003,
500 t(4784)=-2.55,p=0.01; Fig. 2D). When sex was entered as a covariate in the model, we found a
» . Reversal learning (counterbalanced CNO)
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Figure 2. Either BLA or vIOFC inhibition attenuates action-based reversal learning. (A-B) Trial structure (A) and
timeline (B) of the action-based task. Rats were first surgerized with either hM4Di DREADDs on a CaMKIl promoter or
eGFP null virus, also on the same promoter. Rats were allowed to recover for 1 week before testing on a stimulus-or
action-based reversal learning task. (C) Initial learning of a rewarded side. (D) Learning during subsequent deterministic
(100/0) and probabilistic (90/10) reversals. Plots show cumulative P(Correct) for first 100 trials with a sliding window of 10
trials is shown. Drug order was counterbalanced such that on R2 and R4 animals received VEH if they were administered
CNO first on R1 and R3, and vice versa. There was no effect of CNO on learning in the eGFP group. *p<0.05 sex as a
significant predictor (see Fig. 3 for learning curves plotted by sex). Bonferroni-corrected post-hocs following mixed-effects
GLM with sex as a covariate fixed factor wherein a drug x virus interaction was found resulted in **p<0.01 effect of drug
only in BLA hM4Di, not in eGFP.
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significant effect of trial number as all animals exhibited improvements in probability correct
across trials (Biial number = 0.003, t(4791) = 7.73, p = 1.34¢"'%), with males performing significantly
better than females (Bsex 0.0841, t(4791) = 2.088, p = 0.04; Fig. 3B), but no other significant

interactions with any other factor for action-based reversal learning for viIOFC hM4Di compared

Starting with the full model as above for the comparison of BLA with eGFP, several
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Figure 3. Female learning was more adversely affected by vlIOFC and BLA inhibition than male learning during
deterministic and probabilistic action-based reversals. Cumulative P(Correct) for first 150 trials with a sliding window
of 10 trials is shown. Learning of deterministic (100/0) (A) and probabilistic (90/10) (B) reversals as measured by probability
correct (P(Correct)). Drug order was counterbalanced such that on R2 and R4 (not shown) animals received VEH if they
were administered CNO first on R1 and R3, and vice versa. Chemogenetic inhibition of vIOFC lowered P(Correct) on first
deterministic R1 and first probabilistic reversal R3, whereas BLA inhibition attenuated probabilistic learning. Bonferroni-
corrected post-hocs following GLM following a sex x drug interaction resulted in effect of drug only in vIOFC or BLA hM4Di,
not in eGFP. There were no significant sex differences and no effect of CNO on learning in the eGFP group. **p<0.01,

*0<0.05.
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511  t(18986) = -2.00, p = 0.046). There were also interactions with sex, including: sex x drug x drug
512 order (Bsex x drug x drug order = -1.07, t(18986) = -2.72, p = 0.01), and sex x drug x reversal number x
513  drug order (Bsex x drug x reversal number x drug order = 0.335, t(18986) = 2.19, p = 0.03). Due to these
514  interactions, we were justified to look further at individual reversals. For BLA hM4Di compared
515  to eGFP in R1 there was also a sex difference (females > males) and an effect of trial number on
516  probability correct (Bsex = -0.279, t(4784) = -2.38, p = 0.02; Burial numver = 0.002, t(4784) =3.87, p =
517  1.0e’%%). With sex as a covariate, there was only a significant effect of trial number for R1 (Biria
518  number = 0.003, 1(4791) = 7.17, p = 8.93¢’1%). Sex was also a significant moderator of probability
519  correct in R3, with significant interactions of sex x trial number (Bsex x trial number= 0.002, t(4784) =
520 2.25, p = 0.03) and sex x trial number x drug (Bsex x drug x trial number= -0.003, t(4784) = -2.42, p =
521  0.02). When sex was included as a covariate, there was a significant effect of BLA inhibition on
522  probability correct in probabilistic R3: (GLM: Barg*viris = -0.31, t(4791)= -2.08, p = 0.038).
523  Bonferroni-corrected post-hoc comparisons revealed an effect of CNO in hM4Di (p < 0.01), not
524  in eGFP (p = 1.0), with both males and females exhibit attenuated learning of probabilistic R3
525  following BLA inhibition.

