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Animals must continually evaluate stimuli in their environment to decide
which opportunities to pursue, and in many cases these decisions can be

understood in fundamentally economic terms. Although several brain
regions have been individually implicated in these processes, the brain-wide
mechanisms relating these regions in decision-making are unclear.

Using an economic decision-making task adapted for rats, we find that
neural activity in both of two connected brain regions, the ventrolateral
orbitofrontal cortex (OFC) and the dorsomedial striatum (DMS), was
required for economic decision-making. Relevant neural activity in both
brain regions was strikingly similar, dominated by the spatial features of
the decision-making process. However, the neural encoding of choice
direction in OFC preceded that of DMS, and this temporal relationship was
strongly correlated with choice accuracy. Furthermore, activity specifically
inthe OFC projection to the DMS was required for appropriate economic
decision-making. These results demonstrate that choice informationin the
OFCisrelayed to the DMS to lead accurate economic decision-making.

Economic decision-making, the process of evaluating options in the
environment to inform the best course of action, is critical for awide
range of behaviors essential for survival and well-being. To make opti-
mal decisions, the neural representation of each option must be inte-
grated withinformation about the type and scale of outcome it predicts
to provide a representation of the subjective value of each alterna-
tive. Representations of subjective value can then be compared before
engaging neural circuits that generate flexible behavioral responses' .

Neural representations of subjective value have been identified
in the orbitofrontal cortex (OFC)*, and electrical microstimulation
of the OFC can bias choice behavior®. These results have supported
a widespread hypothesis that the OFC has a role in economic
decision-making"*". However, lesions and inactivation of the OFC
yielded conflicting results on choice behavior?'°, Furthermore, repre-
sentations of subjective value exist in other brain regions including
the medial prefrontal cortex”, dorsomedial striatum (DMS)*® and
mediodorsal thalamus"; similar manipulations of each of these brain
regionsinfluence decision-making behavior?°*, Thus, multiple brain

regions may have importantrolesin economic decision-making; how-
ever, surprisingly little is known about if and how these brain regions
may interact to mediate economic choices. One reason for this limited
understanding is that most studies examining the neural correlates
of value-based decision-making have been conducted in nonhuman
primate systems, wherein tools are more restricted for recording and
manipulating activity of precisely defined populations of neurons. To
address this limitation, we adapted an economic decision-making task
for rats, which permits recording and manipulation of neural activity
in multiple defined neural populations while rats make economic
decisions.

Results

Integration of reward quantity and quality information during
economic decision-making

In the initial experiments, we developed and validated an economic
decision-making task in rats (Fig. 1a). On each trial, rats were pre-
sented with two visual cues side by side. The type of stimulus (vertical
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Fig.1|Ratsintegrate information about reward quantity and reward
identity to make economic decisions. a, Schematic of economic decision-
making task for rats. b, Probability of choosing the blackcurrant-predictive cue
for all cue combinations (n =42 rats, one-way repeated-measures analysis of
variance (ANOVA)). ¢, Probability of choosing the blackcurrant-predictive cue
asafunction of difference in size of the reward available. Rats were more likely
to choose the larger available reward (n = 42 rats, one-way repeated-measures
ANOVA). Inset, fraction of trials in which the animal chose the larger available
reward (n=42rats, 0.82 + 0.01).d, Latency to choice nosepoke response as a
function of the difference in the size of the reward available. Rats were faster
when the difference in reward volume was high (easy trials) (n = 42 rats, one-way

repeated-measures ANOVA). The center dot represents the median, the bars
represent the first and third quartiles. e, Histogram of preference scores: the
difference in available reward at which the animal was equally likely to choose
the blackcurrant-predictive or lemon-predictive cue (negative values, blue
shading: rats preferring blackcurrant; positive values, yellow shading: rats
preferring lemon; n=42rats).f, Correlation of preference scores computed on
sessions performed 4 months apart. Preference scores were highly correlated,
indicating that the juice preferences of individual animals were stable across
time (n=12rats, Pearson correlation). *P < 0.05, **P < 0.001. Unless otherwise
noted, data are presented as the mean + s.e.m. Full statistical details are shown in
Supplementary Table 1.

or horizontal drifting gratings) indicated theidentity of the associated
reward (blackcurrant-flavored or lemon-flavored water), and the size
of the visual stimulusindicated the size of the associated reward. After
2's, the animals could perform a nosepoke to the side of the chosen
cue to indicate choice, whereupon the chosen reward was delivered.
We found that rats reliably chose visual stimuli that predicted larger
volumerewards (Fig. 1b,c). Inaddition, animals displayed slower choice
latencies on trials in which the difference in available reward volume
was small (difficult trials), compared with trialsin which the difference
inavailable reward volume was large (easy trials) (Fig. 1d). To confirm
that animals were making decisions based on the value of the stimuli
presented, as opposed to simply detecting larger visual cues more
reliably, weincluded asubset of animals in which the size of the visual
stimulus was not positively correlated with the size of the reward it
predicted. These animals still reliably chose stimuli that predicted
larger volume rewards, indicating that animals used information about

theavailable reward volume to make appropriate decisions (Extended
DataFig.1b-e).

We next asked whether animals used information about reward
identity, in addition to information about reward volume, to guide
their decision-making. For each animal, we generated a preference
score by calculating the difference in available reward (the num-
ber of drops of blackcurrant-flavored water — number of drops
of lemon-flavored water) at which the animal was equally likely to
choose the blackcurrant-predictive or lemon-predictive cue. We
found thatindividual animals displayed modest preferences for either
blackcurrant-predictive or lemon-predictive cues (Fig. 1e). Moreover,
we found that the preference scores of individual animals were strongly
correlated across consecutive sessions (Extended Data Fig. 1f) as well
as across sessions separated by approximately 4 months (Fig. 1f).
Thus, juice preferences were stable across both short and long time-
scales in individual animals. Animals therefore integrated individual
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(subjective) internal preferences regarding the available reward quality
with externally accessible (objective) information about available
reward quantity to make economic decisions.

Activity inboth OFC and DMS is necessary for economic
decision-making

Electrophysiological recordings identified several brain regions that
appear to encode important features of economic decision-making
tasks*"""°, To determine which brain regions were critical for this
task, we performed an optogenetic inactivation screen. Specifically,
after rats achieved criterion performance (Methods), we injected an
adeno-associated virus (AAV) encoding the inhibitory stabilized step
function opsin SwiChR++> under the control of the human synapsin
promoter (AAV8 hSyn:SwiChR++EYFP) bilaterally into the OFC, DMS,
mediodorsal thalamus or prelimbic cortex, and positioned opticalfibers
above each of these structures (Fig. 2a and Extended Data Fig. 2).
When animals had reestablished criterion performance, we asked
whether optical inhibition of each of these brain structures altered
decision-making performance (Fig. 2b).

