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Research

Inhibiting PKMz reveals dorsal lateral and dorsal
medial striatum store the different memories
needed to support adaptive behavior

Wolfgang M. Pauli,1 Alexandra D. Clark, Heidi J. Guenther, Randall C. O’Reilly,

and Jerry W. Rudy

Department of Neuroscience and Psychology, University of Colorado at Boulder, Boulder, Colorado 80309, USA

Evidence suggests that two regions of the striatum contribute differential support to instrumental response selection. The

dorsomedial striatum (DMS) is thought to support expectancy-mediated actions, and the dorsolateral striatum (DLS) is

thought to support habits. Currently it is unclear whether these regions store task-relevant information or just coordinate

the learning and retention of these solutions by other brain regions. To address this issue, we developed a two-lever

concurrent variable-interval reinforcement operant conditioning task and used it to assess the trained rat’s sensitivity to

contingency shifts. Consistent with the view that these two regions make different contributions to actions and habits,

injecting the NMDA antagonist DL-AP5 into the DMS just prior to the shift impaired the rat’s performance but enhanced

performance when injected into the DLS. To determine if these regions support memory content, we first trained rats on

a biased concurrent schedule (Lever 1: VI 40′′ and Lever 2: VI 10′′). With the intent of “erasing” the memory content stored

in striatum, after this training we inhibited the putative memory-maintenance protein kinase C isozyme protein kinase

Mz (PKMz). Infusing zeta inhibitory peptide (ZIP) into the DLS enhanced the rat’s ability to adapt to the contingency

shift 2 d later, whereas injecting it into the DMS had the opposite effect. Infusing GluR23Y into the DMS 1 h before ZIP

infusions prevented ZIP from impairing the rat’s sensitivity to the contingency shift. These results support the hypothesis

that the DMS stores information needed to support actions and the DLS stores information needed to support habits.

It is generally believed that there are two systems that contribute
to acquisition and response selection in instrumental condition-
ing paradigms: (1) an “action” system that allows the organism
to extract relationships between its behavior, outcomes, and other
environmental stimuli and represents these relationships as
expectancies (Tolman 1948; Dickinson 1980; Dickinson and
Balleine 1993; Rudy 2008), and (2) a “stimulus-response habit”
system (S-R habit) that captures consistently occurring relation-
ships between stimuli and responses and gradually builds stimu-
lus-response associations that do not include representations of
outcomes (Thorndike 1898). The action system provides the basis
for a rapid assessment of the current environment—the contin-
gencies and outcomes associated with behavior and the initial
basis for generating an adaptive response. As responses are reliably
repeated in associated stimulus contexts, the S-R habit system can
automate these responses (Adams and Dickinson 1981; Killcross
and Coutureau 2003; Everitt and Robbins 2005). In recent years,
different areas of the striatum have been identified that appear
to selectively support each of these two systems (Hilário and
Costa 2008; Shiflett and Balleine 2011), with the dorsomedial stri-
atum (DMS) providing critical support for the action system, and
the dorsolateral striatum (DLS) providing support for the habit
system (Yin et al. 2004, 2005a,b, 2006; Ragozzino 2007).

However, there is still a debate on the critical issue of just
what these regions contribute when a new problem is encoun-
tered and solved. Do these components of the striatum coordinate
the learning and retention of the solution by other regions of
the relevant neural system (Pasupathy and Miller 2005), or do
these regions themselves also store task-relevant information

(cf. Pauli et al. 2010, 2012; WM Pauli, TE Hazy, and RC O’Reilly,
pers. comm.)? As Shiflett and Balleine (2011) recently put it,
“Although the striatum is clearly engaged during learning and
performance of goal-directed and habitual actions, this does not
necessarily entail that the striatum is the long-term store of asso-
ciations that underlie these behaviors.”

The experiments reported here were designed to determine if
the DLS and DMS learn and store information needed to support
instrumental behavior. In one set of experiments, we temporarily
disrupted the normal functions of these regions to confirm that
they make different contributions to our behavioral task—which
they did. In the second set, we determined whether these regions
stored information relevant to our task. Specifically, we inhibited
the putative memory-maintenance protein kinase C isozyme pro-
tein kinaseMz (PKMz) by infusing thePKMz inhibitor zpseudosub-
strate inhibitory peptide (ZIP) into the striatum (cf. Sacktor 2011).
The results support the hypothesis that these striatal areas are, in-
deed, critical sites of learning and memory for the action and S-R
habit systems, respectively. In the third set of experiments, we pre-
vented ZIP from erasing memories by infusing GluR23Y 1 h prior to
injecting ZIP. This indicates that PKMzmaintains long-term mem-
ories in the dorsal striatum by regulating GluA2-dependent AMPA
receptor trafficking. Our results then open up important new ques-
tionsaboutwhat specifically thesestriatalareas learn in instrumen-
tal tasks and howthis relates to learning takingplace in otherareas.

Results

DMS and DLS contribute differentially to the

rats’ ability to adjust to contingency shifts
To study the contribution of the DMS and DLS to behavioral
adaptations to contingency changes, we trained rats to press two
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levers, each associated with the same variable interval schedule of
reinforcement (VI 20′′). During this phase, rats were trained so
that they pressed each lever at approximately the same rate.