526 Given the sex x drug interactions observed in both hM4Di groups, probability correct was
527  also analyzed separately for hM4Di males, eGFP males, hM4Di females, and eGFP females using
528  the following formula: y ~ /1 + drug + (I + drug| rat)]. We found a significant effect of drug for
529  RI1 (Bang= -0.24, t(1348) = -2.49, Bonferroni corrected p = 0.03) and R3 (Barug= -0.11, t(1348) =
530 -3.09, Bonferroni corrected p = 0.004) for vIOFC hM4Di females and significant effect of drug
531  for R3 for BLA hM4Di females (Barug= -0.27, t(1348) = -2.97, Bonferroni corrected p = 0.006).
532  There was no significant effect of drug in eGFP females, eGFP males, or hM4Di males across

533  regions and reversals (Fig. 3).
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534 To gain more insight into this sex difference and its potential underlying mechanism, we
535 next compared the estimated model parameters from the reinforcement learning models (RL,
536  RLgecay). Comparing the goodness of fit between the two models, we found that the second model
537  with the decay parameter (RLa4ecay) better accounted for the animals’ choice behavior as indicated
538 by significantly lower AIC (paired sample t-test; t(1554) = 6.792, p = 1.56¢™!"). Overall mean BIC
539  value was also lower for the second model, although the values did not significantly differ from
540  the first model (t(1554) = 0.93806, p = 0.348). Therefore, we focused on the estimated parameters
541  from the RLIecay model only.

542 Comparison of the estimated parameters across groups revealed that female and male rats
543  differed mainly in the decay parameter y;, which governs the amount of passive decay or
544  forgetting in the value estimate of the unchosen option (Fig. 3-1). During the first deterministic
545  reversal (R1, 100/0), eGFP females showed overall significantly lower values of y,; than eGFP
546  males (mean difference in y4 =-0.098; Wilcoxon rank sum test, p=0.00537), suggesting a different
547  mechanism of adjustment to the reversal between females and males. While there was no clear
548  evidence for such sex difference in y,; for the vVIOFC or BLA hM4Di groups during the first
549  deterministic reversal (R1), the first probabilistic reversal (R3, 90/10) instead revealed a sex-
550  specific effect between CNO and VEH groups: vIOFC hM4Di females who were administered
551  CNO to inhibit vIOFC had significantly higher values of y; compared to those who received VEH
552  (mean difference in y; = 0.150; p = 0.00757). In contrast, vVIOFC hM4Di males did not show a
553  significant difference in y4; between CNO and VEH groups (mean difference in y,; = -0.0753; p =
554  0.228). BLA hM4Di groups showed a similar trend in y,4, with the females exhibiting a larger
555  difference between CNO and VEH groups (mean difference in y; = 0.137; p = 0.0673) than males

556  (mean difference in y4 = 0.052; p = 0.961). These results based on RL model fitting suggest that
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557  the attenuated probabilistic learning for the female CNO groups is mediated by larger y,; or
558  decreased memory for the unchosen options after vVIOFC and BLA inhibition. Importantly, this
559  significant difference emerged due to hM4Di VEH females exhibiting enhanced memory in R3.
560  This is because in this condition, rats had previously received CNO in R2 and thus did not encode
561  the reversal very well, making it easier to return to the R1 contingency (which was the same as in
562  R3). Collectively, this shows that vIOFC, and perhaps secondarily BLA, is necessary for the
563  encoding and retrieval of action-based values.

