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SUMMARY

A striking neurochemical form of compartmentalization has been found in the striatum of humans
and other species, dividing it into striosomes and matrix. The function of this organization has
been unclear, but the anatomical connections of striosomes indicate their relation to emotion-
related brain regions including the medial prefrontal cortex. We capitalized on this fact by
combining pathway-specific optogenetics and electrophysiology in behaving rats to search for
selective functions of striosomes. We demonstrate that a medial prefronto-striosomal circuit is
selectively active in and causally necessary for cost-benefit decision-making under approach-
avoidance conflict conditions known to evoke anxiety in humans. We show that this circuit has
unique dynamic properties likely reflecting striatal interneuron function. These findings
demonstrate that cognitive and emotion-related functions are, like sensory-motor processing,
subject to encoding within compartmentally organized representations in the forebrain, and
suggest that striosome-targeting corticostriatal circuits can underlie neural processing of decisions
fundamental for survival.

INTRODUCTION

Across the animal kingdom, neural mechanisms have evolved to allow decision-making
based on rewarding and aversive features of the environment (Glimcher and Fehr, 2014).
This fundamental capacity, critical to normal human life, is disabled in a range of
neuropsychiatric and neurologic disorders (Gleichgerrcht et al., 2010). As yet, the
mechanisms underlying the relation between decision-making and emotion-related circuit
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function remain largely unknown (Aupperle and Paulus, 2010). Pioneering work, however,
has shown that behavioral reactions to value-based decision-making, based on the perceived
potential costs and benefits of taking a given action, are differentially represented in regions
of the medial prefrontal cortex (Rangel and Hare, 2010; Rudebeck et al., 2006; Rushworth et
al., 2011; Walton et al., 2002). These cortical regions are interlinked with each other and
with other downstream parts of the limbic system (Salamone, 1994; Stopper et al., 2014;
Watabe-Uchida et al., 2012). They are also linked to the striatum, part of the basal ganglia
(Amemori and Graybiel, 2012; Donoghue and Herkenham, 1986; Eblen and Graybiel,
1995). These networks have been identified in human brain imaging studies as regions of
co-activation in relation to emotional task performance (Aupperle et al., 2015; Etkin et al.,
2006; Gleichgerrcht et al., 2010). In rodents, potential homologues of these regions of the
prefrontal and orbitofrontal cortex have been identified (Milad et al., 2007) and have been
particularly intensively studied to identify sub-circuit functions of these networks (Rangel
and Hare, 2010; Rudebeck et al., 2006; Walton et al., 2002).

Much anatomical work supports the view that such value-related networks include
corticostriatal circuits (Donoghue and Herkenham, 1986; Eblen and Graybiel, 1995; Gerfen,
1984). A striking feature of a subset of these prefronto-striatal and orbitofronto-striatal
circuits is that they preferentially target a distinctive set of distributed striatal microzones
known as striosomes (Graybiel and Ragsdale, 1978). These regions are distinguishable from
the much larger matrix tissue of the striatum by their differential expression of most of the
neurotransmitter-related molecules expressed in the striatum (Crittenden and Graybiel,
2011; Graybiel, 1990) and the birthdates of their neurons (Newman et al., 2015), as well as
by their differential inputs and direct and indirect output to parts of the dopamine-containing
midbrain (Fujiyama et al., 2011; Prensa and Parent, 2001; Watabe-Uchida et al., 2012) and
the lateral habenula (Rajakumar et al., 1993; Stephenson-Jones et al., 2013), regions strongly
implicated in the control and modulation of motivation and reinforcement-driven behavior
(Hong and Hikosaka, 2013; Lak et al., 2014; Stopper et al., 2014). By contrast, the large
matrix compartment of the striatum is divided into a mosaic of microzones known as
matrisomes, and these are linked by their outputs to the classic sensorimotor zones of the
basal ganglia (Flaherty and Graybiel, 1993).

The differential functions of striosomes, relative to matrix and its matrisomes, have never
been identified, largely for technical reasons. Nor is it known how they and their
corticostriatal pathways are recruited in different modes of decision-making related to mood
and motivation, despite the fact that it has been known for years that cortical regions
targeting striosomes are parts of value-related networks (Rudebeck et al., 2006; Rushworth
etal., 2011). The lack of this information presents a major roadblock to the development of
neural circuit-based therapies for disorders impacting decisions based on value.

We therefore designed a battery of decision-making tests involving varying combinations of
cost and benefit, and then, in rats performing the different tasks, applied an optogenetic
approach in order to assess the differential contributions to decision-making of striosome-
targeting and matrix-targeting prefrontal corticostriatal pathways. We based our strategy on
the finding (Amemori and Graybiel, 2012) that, in monkeys, decisions based on conflicting
combinations of cost and benefit in approach-avoidance tasks selectively activate a subset of
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neurons in a medial prefrontal region that could correspond to a zone targeting the striosome
compartment of the striatum, as indicated by earlier anatomical work (Eblen and Graybiel,
1995). These results in the non-human primate suggested that in-depth analysis of
striosome-targeting and matrix-targeting circuits with multiple methods feasible in rodent
experiments might uncover causally important decision-making control systems hidden from
previous analyses.

To do these experiments, we focused on two corticostriatal projections from adjacent
prefrontal cortical regions implicated in decision-making (Dwyer et al., 2010; Rudebeck et
al., 2006; Seamans et al., 1995; St Onge and Floresco, 2010) and known to have distinct
bilateral striatal projection patterns predominantly targeting either striosomes or matrix
(Donoghue and Herkenham, 1986; Gerfen, 1984). One, originating in the prefrontal region
called prelimbic cortex in rodents (here called PFC-PL), projects preferentially to striosomes
in the associative striatum (Donoghue and Herkenham, 1986; Gerfen, 1984). The second,
originating in the prefrontal region called in rodents anterior cingulate cortex (here named
PFC-ACC), projects preferentially to the matrix compartment of the associative striatum
(Donoghue and Herkenham, 1986). By optogenetically tagging these pathways, and then
applying manipulations in combination with behavioral and electrophysiological assays, we
tried to differentiate the functions of these pathways, identified both by their cortical origins
in different medial prefrontal cortical regions and by their different preferential striatal
termination fields in either striosome or matrix compartment.