Theoretically, after several training sessions, the relevant task
information needed to support this behavior should be captured
by both the action system and the habit system. To determine
if the DMS and DLS contribute differently to the now well-
established behavior and to adjusting to new contingencies, we
changed the reinforcement contingencies associated with each le-
ver. One lever was associated with a more favorable reinforcement
schedule (VI 10′′) than the other lever (VI 40′′). If detected by the
rat, this shift should result in a higher probability of pressing the
more favorable lever. To impair the function of striatal neurons,
we infused the competitive NMDA receptor antagonist DL-AP5
or its vehicle into either the DMS or the DLS 5 min prior to the
shift session. The rationale for choosing DL-AP5 is detailed in
the Materials and Methods section.

The current view—that the DMS supports the action system,
whereas the DLS supports the habit system—makes two predic-
tions: (1) Impairing the function of neurons in the DMS should
impair the rat’s ability to rapidly shift to the more favorable lever
because the DMS would no longer be able to support the action
system, and (2) in contrast, impairing the function of neurons
in the DLS should facilitate the shift because this area would no
longer support habitual lever-pressing according to the old conti-
guities. This would remove competing response tendencies that
would interfere with the learning and performance required by
the new contingencies.

To test our hypothesis, each rat was exposed to two 2-d test
cycles. On day 1, rats continued to be reinforced on the VI 20′′

schedule. The behavior from this session served as a baseline.
On day 2, the reinforcement contingencies were shifted. Specifi-
cally, a less favorable schedule (VI 40′′) was assigned to the rat’s
preferred lever and a more favorable schedule (VI 10′′) was as-
signed to the other, less-preferred lever. Between the cycles, rats
were retrained for several days on the VI 20′′ schedules. DL-AP5
was injected 5 min prior to training on day 2 of the first test cycle.
The vehicle was injected on day 2 of the second cycle.

Figure 1 provides a schematic representation of the locations
of the cannulae tips for rats in the DLS and DMS conditions. There
were no differences among groups in overall number of lever-
presses per minute during the last session before the contingencies
were changed (individual group means ranged from 4.58 to 5.84;
F(3,16) ¼ 0.45, P ¼ 0.72), and there was no difference in the rate at
which rats pressed the two levers (t ¼ 20.78, df ¼ 19, P ¼ 0.45).

Figure 2 shows that the predicted results were obtained. This
figure compares the performance of the groups during the second

half of the preshift session to their performance during the second
half of the shift session. Specifically, we calculated the total num-
ber of responses the rat made during the 45-min test session and
then plotted the distribution of the last 50% of responses over
the two levers. We did this on the assumption that the last half
of the session would reflect the rats’ adaptation to the new
contingencies.

When DL-AP5 was infused into the DLS, rats adapted more
readily to the contingency change than controls—they shifted
more strongly to pressing the lever associated with the more favor-
able contingency than the other lever. In contrast, when infused
into the DMS, DL-AP5 impaired the rats’ ability to adapt to the
contingency shift—they did not respond differentially on the
two levers.

The best measure of successful adjustment to the contingen-
cy shift by an individual rat is the difference between the preshift
response probability and the response probability during the shift
session. Thus, for each rat we calculated the difference between
the probability that the rat pressed the more favorable lever, asso-
ciated with a VI-10′′ schedule, during the second half of the con-
tingency shift session and the probability of pressing this lever
during the second half of the preshift session. This analysis re-
vealed that rats in the DLS drug condition adapted better to the
contingency change than the rats in the DLS vehicle condition
(t ¼ 2.97, df ¼ 4, P ¼ 0.02) and that rats in the DMS drug condi-
tion adapted worse than rats in the DMS vehicle condition
(t ¼ 22.57, df ¼ 4, P ¼ 0.03).

The results presented in Figure 2 are consistent with the ac-
cepted view of the contributions of the DMS and DLS. However,
the results presented in Figure 3 provide a cautionary note.
Figure 3 presents the average number of responses per minute
made during the test session. Although there was no difference be-
tween rats in groups injected with DL-AP5 (t ¼ 20.38, df ¼ 8, P ¼
0.72), overall responding of these rats was reduced compared to
rats injected with saline (t ¼ 3.51, df ¼ 8, P ¼ 0.01). The potential
problem associated with a reduced level of responding is that,
compared to rats in the control condition, DL-AP5-treated rats
would have reduced exposure to the new contingency, and this
would reduce their ability to adjust their behavior to the contin-
gency shift. However, if this explanation was correct, one would
expect that rats in the control conditions would adapt more rap-
idly to the contingency shift than rats in both drug conditions.

Figure 1. Schematic representation of cannulae tip placements for rats
that received infusions into the DLS and DMS. Adapted from Paxinos and
Watson (2008), with permission from Elsevier # 2008.