564 Stimulus-based reversal learning. In contrast to the acquisition curves that demonstrated
565 learning of the initial visual discrimination (Fig. 4C), all animals exhibited difficulty with
566  stimulus-based reversal learning, rarely achieving above 60% after 10 sessions (Fig. 4-1), similar
567  to recent reports (Harris, Aguirre et al., 2021; Ye et al., 2023). Here, due to several non-learners,
568  we adhered to the criterion of rats reaching greater than a 50% running window average for the
569 last 100 trials in discrimination, for inclusion in subsequent reversal learning analyses. The
570  following numbers did not meet this criterion and were excluded from these groups: 0 of 13 vIOFC
571  hM4Di, 6 of 15 BLA hM4Di, and 6 of 17 eGFP. As above, GLMs were conducted separately for
572  accuracy (probability correct) by target region comparison, but with session instead of trial
573  number as a within-subject factor. Thus, the GLM formula was as follows: y ~ [I + session
574  *reversal number * virus * drug * drug order * sex + (I + session * reversal number * drug| rat)].
575 For vIOFC hM4Di comparison with eGFP, we observed several interactions including:
576  session, drug, and virus (Bsession x drug x virus = -0.096, t(536) = -2.83, p = 4.81¢*), session, drug, drug
577  order, and virus (B session x drug x drug order x virus = 0.146, t(536) = 2.62, p = 9.17¢ ) and drug, drug
578  order, and reversal number (Bdrug x drug order x reversal number = 0.107, t(536) = 2.18, p = 0.03). We also

579  observed a sex x reversal number interaction (Bsex x reversal number = -0.084, 1(536) = -2.50, p = 0.01).
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580  Aside from a significant effect of session in R1 (Bsession = 0.03, t(134) = 2.67, p = 8.55¢"%%) there
581  were no significant predictors of learning with follow-up GLM analyses with sex in the model.
582  With sex as a covariate in the model there was a significant effect of session for R1 and R3 (R1:
583  PBsession= 0.026, t(141) = 3.80, p = 2.16e%; R3: Bsession= 0.018, t(141) =2.92, p = 4.11e®), and a
584  session x virus interaction in R3 (Bsession x virus = -0.020, t(141) = -2.07, p = 0.04). Bonferroni-
585  corrected post-hoc comparisons revealed an effect of session in eGFP (p < 0.01), but not in hM4Di
586  (p =0.45), indicating that only the eGFP group improved across session in R3 (Fig. 4-1).

587 For BLA hM4Di compared to eGFP, several interactions were observed including
588 interactions of session, drug, and virus (Bsession x drug x virus = -0.087, t(575) = -2.25, p = 0.02), drug,
589  drug order, and reversal number (B drug x drug order x reversal number = 0.107, t(575) = 2.29, p = 0.02), and
590  sex and reversal number (Bsex x reversal number = -0.084, t(575) = -2.15, p = 0.03). However, none of
591  the post-hoc GLM analyses resulted in significant predictors of learning with the exception of
592  session for R1 and R3 (R1: Bsession = 0.026, t(151) = 2.35, p = 0.02; R3: Bsession = 0.018, t(151) =
593  2.67, p = 8.43¢) when sex was included as a covariate in the model.

594 Due to the slow stimulus-based reversal learning, we next assessed probability correct
595  around reversals (three sessions before and after reversals for stimulus-based learning, and one
596  session before and after reversals for action-based learning) to test for detection and adjustments
597  to reversals.

598

599  Accuracy around reversals: Reversal detection

600 Stimulus-based reversal learning. We analyzed accuracy (probability correct) around
601  reversals, as overall stimulus-based reversal learning was modest. ANOV As with virus and drug

602 order as between subject factors were conducted on the mean change in accuracy between one
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603  reversal and the next. vIOFC hM4Di was significantly different from eGFP for R1-to-R2 [F{(1,24=
604  9.49, p < 0.01] and R2-t0-R3 [F(1.24= 10.1, p < 0.01], but not R3-to-R4 [F(1.24= 2.61, p = 0.12],
605 Fig. 4D. In contrast, BLA hM4Di was not significantly different from eGFP on changes in
606  accuracy around any of the reversals.
607
Stimulus c Initial learning D Reversal learning (counterbalanced CNO)
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Figure 4. Inhibition of vIOFC, but not BLA, impairs the detection of stimulus-based reversals as measured by
probability correct adjustments. (A-B) Trial structure (A) and timeline (B) of the stimulus-based task. Rats were first
surgerized with either hM4Di DREADDs or e GFP null virus on a CaMKII promoter. Rats were allowed to recover for 1 week
before testing on a stimulus-or action-based reversal learning task. (C) Initial learning of a rewarded stimulus, presented
pseudorandomly on the left or right side of the touchscreen for eGFP (top), vIOFC hM4Di (middle), and BLA hM4Di (bottom).
(D) Rats were always tested on a deterministic schedule before a probabilistic one. Shown are subsequent deterministic
(100/0) and probabilistic (90/10) reversal ‘transitions,” 3 sessions before and after each reversal. Drug order was
counterbalanced such that on R2 and R4 animals received VEH if they were administered CNO first on R1 and R3, and vice
versa. Chemogenetic inhibition of vIOFC abolishes changes in probability correct over the last 3 (pre) and first 3 (post)-
reversal sessions, indicating impaired detection of reversal. In contrast, BLA inhibition had no impact on this detection. There
was also no effect of CNO in eGFP group learning. **p<0.01 different than eGFP following ANOVA of pre-post difference.