In accordance with previous work in mice'®, optogenetic inhibi-
tion of the OFC impaired economic decision-making. We found that
psychometric curves were flatter and latencies for easy choices were
slower (Fig. 2c,d). In addition, we found that preferences computed
on trials in which the OFC was inhibited were not correlated with
preferences computed on trials in which the OFC was not inhibited,
indicating that optogeneticinhibition of the OFCalso disrupted juice
preferences (Fig. 2e). Optogeneticinhibition of the DMS also impaired
economic decision-making; psychometric curves were flatter and
latencies for easy choices were slower, but choice preferences were
unchanged (Fig. 2i-k), suggesting that decision-making based on
reward volume was disrupted but juice preferences remained intact.
In contrast, optogenetic inhibition of either the prelimbic cortex
(Fig.2f-h) or mediodorsal thalamus (Fig. 21-n) had no discernible effect
oneconomic decision-making. Decision-making was also unchangedin
animalsinjected with control virus encoding enhanced yellow fluores-
cent protein (EYFP) and subjected to the same procedures (Extended
DataFig.3a-d).

To determine whether the effects we observed were attribut-
able to a specific deficit in economic decision-making or due to an
unanticipated nonspecific effect of intervention (such as impaired
visual perception, action execution or value recall), we placed the
same animalsinto acontrol task, inwhich the choice component of the
economic decision-making task was removed (Extended Data Fig. 3e).
Onuninhibited trials, animals were faster to respond to cues that pre-
dicted larger volume rewards, suggesting that animals could perceive
the cues, remember their values and act accordingly. Importantly
thisrelationship was maintained when either the OFC (Extended Data
Fig. 3f) or DMS (Extended Data Fig. 3g) was inhibited. Thus, inhibi-
tion of the OFC or DMS impairs economic decision-making without
impairing visual perception, action execution or the representation
(orrecollection) of cue value.

Choice-related activity in the OFC precedes choice-related
activity in the DMS

To explore in more detail what function these brain areas might have
in economic decision-making, we performed wireless extracellular
electrophysiological recordingsin the OFC and DMS in freely moving
rats. A large proportion of task-modulated single units were identified
among all the units resolved in both brain areas (OFC: 1,157 of 1,329
units, n = 6 rats; DMS: 524 of 656 units, n = 6 rats). In both regions,
trial-averaged single-unit activity spanned the trial, and single units
that were modulated by a range of task features were identified
(Fig. 3a,b). We observed striking similarity in neural encoding in the
OFC and DMS, with single-unit responses dominated by the spatial
features of the task (size of the reward offered on the left, size of
the reward offered on the right, and side chosen) in both brain areas
(Fig. 3c and Extended Data Fig. 4a). Interestingly, in agreement with
ourinactivation data, we observed that despite a similar proportion of
neurons encoding both the objective value (size) and subjective value
of rewards predicted by cues presented on either side of the animal,
neurons in the OFC were more strongly modulated by the subjective
value of a stimulus than by its objective value, an effect that was not
observed in the DMS (Extended Data Fig. 4b).

To characterize the temporal dynamics of encoding between the
OFC and DMS, we trained a linear support vector machine (SVM) to
decode the choice the animal made on each trial (left or right) from
neural activity data recorded in either the OFC or DMS (Fig. 3d). We
were able to decode choice direction with high accuracy on held-out
neural activity data from both brain regions. Importantly, across all
animals, choice prediction peaked in the OFC before it peaked in the
DMS (Fig. 3e and Extended Data Fig. 4c). We next examined how this
temporal relationship related to choice accuracy. Cross-correlations
ofthe predicted choice parameter (the perpendicular distance of the
decoded decision value from the support vector, a proxy for deci-
sion confidence) computed on single trials revealed that the OFC
led the DMS more on trials in which animals chose the larger avail-
able reward (‘correct’ trials) than on trials in which animals chose the
smaller available reward (‘incorrect’ trials) (Fig. 3f,g; correct trials
lag=-23.93 + 22.86 ms (OFCleads), incorrect trialslag 44.82 + 26.69 ms
(DMS leads), n =30 sessions from five rats). These data demonstrate
that the encoding of choice-related information in the OFC precedes
the encoding of choice-related information in the DMS, and that this
relationship is correlated with choice accuracy.

To examine how information transmission between the OFC and
DMS might be disrupted on error trials, we first asked whether an
SVM trained on trials where animals chose the larger available reward
(correct trials) could predict choice behavior on trials when animals
chose the smaller available reward (incorrect trials). Strikingly, amodel
trained on datarecorded from either the OFC or DMS on correct trials
predicted the side the animal would choose equally well on correct
andincorrect trials (Extended Data Fig. 5a), suggesting that both brain
areas encode the chosen side with equivalent accuracy regardless of the
correctness of the choice. We next examined the SVM predicted choice

Fig.2|Activity in the OFC and DMS is important for economic decision-
making. a, Left: schematic of surgical preparation. Right: example single units
showing inhibition of spiking activity in response to optical stimulation.

b, Schematic of choice task with optical inhibition restricted to the cue evaluation
period. c-n, OFC and DMS inhibition impairs economic decision-making.

¢ f,il, Probability of choosing the blackcurrant-predictive cue as a function of
the difference in the volume of available rewards for uninhibited (green) and
inhibited (magenta) trials. Rats were less likely to choose larger volume rewards
when the OFC (c) or DMS (i) was inhibited but not when the prelimbic cortex (f)
or mediodorsal thalamus (1) was inhibited (OFC: n =12 rats; prelimbic cortex:
n=7rats; DMS: n = 6 rats; mediodorsal thalamus: n = 6 rats; two-way repeated-
measures ANOVA). Inset, fraction of trials in which the animal chose the larger
available reward on uninhibited (green) and inhibited (magenta) trials (two-sided