Figure 2. Probability of pressing the lever that was associated with the
favorable VI 10′′ during the reversal session. This figure compares the
performance of rats in the second half of the last session before the con-
tingency shift to the performance during the second half of the contin-
gency shift session. We calculated the total number of responses the rat
made during the 45-min test session and then plotted the distribution
of the last 50% of responses over the two levers. Rats adapted better to
the contingency after infusions of DL-AP5 into the DLS than after saline
vehicle infusions. In contrast, rats adapted worse to the shift after DL-
AP5 infusions into the DMS than after saline vehicle infusions into this
striatal region. (∗) P-value ,0.05.
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Yet, this was not the case. Even though DL-AP5-treated rats in the
DLS condition responded less often than rats in the vehicle condi-
tion, they adapted to the contingency shift more quickly (as
shown in Fig. 2). Thus, we don’t think differences in overall re-
sponse rates account for the effect of DL-AP5.

In summary, these results make three points. First, they are
consistent with the hypothesis that the DLS and DMS make dif-
ferent contributions to the support of instrumental behavior.
Impairing the DLS improved the ability of the rats to adapt to
the contingency shift, presumably by removing the habit bias
that would normally have to be overcome when the new contin-
gencies were introduced. This result is consistent with Yin et al.’s
(2006) report that disabling the DLS improved the rat’s sensitivity
to changes in reinforcement contingencies. In contrast, impairing
the DMS produced the opposite effect—it reduced the rat’s ability
to adjust to the new contingencies, presumably because it re-
moved access to the information needed to rapidly capture and
adapt to new contingencies. This finding is consistent with the
Yin et al. (2005a,b) results and conclusions.

Second, that an infusion of DL-AP5 produced opposite ef-
fects when infused into two adjacent regions of the striatum pro-
vides the ideal control for the potential problem of site-specificity
and indicates that the neurons in a particular site support the pu-
tative function. Third, these results indicate that our behavioral
methodology is suitable for detecting the different contributions
of the DLS and DMS to instrumental behavior and thus can be
used to address the motivating question for this research—do
these regions store task-relevant information?

PKMz maintains memories in the DLS and DMS
Do the DMS and DLS regions store information relevant to perfor-
mance? Because rats in the previous experiment were tested under
the influence of DL-AP5, one cannot know whether this drug
blocked access to relevant memory content contained in these re-
gions, or whether it interfered with the rat’s ability to detect and
adapt to the new contingencies. Ideally, to address this question
one needs to have a methodology that would erase the putative
memory content contained in the region of interest but leave
the neurons functional at the time of the contingency shift test.
Pharmacological agents that alter neuronal function during the
test session or lesions methods cannot be used for this purpose.

However, an emerging literature suggests that inhibiting the
function of PKMz provides a methodology that can address this
question. PKMz mRNA normally exists at low levels in the synap-
tic region but is rapidly synthesized in response to synaptic activ-
ity. A unique property of PKMz is that it lacks a regulatory unit, so
once synthesized, it does not require second messenger binding to

be in the catalytic state. In addition, once synthesized, this kinase
can self-perpetuate by enabling the further translation of PKMz

mRNA into protein to cause persistent synaptic localization (for
review, see Sacktor 2011).

Two lines of evidence indicate that PKMz plays a special role
in the maintenance of increased synaptic strength that supports
memories. First, when the pseudosubstrate z inhibitory peptide,
a molecule designed to serve as a regulatory unit for PKMz, is in-
fused prior to the induction of long-term potential (LTP), it has
no effect on induction (Serrano et al. 2005). However, if it is in-
fused at various intervals after LTP has been induced, established
potentiation is reversed, indicating that PKMz is critical for the
maintenance of established LTP. Second, when ZIP is injected
into brain regions thought to be memory storage sites, behavioral
evidence for the memory is lost (Pastalkova et al. 2006; Shema
et al. 2007, 2011; Serrano et al. 2008; Hardt et al. 2010; Li et al.
2011).

Important features of this class of experiments are that (1)
the established memory is allowed time to consolidate before
ZIP is infused into the putative storage site, (2) the animal is tested
after ZIP is allowed to clear from the brain, and (3) following the
memory test that reveals the memory has been lost, retraining
can re-establish memory-dependent performance, indicating
that the neurons supporting the memory are functional and can
support new memories.

All of this suggests that PKMz is critical for memory mainte-
nance and this methodology can be used as an analytic tool to
determine if a particular region of the brain stores information rel-
evant for expression of a memory-dependent behavior. Thus, we
used this methodology to determine if the DLS and DMS store
task-relevant information.

We reasoned that if the DMS and DLS stored task-relevant in-
formation, inhibiting PKMz should produce predictably different
results depending on whether ZIP is infused into the DLS or DMS.
Specifically, inhibition of PKMz in the DLS should allow rats to
adapt more readily to new contingencies because it would erase
the content that supports habitual behavior that normally com-
petes with the new requirements of the task, whereas inhibiting
PKMz in DMS should interfere with adapting to the contingency
shift because it would erase the content that enables the rat to as-
sess the new contingencies against what was previously learned.