608

609 Action-based reversal learning. We also assessed accuracy (probability correct) around
610 reversals for action-based reversal learning. As above, ANOVAs with virus and drug order as
611  between subject factors were conducted on the mean accuracy change between one reversal and
612  the next. Other than confirming the probabilistic reversal learning (R3) impairment for BLA
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613  hM4Di (Fig. 2), there were no significant effects of virus groups on accuracy changes on any other
614  reversal transition in action-based reversal learning (Fig. 2-1).

615 In summary, our results indicate that both BLA and vlOFC are required for learning action-
616  based reversals in females. Conversely, vIOFC, but not BLA, is necessary for detecting stimulus-
617  based, not action-based, reversals.

618

619  Win-Stay, Lose-Switch Strategies around reversals

620 Stimulus-based reversal learning. We also analyzed adaptive response strategies (Win-Stay
621  and Lose-Switch) around reversals. ANOV As with virus and drug order as between subject factors
622  were conducted on mean Win-Stay or Lose-Switch between one reversal and the next. vIOFC
623  hM4Di was significantly different from eGFP for Win-Stay R1-t0-R2 [F(1,24)=9.91, p <0.01] and

624  R2-t0-R3 [F.24= 11.61, p < 0.01], but not R3-to-R4 [F(124= 1.49, p = 0.24]. Similarly, vIOFC
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Figure 5. Inhibition of vIOFC, but not BLA, impairs the detection of deterministic stimulus-based reversals as
measured by changes in Win-Stay, Lose-Switch strategies. (A) Inhibition of vIOFC abolishes changes in Win-Stay over
the last 3 (pre) and first 3 (post)-reversal sessions, indicating impaired detection of R1-R2, R2-R3. In contrast, BLA inhibition
had no impact on this detection. (B) Inhibition of vIOFC abolishes changes in Lose-Shift over the last 3 (pre) and first 3 (post)-
reversal sessions, indicating impaired detection of R1-R2, R2-R3. In contrast, BLA inhibition had no impact on this detection.
There was also no effect of CNO in eGFP group learning. **p<0.01 different than eGFP following ANOVA of pre-post
difference.
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625 hMA4Di differed from eGFP for Lose-Switch in R1-to-R2 [F(1,24=6.00, p=0.023] and R2-to-R3
626  [F(124=5.00, p=0.036], but not R3-to-R4 [F(124=0.08, p=0.78], Fig. 5.

627 In contrast, BLA hM4Di was not significantly different from eGFP on changes in Win-Stay
628 or Lose-Switch strategies around any of the reversals. Therefore, the results for these adaptive
629  strategies reflect an identical pattern to that observed for probability correct for both vVIOFC and
630 BLA hM4Di, above.

631

632  Performance measures in reversal learning

633 We analyzed other performance measures including initiation, choice, and reward
634  latencies, as proxies for attention, deliberation, and motivation, respectively (Harris, Aguirre et al.,
635 2021; Yeetal.,, 2023). Given that the significant effects in accuracy were observed only in R1 and
636 R3, we elected to analyze latency measures during those reversals only, with sex added as a
637  covariate in the GLM models. In this case, a single measure per animal per reversal number was
638  obtained: the GLM formula was as follows for R1 and R3: y ~ /1 + virus * drug + sex + (I +
639  drug]| rat)].