paired t-test). d,g,j,m, Latency to nosepoke choice response as a function of the
absolute difference in the size of rewards available on uninhibited (green) and
inhibited (magenta) trials. Rats were slower to respond when the OFC (d) or DMS
(§) was inhibited in trials wherein the difference in reward volume was high (easy
trials) (OFC: n =12 rats; prelimbic cortex: n = 7 rats; DMS: n = 6 rats; mediodorsal
thalamus: n = 6 rats, two-way repeated-measures ANOVA). Inhibition of either the
prelimbic cortex (g) or mediodorsal thalamus (m) did not alter response latency.
e,h k,n,Juice preferences computed on trials in which the OFC (e) was inhibited
were not correlated with juice preferences computed on trials in which the OFC
was notinhibited (Pearson correlation). Inhibition of the prelimbic cortex (h),
DMS (k) or mediodorsal thalamus (n) did not change juice preferences. *P < 0.05,
**P<0.01,**P<0.001. Data are presented as the mean + s.e.m. Full statistical
details can be found in Supplementary Table 1.
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parameters computed on held-out trials where the animal made either
correct or incorrect choices. As before, on correct trials we observed
that the predicted choice parameter increased in the OFC before the
DMS. However, when animals made an erroneous choice, we observed
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that despite the predicted choice parameter reaching similar levels as
seenon correcttrials, the predicted choice parameter did notincrease
inthe OFC before the DMS (Extended Data Fig. 5Sb—d). Thus, while the
transmission of spatial choice information from the OFC to the DMS
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isnecessary toinitiate appropriate value-based choice behavior, with-
out this information choice might be initiated by other brain regions
reflecting internal biases relating to habitual behavior.

Activity of the OFC projection to the DMS is necessary for
economic decision-making

Thetemporalrelationship between choice-related informationin the
OFC and DMS suggests that choices represented in the OFC could be
relayed to the DMS to guide appropriate choice behavior. To address
this hypothesis, we first examined the axonal projections from the OFC
and confirmed the presence of a robust projection to the DMS*
(Fig.4a,b). We next specifically inhibited this direct projection by bilate-
rallyinjectingan AAV encodingavariant of theinhibitory halorhodopsin,
which we optimized for axonal trafficking”, under the control of the
human synapsin promoter (AA8 hSyn:eNpHR3.0-NRN-EYFP) into
the OFC (Fig. 4c,d). We positioned optical fibers bilaterally in either
the DMS or mediodorsal thalamus, another major target of the OFC
projections (Fig. 4b). We found that optogenetic inhibition of OFC
inputs into the DMS selectively impaired decision-making related to
reward volume: psychometric curves were flatter and choice latencies
were disrupted (Fig. 4e,f), while preference scores were unchanged,
indicating that inhibition of the OFC projection to the DMS did not
disruptjuice preferences (Fig. 4g).In contrast, optogeneticinhibition of
the OFCinputs to the mediodorsal thalamus had no effect on economic
decision-making (Fig.4h-j).Inaddition, optogeneticinhibition of the
OFC projection to the DMS or mediodorsal thalamus had no effect on
response latencies in the control task in which the choice component
of the economic decision-making task was selectively eliminated,
confirming that this manipulation did not impair visual perception,
action execution or the representation (or recollection) of cue value
(Extended DataFig. 6a—-c). Taken together, the datashownin this study
indicate that information relayed directly from the OFC to the DMS is
important for guiding economic decision-making.

Discussion

Animals must constantly evaluate stimuliintheir environment to guide
appropriate approach and avoidance behaviors' >, To study how neural
activity patterns across the brain may mediate these complex behav-
iors, we adapted an economic decision-making task for rats. Our experi-
ments demonstrate that activity in the OFC and DMS, but surprisingly
notinthe prelimbic cortex or mediodorsal thalamus, isimportant for
economic decision-making. Moreover, neural activity in both brain
areasisdominated by spatial features of the economic decision-making
task. Interestingly, we found that choice-related activity emerges in
the OFC before the DMS, a relationship that correlates with choice
accuracy. Finally, we found that activity of the direct connection from
OFC to DMS is important for appropriate decision-making behavior.
Taken together, these data suggest that spatial choice information is
relayed from the OFC to the DMS to guide economic decision-making
appropriate to the individual.

Several lines of previous evidence have supported arole for the
OFC in economic decision-making*™; however, inactivation and
lesion studies have yielded contradictory results®', In this study,
we leveraged the temporal resolution and enhanced the sensitivity of
a designed inhibitory stabilized step function opsin® to inhibit OFC
selectively during the cue evaluation period, when rats are making
decisions. This optogenetic strategy avoided prolonged tissue heat-
ing (which could modulate neural activity directly) and prevented
OFC disruption during choice execution and reward consumption
(which could have other influences on decision-making behavior?%°).
In addition, we used a new training paradigm in which exposure to
pairs of cues was limited to the testing context, so that animals would
be unlikely to develop unnatural habitual responses to specific cue
combinations (a phenomenon that could underlie the negative
results observed in some previous studies™ ™). This training paradigm
resulted in precise psychometric curve functions that allowed us
to detect subtle impairments in economic decision-making.
Finally, we demonstrated that activity in the OFC was not necessary
for performance of a control task in which the choice component was
selectively removed. This experiment excluded the possibility
that effects were driven by sensory, motor or motivational deficits
induced by opticalinhibition. Taken together, these datarevealed that
OFCinhibition—restricted to the cue evaluation period—specifically
and potently impaired economic decision-making appropriate to
individual preference.

The OFC has been proposed to function as a cognitive map of the
world, thatis, aninternal model of the associative and predictive rela-
tionships presentin the environment**~*, This hypothesis could unify
several contrasting observations regarding the role of the OFC in dis-
tinct tasks, inwhich the OFC appears to be specifically required when
individuals must use multiple categories of established knowledge to
guide behavior in new scenarios® . Consistent with this hypothesis,
we found that OFC activity is necessary when animals must choose
between differently valued options, only previously experienced
inisolation. Importantly, we observed that OFC inhibition does not
appear to preclude the ability to access value information; forexample,
OFC-inhibited animals still respond more rapidly to cues that predict
larger-magnitude rewards in a single-cue control condition. Notably,
thisis also a task the animals had never seen before.