To pursue this strategy, we made a slight change in the train-
ing strategy to increase the challenge imposed by the contingency
shift. During the first stage of training, the two levers were associ-
ated with the same reinforcement schedules (VI 20′′). After the rats
learned to press both levers, they were trained for several consec-
utive sessions during which one lever was associated with a more
favorable VI 10′′ schedule and the other lever with a less favorable
VI 40′′ schedule of reinforcement. During this bias training, the le-
ver a rat had preferred during the initial acquisition was associated
with the less favorable VI 40′′ and the other with the more favor-
able VI 10′′ schedule. Approximately 24 h after the last day of bias
training, we either injected ZIP or an inactive scrambled version of
the peptide (scr-ZIP) into the DMS or the DLS. Two d following the
infusion, rats were tested by reversing the contingencies associat-
ed with each lever.

Figure 4 provides a schematic representation of the location
of the injector tip locations for rats in the DLS and DMS condi-
tions. Rats rapidly adapted to the contingencies of the bias train-
ing and pressed the lever associated with the more favorable VI
10′′ schedule more than the other lever and maintained this pref-
erence through the course of the bias training. Figure 5 shows that
the predicted results were obtained when contingencies were re-
versed. As in the previous experiment, this figure compares the
performance of the groups during the second half of the preshift
session to their performance during the second half of the shift

Figure 3. Number of responses per minute in the contingency-shift
session. Rats pressed levers less after DL-AP5 infusions into either striatal
regions than after saline vehicle infusions.
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session. When ZIP was infused into the DLS, rats adapted more
readily to the contingency shift than controls—they pressed the
lever associated with the more favorable contingency more than
they pressed the other lever. In contrast, when infused into the
DMS, ZIP impaired the rats’ ability to adapt to the contingency
shift—they did not respond differentially to two levers. As in the
previous experiment, we analyzed the results by comparing pre-
shift/post-shift difference scores. This analysis revealed that rats
in the DLS drug condition adapted better to the contingency
change than the rats in the DLS vehicle condition (t ¼ 3.53, df ¼
8, P ¼ 0.01) and that rats in the DMS drug condition adapted worse
than rats in the DMS vehicle condition (t ¼ 22.51, df ¼ 8, P ¼
0.04).

Figure 6 provides a more detailed picture of how rats adapted
to the contingency reversal. In this figure, each rat’s performance
was normalized to the total number of responses it made during
the 45-min test session. The figure plots how responses are distrib-
uted as the rat approaches its total. It shows that when ZIP was in-
jected into the DLS, rats were already pressing the more favorable
lever, even though they had only emitted 50% of their total re-
sponses. Rats in the DLS control condition, however, were still dis-
tributing their responding equally between the two levers at that
point, although they did prefer the more favored lever by the end
of the session. In contrast, even at the end of the session, when ZIP
was injected into the DMS, rats were still distributing their re-
sponding equally between the levers.

Figure 7 shows the influence of the ZIP infusion on overall re-
sponding during the test. Compared to the src-ZIP infusion, infu-
sion of ZIP slightly reduced overall responding (t ¼ 22.07, df ¼
18, P ¼ 0.05). Note, however, that there was no difference in
the two groups infused with ZIP (t ¼ 20.44, df ¼ 10, P ¼ 0.67).
This is important because it means that the difference in the over-
all rate of responding is not a determiner of the influence of ZIP on
the rat’s ability to adapt to the new contingencies. If it was, then
the DMS and DLS groups should not have differed. Yet, as shown
in Figure 4, infusing ZIP into the DLS facilitated the shift to the
favorable lever, but infusing it into the DMS impaired the shift.

In summary, these results support the hypothesis that the
DLS and DMS store information needed for instrumental condi-
tioning and that what was stored in the two regions had opposite
effects on the rat’s ability to adapt to changes in reinforcement
contingencies. More specifically, the results are consistent with
the idea that the DLS stores content needed to support habits
and interferes with the rats’ ability to rapidly adapt to changes
in reinforcement contingencies, but the DMS stores content need-
ed to rapidly assess and adapt to new contingencies.

GluR23Y rescues the reversal deficit produced by

dorsomedial striatal injections of ZIP
PKMz is thought to maintain memory by regulating trafficking of
GluA2-containing AMPA receptors (AMPARs) to the spine that are
needed to offset the ongoing endocytosis of these receptors.
When PKMz is inhibited, receptors trafficked out are not replaced
and the induced changes in synaptic strength are lost. This view is
supported by recent experiments that have combined the infu-
sion of ZIP with an infusion of the peptide GluR23Y. This peptide
has been shown to inhibit the endocytosis of GluA2-containing
AMPARs (Migues et al. 2010; Li et al. 2011).

Given this property, GluR23Y provides an analytic tool to
block the effect of ZIP. Specifically, if endocytosis of the GluA2-
containing AMPA receptors is prevented, then the temporary in-
activation of PKMz should have no effect on memory mainte-
nance because this renders the replacement function served by
PKMz moot—no replacement is necessary. This hypothesis has
been tested and supported in experiments with both brain slices
and behavior (Migues et al. 2010; Li et al. 2011). Thus, we used
this strategy to determine if our results with ZIP could be related,
at least indirectly, to disrupting the role of PKMz in regulating traf-
ficking of GluA2-containing AMPARs.