Our findings suggest that the medial prefrontal pathway targeting striosomes is differentially
activated by motivational conflict induced by a pair of options evoking approach-avoidance
conflict, and that this circuit, by way of an intrastriatal inhibitory network, can control both
the activity of striosomes in such cost-benefit decision-making and the behavior itself. These
findings place the cortico-striosomal system as a potentially crucial control mechanism for
organisms facing the need to act based on conflicting options in their environment.

Rats Develop Distinct, Highly Repeatable Choice Behaviors under Different Cost-Benefit
Context Conditions

We challenged rats to make decisions in five different contexts as they performed T-maze
tasks in which they could turn right or left to reach one of the offers presented at the end-
arm goals (Figures 1 and S1; Extended Experimental Procedures). The tasks presented the
animals with different combinations of costs and benefits, with lights of different brightness
as costs at the end-arm goal sites, and chocolate milk of different dilutions as benefits at
these sites (Figure 1A). The animals were over-trained (Figure 1B) and were given forced-
choice reminder trials before the main experimental sessions (Figures 1C and 1D; Extended
Experimental Procedures). To estimate the sensitivity of the rats to benefits without
accompanying costs, we introduced two benefit-benefit tasks with the end-arms baited with
rewards of similar or dissimilar value (Figure 1A). To examine sensitivity to costs, we
introduced a cost-cost task, in which benefits were held constant but were paired with
different costs (Figure 1A). Finally, to examine how the rats integrated cost and benefit, we
introduced cost-benefit tasks (Figure 1A) that allowed us to assess how choice behaviors
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were affected by different levels of approach-avoidance conflict (Amemori and Graybiel,
2012; Miller, 1971; Vogel et al., 1971). In the cost-benefit conflict task, high benefits were
combined with high costs. Thus the rats were required to receive substantial costs to gain
rewards, a situation inducing approach-avoidance conflict at each choice. In the non-conflict
cost-benefit task, high benefits were paired with low costs, thus letting the rats receive
rewards without receiving substantial costs. In order to estimate the degree of approach-
avoidance conflict for these two tasks, we applied logistic modeling and parameterized the
cost-benefit ratio (CBR) (Extended Experimental Procedures), which indicated the degree of
cost that the rats had to accept in order to receive a unit amount of reward. We used the CBR
as an estimate of approach-avoidance conflict, because approach-avoidance conflict could
be characterized as the conflict between motivation to avoid cost and motivation to approach
benefit, and the CBR corresponds to the ratio of these two opponent motivations. This CBR
analysis indicated that the conflict task induced high motivational conflict and that the non-
conflict task did not (Figure 1E). Our experiments were thus directed toward the form of
cost-benefit decision-making in which regulation of simultaneous approach or avoidance
motivations was required.

Optogenetic Inhibition of Cortical Input to Striosomes and to Matrix Has Different Effects
on Decision-Making Behavior

We analyzed the contribution of the individual striosome-targeting and matrix-targeting
pathways first by optogenetically inhibiting their corticostriatal terminal regions in rats with
localized injections of adeno-associated virus (AAV5) carrying halorhodopsin (eNpHR3.0-
EYFP) under the calcium/calmodulin-dependent protein kinase lla (CaMKIlla) promoter, or
control virus, in the PFC-PL or the PFC-ACC, and with optical fibers placed in the anterior
dorsomedial striatum (Figures 2A, 2B and S2; Extended Experimental Procedures). The
cortical inputs to the striatum were differentially selective for striosomes in cases with virus-
labeled PFC-PL fibers, in accordance with prior findings, and differentially selective for
matrix in PFC-ACC cases. However, also in accordance with prior work, the non-preferred
compartment always exhibited some labeling, varying case by case (Eblen and Graybiel,
1995; Flaherty and Graybiel, 1991; Gerfen, 1984; Parthasarathy et al., 1992) (Figures S2A
and S2B).

Rats with the PFC-PL and PFC-ACC viral injections successfully performed all five
decision-making tasks during the optogenetic experiments. In laser-on sessions, a 3 s pulse
of yellow light (590 nm, 2 mW) was delivered to the intrastriatal terminal fields from the
time of the click indicating trial start to goal-reaching at trial end (Figure 2C). We compared
results from blocks of laser-on and baseline trials, and from control experiments with viral
constructs lacking opsin. Image analysis suggested that within the estimated regions of
illumination, the relative density of virally expressed EYFP label was ~5.2 times higher in
striosomes than in the matrix compartment in the PFC-PL cases, and about ~2.6 times
higher in the matrix than in striosomes in the PFC-ACC cases (Figures S2C-S2E; Extended
Experimental Procedures). We explicitly chose a block design due to our finding (Figure
S1G) that choices from trial to trial within a block were not independent. Moreover, the
optogenetic results were not cumulative (Figure S5A).
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Optogenetic inhibition of the striosome-targeting and matrix-targeting circuits had strikingly
different effects on decision-making behavior (Figures 2C and 2D). Intrastriatal inactivation
of the striosome-targeting PFC-PL pathway strongly affected decision-making in the cost-
benefit conflict task: the animals ran more toward the high-cost option, an increase of >20%
over control levels (n = 10; Figure 2C). Yet the same intrastriatal manipulation in these
animals had almost no effect on their performance of any of the other tasks, including the
two other tasks with cost components (Figure 2D). The increased choice of the high-cost,
high-reward option induced by inhibiting the PFC-PL pathway to striosomes thus appeared
specific to the cost-benefit conflict context, in which the animals had to accept substantial
cost to gain reward and had to regulate their approach and avoidance behaviors (Figure 2D).