These data therefore suggest that OFC activity (and associated
cognitive maps) is specifically recruited when animals must resolve
motivational conflict to guide new decision-making. It should be noted
thatthe OFCisalarge, heterogenous structure consisting of the medial,
ventral, ventrolateral, lateral and dorsolateral orbital areas**. In this
study, we specifically targeted the ventrolateral orbital area due toits
reported role in supporting flexible behavior®*~** In the future, it will
beimportant to determine how these results compare toinactivation
of other orbitofrontal subregions and how future results relate to
established differences in anatomical connectivity across mediolateral
and anterior-posterior gradients*,

Fig. 3| Activity in the OFC and DMS encodes spatial features of economic
decision-making. a, Upper: heatmap of z-scored firing rates, averaged across
trials, for each task-modulated unit in the OFC (top) or DMS (bottom). Lower:
population-averaged z-scored firing rates. b, Tuning of example single units
recorded in the OFC (top) or DMS (bottom). Left: trial-averaged peristimulus
time histograms. Right: violin plots of peak z-score. Different shades of blue and
red correspond to different trial types. The center dot represents the median; the
bars represent the first and third quartiles. ¢, Proportion of units significantly
modulated by different task features in the OFC (top) or DMS (bottom). OFC and
DMS activity properties are similarly dominated by spatial features. d, Linear
decoding approach. e, Chosen side classification accuracy of fourfold cross-
validated SVM trained on single-unit activity in the OFC (blue) or DMS (red).
Increase in decoding accuracy in the OFC precedes increase in decoding accuracy
inthe DMS (n = 656 units per brain area from six rats). f, Left: predicted choice

parameter computed on single trials from an example single session in which
activity inthe OFC (top) and DMS (bottom) was recorded simultaneously. The
predicted choice parameter was defined as the perpendicular distance of the
decoded decision value from the support vector. Predicted choice parameters
were aligned to choice response and color-coded according to the side chosen by
the animal on each trial. Right: histograms of predicted choice parameters at the
time when choice was indicated (n =132 trials, n =11 OFC units, n =11 DMS units)
g, Single-session mean peak cross-correlation lags of the OFC and DMS predicted
choice parameters on trials in which the animal chose the larger available reward
(correct trials, green) and trials in which the animal chose the smaller available
reward (incorrect trials, gray) (n = 30 sessions from five rats, two-sided paired
t-test; the black lines denote the means). **P < 0.01. Unless otherwise noted,
dataare presented as the mean + s.e.m. Full statistical details are shown in
Supplementary Table1.
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In contrast to previous observations of nonhuman primatesmak-  decisionsinactionspace'®*’. Consistent with thisidea, we observed that
ingeconomic decisions®, which have consistently demonstrated that  decision-related variables are represented in the rat OFC in a spatially
task variables are represented in the OFC in goods (that is, resource) mapped manner.Moreover, although optogeneticinhibition of the OFC
space, our datasuggest that the rodent OFChasacriticalroleinmaking  did not influence behavior in animals presented with a single sensory
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Fig. 4| Activity of the projection from the OFC to the DMS is necessary for
economic decision-making. a, Photograph of representative intact rat brain
before (left) and after (middle) clearing. Right: brain-wide axonal projections of
oScarlet-expressing cell bodies located in the OFC. Scale bar, 1 cm. Inset, coronal
section of cell bodies located in the OFC. Scale bar,1 mm. b, Quantification of
brain-wide axonal projections of oScarlet-expressing cell bodies located in the
OFC, n=3rats. ¢, Schematic of surgical preparation for inhibiting OFC axonal
terminals during economic decision-making. d, Schematic of optical inhibition
during the cue evaluation period of the economic decision-making task.

e-j, Inhibiting the OFC projection to the DMS, but not the OFC projection to the
mediodorsal thalamus, impairs economic decision-making. e, h, Probability of
choosing the blackcurrant-predictive cue as a function of the difference in the
volume of available rewards for uninhibited (green) and inhibited (magenta)
trials. Rats were less likely to choose larger volume rewards when the OFC
projection to the DMS was inhibited (e) but not when the OFC projection to the

16-01

Preference score no inhibition

mediodorsal thalamus was inhibited (h) (OFC-DMS: n =7 rats; OFC-mediodorsal
thalamus: n = 6 rats, two-way repeated-measures ANOVA). Inset, fraction of trials
inwhich the animal chose the larger available reward on uninhibited (green)

and inhibited (magenta) trials (two-sided paired ¢-test). i, Latency to choice
nosepoke response as a function of the absolute difference in the size of rewards
available on uninhibited (green) and inhibited (magenta) trials. Rats were slower
torespond when the difference in reward volume was high (easy trials), when the
OFCprojection to the DMS was inhibited (f). Inhibition of the OFC projection to
the mediodorsal thalamus (i) did not alter response latency (OFC-DMS: n = 7 rats;
OFC-MD: n = 6 rats, two-way repeated-measures ANOVA). g j, Juice preferences
computed on trials in which the OFC projection to the DMS (g) or mediodorsal
thalamus (j) was inhibited were correlated with juice preferences computed on
trials in which the OFC projection to the DMS or mediodorsal thalamus was not
inhibited (Pearson correlation). **P < 0.01, ***P < 0.001. Data are presented as the
mean + s.e.m. Full statistical details are shown in Supplementary Table 1.
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cueeliciting asingle actionin the control task, optogeneticinhibition
profoundly impaired behavior when animals were presented with
the same single cue to guide decision-making between two different
actions in the choice task (for example, three drops of blackcurrant
juice reward versus no reward). Taken together, these data suggest
that OFC activity in rodents is specifically recruited when animals must
make choices between differently valued actions. Moving forward, it
will beimportant to determine whether this reflects afundamental dif-
ferencein processingacross speciesorisdueto the different demands
of the specific tasks used** (for example, the freely moving task used
in this study might necessitate a more detailed representation of the
spatial environment thanthe head-restrained tasks that have typically
been used in nonhuman primates).

In contrast to the role of the OFC itself, the role of OFC outputs
to other brain regions in value-based decision-making has been less
comprehensively characterized. Previous studies showed that OFC
projections to the ventral tegmental area can mediate aspects of appro-
priate credit assignment®, projections to basolateral amygdala from
lateral or medial OFC can mediate encoding and retrieval of values
respectively*®*, and OFC projections to both the dorsal and ventral
striatum are important for using outcomes to update the value of spe-
cificactions***** In this study, we expanded on this work and showed
for the first time that the direct transmission of choice information
from the OFC to the DMS, a region implicated in the generation of
goal-directed actions****>#***-¢° isimportant for the evaluation of
different reward options before any outcome is delivered. Moreover,
by demonstrating that activity of the same projection is not required
for performance of a control task in which we selectively removed
motivational conflict, we confirm that this deficit in decision-making
behaviorisnot due to ageneralfailure to recall outcomes that specific
cues predict™.