To make this assessment, we repeated one condition of the
previous experiment. Approximately 24 h after the last bias train-
ing session, rats were assigned to two groups. Both GluR23Y and
ZIP were infused sequentially into the DMS of one set of rats,
whereas the vehicle for GluR23Y preceded the ZIP infusion for
the other set. The GluR23Y infusion occurred 1 h prior to the ZIP
infusion. If the inhibition of PKMz erases memories by disturbing
the normal trafficking of GluA2-containing AMPARs, then
GluR23Y should block the effect of ZIP, and the memory content
should be preserved. Given that the drugs were infused into the

Figure 4. Schematic representation of cannulae tip placements for rats
that received infusions into the DLS and DMS. Filled circles represent sub-
jects that received ZIP infusions, open circles represent subjects that re-
ceived scr-ZIP infusions. Adapted from Paxinos and Watson (2008),
with permission from Elsevier # 2008.

Figure 5. Probability of pressing the lever that was associated with the
favorable VI 10′′ during the reversal session. On the day before the reversal
session, when this lever was associated with the VI 40′′, rats in all groups
showed a similar low probability of pressing this lever. If ZIP was infused
into the DLS, rats showed an enhanced ability to adapt to the contingency
change relative to control scr-ZIP injections. If ZIP was infused into the
DMS, rats showed a decreased ability to adapt to the shift. Error bars in-
dicate standard error (SE). (∗) P-value ,0.05.
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DMS, which supports the action system, this means that rats in-
jected with both agents should adjust more rapidly to the contin-
gency shift than rats infused with ZIP only.

Figure 8 provides a schematic representation of the injector
tip locations for rats in this experiment. As in the previous exper-
iment, the rats rapidly adapted to the contingencies and main-
tained this preference through the course of the bias training.
During bias training, rats pressed the favorable VI-10′′ lever signif-
icantly more frequently (t ¼ 6.22, df ¼ 12, P ¼ 0.01) and received
significantly more rewards from it than from the other lever
(t-test: t ¼ 13.53, df ¼ 12, P ¼ 0.01).

Figure 9 presents the contingency-shift session results and re-
veals that the predicted results were obtained—rats infused with
GluR23Y prior to the ZIP infusion adjusted more rapidly to the
new contingencies than did rats infused with the vehicle prior
to ZIP. Note that, in the case of the previous experiment, rats
infused with only ZIP distributed their responses roughly equally
between the two levers and thus only adapted moderately to the
shift. In contrast, rats in the GluR23Y conditions were more likely
to press the lever associated with the more favorable VI-10′′ sched-
ule. As in the previous experiment, we analyzed this interaction
by comparing preshift/post-shift difference scores. This analysis
revealed that rats that received infusions of GluR23Y 1 h before
ZIP adapted better than rats that received saline before ZIP in
the DMS (t ¼ 22.48, df ¼ 11, P ¼ 0.03).

The differences in adapting to the new contingencies cannot
be due to differences in the overall rate of responding after the
contingency change, because rats in the two groups did not differ
in their lever-press rate during the session (t ¼ 21.34, df ¼ 15, P ¼
0.2). Rats that received GluR23Y-ZIP pressed levers at a mean rate
17.5+2.08 (presses/min), and rats that received Sal-ZIP at a rate
of 13.4+2.18.

In summary, these data are consistent with the hypothesis
that ZIP altered the rats’ ability to adapt to contingency shifts
(see Fig. 5) by disrupting the contribution of PKMz to the normal
trafficking of GluA2-containing AMPA receptors. This is because
the effect of ZIP was blocked by an infusion of GluR23Y, a peptide

that prevents the normal endocytosis of GluA2-containing AMPA
receptors, thus obviating the need for replacement that depends
on PKMz.

Discussion

These experiments support the currently accepted hypothesis that
the dorsal medial and dorsal lateral striatal regions provide differ-
ential support for instrumental behavior (e.g., Yin et al. 2004,
2005a,b, 2006; Shiflett and Balleine 2011). Altering DLS function
by infusing the NMDA antagonist DL-AP5 facilitated the rat’s ad-
aptation to a change in the reinforcement contingencies, whereas
infusing it into the DMS impaired this adjustment. More impor-
tantly, our results support the hypothesis that these regions store
task-relevant information and do not just coordinate the learning
and retention of these solutions by other regions of the relevant
neural system. This conclusion is based on the observation that
inhibiting the putative memory-maintenance kinase PKMz fol-
lowing training on a biased concurrent reinforcement produced
predictable and opposite effects when these contingencies were
reversed. Specifically, infusing ZIP into the DLS facilitated perfor-
mance during a contingency shift session. Presumably, this is
because it erased memory content that supports previous learned
habitual responding that would interfere with new required new
learning and performance. In contrast, infusing ZIP into the
DMS produced the impaired performance because it erased the
previously acquired task information needed to assess and adapt
to the contingency change.