By contrast, inhibition of the predominantly matrix-targeting PFC-ACC pathway
significantly affected the animals’ choices in all tasks except the cost-cost task: the animals
shifted their choices toward the option with higher reward (n = 8; Figure 2D). In the cost-
cost task, there was an increase, not statistically significant (p = 0.07), in the animals’ choice
of the option with lower cost, perhaps reflecting a partial overlap of the neural
representations of higher reward and lower cost in this pathway. Thus the predominantly
non-striosome-targeting corticostriatal input to the same dorsomedial striatal region did not
exhibit context selectivity comparable to that of the predominantly striosome-projecting
circuit.

We took advantage of the patterns of bilateral projection of the PFC-PL and PFC-ACC to
perform optogenetic inhibition within the striatum contralateral to the side of virus injection,
thus avoiding possible optogenetic effects on corticofugal fibers of passage traveling
through the ipsilateral striatum (Figure S2H). These contralateral manipulations (n = 3) gave
the same results as those of the main group of bilateral manipulations: for the PFC-PL
circuit, inhibition affected behavior selectively in the cost-benefit conflict task (Figure 2F),
and for the PFC-ACC circuit, inhibition affected behavior in all tasks (Figure S2G). These
results confirmed that the contrasting patterns of behavior induced by the striosome-
targeting and matrix-targeting pathways were not due principally to illumination of bundles
of internal capsule fibers within the illuminated zones.

In three rats we applied C1V1-mediated intrastriatal excitation, instead of halorhodopsin-
mediated intrastriatal inhibition, to the PFC-PL pathway terminals in the dorsomedial
striatum (Figures 2E and S2F; Extended Experimental Procedures). The results of the
excitatory manipulations were diametrically opposed to those of the inhibitory
manipulations: now the rats ran more to the side with low cost and low benefit in the cost-
benefit conflict task.

Finally, to test whether the control of conflict decision-making by the striosome-targeting
PFC-PL circuit was unique to the striatal terminals of the PFC-PL, we tested whether
inhibiting PFC-PL terminals in three other regions to which the PFC-PL projects affected
performance on the cost-benefit conflict and benefit-benefit tasks (n = 3 per group; Figure
2G): we inhibited PFC-PL terminals in the ventral tegmental area (Figure 2H), in the
basolateral amygdala (Figure 2I) and in the PFC-PL itself (Figure 2J). In none of these
experiments was the result of the PL-PFC terminal inhibition similar to the effects of PFC-
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PL terminal inhibition in the striatum (Figure 2D). Thus the effects of optogenetic inhibition
of PFC-PL projections to the dorsomedial striatum were not generalized effects, but rather,
were target-specific.

Collectively, these results point to the PFC-PL projection preferentially targeting striosomes
as unique among PFC-PL circuits tested in selectively affecting decision-making about
approaching or avoiding simultaneously presented, and motivationally conflicting, cost and
benefit options.

Experimentally Identified PFC-PL Corticostriatal Neurons and PFC-PL-Targeted Striatal
Neurons Have Opposite Firing Patterns during Maze Runs in the Cost-Benefit Conflict

Task

To uncover mechanisms that could account for this selectivity, we performed chronic tetrode
recordings in the PFC-PL and the striatum (Figures 3 and S3D). We developed an
antidromic activation method (Figures 3A and 3B; Extended Experimental Procedures) to
allow recording of spike activity patterns from identified PFC-PL neurons (here called PFC-
PLs neurons) that send axonal projections preferentially targeting striosomes in the
dorsomedial striatum, and whose terminals were subject to the intrastriatal laser-inhibition in
behavioral experiments performed just prior to the antidromic stimulation tests. This
strategy allowed us to identify the neurons, among all of the PFC-PL units recorded during
the standard five tasks (Figure S3A and S3B), that projected to the dorsomedial striatum.

In the cost-benefit conflict task, high spike activity of nearly all (~93%) of the 54 cortical
PFC-PLs neurons identified occurred in the key period during which the animals initiated
their runs and turned to execute their right-left decisions (Figures 3C and S3A). The activity
of these neurons peaked in series during this period. In all the other task-versions, PFC-PLs
task-related activity was low during this period (Figure 3D), and instead, either peaked at
goal-reaching or did not exhibit a significant peak at all (Figure S3A). Thus, the PFC-PLs
neuron activity patterns, like optogenetic inhibition of the PFC-PL pathway, pointed to a
unique influence of this striosome-targeting pathway on performance of the cost-benefit
conflict task.

Identifying the activity of striosomal neurons themselves during task performance would
provide a critical test of the selectivity of the effects of PFC-PLs neurons on striosomes.
However, chronic in vivo recording from striosomes has never before been achieved. We
attempted to do this by capitalizing on the preferential PFC-PL inputs to striosomes
demonstrable anatomically (Figures 2A and S2; Extended Experimental Procedures). We
applied electrical stimulation to the PFC-PL region that we had identified as projecting
predominantly to striosomes in the dorsomedial striatum (Figures 3E and 3F), and we
simultaneously recorded from large numbers of striatal projection neurons (SPNs) (Figure
S3E) in rats with arrays of tetrodes chronically implanted in the dorsomedial striatum
(Figure 3M). At the end of each session, we determined for each SPN whether it had short
latency responses to the PFC-PL stimulation (Figures 3E, 3F and 3I), then marked some of
these tetrode tip locations with lesions (Figure 3M), and in histologically prepared brain
sections mapped these locations relative to immunostained striosomes (Figure 3N). We
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found a reliable orthodromic response signature of putative striosomal SPNs so identified
(Figure 30; Extended Experimental Procedures).

Given that the corticostriatal projection to SPNs is glutamatergic and excitatory, we
expected that the activity of these putative striosomal SPNs would match that of the
antidromically identified PFL-PLs neurons. We found the opposite. During the in-run period
during which the PFC-PLs neurons were highly active (Figures 3C), the striosomal neurons
were largely quieted (Figure 3G). Yet ~98% of striosomal SPNs exhibited high activity
during this click-to-turn period in all of the other task-versions, again peaking at different
points during this period (Figures 3H and S3F). Thus the striosome-projecting PFC-PLs
neurons and the striosomal SPNs to which they mainly projected had almost perfectly
complementary patterns of activity during the maze runs.

