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Review of Burton et al.

What motivates us to perform specific actions? On one hand, action selection may
be influenced predominantly by the stimuli that we have learned to associate with
responses in the presence of rewards (i.e.,
stimulus–response associations). On the
other hand, action selection could be
driven by an expectation of the consequent outcome (i.e., response– outcome
associations). These two types of learned
associations have long been hypothesized
to compete with each other and drive different forms of operant behavior (Dickinson et al., 1995). A prominent hypothesis
is that the dorsolateral striatum, at least in
rodents and primates, encodes stimulus–
response associations.
Drugs of abuse, such as cocaine, are
thought to strengthen stimulus–response
encoding in the dorsolateral striatum
(Everitt, 2014). This hypothesis is based
on the finding that proper dorsolateral
striatal functioning is required for the expression of habitual behavior, which itself
is thought to rely on stimulus–response
associations and underlie drug-seeking
(Corbit et al., 2012; Lingawi and Balleine,
2012; Vandaele and Janak, 2017). Furthermore, repeated cocaine exposure
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accelerates the development of habitual
“stimulus–response” behavior, possibly
by facilitating glutamate transmission in
the striatum and consequently sensitizing
dorsolateral striatal neurons (LeBlanc et
al., 2013; Parikh et al., 2014; O’Hare et al.,
2016). If this is true, then if one were to
give animals repeated cocaine exposure
and then record from neurons in the
dorsolateral striatum during operant learning, one should expect to observe enhanced
stimulus–response encoding.
This was precisely the goal of an experiment recently published in The Journal
of Neuroscience (Burton et al., 2017).
Single-unit recordings were made in the
dorsolateral striatum as rats completed a
decision-making task that involved multiple cues, actions, and outcomes. On any
given trial, rats were required to hold their
nose in a port until an odor was presented
that instructed them to turn to the left
(odor 1), right (odor 2), or either direction (odor 3) to receive a liquid sucrose
reward from a fluid well. There were thus
four different odor–action combinations
that were rewarded: odor 1-left, odor
2-right, odor 3-left, and odor 3-right. Across
blocks of trials, the value and identity of the
sucrose rewards in each well were varied.
During the first block of a session, the
same magnitude of sucrose was delivered
to each well, but with different delays
(short or long). In the second block, these
contingencies were switched. In the third
block, the reward delay was the same for

both wells, but the magnitude differed
(small vs big). These contingencies switched in the fourth block. This created eight
different action– outcome combinations: left-short, left-long, left-small,
left-big, right-short, right-long, rightsmall, and right-big.
This is a useful task because researchers could identify neurons that modulated
their firing rates during the decision period (between odor onset and port exit)
and in response to specific odor–action
combinations, regardless of the value or
identity of the consequent outcome (i.e.,
stimulus–response encoding). For example, a neuron that displayed a higher firing
rate when odor 3 was presented and the
rat turned left, compared with when the
rat turned right in the presence of odor 3
or left in the presence of odors 1 and 2,
would be considered a stimulus–response
encoding neuron. Neural activity could
also be analyzed to uncover response–
outcome encoding by detecting changes
in firing rates in accordance with changes
in the action–outcome contingencies while
collapsing across odor cues. For example,
a neuron that displayed a higher firing rate
when the rat turned left and a short delay
reward was available in the left well, compared with all the other trial types during
which the rat turned left or right, would be
considered a response– outcome encoding neuron. To examine the effects of
cocaine on associative encoding in the
dorsolateral striatum, some rats were al-
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lowed to repeatedly self-administer cocaine over 12 days followed by a monthlong withdrawal period before single-unit
recordings. Control rats were either allowed to repeatedly administer sucrose
pellets instead of cocaine or were never
allowed to engage in self-administration
of any kind.
The experiment yielded three main
findings. First, there was no difference between cocaine-exposed and control rats in
the proportion of dorsolateral striatal
neurons that were significantly modulated by the odor cue, the chosen action,
or combinations between cues and actions. In other words, extended cocaine
exposure did not result in enhanced stimulus–response encoding in the dorsolateral striatum. Second, a higher proportion
of dorsolateral striatal neurons were
significantly modulated by specific action– outcome combinations in cocaineexposed rats than in controls, suggesting
that cocaine exposure enhanced response– outcome encoding. Third, the nature
of the response– outcome encoding was
different from that observed in control
rats. At the population level, dorsolateral
striatal neurons in control rats fired maximally before rats turned toward one of
the fluid wells and when only one of the
four outcomes (small magnitude, large
magnitude, short delay, long delay) was
available in that well. In contrast, neurons
in cocaine-exposed rats showed population activity that reflected a more abstract
contingency between an action and an
outcome (i.e., firing maximally when one
of the four outcomes was available in one
of the wells regardless of which action the
rat ended up choosing).
It is unsurprising that correlates of response– outcome associations were found
in the dorsolateral striatum of control and
cocaine-exposed rats because previous experiments in rats that used the same task
also found robust response– outcome encoding in this brain region (Stalnaker et
al., 2010; Burton et al., 2014). Nonetheless,
this remains a curious finding because disrupting dorsolateral striatal function does not
disrupt goal-directed actions that rely on
response– outcome associations (Yin et
al., 2004; Corbit and Janak, 2010; Gremel
and Costa, 2013). Even more curious is
the finding that extended cocaine exposure enhanced response– outcome encoding in the dorsolateral striatum because
this type of drug experience has been
found to abolish goal-directed control of
operant behavior. Specifically, under conditions where rodents are trained to press
a lever for a food reward and then the food