A number of studies support the hypothesis that PKMz plays
an essential role in the maintenance of potentiated synapses and
in maintaining established memories (Pastalkova et al. 2006;
Shema et al. 2007, 2011; Serrano et al. 2008; Hardt et al. 2010;
Li et al. 2011). Moreover, data indicate that PKMz is critical to reg-
ulating the trafficking of GluA2-containing AMPA receptors into
the synapse that are needed to maintain strengthened synapses
(Migues et al. 2010; Li et al. 2011). Nevertheless, concerns have
been expressed that memory erasure with very high concentra-
tions of ZIP, 100 times higher than the concentrations used in
our experiments, may be caused by nonspecific effects other
than the inhibition of PKMz (Lismann 2012).

Our results are novel in two ways. First, we used the PKMz

methodology as an analytic tool to answer an important ques-
tion—do the DMS and DLS areas store information that is critical
for both assessing and adapting to contingency changes; do they
store memories? Our results say the answer is yes. Second, the spe-
cific outcomes revealed that the two regions extract quite different
content from the behavioral experience.

Our experiments support the view that the DMS and DLS
support task-relevant memories. However, they in no way rule

Figure 6. Adaptation to the contingency shift changes with session pro-
gress. Rats that received ZIP infusions in the DLS adapted quickly to the
contingency shift by pressing the more favorable lever more frequently
than the other lever and maintained this adaptation throughout the
course of the session. In comparison, rats that received ZIP infusions in
the DMS showed only a slow increase over time in the probability of press-
ing the more favorable lever more frequently than the other lever. A direct
comparison of the two groups at different levels of progress through the
contingency shift session indicates that the difference between the two
groups appeared early in the session and persisted until the completion
of the contingency shift session.

Figure 7. Mean number of responses per minute in the contingency
shift session. Relative to scr-ZIP infusions, ZIP infusions reduced the lever-
press rate independent of whether ZIP was infused into the DMS or DLS.
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out the possibility that other brain structures, in particular, asso-
ciated cortical regions, also store task-relevant information. Fu-
ture experiments using the PKMz methodology will be needed
to determine the involvement of other brain regions in tasks
like ours.

Our experiments are also consistent with the current view
that PKMz maintains memories by regulating GluA2-containing
AMPA receptor trafficking. This is because inhibition of endocyto-
sis of these receptors by GluR23Y blocked the effect of ZIP. Our
results, of course, are not definitive because we did not directly
measure the location of these receptors. However, in the context
of the existing literature, this hypothesis is reasonable.

Our data do not allow any definite conclusion about the
content that is stored in the DMS or the DLS. However, the avail-
able data suggest that that the DLS stores stimulus-response asso-
ciations (Reading et al. 1991; Packard and McGaugh 1996;
Devan et al. 1999; Jog et al. 1999; Packard 1999; Featherstone
and McDonald 2004; Yin et al. 2004; Palencia and Ragozzino
2005).

It is more difficult to describe the content of the DMS.
Broadly speaking, some theorists assume that the DMS interacts
with frontal brain regions to support a range of important func-
tions such as working memory (Hazy et al. 2007), performance
monitoring (Botvinick et al. 2001), and effort calculation
(Walton et al. 2003). This suggests that DMS must learn to calcu-
late the values of response alternatives based on the inputs it re-
ceives from these frontal areas (e.g., O’Doherty et al. 2004; Daw
et al. 2005; Samejima et al. 2005). In the context of the present
results, one might speculate that the DMS stores content needed
to monitor ongoing response contingencies and detect changes
in the these contingencies. In this way, it may contribute to rap-
id behavioral adjustments to contingency changes (Gallistel
et al. 2001).

In conclusion, our results support the emerging hypothesis
that two regions of the striatum, the DMS and DLS, make different
contributions to instrumental behavior and to the rat’s ability to
adapt to change. More importantly, by suppressing the activity
of the memory maintenance protein, PKMz, we provided the first
evidence that these regions do not simply enable storage struc-
tures outside of the striatum to influence behavior but instead
directly store information relevant to both behaving appropriate-
ly and adjusting to new contingencies.

Materials and Methods

Animals
Male Long-Evans rats (Harlan, Indianapolis, IN) served as subjects.
A total of 49 rats, weighing between 325 and 349 g at the begin-
ning of the study served as subjects. Two rats were excluded
from analysis because of cannulae misplacement, three rats never
learned to press levers, and one rat did not survive surgery. In the
first study, five animals were implanted with DMS cannulae and
five with DLS cannulae. This study was a within-subjects design:
Each rat received DL-AP5 infusion in the first test cycle and vehicle
saline infusions in the second test cycle. In the second study,
which was not a within-subjects design, animals either received
ZIP (N: DMS ¼ 6, DLS ¼ 6) or scr-ZIP group (N: DMS ¼ 4, DLS ¼
4). In the third study, rats received either saline infusions, fol-
lowed by ZIP 1 h later (N ¼ 6), or received GluR23y (N ¼ 7), fol-
lowed by ZIP 1 h later. Rats were housed individually in plastic
cages in a temperature-controlled room, with free access to food
and water for the first week. The vivarium maintained a 12-h light-
dark cycle (lights on at 7:00 a.m.). Throughout the experiment,
rats were food-restricted to maintain their weight at �90% of their
ad libitum weight, with free access to water.