To test the selectivity of these patterns, we analyzed the activity of the PFC-PL neuronal
population as a whole, excluding the 54 antidromically identified PFC-PLs neurons. In sharp
contract to the PFC-PLs cells, this PFC-PL population fired at goal-reaching in every task
(Figures 3J, S3B and S3C). Thus the PFC-PLs in-run activity pattern was highly selective.
We also analyzed the activity of striatal SPNs excluded from the putative striosomal SPN
population (Figures 3K, 3L, S3G and S3H). In contrast to the population of putative
striosomal SPNs, the striatal neurons identified as non-striosomal SPNs, which should
mostly have been matrix neurons, were active in all tasks (Figures 3L and S3G; Extended
Experimental Procedures), and their activity tended to be selective for choices of higher
reward (Figure S3H). These activations were significantly different from baseline activity
(two-tailed t-test, p < 0.001), and their response patterns for the five tasks were significantly
different from those of the putative striosomal SPNs (MANOVA and two-way ANOVA, p <
0.001).

As shown in Figure S3, baseline activity was not uniform across all tasks, being particularly
low in the non-conflict cost-benefit task and the cost-cost task, and especially for PFC-PLs
neurons. To test the possibility that baseline firing rates might influence our optogenetic
results, we compared baseline firing rates during consecutive laser-off and laser-on trial
blocks. Despite the large changes in behavior induced by the optogenetic manipulation,
baseline rates for both the putative striosomal neurons and the putative matrix neurons were
unaffected (Figure S5B).

Switching of Striosomal Neuron Activity Patterns Can Be Induced by Behavioral Task
Switches Alone and by Optogenetic Inhibition of PFC-PLs Inputs Preferentially Targeting

Striosomes

If, as these results suggested, the striosomal SPNs were uniquely sensitive to the conflict
context, then it should be possible to demonstrate such sensitivity at a single-unit level by
recording for prolonged periods extending through consecutive performance of benefit-
benefit and cost-benefit conflict sessions. We succeeded in doing this for ten SPNs recorded
in two rats (Figure 4A). Strikingly, all of these putative striosomal SPNs, identified by post-
performance template tests, switched their firing patterns depending on the task being
performed, from being active during the click-to-turn period in the benefit-benefit task to
being nearly silent during the same click-to-turn period in the succeeding cost-benefit task
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(Figures 4B-4E). The switch was nearly immediate (Figure 4C). Such firing switches did not
occur when the two blocks were of the same task-type (Figure S4). Thus the spike-firing
patterns of putative striosomal SPNs can be dynamically determined by behavioral context
alone.

Next we asked whether the complementarity of firing of the striosomal SPNs and the PFC-
PLs neurons reflected an inhibition of the striosomal SPNs by the PFC-PLs neurons. If so,
optogenetic inhibition of the PFC-PLs input during the cost-benefit conflict task might
increase the run-period activity of striosomal SPNs, thereby abolishing the unique lack of
such activity in the cost-benefit conflict task (Figure 5A). We observed just such dynamic
switching in two rats in which we performed tetrode recordings simultaneously during the
optogenetic inhibition: 46 of 49 putative striosomal SPNs responded with increased activity
during laser-on trials (Figures 5B-5E and S5). The optogenetic inhibition transformed the
striosomal SPN task-related activity into a pattern similar to that normally observed in the
other task-versions, with peak activity during the runs (Figure 3G). The optogenetic effect
on the firing rate of striosomal SPNs and the choice behavior was nearly immediate (Figure
5C and S5A), but baseline firing rates of these neurons were not affected (Figure S5B).
These results demonstrated that the absence of putative striosomal activation in the cost-
benefit conflict task could be due to the activation of the PFC-PLs circuit.

High-Firing Striatal Interneurons Exhibit Differentially High Burst-Firing Activity during
Cost-Benefit Conflict Task Performance

The spontaneous and optogenetically induced switches in the firing patterns of striosomal
SPNs during task performance suggested that these SPNs are under dynamic control by
striatal inhibitory microcircuits that themselves are context-sensitive. To test this idea, in the
multi-tetrode recordings we searched for and identified putative striatal interneurons
(HFNs), known for their high firing rates and thought to exert inhibitory control over striatal
SPNs (Berke, 2011; Burguiere et al., 2013; Kita and Kitai, 1988; Koos and Tepper, 1999)
(Figure S3E). We examined their task-related burst-firing patterns in the five different task-
versions (Figures 6A, 6B and S6F). The putative HFNSs, like cortical PFC-PLs neurons, had
high firing rates during runs in the cost-benefit conflict task, and in particular, high rates of
bursty firing as defined by an in-house algorithm (Figures S6A-S6E; Extended Experimental
Procedures). The high burst activity of the HFNs occurred principally in the cost-benefit
task; in the other task-versions, their intra-burst firing rates were low, relative to baseline
intra-burst firing rates (Figures 6A, 6B and S6F). These sharp, task-dependent differences
were not obvious in the overall firing rates. The similarity of the burst activity patterns of the
HFNs to the PFC-PLs patterns suggested that the PFC-PLs cells might excite these HFNs,
leading to the suppression of the SPN firing that we had observed.