Surprisingly, while inhibition of the OFC disrupts choices based on
bothreward size (objective value) and reward type (subjective value),
inhibition of either the DMS or the projection from the OFC to DMS
only disrupts choices based on reward size (objective value). In addi-
tion, we found that neurons in the OFC are more strongly modulated
by subjective value than objective value, an effect thatis not observed
in the DMS. These data suggest that an additional pathway out of the
OFC may also contribute to decision-making about different types of
reward. Inthe future, it will be important to identify how distinct OFC
projections function in concert to support different components of
decision-making. Takentogether, these data provide new insightinto
how choices encoded in the OFC engage downstream neural circuits
to generate appropriate behavioral responses.

Economic decision-making requires animals to compare the
subjective value of sensory stimuli to guide appropriate behavior.
To achieve this goal, sensory representations must be imbued with
subjective value information, compared and used to engage neural
circuits that generate appropriate behavioral responses. In this study
we report that the projection from the OFC to the DMS ultimately
connects sensory representations to appropriate behavioral output,
toimplementaccurate economic decisions. Thus, the OFC projection
to the DMS provides a critical anatomical substrate through which
cortical representations exert dynamic control over ongoing behavior.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41593-023-01409-1.
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Methods

Experimental procedures were approved by the Stanford University
Institutional Animal Care and Use Committee and by the Administrative
Panel on Laboratory Animal Care (protocol no. 32908), according to
the National Institutes of Health (NIH) guidelines for the care and use
oflaboratory animals.

Experimental animals and stereotactic surgery

Adult (10-12 weeks) male and female Long-Evans rats (Charles River
Laboratories) were group-housed until surgery. Rats were randomly
assigned to different experimental groups. Animals were anesthetized
with isoflurane (1-5%, Henry Schein) and placed into a stereotactic
frame (KopfInstruments). Bone screws (Stoelting Co.) were inserted.
For the optogenetic experiments, microinjection needles (WPI) were
theninserted (coordinates from bregma: OFC +4 anteroposterior, +2
mediolateral, -3 dorsoventral; prelimbic cortex +2.5 anteroposterior,
+0.5 mediolateral, -3.5 dorsoventral; DMS +1 anteroposterior, +2.5
mediolateral, -4 dorsoventral; mediodorsal thalamus -2.8 anteropos-
terior, 0.8 mediolateral, -5 dorsoventral; note that the dorsoventral
coordinates reflect the distance from the brain surface) and each struc-
ture was injected with virus ataspeed of 0.1 pl min. A200-pmdiameter
opticalfiber (Thorlabs) was placed 250 pum above the target sites and
fixed in place using dental cement (RelyX, 3M). For the electrophysio-
logical recordings, 64-channelsilicon probes (Cambridge NeuroTech)
were mounted onamicrodrive and lowered to 500 pmabove the site of
interest. Craniotomies were sealed with Dura-Gel and microdrives were
fixedin placed using dental cement. Molex connectors were attached to
awireless headstage (White Matter LLC), which was affixed to the skull
with dental cement. Probes were lowered to the recording site 2 days
before recordings. Buprenorphine SR (1 mg kg™) was administered.
As an exclusion criterion, we only included rats with viral expression
confined to the site of interest and fiber placement above the target
site. (This resulted in the exclusion of one animal.) All experiments were
conducted according to approved protocols at Stanford University.

Ratbehavior
Water scheduled rats (1 h of water per day) were placed into a custom
operant chamber equipped with three nosepoke portals mounted on
ascreen. The center portal was equipped with a lick spout for reward
delivery. Entries into each nosepoke portal were detected by the break-
ageofaninfrared beamand licks were detected using a capacitive touch
sensor. (This was omitted for the electrophysiological recordings.)
All events were controlled and recorded using custom MATLAB code
using the MATLAB Support Package for Arduino and the Psychophysics
Toolbox v.3 (ref. 61). For training, animals were placed into the oper-
ant chamber. One second after entering the center portal they were
presented with a visual cue on one side of the center portal. The type
of cue (vertical or horizontal drifting gratings) indicated the type of
reward associated with the cue (zero calorie blackcurrant-flavored or
lemon-flavored water); the number of squares that included the cue
indicated the size of reward associated with the cue. Lemon-predictive
and blackcurrant-predictive cues could be presented on either the left
orrightside of the animal, randomized for each trial. After 2 s, animals
had to perform anosepoke to the side the cue was presented to obtain
the corresponding reward. Reward was delivered in the center portal.
Reward collection was followed by avariable intertrial interval (ITI) of
5-10s.Ifanimals responded to the wrong side, no reward was delivered
and the screen turned white for a 10-s time-out period. This taught
animals to move to the side of the cue to indicate the response and to
reinforce contingency. Trials in which animals took more than 12 s to
indicate aresponse, and trials in which the animal took more than 5 s
to collect the reward, were excluded.

When animals had achieved criterion performance (> 90% accu-
racy and response latency inversely proportional to reward magni-
tude on three consecutive sessions; each stimulus was comparably

learned as shown in Extended Data Fig. 1a), they were placed into a
full choice session. Animals were placed into the operant chamber;
1s after entering the center portal, animals were presented with two
visual cues side by side. Lemon-predictive or blackcurrant-predictive
cues could be presented on either the left or right side of the animal,
randomized for each trial. After 2 s, animals had to move to the side
of the chosen cue to indicate their choice, and the chosen reward
was delivered in the center portal. Reward collection was followed
by avariable ITI of 5-10 s. Trials in which animals took more than12 s
to indicate choice, and trials in which animals took more than 5 s to
collectthereward, were excluded. If animals performed at more than
75% accuracy (as animals made choices primarily to maximize the total
volume of liquid consumed, accuracy was defined as the proportion
of trials wherein animals selected the larger available reward), the
following day animals were placed into another full choice session
(for a maximum of three consecutive full choice sessions). For the
choice sessions, a total of 15 cue combinations were used; each ses-
sion was terminated after 600 trials or after 2.5 h, whichever came
first. Otherwise, animals were placed back into training sessions until
reachieving criterion performance. Summary data are presentedasa
composite of three consecutive full choice sessions per rat. Behavio-
ral data were fitted by probit regression using the glmfit function in
MATLAB. Preference scores were computed by calculating the differ-
enceinavailable reward (number of drops of blackcurrant - number
of drops oflemon) for which the animal was equally likely to choose a
blackcurrant-predictive or lemon-predictive cue. Long-term prefer-
ence comparisons were between the preference score from the final
three consecutive full choice sessions before a 4-month university
shutdown, and the preference score from the first three consecutive
full choice sessions after the 4-month shutdown. Comparisons of
short-term preferences were performed on preference scores from
each of'three consecutive sessions. Latency to choice was calculated
by finding the mean latency from the end of the mandatory 2-s cue
presentation period, to the time at which the animal made its nosepoke
response for each trial type. For each animal, we then subtracted the
trial type with the fastest mean response time from all other trial types
toobtain arelative latency to choice.