Behavioral apparatus
Training and testing took place in eight operant chambers
equipped with two response levers (Coulbourn Instruments),
placed 5 cm to the left and right of a liquid dipper (Coulbourn
Instruments) that delivered 2% reduced-fat chocolate milk
(Lucerne Foods) as reward. Each chamber was housed within a
sound- and light-resistant cabinet. A 3-W, 5-V house-light, mount-
ed in the centerof the ceiling provided illumination. Experimental
protocols were reviewed and approved by the University of
Colorado Institutional Animal Care and Use Committee (IACUC).

Behavioral procedures
At the beginning of the experiment, a cup containing 15 mL of
chocolate milk was placed in home cages for up to 2 h. This pro-
cedure was repeated daily until subjects had consumed all of the
chocolate milk within 20 min.

Rats then received daily lever-press training sessions that
lasted 45 min. They were trained on a variable temporal interval
(VI) schedule of reinforcement. For each lever, the VI followed a
uniform distribution. During the early stage of training, all rats
developed a response bias that required special training to ensure
that they pressed the two levers at approximately the same rate.
For this purpose, a correction term was added to the VI of each

Figure 9. Probability of pressing the lever that was associated with the
favorable VI 10′′ during the reversal session. On the day before the reversal
session, when this lever was associated with the VI 40′′, rats in both groups
showed a similar low probability of pressing this lever. If saline was infused
into the DMS 1 h before ZIP, rats showed a decreased ability to adapt to
the shift. If GluR23Y was infused into the DMS 1 h before ZIP, rats did show
an adaptation to the contingency reversal that was similar to the control
groups in the previous experiment that received infusions of scr-ZIP. Error
bars indicate standard error (SE); (∗) P , 0.05.

Figure 8. Schematic representation of cannulae tip placements for rats
that received infusions into the DLS and DMS. Filled circles represent sub-
jects that received GluR23Y and ZIP infusions, open circles represent sub-
jects that received saline and ZIP infusions. Adapted from Paxinos and
Watson (2008), with permission from Elsevier # 2008.
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lever to adjust for possible lever preferences: If a subject pressed
one lever more often than the other, the difference in total lever-
presses, since the beginning of the experiment, of this lever vs.
the other lever was added (in sec) to the variable interval. This in-
creased both the minimum and the maximum of the uniform dis-
tribution. On the first day of training, or until a rat had pressed
each lever at least 50 times (since the beginning of the experi-
ment), reward was delivered at a VI 0.5′′ (min: 0 sec, max: 1 sec), fol-
lowed by one session during which reward was delivered at a VI 5′′

schedule (min: 0 sec, max: 10 sec). On the following days, rats were
trained on a VI 20′′ schedule, until they pressed each lever at least
100 times per session and pressed both levers about equally often
(fewer than 50 lever-presses difference between left and right le-
ver). After rats met the training criteria, the cannulae were im-
planted, and rats were allowed 7 d to recover from surgery.

In the first experiment, in which DL-AP5 was injected prior
to the contingency shift, rats were trained on concurrent VI 20′′

schedules for 2 d with the correction term still operative. This
was followed by 2 d of training on the same schedule with the cor-
rection term removed.

Rats were then put through two 2-d test cycles. On day 1 of
each test cycle, a VI 20′′ schedule was associated with each lever.
On day 2 of cycles 1 and 2, the schedules were shifted: a less favor-
able VI 40′′ schedule was associated with the rat’s preferred lever,
and a more favorable VI 10′′ schedule was associated with the oth-
er lever. DL-AP5 was administered on day 2 of the first test cycle,
and vehicle was injected on day 2 of the second test cycle. Thus,
each rat was tested after a DL-AP5 infusion and after an infusion
of the vehicle. After the first contingency shift on day 2 of cycle
1, rats were retrained with concurrent VI 20′′ for 6 d, before contin-
gencies were shifted again on day 2 of test cycle 2.

In the second and third experiment, in which PKMz was in-
fused, rats were trained on an additional set of concurrent variable
interval schedules. On the first day after post-surgical recovery,
rats were again trained on concurrent VI 20′′ schedules without
a correction term to determine lever preference. For the following
sessions, the lever a rat preferred during this session was assigned a
less favorable VI 40′′ schedule and the other lever a more favorable
VI 10′′ schedule. Rats were trained according to this schedule for
six sessions. Following the completion of the last bias training
session, the rats in the DMS and DLS conditions were permuted
such that they received either ZIP or scr-ZIP. Thus, during reversal,
rats were returned to their original bias. A similar strategy has
been applied before by others to investigate the role of the two
dorsal striatal areas in behavioral flexibility (e.g., Palencia and
Ragozzino 2005).

In experiment 2, either ZIP or scr-ZIP was infused into the rel-
evant region �24 h after the last session of bias training. To deter-
mine if ZIP influenced memory maintenance, 48 h later, rats were
returned to the operant chambers and exposed to a contingency
shift—the lever-VI schedule assignments during bias training
were reversed during the test session.

The procedures in experiment 3 were identical to the proce-
dures in experiment 2, except for the drug infusions. Rats were
permuted again and received either saline infusions, followed by
ZIP 1 h later, or received GluR23y, followed by ZIP 1 h later.