To test this possibility, we searched for pairs of HFNs and SPNs recorded simultaneously on
single tetrodes, concentrating on the cost-benefit conflict task. When we aligned the spikes
of the SPNs to the peak firing of the HFNs, profound inhibition of the SPNs was apparent
(Figures 6C and S6G). Across the population of 23 SPN-HFN pairs, the degree of inhibition
of the SPN firing was highly correlated with the burst firing rates (Figures 6D and S6H), but
not the tonic firing rates, of the HFNs. We also searched for pairs of HFNs and PFC-PLs
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neurons recorded simultaneously in the same animal. In these pairs, PFC-PLs activity peaks
preceded the HFN peaks (Figure 6E), which occurred in a temporal succession from ~2 s
before the start click to ~3 s after the click, and the striosomal SPNs were then inhibited.
Experiments with electrical microstimulation of PFC-PL suggested that HFN activation led
SPN activation by ~3 ms (Figure 6F), and combining such microstimulation with
intrastriatal optogenetic inhibition (Figure 6G) led to an increase in firing of the SPNs, but to
a decrease in firing of the HFNs (Figures 6H and S61). Thus, the uniquely low firing rates of
the striosomal SPNs during conflict cost-benefit decision-making likely resulted, at least in
part, from task-selective excitation of HFN bursting by PFC-PLs neurons and subsequent
diminution of striosomal SPN firing (Extended Experimental Procedures).

Computational Modeling Suggests that Optogenetic Inhibition of PFC-PLs Pathway
Reduces Sensitivity to Cost

We attempted to infer computationally the internal motivations accompanying decision-
making in these tasks (Figures 7A-7F; Extended Experimental Procedures). The logistic
modeling estimated that the effect of optogenetically inhibiting the PFC-PL pathway
targeting striosomes was to halve the sensitivity to cost, and that the effect of
optogenetically exciting the same pathway was to double the sensitivity to cost, specifically
in the cost-benefit conflict task (Figure 7A) but not in the other conditions (Figures 7B and
7C). One interpretation of these findings is that the PFC-PL pathway preferentially targeting
striosomes is critical to weighing good and bad options, specifically when the two opponent
motivations, here the motivation to approach reward and the motivation to avoid aversive
stimulus, are active (Figure 7G).

DISCUSSION

Our findings suggest a remarkable specialization of decision-related corticostriatal circuits,
whereby a subset of projection neurons in a single neocortical region can become engaged
or disengaged according to the particular subtype of value-based decision to be made. We
found that this specialized dynamic allocation of cortical function could be implemented by
means of equally context-sensitive striatal microcircuitry engaged by the cortical input
(Figure 7H). Strikingly, for the prefronto-striatal circuits that we studied here, these patterns
of selective behavioral control were matched to the striosome-matrix architecture of the
striatum. Thus the development of differentiated value-based decision-making behavior has
a biological expression in the compartmental organization of corticostriatal circuits.

Circuit Analysis of Corticostriatal Function

Our goal in these experiments was to determine circuit-level function in corticostriatal
systems, using electrophysiological recording and optogenetic approaches during active
implementation of decision-making as animals performed tasks under different value-related
contexts and, insofar as feasible, to identify the task-related activity of specific neocortical
and striatal cell types through orthodromic and antidromic analyses. We met technical
limitations of many sorts, including the fact that the two corticostriatal circuits of our focus
preferentially, not exclusively, targeted either striosome or matrix compartment, that our
antidromically and orthodromically identified subpopulations were small compared to the
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total population of neurons recorded, and that we could not specify beyond a regional
analysis and by control recording assessments the reach of the optogenetically applied light.
Further, although many of our findings relate to the firing activity of neurons during the
maze runs, we could not specify the time of decision-making, but rather had to rely on
recording the rats’ behavioral responses based on their decisions. Nor did we test decision-
making modes with other costs and other benefits, for example, costs based on effort
(Rangel and Hare, 2010; Rudebeck et al., 2006; Salamone and Correa, 2012). Further, we
used as costs light stimuli, which can produce fear, and though our evidence suggests that
fear was not a main driver of the animals’ behavior, this issue remains of interest. Despite
these and other problems, which we attempt to address in Extended Experimental
Procedures, we found a striking internal consistency to the results that we obtained across
animals, across behavioral, electrophysiological and optogenetic findings, and across
stimulation-recording experiments.

Motivational Conflict Activates the PFC-PL Pathway Preferentially Targeting Striosomes

Our findings demonstrate a rich repertoire of decision-making capabilities that can be
engaged in relation to environmental costs and benefits. Yet, for the five tasks studied here,
differing only in their cost and benefit offers, the PFC-PL corticostriatal circuit
preferentially targeting striosomes was brought into play during maze runs only in cost-
benefit decision-making contexts involving approach-avoidance conflict. Optogenetic
inhibition of this pathway had equally selective effects on cost-benefit conflict task
performance, increasing approach to high-cost options, yet scarcely changing performance
in the other four tasks, including the non-conflict cost-benefit task in which simultaneous
evaluation of cost and benefit was still required, but in which the degree of motivational
conflict was negligible. Our computational modeling of these effects singled out sensitivity
to cost as a potential variable modified by the optogenetic manipulations.

In the cost-benefit conflict task, a choice of one option satisfies one approach-avoidance
motivation (for example, approach) but not the other (for example, avoidance). By choosing
the high-cost, high-reward option, the rats had to tolerate bright light, and by choosing the
low-cost, low-reward option, the rats had to experience a substantial loss of the potential
reward offered on the opposite site. In microeconomics, loss aversion is known to affect
strongly choice behavior (Kahneman and Tversky, 1984), suggesting a potential substrate of
emotional decision-making.

Such control of approach-avoidance behavior has been intensively studied in experimental
animals (Amemori and Graybiel, 2012; Miller, 1971) and also in humans, in whom
disturbances of such decision-making have been used as a marker for anxiety disorders
(Aupperle et al., 2011; Dickson and MacLeod, 2004). Such a linkage to emotional decision-
making and its frailty in some neuropsychiatric disorders accords with much work pointing
to the medial prefrontal cortex as having abnormal activity in disorders such as obsessive-
compulsive disorder (Fitzgerald et al., 2005), anxiety disorders (Pizzagalli, 2011) including
post-traumatic stress disorder (Kasai et al., 2008), and addictive states (Goldstein et al.,
2009). The prelimbic region of the rodent prefrontal cortex has also been implicated in
behavioral responses to conflict, fear and its control, reward seeking and related functions,
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as well as in behavioral flexibility, all of which could be related to mood and its control
(Sangha et al., 2014; Seamans et al., 1995; Walton et al., 2002).