640 Action-based reversal learning. vVIOFC comparisons with eGFP controls did not yield any
641  significant effects for R1; however, a significant drug effect emerged in R3, such that VEH-treated
642  animals exhibited longer initiation latencies than when treated with CNO, irrespective of virus
643  group (Bvirs = -0.524, t(27) = -2.06, p = 0.049). Females tended to exhibit longer latencies than
644  males, although this was only trending toward significance (Bsex=-0.353, t(27) = -1.96, p = 0.06).
645 When comparing BLA hM4Di vs. eGFP, we found a significant effect of virus in the full
646  model (Bvirus= 1.44, 1(93)=2.07, p = 0.039), with BLA hM4Di animals exhibiting longer initiation

647 latencies than eGFP controls. We also observed a significant effect of virus for both incorrect

31


https://doi.org/10.1101/2023.04.03.535471

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.03.535471; this version posted April 4, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

648  choice (R1: Byirus = 0.38, t(27) = 4.68 p < 0.0001; R3: Byirus = 0.28, t(28) = 3.40, p = 0.002) and
649  reward latencies (R1: Byiris=0.34, t(30) = 3.78 p = 0.0007; R3: Byirus = 0.22, t(30) =2.31, p =0.03),
650  such that BLA hM4Di exhibited longer latencies compared to eGFP (Fig. 2-2B). This effect was
651  not observed when comparing vVIOFC hM4DI vs. eGFP (Fig. 2-2A).

652 Stimulus-based reversal learning. We similarly analyzed performance measures in
653  stimulus-based reversal learning during R1 and R3, with sex added as a covariate to the model.
654  We found a robust sex difference, with females committing more initiation omissions than males,
655 irrespective of virus or drug, across reversals (VIOFC vs. eGFP: Bsex = -88.52, #(80) = -2.40 p =
656  0.02; BLA vs. eGFP: Bsex=-80.38, (89) = -2.14, p = 0.04; Fig. 4-2AB). For initiation latencies,
657  vIOFC hM4Di vs. eGFP analysis yielded an overall significant effect of sex as well (Bsex = -3.23,
658  t(81)=-3.72, p=0.0004), such that females exhibited longer initiation latencies than males across
659 reversals (Fig. 4-2CD). BLA hM4Di vs. eGFP comparisons also yielded a significant effect of sex
660  (PBsex=-3.26, t(88) = -3.88, p = 0.0002), however, there was also a significant interaction between
661  reversal number, virus, drug, drug order, and sex (Breversal number x virus x drug x drug order x sex = 1.46, t(88)
662 = 2.13, p = 0.036), which justified analysis of each reversal number separately. Subsequent
663  analyses revealed a significant effect of sex for both R1(Bsex=-1.58, t(24) =-3.40, p = 0.002), and
664  R3 (Psex=-0.67, t(24) =-2.42, p =0.024), with females exhibiting longer initiation latencies than
665 males, irrespective of virus or drug (Fig. 4-2D).

666 In summary, across all reversals BLA hM4Di animals exhibited slower deliberation speed
667  during incorrect choices, and took longer to collect reward compared to eGFP controls in the
668  action-based task. In contrast, sex emerged as a strong predictor of performance measures, but not
669 learning, in the stimulus-based task, as it accounted for much of the variance in initiation omissions

670 and latencies.
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671  Discussion
672
673 We used a chemogenetic approach to transiently inactivate neurons in either vVIOFC or

674  BLA to assess how these regions are involved in different aspects of reversal learning. Although
675 the role of OFC in reversal learning has been instantiated in different paradigms using visual
676  stimuli and cues (Izquierdo et al., 2013; Piantadosi et al., 2018; Hervig et al., 2020; Alsio et al.,
677  2021) as well as olfactory ones (Schoenbaum et al., 2003; Kim and Ragozzino, 2005), several
678  groups also report a strong role for OFC in action (spatial)-based reversal learning (Dalton et al.,
679 2016; Groman et al., 2019; Verharen et al., 2020). Almost all of these reversal learning
680 investigations have involved irreversible lesions or baclofen/muscimol inactivations of OFC.
681  Testing both types with a chemogenetic approach, here we found that different aspects of both
682  action- and stimulus-based reversal learning rely on vIOFC.