We carried out control behavior to account for the nonspecific
effects of optical inhibition. Animals were placed into an operant
chamber equipped with two nosepoke portals mounted on a screen;
theleft portal was equipped with alick spout for reward delivery. One
second after entering the left portal, animals were presented with
a single visual cue in the center of the portal. (The same visual cues
were also used for training and the full choice task.) After 2 s, animals
had to perform anosepoke in the second portal to indicate response.
Reward was deliveredin the left portal. Reward collection was followed
by avariable ITI of 5-10 s. Trials in which animals took more than12 s
toindicate response, and trials in which the animal took morethan5 s
to collect the reward, were excluded.

Optogeneticinhibition

Rats were placed into the operant chamber and a top-branch with a
200-pum diameter fiber-optic patch cord (Doric) coupled to either a
473 nm (Omicron) and 635 nm (CNI), or a594 nm (Cobalt), laser setup
outside of the operant chamber connected to the implanted optical
fibers. Immediately beforehand, power output from the patch cord
was adjusted to 8 mW (473 nm), 5 mW (635 nm) or 10 mW (594 nm).
Animalsreceived randomly interleaved presentations of inhibited and
uninhibited trials. On the SwiChR++inhibition trials,1s of 473-nmlight
stimulation toinitiate inhibition was delivered when the visual stimuli
were presented; 1s of 635 nm light stimulation to relieve inhibition
was delivered when the animal exited the center portal to indicate its
choice. Onthe halorhodopsininhibition trials, 594-nmlight stimulation
was initiated when the visual stimuli were presented and terminated
when the animal exited the center portal to indicate choice.
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Chronic electrophysiology

Animals were implanted with 64-channel silicon probes over the right
DMS andright OFC. Onthe day of implantation, electrodes were lowered
to 500 pmabovethesite of interest. Animals were allowed to recover for
2-3 weeks before behavioral training was resumed. Microdrives were
lowered by 250 pm 2 days before each recording session. Electrophysi-
ological datawere acquired at 20 kHz using a wireless acquisition system
(White Matter LLC). Recordings were made in freely moving rats, which
may impactthe degree of lateralization of the neural responses observed.
Behavioral time stamps were acquired at 30 kHz using an Open Ephys
acquisition system. Clocks were synchronized by sending a signal on
every Open Ephys sample to the White Matter LLC acquisition system.

Acute electrophysiology

Animals expressing SwiChR++inthe OFC were anesthetized withisoflu-
rane and placed into astereotactic frame. A craniotomy was placed over
the OFC and acustom optrode (200-pum fiber cemented onto asilicone
probe) was inserted into the region of the infected cells. Recordings
were made using an Open Ephys acquisition systemapplying abandpass
filter from300to 6,000 Hz to the voltage signal. A1-s pulse of blue light
(473 nm, 8 mW)was delivered toinitiate inhibitionand al-s pulse of red
light (635 nm, 5 mW) was delivered to alleviate inhibition 4 s later. Laser
timing was controlled by a Master-8 pulse generator (AMPI).

Electrophysiology data analysis

Spikes were sorted using Kilosort2 and were manually curated using
Phy2 (ref. 62). Units with less than 1% inter-spike intervals shorter than
2 ms were considered single units for the analysis purposes. Spike
counts were binned in 50-ms bins, stepped at 25-ms increments and
converted into az-scored firing rate across the whole session. Z-scored
firing rates were aligned to task events (cue presentation, choice nose-
poke and reward delivery) and the mean firing rate inthe 500 ms before
cue presentation was subtracted on a per trial basis. Task-modulated
units were identified based on a Wilcoxon rank-sum test of the mean
firing rate within the 500-ms baseline and ten 500-ms epochs span-
ning the trial starting at cue onset. A cell was deemed task-modulated
ifany of the task epochs differed significantly from baseline after false
discovery rate correction, with a corrected significance threshold of
P<0.001.Foreachneural response, we performed alinear regression
against each of a set of ten predefined variables (separately). For sub-
jective value regression, preference scores were calculated for each
session by finding the difference in the available reward at which the
animal was equally likely to choose blackcurrant and lemonade. This
scorewas thenadded to the volume of lemonade available oneach trial
to generate subjective value predictors. Units were deemed modulated
by thevariableifthe regression slope differed significantly from zero
(correct significance threshold of P<0.001).

Decoding analysis was performed using a fourfold cross-validated
linear SVM®, Classification accuracy was calculated as the fraction
of correct predictions made on held-out data averaged across four
cross-validation splits, repeated five times. For the single-trial analysis,
predicted choice parameters were computed as the perpendicular
distance of decision value from the support vector at each time point,
repeated across four cross-validation splits. Cross-correlations of the
predicted choice parameters were calculated inthe 3 ssurrounding the
choice nosepoke and averaged across 20 decoding repeats per session.
Single-trial predicted choice parameters were smoothed witha 50-ms
Gaussian filter for analysis and a 250-ms Gaussian filter for visualiza-
tion. For the latency analysis, an arbitrary threshold of 0.33 was set.
For alldecoding analysis, the numbers of units across brain areas were
matched to the size of the smallest recorded population.

Histological processing and analysis
Rats were euthanized by transcardiac perfusion with 150 ml PBS, fol-
lowed by 100 ml 4% paraformaldehyde. Brains were extracted and

100-pmsections were cut onavibratome. Slices were labeled with goat
anti-GFP (1:1,000, Abcam) primary antibody and Alexa Fluor 488 donkey
anti-goat (1:1,000, Invitrogen). For the axon tracing studies, a micro-
injection needle wasinserted into the brain (coordinates from bregma:
+4 anteroposterior, +2 mediolateral, -3 dorsoventral) and 0.5 pl AAV8
hSyn:oScarletwasinjected into the OFC ataspeed of 0.1 pl min™. At least
8weeks later, brains were prepared for histology and axonal projections
were quantified as described previously®*. Briefly, 100-pum coronalslices
were imaged on a confocal microscope (ZEISS, Zen software) using a
x20 objective and the resultant images were processed in Image]J for
quantification. Briefly, the injection site was first manually removed and
background was subtracted. Threshold was set to x4 the mean of the
local background and pixels above this threshold were interpreted as
positive signal from the OFC axons. Region of interest (ROI) boundaries
were manually defined based on 4,6-diamidino-2-phenylindole staining
and the Paxinos and Watson rat brainatlas®. Axon density was calculated
as the percentage of total ROIs containing pixels above the threshold.
Three sections per ROlwere analyzed and those values were averaged to
calculate asingle value per ROl perrat. This approach cannot distinguish
between axon terminal and fibers of passage.