Here, by comparing behavior and neural activity across performance of multiple tasks, we
found that a particular prefronto-striatal circuit can be differentially engaged by conditions
inducing approach-avoidance conflict. Thus, the regulation of internal approach-avoidance
drives could be an essential part of the functional selectivity of the PFC-PL pathway.

Cost-Benefit Conflict Context Engages Selective Striatal Interneuronal Circuits to Control
the Effects of PFC-PL on the Activity of Striosomes

Our physiological experiments demonstrated that PFC-PLs neurons were selectively
activated during runs in the cost-benefit conflict task, that striatal HFNs, thought to
correspond to inhibitory interneurons, were also selectively activated, but that putative
striosomal SPNs were selectively inhibited during these runs. Moreover, in simultaneous
recordings from combinations of cortical PFC-PLs neurons and striatal SPNs and HFNs, we
observed dynamic sequences in which activity peaks in the PFC-PLs neurons preceded burst
activity peaks of the HFNs, which in turn preceded inhibition peaks of the SPNs. Finally,
when we electrically stimulated the PFC-PL but optogenetically inhibited its striatal
terminals, the inhibition increased the spike firing of putative SPNs but decreased firing of
the HFNS.

These results suggest that an inhibitory bursting interneuronal system within the striatum is
engaged when the PFC-PLs neurons are activated, and that this intrastriatal system can
suppress activity preferentially in striosomes, but only under highly task-dependent
conditions. This inversion of excitatory cortical drive into inhibition supports evidence for
fast dynamics of high-firing interneurons (Berke, 2011; Burguiere et al., 2013; Koos and
Tepper, 1999). Our results, however, further suggest that the dynamics of the corticostriatal
and intrastriatal circuits are task-selective and are crucial in underpinning the powerful
effects of optogenetic manipulation of the PFC-PL pathway to striosomes.

By this account, optogenetic inhibition of the PFC-PL pathway during the high conflict task
released activity in the striosomes during the time in which the animals greatly increased
their approaches to high-cost, high-benefit goals, and optogenetic excitation of this pathway
turned off the striosomes during the time when the animals decreased their approaches to
such goals. If this simple interpretation is correct, then striosomal activation would itself be
correlated with, and potentially causative to, increased approaches to high-cost options
(decreased cost sensitivity), and striosomal shutdown would be related to, and potentially
causative to, decreased approach to high-cost options (increased cost sensitivity).

More generally, these findings suggest that the PFC-PL pathway to striosomes is an
important controller of behavior elicited by motivational conflict. It is remarkable that these
selective effects were not apparent when we applied optogenetic inhibition to PFC-PL
terminals in either the ventral tegmental area or the basolateral amygdala, recipients of PFC-
PL input, nor even when we applied the inhibition to the PFC-PL itself. All of these findings
together, across physiology, behavior and optogenetics, point to a specialized function for
the circuit preferentially interconnecting the PFC-PL to striosomes.
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A Broad Influence of the PFC-ACC Corticostriatal Circuit Preferentially Targeting the
Striatal Matrix

With optogenetic inhibition of the PFC-ACC terminals in the same dorsomedial region of
the striatum, the rats increased their approaches to higher benefits in all of the tasks. These
results suggest that the matrix, at least in the dorsomedial striatum, is involved in evaluating
the benefit of the goals and could have less specific relation to cost-benefit integration.
Logistic regression analysis suggested that the effect of inhibiting the PFC-ACC terminals in
the striatum could be consistently accounted for by an increase in the sensitivity to the
benefit component of the goal (increase in approach motivation), regardless of the task
condition. Thus within the striatum, the behavioral effects of disconnecting the striosome
and matrix compartments from their respective preferential prefrontal inputs were strikingly
different.

The Potential Functional Impact of Cortical Control of Striosomes

Striosomes are anatomically in a position to affect the dopamine-containing neurons of the
midbrain both directly (Fujiyama et al., 2011; Prensa and Parent, 2001; Watabe-Uchida et
al., 2012) and indirectly via the lateral habenula (Rajakumar et al., 1993; Stephenson-Jones
et al., 2013), sites that affect mood, motivation and action (Hong and Hikosaka, 2013; Lak et
al., 2014; Stopper et al., 2014). We did not here address the potential effects of optogenetic
manipulations of the PFC-PL pathway to striosomes on the dopamine-containing neurons of
the midbrain. Our findings nevertheless raise the possibility that striosomes could have an
impact on decision-making via direct and indirect regulation of dopaminergic signaling.

Our findings demonstrate that a medial prefrontal pathway, here defined in rodents, can
profoundly influence the activity of striosomal projection neurons in the dorsomedial part of
the striatum. The exquisite selectivity of this control for situations in which motivational
conflict was induced by the cost-benefit conflict context suggests that striosomes might
influence not only ongoing value-based decision-making but also mood states and state-
dependent control of motivation. Striosomes, due to their small size, have not yet be
identified in fMRI studies of the human brain, and therefore cannot yet be seen in action.
They have already been found, however, in clinical studies including post-mortem analysis,
to be abnormal in neurologic and neuropsychiatric disorders involving changes in mood and
loss of normal motor control (Crittenden and Graybiel, 2011; Tippett et al., 2007). In studies
in experimental animals, their activity as judged by gene expression patterns has been
associated with insistent, repetitive and stereotyped behaviors (Canales and Graybiel, 2000;
Crittenden and Graybiel, 2011).

Our experiments were limited to analysis of cortical inputs to the dorsomedial associative
striatum, and likely do not expose the full functionality of cortico-striosomal functions.
Striosomes exist in regions of the associative striatum that are not at all or only weakly
connected with the cortical regions that we manipulated. What we emphasize here is that by
manipulating the striatal terminals of the PFC-PL circuit preferentially engaging striosomes,
we obtained behavioral effects that were context-dependent and that were not matched either
by directly manipulating the cortical region itself or by manipulating two other regions
targeted by the terminals of this cortical region. The exquisitely specialized corticostriatal
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striosomal circuit identified here could contribute to these and related disturbances of mood
and balanced decision-making under conditions of conflicting motivational demands.