683 In parallel, the specific role of BLA in stimulus- vs. action-based reversal learning is poorly
684  understood given mixed results (Schoenbaum et al., 2003; Izquierdo and Murray, 2004;
685  Churchwell et al., 2009; Hervig et al., 2020). Recent studies suggest amygdala may be involved in
686  both types of learning (Taswell et al., 2021; Keefer and Petrovich, 2022) as BLA activity is
687 modulated by violations in reward expectations generally, which are not association-specific
688  (Roesch et al., 2012). To probe this, we tested animals on both stimulus- and action-based tasks
689  and found that BLA is more selectively involved in action-based reversal learning.

690 As additional motivations for the present study, several reports suggest that neural
691  recruitment in reversal learning may depend on certainty of rewards (Boulougouris et al., 2007,
692  Boulougouris and Robbins, 2009; Ward et al., 2015; Costa et al., 2016; Dalton et al., 2016;
693  Piantadosi et al., 2018; Verharen et al., 2020). To further understand this, we tested animals on

694  both deterministic (100/0) and probabilistic reversals (90/10). We found vIOFC to be involved in
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695 the detection of stimulus-based reversals and initial learning of both deterministic and probabilistic
696 learning across stimuli and actions, whereas BLA was more selectively involved in probabilistic
697  reversal learning of actions.

698 Finally, due to the sparsity of research probing sex differences in flexible learning and
699  decision making (Orsini and Setlow, 2017; Grissom and Reyes, 2019; Orsini et al., 2022; Cox et
700 al., 2023), where an overwhelming number of reversal learning studies include only males
701 (Schoenbaum et al., 2003; Izquierdo et al., 2013; Dalton et al., 2016; Groman et al., 2019; Hervig
702 et al., 2020; Verharen et al., 2020), we included both male and female rats here. We found sex-
703  dependent contributions of both vVIOFC and BLA in action-based reversal learning. We elaborate
704  on these findings within the context of the existing literature below.

705

706  Similar recruitment of BLA and vIOFC during action-based reversal learning

707 All animals learned to flexibly adjust their responses following deterministic and
708  probabilistic reversals, indicating successful remapping of reward contingencies as accuracy
709  increased across trials. Importantly, we found no effect of CNO in eGFP animals, suggesting that
710 it was activation of hM4Di receptors in BLA and vIOFC that were crucial to any impairments
711 observed. After considering sex as a covariate in our analyses, we determined that vIOFC was
712 necessary for learning of first deterministic (R1) and probabilistic reversal (R3). This is consistent
713 with findings following pharmacological inactivations or lesions of OFC (Boulougouris et al.,
714 2007; Boulougouris and Robbins, 2009; Dalton et al., 2016; Piantadosi et al., 2018; Verharen et
715  al., 2020).

716 BLA inhibition was not expected to impair deterministic reversal learning as it is thought

717  to be mostly recruited when there is some level of uncertainty, e.g., probabilistic outcomes (Roesch
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718  etal., 2012). Amygdala-lesioned monkeys are also impaired on action(spatial)-based probabilistic
719  reversal learning, exhibiting decreased probability of choosing the better option, and increased
720  switching behavior following negative outcomes (Taswell et al., 2021). BLA may indeed be
721  critical in generating prediction error signals following changes in reward associations (Esber et
722 al., 2012; Roesch et al., 2012; Iordanova et al., 2021), with particular involvement in detecting
723  unexpected upshifts or downshifts in value (Roesch et al., 2010; Stolyarova and Izquierdo, 2017).
724  Our finding of attenuated learning of probabilistic reversal R3 suggests it is the misleading
725  feedback that most engages BLA. Future investigations should probe the role of BLA in initial
726  learning of probabilistic outcomes, without reversal experience.