reward is devalued, prior cocaine exposure prevents the animals from using
knowledge about the lever-food association, thus preventing the suppression of
lever pressing (LeBlanc et al., 2013; Corbit
et al., 2014).
This conundrum can be resolved in
three possible ways. First, the types of
tasks that are normally used to reveal the
weakening, suppression, or erasure of response– outcome associations by cocaine
are free-operant tasks with a single response– outcome contingency. The task
used by Burton et al. (2017) was not freeoperant (operant responses were cued by
odors), and there were multiple response–
outcome contingencies. Indeed, as the authors point out, the presence of multiple
response– outcome contingencies seems
to preserve knowledge of response– outcome associations and encourage goaldirected action (e.g., Kosaki and Dickinson,
2010). Cocaine exposure might result in
quite different patterns of neural activity
in free-operant, single response– outcome
contingency situations. Second, the ability
of cocaine to weaken, suppress, or erase
knowledge of response– outcome associations might work by modifying associative information in the dorsomedial
striatum, not the dorsolateral striatum
(Corbit et al., 2014). Third, the patterns of
neural activity observed by Burton et al.
(2017) might not reflect response– outcome associations, but action value. It is
tempting to propose that a neuron that
fired at a high rate when a large magnitude
outcome was available in the left fluid well
did not fire at an equally high rate when
the short-delay outcome was available in
that same well because the neuron codes
for a specific response– outcome association, not the value of turning left. However, how rats valued each of the four
outcomes cannot be determined without
a rigorous behavioral economic assessment. Such a neuron might have shown
an equally high firing rate if the identity of
the outcome was changed (e.g., by changing its flavor), but its value was held constant. This would be consistent with other
evidence showing that striatal neurons encode the values of actions, even when
those actions are not chosen, much like
what was observed in cocaine-exposed rats
(Lau and Glimcher, 2008).
Last, it is quite revealing that cocaineexposed rats did not show heightened
stimulus–response encoding in the dorsolateral striatum. This suggests that we
might be thinking incorrectly about how
drugs of abuse influence dorsolateral
striatal function. Despite the current con-

sensus, there is only weak evidence that
cocaine enhances stimulus–response learning
or that the dorsolateral striatum is responsible for encoding stimulus–response associations. Cocaine seems to be doing
more than just strengthening stimulus–
response associations. For example, cocaine
enhances the impact of conditioned stimuli on operant lever pressing in rats (LeBlanc et al., 2013; Ostlund et al., 2014). It is
unlikely that this can be achieved by a general
enhancement of stimulus–response encoding
because, in these experiments, magazine entry is the response that is reinforced in the
presence of the cue, and the invigoration
of this response in the presence of the cue
is not enhanced in cocaine-exposed rats
(LeBlanc et al., 2013). In addition, habitual
responding, that form of action control
that is facilitated by cocaine exposure and
for which proper dorsolateral striatal
functioning is crucial, seems to stem not
from enhanced stimulus–response encoding but from increased temporal uncertainty of outcomes or from poor
contiguity between actions and outcomes
(Derusso et al., 2010). The data from Burton et al. (2017) provide another source of
evidence that reinforces the idea that
modification of stimulus–response encoding is not an accurate way to describe
what the dorsolateral striatum is doing or
how drugs of abuse impact dorsolateral
striatal function.
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