Surgery
Rats were anesthetized with Halothane and stereotaxically im-
planted with 26-gauge stainless steel guide cannulae (Plastics
One) bilaterally into the posterior dorsomedial or dorsolateral stri-
atum. Bregma was used as a reference. We used the following co-
ordinates for bilateral implantation in the dorsomedial striatum:
anteriorposterior, 20.4 mm; mediolateral, +2.6 mm; dorsoven-
tral, 4.5 mm. We used the following coordinates for bilateral im-
plantation in the dorsolateral striatum: anteriorposterior, +0.7
mm; mediolateral, +3.6 mm; dorsoventral, 5.0 mm.

Microinfusions
We gently wrapped the rat in a soft towel, removed the obturator,
and inserted a 33-gauge microinjector (Plastics One) attached to

polyethylene 50 (PE50) tubing through the indwelling guide can-
nula. The distal end of the PE50 tubing was attached to a 10-mL
(Hamilton) syringe that was attached to a microinjection unit
(model 5000; David Kopf Instruments) that accurately dispensed
the desired volume at a rate of 0.5 mL/min. The microinjectors ex-
tended 0.5 mm (1 mm in experiment 1) into striatum beyond the
tip of the guide cannulae. The injector remained connected for an
additional minute to allow for drug to diffuse away from the tip of
the cannula.

Drugs
In the first experiment, DL-AP5, a selective NMDA antagonist pro-
vided by Tocris in powder form, was dissolved in a saline solution.
We used a concentration of 4.5 mg/mL, injecting 0.5 mL in 1 min
for a total of 2.25 mg per side. Saline vehicle injections with the
same parameters were used as control. We chose this drug for
two reasons. First, the primary projection neurons in the striatum
are the medium spiny neurons, and there is evidence that NMDA
receptors modulate their excitability. These neurons alternate be-
tween a hyperpolarized resting membrane potential (“down
state”) and transient periods of a sustained depolarization (“up
state”) (Wickens and Wilson 1998), during which MSNs show
an increased responsiveness to synaptic input. Antagonism of
D1 dopamine and AMPA glutamatergic receptors have been found
to block transitions into up states (Surmeier et al. 2007; Tseng
et al. 2007), and NMDA receptor antagonism with AP5 has been
reported to significantly shorten the duration of up states (Tseng
et al. 2007). This shortened duration associated with antagonizing
NMDA receptors might mediate the effects produced when DL-
AP5 was injected into the striatum. Second, DL-AP5 has relatively
minor effects on overall instrumental performance, unlike other
drugs (e.g., muscimol) that greatly impact behavioral function
when injected into the striatum (Kelley et al. 2003).

In the second experiment, we dissolved either the PKMz

inhibitor ZIP (30 nmol/side/0.5 mL; Myr-SIYRRGARRWRKL;
AnaSpec, catalog #63361) or an inactive scrambled version of
the peptide (scr-ZIP; 30 nmol/side/0.5 mL; Myr-RLYRKRIWR-
SAGR; Anaspec, catalog #63695) in saline (pH 7.0), and injected
it into the DMS or the DLS.

In the third experiment, we first injected either Tat-GluR23Y

(45 pmol/side/0.5mul; YGRKKRRQRRRYKEGYNVYG; Anaspec,
catalog #64429) dissolved in saline (pH 7.0) or vehicle. One h lat-
er, we then injected the PKMz inhibitor ZIP (30 nmol/side/0.5mL;
Myr-SIYRRGARRWRKL; AnaSpec, catalog #63361).

Histology
At the completion of the experiment, we anesthetized rats with
pentobarbital (50 mg per kg body weight), decapitated them, re-
moved their brains, and froze the brains in cold isopentane. We
cut coronal sections (40-mm thick) through the striatum with a
cryostat and mounted every third section. We stained sections
with cresyl violet and examined them by light microscopy to visu-
ally verify the placement of the cannulae. Only rats with proper
cannula placements were included in the experiment.

Statistics
If the time between the current lever-press and the previous re-
sponse was larger than the median response interval between
lever-presses plus three times the standard deviation, the current
lever-press was removed from analysis. To measure how well rats
adapted to a contingency change, we calculated the relative prob-
ability of pressing the lever associated with the more favorable
schedule. Specifically, we divided the number of presses of the
richer lever by the total number of lever presses.

For the purpose of determining how well a rat had adapted to
new contingencies, we compared the relative probability of press-
ing a lever in the second half of the contingency shift session with
the same relative probability during the second half of the last ses-
sion before the contingency shift. Specifically, we determined for
each rat the total number of lever-presses in a session and included
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the last 50% of those lever-presses in our analysis. To determine
the time-course of adaptation, we calculated how the relative
probabilityofpressingthemore favorable leverchangedwithprog-
ress through a session.

For statistical support we used a strictly hierarchical ap-
proach, using repeated-measures analysis of variance, followed
by planned t-test comparisons to explain found interactions (us-
ing the statistics program R). T-test results are only reported where
underlying interaction effects were significant in the correspond-
ing repeated measures ANOVAs. Values were rounded to the sec-
ond decimal.
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