727

728  vIOFC, but not BLA, is necessary for detection of reversals in stimulus-based learning

729 As described above, unlike the ease of action-based reversal learning, rats exhibited
730  difficulty learning reversals of stimulus-reward contingencies, as previously reported (Harris,
731 Aguirre et al., 2021). Thus, instead of examining acquisition curves which reached asymptote
732  slightly above chance, we elected to study detection and adjustment to reversals by comparing
733  accuracy and strategy prior to and after a reversal occurred. Furthermore, this enabled assessment
734  about whether prior inhibition affected future detection of reversals and whether this varied by
735  transition type [i.e., between deterministic reversals (R1->R2), deterministic and probabilistic
736  reversal (R2->R3), or probabilistic reversals (R3->R4)]. We found that vIOFC, but not BLA,
737  inhibition produced a failure in detecting first deterministic and first probabilistic reversal. This
738  pattern was not observed in animals that received VEH during the first deterministic reversal,
739  suggesting vVIOFC needs to be “online” when experiencing a reversal for the very first time as this

740  determines how flexibly animals respond to future reversals. Employment of adaptive strategies
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741  matched this effect, such that vIOFC-inhibited animals did not employ either win-stay or lose-
742  switch strategies after the first reversal. That vIOFC inhibition did not impair the ability to detect
743  transitions between probabilistic reversals (R3->R4) supports the idea that other brain regions may
744 Dbe recruited when the probabilistic reward contingencies have already been established. The role
745 of OFC in establishing an “expected uncertainty” (Soltani and Izquierdo, 2019) has been
746  instantiated experimentally in several recent studies using different methodologies (Namboodiri et
747  al.,, 2019; Namboodiri et al., 2021; Jenni et al., 2022), and we add detection and adjustment to
748  stimulus-based reversals to this evidence. In contrast, BLA inhibition did not result in any
749  impairment in the ability to detect and flexibly adjust to reversals, regardless of whether they were
750  deterministic or probabilistic.

751

752  Females exhibited poorer action-based reversal learning following vIOFC and BLA inhibition

753 We found a significant sex-dependent effect of VIOFC inhibition for both the first
754  deterministic (R1) and the first probabilistic reversal (R3), and a similar effect in females following
755  BLA inhibition for R3. Importantly, although BLA hM4Di males also exhibited the general pattern
756  of attenuated learning of R3, the effect of BLA inhibition was largely driven by females. These
757  findings were unexpected as we did not anticipate sex differences in the recruitment of brain
758  regions involved in action-based reversal learning, mostly due to the lack of studies to date
759  investigating the effect of sex. Nonetheless, there is evidence that OFC is differentially activated
760 in males and females during risky decisions such that activity in the lateral OFC is inversely
761  correlated with the proportion of advantageous choices in female, but not in male, rats (van Hasselt
762  etal., 2012), with similar effects found in humans (Bolla et al., 2004) and in amygdala (Dreher et

763 al., 2007).
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764 Unfortunately, the potential of estrous-driven behavioral variation in females has
765 commonly been used as a rationale for excluding female rodents in behavioral neuroscience
766  research (Beery and Zucker, 2011; McCarthy et al., 2012; Shansky and Murphy, 2021). However,
767  our findings, and other recent studies of cortical circuits exhibiting sex-mediated influences on
768  reward-motivated behavior (Cox et al., 2023) should instead encourage the inclusion of both sexes
769  inexperiments as clear patterns emerge. Additionally, the learning impairment observed in females
770  following vlIOFC and BLA inhibition may not be primarily due to fluctuations in hormone levels,
771  but rather may reflect differential adoption of strategies between sexes (Grissom and Reyes, 2019;
772  Chen et al., 2021a; Chen et al., 2021b). Consistent with this view, our results based on estimated
773  RL model parameters suggests differential mechanisms for adjustment to reversals between males
774  and females. Specifically, we found some evidence for differential effects on y,, where the decay
775  rate for unchosen action values was greater for females than males. This is consistent with a
776  previous study which also observed similar disruption in retention of action values after ablating
777  OFC neurons projecting to BLA (Groman et al., 2019). Given that study involved only male rats
778 and involved a stronger manipulation than our chemogenetic approach (i.e., one that caused
779  pathway-specific neuronal apoptosis), it is plausible their observed effect on y; would have been
780  different between females and males.