Whole-brain clearing

Adult Long-Evans rats were anesthetized with isoflurane and placed
into astereotactic frame. Amicroinjection needle wasinserted into the
brain (coordinates from bregma: +4 anteroposterior, +2 mediolateral, -3
dorsoventral) and 0.5 pl AAV8 hSyn:oScarlet was injected into the OFC
ataspeed of 0.1 ul min™. Eight weeks later, brains prepared forimaging
using SHIELD®. Briefly, rats were euthanized by transcardial perfusion
with 150 mIPBS, followed by 100 ml 4% paraformaldehyde, followed by
50 ml12% epoxide SHIELD perfusion solution. Brains were extracted
andincubated in SHIELD perfusion solution at 4 °C for 48 h. Brains were
removed from SHIELD perfusionsolution and transferred to SHIELD OFF
solution and incubated at 4C for 48 h. Brains were then transferred to
SHIELD ON solution and incubated at 37 °C for 24 h. After completion
ofthe SHIELD reaction, brains were transferred to SDS clearing solution
and cleared passively at 37 °C for 7 days, before being transferred to a
SmartClear system for active clearing for10-14 days. When brains were
clear, they were washed in 0.1% PBS with Tween 20 at 37 °C for 3 days,
beforebeing equilibratedin exPROTOS at room temperature for 2 days
and imaged using a COLM light sheet microscope®”“®.

Statistics and reproducibility

Data are presented as the mean * s.e.m. unless otherwise indicated.
Raw datawere tested for normality of distribution; statistical analyses
were performed using Student’s ¢-test, Wilcoxon signed-rank test
or ANOVA with Bonferroni correction for multiple comparisons.
Statistical analyses were performed in Prism (GraphPad Software) and
MATLAB (MathWorks). No statistical method was used to predetermine
sample size, but sample sizes were based on previous studies®’. For
practical reasons, data collection and analysis could not be performed
blind to the conditions of the experiments (for example, because of
obviously different positions of the fibers), but data were collected
and analyzed in an automated manner to prevent experimenter bias.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All primary datafor the figures and extended data figures are available
fromthe corresponding author (K.D.) uponrequest.

Code availability
The code used for data processing and analysis is available from the
corresponding author (K.D.) uponrequest.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-023-01409-1

References

61. Kleiner, M. et al. What's new in psychtoolbox-3. Perception 36,
1-16 (2007).

62. Stringer, C., Pachitariu, M., Steinmetz, N., Carandini, M. &

Harris, K. D. High-dimensional geometry of population responses
in visual cortex. Nature 571, 361-365 (2019).

63. Meyers, E. M. The neural decoding toolbox. Front. Neuroinform. 7,
8 (2013).

64. Beier, K. T. et al. Circuit architecture of VTA dopamine neurons
revealed by systematic input-output mapping. Cell 162, 622-634
(2015).

65. Paxinos, G. & Watson, C. The Rat Brain in Stereotactic Coordinates
(Academic Press, 2007).

66. Park, Y. G. et al. Protection of tissue physicochemical properties
using polyfunctional crosslinkers. Nat. Biotechnol. 37, 73-83
(2019).

67. Tomer, R., Ye, L., Hsueh, B. & Deisseroth, K. Advanced CLARITY for
rapid and high-resolution imaging of intact tissues. Nat. Protoc. 9,
1682-1697 (2014).

68. Lerner, T. N. et al. Intact-brain analyses reveal distinct
information carried by SNc dopamine subcircuits. Cell 162,
635-647 (2015).

69. Zalocusky, K. A. et al. Nucleus accumbens D2R cells signal
prior outcomes and control risky decision-making. Nature 531,
642-646 (2016).

Acknowledgements

We thank T. Machado, J. Baruni and members of the Deisseroth
and Malenka laboratories for helpful discussions. This work was
supported by grants from the UCSF Dolby Family Center for Mood
Disorders (to R.C.M.), the NIH (no. PSODA042012 to K.D. and R.C.M.;
no. K99DA050662 to F.G.), National Science Foundation, Gatsby,
Fresenius, Wiegers, Grosfeld and NOMIS Foundations (to K.D.),

a Walter V. and Idun Berry award and a Brain & Behavior Research

Foundation (formerly National Alliance for Research on Schizophrenia
& Depression) Young Investigator Award (to F.G.).

Author contributions

F.G., R.C.M. and K.D. conceived the project, designed the experiments
and wrote the manuscript with input from all authors. F.G.

performed the behavioral experiments, optogenetic manipulations,
electrophysiological recordings and data analysis. M.H. assisted with
the behavioral experiments. C.R. designed and produced the viral
constructs. A.K.C. performed the light sheet microscopy. R.C.M. and
K.D. supervised all aspects of the work.

Competing interests

R.C.M. is on the scientific advisory boards of MapLight Therapeutics,
Bright Minds Biosciences, MindMed and Aelis Farma. K.D. is on the
scientific advisory boards of MapLight Therapeutics, Stellaromics,
and Bright Minds Biosciences. The other authors declare no
competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41593-023-01409-1.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41593-023-01409-1.

Correspondence and requests for materials should be addressed to
Karl Deisseroth.

Peer review information Nature Neuroscience thanks the anonymous
reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Neuroscience


http://www.nature.com/natureneuroscience
https://doi.org/10.1038/s41593-023-01409-1
https://doi.org/10.1038/s41593-023-01409-1
https://doi.org/10.1038/s41593-023-01409-1
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41593-023-01409-1

a

e 17

[$]

e

0.8

(8]

K]

<061

0.4

S

T

80.21

9

o 04

b = _ mo

=4 S =0k moss M ime

c d e 5T
i —— 1
1.0 1.01 ® 25
= = -~ [0]
= c
0.8 0.8 &g
£ 5 ® £
3 2 , o1.07
5061 5°°1 ® 3
E & 10
e} 2 /s  Tos <
©0.4- ©0.4- £ o
2 2 ‘ Sos ©0.54 l
8 o S04 %)
§0.2' @0'2- ,‘ 80_2 2
= : le il N
0- o+=————7—r  O- — T
3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3
. -
f
o — ™ = o —
g ° g g L]
g 21 .7
(0] ® e [0 [0 ° °
1) 1) o © 1)
o % = ° L 5 2 ‘ .0’ i
o ° e o 0200 o Q
o 0 o o 01 o o 0 o
e g g
o ° cge * Q to b 2 o %
o o o
g -1 R=074 2 -11 R=076 2 b R =068
2 P < 0.001 2 4P < 0.001 S ***P < 0.001
1 0 1 -1 0 1 -1 0 1