EXPERIMENTAL PROCEDURES

Adult Long-Evans rats (n = 55) were trained to perform value-based decision-making tasks
on a T-maze composed of a running track and two end-arms with light focused on reward
feeders. To dissociate reward, cost and motivational conflict, we used five different types of
decision-making tasks: cost-benefit conflict, benefit-benefit with similar rewards, benefit-
benefit with dissimilar rewards, non-conflict cost-benefit and cost-cost (Figures 1A and 1B).
We adjusted the cost and reward scales according to the psychometric function of each
individual rat. Tasks were presented in random order, but only one cost-benefit conflict
session was given per week (Figure S1D). We performed simultaneous cortical and striatal
tetrode recordings, and optogenetic manipulation, to examine functionally corticostriatal
circuits anatomically identified as preferentially targeting striosomes (originating in PFC-
PL) or matrix (originating in PFC-ACC) in the dorsomedial striatum. For optogenetic
experiments, virus encoding halorhodopsin or C1V1, or control virus, was injected into the
PFC-PL or PFC-ACC. Light (1.8-2.2 mW) was intrastriatally delivered for 3 s from trial-
starting click (Figures 1D). Compartment selectivity of the optogenetic manipulations was
estimated by densitometric analysis of EYFP tagged to the opsin (Figure S2). Following
each session, electrical microstimulation was delivered to the dorsomedial striatum or PFC-
PL to identify, respectively, PFC-PL neurons projecting to the dorsomedial striatum (PFC-
PLs neurons) and putative striosomal SPNs (Figure 3). Within the striatum, we identified
putative SPNs and HFNs based on their spike waveforms, firing rates and spiking patterns
(Figure S3E). Burst activity was extracted by identifying spike trains with short interspike
intervals (Figure S6). Z-scores of trial activity were calculated using the baseline (11-3 s
before the click) firing rate and SD, and were plotted onto the maze shape. Behavior and
optogenetic effects were modeled using logistic regression. Significant differences were
determined by two-tailed t-tests (for optogenetic manipulation effects), and by chi-square
tests (for spike activity in histograms). More details are given in Extended Experimental
Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Decision-Making Tasks
(A) The five decision-making tasks.

(B) Training timeline.

(C) Session of cost-benefit conflict task.

(D) Schematic of maze run.

(E) Choice functions (mean + SEM) for 9 rats for the four tasks including benefit option.
Color indicates degree of motivational conflict estimated by logistic modeling.

(F) Choice function (mean £ SEM) for cost-cost task.

See also Figure S1.
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Figure 2. Optogenetic Manipulation of PFC-PL Cortico-Striosomal Pathway and PFC-ACC
Cortico-Matrix Pathway

(A and B) Virally-labeled PFC-PL (A) and PFC-ACC (B) corticostriatal projections (green,
EYFP-immunostained) preferentially terminating, respectively, in striosome (red, MOR1-
immunostained) and matrix compartments.

(C) Intrastriatal inhibition of PFC-PL axons (striosome-predominant input, left) increases
choice of high-cost, high-reward option in cost-benefit conflict task (middle). Proportions of
choices of such option with and without laser delivery are shown for 25 sessions in 10 rats
(right).

(D) Behavioral effects of intrastriatal optogenetic inhibition of striosome-predominant PFC-
PL inputs (blue) and matrix-predominant PFC-ACC inputs (orange), shown as percentage
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increase (mean + SEM) in choice of pure chocolate milk (left) or of dim light (right). #p >
0.07 and *p < 0.001 relative to control groups (green and gray, two-tail t-test).

(E) Intrastriatal stimulation of PFC-PL axons decreases choice of high-cost options in cost-
benefit conflict task. Data for nine sessions in three rats.

(F) Intrastriatal inhibition of contralateral striosome-predominant inputs (mean £ SEM). *p
< 0.001, two-tail t-test.

(G) Protocol for optogenetic inhibition applied in the PFC-PL, or at PFC-PL terminal zones
in ventral tegmental area (VTA) or basolateral amygdala (BLA).

(H-J) Behavioral effects (mean + SEM) of laser delivered in VTA (H), BLA (1), and PFC-
PL (J). *p < 0.001, two-tail t-test.

See also Figure S2
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Figure 3. Contrasting Activity of Putative Cortical PFC-PLs Neurons and Striosomal SPNs
during Task Performance

(A) Antidromic stimulation protocol to identify PFC-PLs neurons.
(B) Cortical spikes aligned to striatal microstimulation onset.

(C) Spike activity of PFC-PLs neurons (top) and bursty spike activity heat maps (bottom) in
cost-benefit conflict (left) and benefit-benefit (right) tasks. Inner T-maze outline indicates
click to first lick (i.e., in-run time-period); outer outline includes 3 s before and after runs.
Activity shown as mean z-scores and firing rates in color scale from blue (low) to red (high).
Heat map rectangles show bursts with lengths proportional to burst durations, with min-max
normalized intra-burst firing rates from yellow (low) to red (high).
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(D) PFC-PLs spike activity (mean £ SEM) during click-to-turn period for all tasks
(abbreviated as in Figure 1A). *p < 0.001 (two-tail t-test, difference between CBC and each
of other tasks).

(E) Orthodromic stimulation protocol for identification of putative striosomal neurons.

(F) Putative striosomal SPN activity aligned to PFC-PL microstimulation. Yellow and gray
shading respectively indicates peak and inhibition time windows.

(G) Activity of putative striosomal SPNs (top) and associated burst activity heat maps
(bottom).

(H) Average click-to-turn activity of putative striosomal SPNs in the 5 tasks. *p < 0.001
(two-tail t-test; difference between CBC and each of other tasks).