781

782  Stimulus-based vs. action-based learning

783 Interestingly, we discovered task order to be significant in rats’ ability to learn to
784  discriminate stimuli: stimulus—=>action was learned much more readily than action—>stimulus. This
785  can be explained by noting that rats are heavily biased to acquire spatial associations (Wright et

786 al., 2019), and reinforcing this already-strong learning likely inhibits the ability to learn
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787  associations where spatial information should be ignored. In contrast, nonhuman primates are able
788  to quickly transition between “what” vs. “where” blocks of trials (Rothenhoefer et al., 2017;
789  Taswell et al., 2021). Nonetheless, learning both types of associations is crucial for flexibility
790  required in naturalistic environments and thus, it is important to examine how stimulus-based and
791  action-based learning systems interact with each other (Soltani & Koechlin, 2022). Moreover,
792  although the role of OFC in stimulus- or cue-based reversal learning has been probed using
793  olfactory and visual stimuli, more viral-mediated approaches employing targeted chemogenetic
794  and optogenetic manipulations across sensory modalities in both males and females are warranted.
795

796  Conclusion

797 The present results suggest similar roles for vVIOFC and BLA in flexible action-based
798 learning, but a more specialized role for vlIOFC in setting adjustments in stimulus-based learning.
799  Additionally, our findings underscore the importance of including both male and female animals
800 in behavioral neuroscience studies, adding to the mounting evidence of sex-modulated learning
801 flexibility (Chen et al., 2021a; Chen et al., 2021b).

802
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Figure 2-1. Neither BLA or vIOFC inhibition affected the detection of action-based reversals as measured by
probability correct adjustments. Rats were always tested on a deterministic schedule before a probabilistic one.
Shown are deterministic (100/0) and probabilistic (90/10) reversal “transitions,” 100 trials before and after each reversal.
Drug order was counterbalanced such that on R2 and R4 animals received VEH if they were administered CNO first
on R1 and R3, and vice versa. Inhibition of BLA impaired probabilistic reversal learning as indicated by selectively poor
performance in 90/10 at the beginning and end of that reversal. OFC inhibition resulted in no impairment around these
reversals. There was also no effect of CNO in the eGFP group.
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Figure 2-2. BLA, but not vIOFC, hM4Di exhibited longer incorrect choice and reward latencies
than eGFP during action-based reversals. (A) There were no significant differences in incorrect
choice and reward latencies when comparing vIOFC hM4Di vs. eGFP controls for any reversals. (B)
BLA hMA4Di animals exhibited longer incorrect choice and reward latencies than e GFP controls during
reversals. ***p<0.0001, **p<0.001, *p<0.05
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Figure 3-1. Reinforcement learning model fit to choice behavior indicates differential effect on the decay
parameter between male and female rats during deterministic and probabilistic action-based reversals. Plotted
are estimated model parameters for RL1q4ecay fitted to each session during deterministic (100/0) (A) and probabilistic
(90/10) (B) reversals. a = learning rate, 8 = inverse temperature, y,; = decay rate for unchosen option. Drug order was
counterbalanced such that on R2 and R4 (not shown) animals received VEH if they were administered CNO first on R1
and R3, and vice versa. Female e GFP group exhibited overall lower y,; than male e GFP rats during the first deterministic
reversal R1. Chemogenetic inhibition of viIOFC or BLA increased y on the first probabilistic reversal R3 for female rats.
Only comparisons with p<0.075 are shown. **p<0.01, *p<0.05.
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Figure 4-1. Probability correct during stimulus-based reversals. Cumulative P(correct) for first 5 sessions of each
deterministic (100/0) and probabilistic (90/10) reversal. Drug order was counterbalanced such that on R2 and R4
animals received VEH if they were administered CNO first on R1 and R3, and vice versa. Despite most animals reaching
criterion on initial learning (Fig. 2C), animals exhibited poor reversal learning. Performance around reversals (3
sessions before and after each reversal) is shown in Fig.2. Reversal learning was particularly flat for R3 (first
probabilistic reversal) for viOFC hM4Di group compared to eGFP. Bonferroni-corrected post-hocs following mixed-
effects GLM with sex as a covariate fixed factor wherein a session x virus interaction was found resulted in **p<0.01
effect of session in eGFP, not in hM4Di.
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Figure 4-2. Females commit more initiation omissions and take longer to initiate trials than males in
stimulus-based reversals. (A-B) Females committed more initiation omissions than males irrespective of virus
group or drug condition across reversals. (C-D) Females take longer to initiate trials than males irrespective of virus
group or drug condition across reversals.
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