Preference score session 1
Extended Data Fig. 1| Behavioral characterization. a. Proportion of correct
responses to each cue in final 3 training sessions before surgery; cues were
comparably learned, n =36 rats. b. Reinforcement contingencies where size
of stimulus was not proportional to reward size for probing whether animals
performvalue-based or perceptual decision-making. c. Probability of choosing
blackcurrant-predictive cue for all cue combinations for animals training using
reversed reinforcement contingencies (n = 8 rats, one-way repeated-measures
ANOVA). d. Probability of choosing blackcurrant-predictive cue as a function
of the difference in the size of rewards available for animals trained using
reversed reinforcement contingencies (n = 8 rats, one-way repeated-measures

Preference score session 1

Preference score session 3

ANOVA). Inset, fraction of trials in which animal chose the larger available

reward (n = 8rats, 0.79+0.01). e. Latency to choice nosepoke response as a
function of difference in the size of rewards available for animals trained using
reversed reinforcement contingencies (n = 8 rats, one-way repeated-measures
ANOVA). Center dot represents median, bars represent first and third quartile.

f. Correlations of preference scores computed on 3 consecutive sessions.
Preference scores are highly correlated, indicating juice preferences of individual
animals are stable across time (Pearson’s correlation). * P < 0.05, **P < 0.01,

**P < (0.001, Unless otherwise noted, data are presented as mean + SEM.
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Extended Data Fig. 3| Optogenetic inhibition control experiments.

a-d. Optical stimulation does not alter economic decision-making in animals
expressing EYFP in the OFC. a. Schematic of experimental preparation.

b. Probability of choosing blackcurrant-predictive cue as a function of difference
inthe volume of available rewards for noillumination (green) and illumination
(magenta) trials (n = 6 rats, two-way repeated-measures). Inset, fraction of trials
inwhich animal chose the larger available reward on no illumination (green) and
illumination (magenta) trials (n = 6 rats, two-sided paired t-test). c. Latency to
choice nosepoke response as a function of the absolute difference in the size of
rewards available on noillumination (green) and illumination (magenta) trials

Dorsomedial striatum inhibition

ns ns ns n.s

«Q

ok K kK kK ok ok

*kK

* % K * KK * K K

*kk * kK

|*

Latency to response (s)

0

(TN LI R TN [T N T TR 1)

(n=6rats, two-way repeated-measures ANOVA). d. Juice preferences computed
ontrials with OFC illumination are correlated with juice preferences computed
on trials without OFC illumination (Pearson’s correlation). e. Schematic of
control task for probing whether effects of optical inhibition specifically impact
choice behavior. f, g. Latency to nosepoke response for cues predicting different
size rewards in control no-choice task on trials in which the OFC (f) or DMS (g)
was not inhibited (green) or was inhibited (magenta). OFC or DMS inhibition

did not alter latencies to respond in no-choice control task (OFC: n =12 rats,
DMS< n = 6 rats, two-way repeated-measures ANOVA).*P <0.05,**P < 0.01,

**P < (0.001, Dataare presented as mean + SEM.
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Extended Data Fig. 4 | Electrophysiology supporting datal. a. Proportion of
units significantly modulated by distinct task features in the OFC (top) or DMS
(bottom) for each individual animal. b. Left, proportions of neurons significantly
modulated by objective (reward size) and subjective value did not differ across
OFC (blue) or DMS (red). Right, coefficients of determination (R2) of each
modulated unitineither OFC (blue) or DMS (red) when either the subjective

or objective value of the stimuli presented on either left or right were used as
predictors. Black lines denote means. OFC units were more strongly modulated

by subjective value than objective value (n =107 units per condition, three-way
mixed ANOVA). c. Chosen-side classification accuracy of 4-fold cross validated
support vector machine trained on single unit activity in the OFC (blue) or DMS
(red) for each individual animal (R102 n = 86 units per brain area, R109 n =141
units per brain area, R116 n = 54 units per brain area, R140 n =103 units per brain
area, R144, n = 145 units per brain area, R145 n =133 OFC units, R123 n = 71DMS
units).*P < 0.05,**P < 0.01, **P < 0.001, Data are presented as mean + SEM.
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Extended Data Fig. 5| Electrophysiology supporting data2. a. Chosen-side
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onsingle unitactivity recorded in either the OFC (blue) or DMS (red) on correct
trials, and tested on either held-out correct trials (left) or incorrect trials (center).
Note decoding performance is reduced compared to Fig. 3 due to the relatively
small number of incorrect trials performed. Right, classification accuracy
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(right) trials aligned to choice response (n = 30 sessions). c. Peak predicted
choice parameters are equivalent on correct and incorrect trials (n =20 random
samples, two-way repeated-measures ANOVA). d. Latency to predicted choice
parameter threshold relative to choice on correct or incorrect choice trials for
models trained using data recorded simultaneously from OFC (blues) or DMS
(reds). OFC activity does not precede DMS activity when animals make incorrect
choices (n =20 random samples, two-way repeated-measures ANOVA). *P < 0.05,
**P<0.0L,***P<0.001, Data are presented as mean + SEM.
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Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z| D MRI-based neuroimaging

Animals and other organisms
Clinical data
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Antibodies

Antibodies used Antibodies used Goat anti-GFP (Abcam ab6673, 1:1000). Alexa Fluor 488 anti-goat (Life Technologies A11055, 1:1000).

Validation Validation and references on manufacturer's website:

>
QD
Y
(e
=
)
§o;
o)
=
o
=
D)
©
o)
=
S
Q@
wv
(e
=
S}
Q
<L




Validation

ab6673: anti-GFP assayed by ELISA for direct binding of antigen recognizes wild type, recombinant and enhanced forms of GFP. IHC.
Species independent. 483 references.
A11055: IHC tested 1-10ug/ml. 2866 references.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Charles River and in-house bred Long Evans rats, 10-12 weeks.
No wild animals were used in this study.

Data were collected from male and female rats. No differences were observed between male and female animals so results were
pooled.

No field samples were collected in this study.
Experimental procedures were approved by the Stanford University Institutional Animal Care and Use Committee (IACUC) and by the

Administrative Panel on Laboratory Animal Care (APLAC), following the National Institutes of Health guidelines for the care and use of
laboratory animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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