(1) Method to determine time-window of short-latency orthodromic SPN activation
(Extended Experimental Procedures). Larger squares show spike times demarcating start and
end of time window.

(J and K) Average spike activity of non-PFC-PLs population recorded in PFC-PL (J) and
putative matrix SPNs (K) during cost-benefit conflict task.

(L) Average click-to-turn activity of putative matrix SPNs.

(M) Four tetrode tracks and tip marked with micro-lesion (CD11, green) relative to
striosomes (MOR1, red).

(N) Sample of tip-striosome measurements (Extended Experimental Procedures). Tetrode tip
in matrix (red, middle and right panels) along tetrode track (white, left panel); distance to
nearest striosome (light blue) shown (yellow line).

(O) Distribution of SPNs that respond to PFC-PL stimulation (left) was significantly
different from that of unresponsive SPNs (right; p < 0.001, chi-squared test).

See also Figure S3.
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Figure 4. Activity of Putative Striosomal Neurons Changes with Switch to Cost-Benefit Conflict
Task

(A) Timeline for benefit-benefit task (19 trials) followed by cost-benefit conflict task (21
trials). Reminder trials were given in-between.

(B) Average activity of 10 striosomal SPNs held through both blocks (above) and burst
activity heat maps (below).

(C) Average in-run firing rates in each trial through the two tasks. p < 0.001, paired t-test
between blocks.
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(D and E) Firing rates (mean + SEM) of 1 (D) and 10 (E) putative striosomal SPNs recorded
across the two tasks. p < 0.001, paired t-test between blocks.
See also Figure S4.
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Figure 5. Optogenetic Inhibition of PFC-PL Terminals in Cost-Benefit Conflict Task Increases

Firing Rates of Putative Striosomal Neurons

(A) Consecutive cost-benefit conflict task blocks (20 trials each), without, then with, laser

inhibition for 3 s, starting at click.

(B) Maze activity plots (above) and burst activity heat maps (below) for 46 putative

striosomal SPNs.

(C) Trial-by-trial firing rates across the blocks. p < 0.001, paired t- test between blocks.
(D and E) Firing rates (mean + SEM) for 1 (D) and for 46 (E) putative striosomal SPNs
recorded across blocks. p < 0.001, paired t-test between blocks.

See also Figure S5.
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Figure 6. Sequence of Activity during Cost-Benefit Decision-Making Recorded from PFC-PLs
Neurons, Striatal HFNs and SPNs

(A) Average intra-burst activity (top) and heat maps (bottom) of HFNs during cost-benefit
conflict (left) and benefit-benefit (right) tasks.

(B) HFN intra-burst firing rates (mean + SEM) during click-to-turn periods. *p < 0.001
(two-tail t-test; difference between CBC and other tasks).

(C) Activity of single SPN (mean + SEM), aligned at zero to activity peak of an HFN (inset)
recorded simultaneously by single tetrode. Inset zero indicates time of start click.
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(D) Firing rates of a simultaneously recorded HFN-SPN pair, for phasic (burst, red) and
tonic (non-burst, blue) HFEN activity, with correlation coefficient (R) and slope for each.
Dots show SPN activity averaged across all 240 ms bins sorted for HFN firing rates in 5-Hz
steps.

(E) Sequence of peak excitation of PFC-PLs neurons (green) and HFNs (red) and peak
inhibition of SPNs (blue) recorded in pairs as shown. Plots aligned to start click (zero).

(F) HEN (n = 29, red) and simultaneously recorded SPN (nh = 56, blue) responses to PFC-PL
stimulation. HFNs lead SPNs by ~3 ms. *p = 0.001 (Wilcoxon and two-sample
Kolmogorov-Smirnov tests).

(G) Stimulation-inhibition protocol with SPN recordings in consecutive blocks of PFC-PL
electrical stimulation then combined PFC-PL electrical stimulation and intrastriatal
optogenetic inhibition of PFC-PL input.

(H) Putative striosomal SPN and HFN population firing rates aligned to PFC-PL stimulation
during the stimulation-only block (black) and stimulation-laser block (yellow). Laser
illumination increased SPN firing by 34% but decreased HFN firing by 32%. *p < 0.001
(two-tail t-test).

See also Figure S6.
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Figure 7. Computational Models to Characterize the Effects of Optogenetic Manipulations
(A-F) Choice probability (p: probability of choosing diluted chocolate milk; p’: probability

of choosing bright light) derived from the logistic regression plotted against reward (x) or
cost (y) value. For cost-benefit conflict (A and D) and non-conflict cost-benefit (B and E)
tasks, lines graded by color indicate cost-benefit ratio (i.e., estimates of motivational
conflict). Circles indicate empirically obtained means (filled: optogenetic manipulation,
open: control) with SEM. Results of optogenetic manipulations of PFC-PL pathway
targeting striosomes (A-C) could be accounted for by change in the sensitivity to cost (“C”)
under motivational conflict. Solid and dotted pink lines indicate, respectively, the modeled
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behaviors for optogenetic inhibition (halo) and excitation (C1V1) of the striosome-targeting
pathway. Changes in sensitivity to cost were specifically induced in cost-benefit conflict
task (A), but not in non-conflict cost-benefit (B) or cost-cost (C) task. Optogenetic inhibition
(halo) of PFC-ACC pathway targeting matrix (D-F) could be accounted for by increase in
the sensitivity to reward (“B”) in the cost-benefit conflict (D), non-conflict cost-benefit (E)
and benefit-benefit (F) tasks (blue lines: modeled behaviors for optogenetic inhibition).

(G) Phenomenological model of PFC-PL striosomal circuit function. PFC-PL provides
context information about conflict, engages intrastriatal network inhibiting striosomal SPNs
in high-conflict context. Matrix evaluates benefits, whereas striosomes integrate cost and
benefit when both values are high.

(H) Schematic circuit diagram and summary of major findings.

See also Extended Experimental Procedures.
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