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Abstract

Actions become compulsive when they are no longer controlled by their consequences. Compulsivity can be assessed using the omission
procedure in which animals are required to withhold a previously reinforced action to earn reward. The current study tested the hypothesis
that inactivation of the dorsolateral striatum (DLS), a structure implicated in habitual behavior, can enhance sensitivity to changes in the
action—outcome contingency during omission training, thus leading to a reduction in compulsive responding. Over 10 days rats were trained
to press a freely available lever for sucrose reward delivered on interval schedules of reinforcement. After learning to press the lever at a stable
and high rate, rats in the omission group received a session in which the rewards were now delayed by pressing the lever; i.e. withholding lever
pressing resulted in increased access to reward. A control group was yoked to the omission group and received the same number and patter
of reward delivery but without the omission contingency. Half the rats in each group received infusions of vehicle into the DLS prior to this
training whereas the remainder received an infusion of the GABA-A receptor agonist muscimol. On the next day, the effect of these treatments
was assessed on a probe testin which the tendency of the various groups to press the lever was assessed in extinction and without drug infusior
Rats that received vehicle infusions prior to the omission session showed complete insensitivity to the newly imposed omission contingency.
In contrast, rats given the infusion of muscimol selectively reduced lever pressing compared to yoked controls. Thus, extended training with
interval schedules resulted in compulsive lever pressing that prevented the learning of the omission contingency, whereas inactivation of the
DLS appeared to enhance the rats’ sensitivity to this change in the action—outcome contingency.
© 2005 Elsevier B.V. All rights reserved.
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Instrumental control refers to the control of actions by their the food as the omission group but without the omission
consequences. It was not until recent decades that effectivecontingency. Using this assay, it has been found that omis-
behavioral procedures were developed for the assessment ofion usually causes a radical reduction in the performance of
such contro[8]. One fundamental procedure is called omis- instrumental actions such as lever pressir.
sion, which reverses the causal relation between action and Under certain conditions, however, most notably after
reward[10]. After being trained to press a lever for food, habit formation, sensitivity to an omission contingency (and
omission training is given in which the food is now deliv- other procedures which reduce the action—outcome contin-
ered when the rat refrains from responding and omitted whengency) can be attenuat§t,18] In particular, the schedule
the lever is pressed. In this situation the degree of responseof reinforcement used during the initial training phase is a
suppression controlled by this new contingency is measuredcritical manipulation. Two classes of such schedules are com-
against a yoked control that receives the same exposure tanonly used. In ratio schedules, each response is rewarded

according to a fixed or variable probability. By contrast,
- in interval schedules, only the first response after a sched-
* Corresponding author. Tel.: +1 11 301 443 3769; . . . . .
fax: +1 11 301 480 0466, uled time interval is rewarded. As established by previous
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habitual behavior that is insensitive to outcome devalua- ior even when the training procedure generates goal-directed
tion [11,17,18,44] A direct, well-controlled comparison of  behaviorin control animals. Such results suggest that the dor-
the schedules demonstrated that, even with the amount ofsomedial striatum, and cortical and pallidal structures within
reinforcement equated, interval schedules produce habitualthe same cortico-basal ganglia network, play a critical role
responding whereas ratio schedules do[h@}. in the acquisition and performance of goal-directed actions

Contemporary theories of instrumental conditioning that are sensitive to outcome devaluation and changes in the
attribute such loss of instrumental control during the course action—outcome contingency.
of training to the formation of a stimulus-response (S—-R) In this study, we tested the hypothesis that inactivation
association; because the outcome is not part of the associaef the DLS during omission training would lead to the
tive structure of the habit, such behavior is thus expected to engagement of the alternative neural system controlling goal-
render performance insensitive to outcome devaluation anddirected actions, thereby enhancing the inhibitory instrumen-
manipulations of the action—outcome contingej#;§5-17] tal control of compulsive behavior. Previous work has shown

In recent years, with growing interest in the study of that the kind of extended lever-press training that gener-
addiction and other disorders involving compulsive behav- ated insensitivity to outcome devaluation can also generate
ior, the neural basis of the loss of instrumental control seen insensitivity to the omission contingenf8]. We gave rats
in habit formation has become a focus of research. Previousextensive training using an interval schedule, which has been
work on addiction has for instance focused on resistance toshown to resultin habitual respondifig]. We predicted that
extinction[40]. As some have proposed, the inflexibility and rats receiving vehicle infusions would not decrease respond-
compulsivity observed in these disorders could be attributed ing after omission training compared to their yoked controls,
to the potentiation of a stimulus—response (S—R) habit sys-whereas rats receiving muscimol infusions would decrease
tem, which mediates responses elicited by antecedent stimuliresponding relative to their yoked controls.
independently of the instrumental contingency between the
action and outcomfs,19].

The dorsolateral striatum (DLS), the equivalent of the
putamen in primates, receives input from the primary sen-
sorimotor cortices and send projections that can ultimately
influence brainstem motor control networks aswellasthetha-  Thirty-two nave male Long-Evans rats weighing between 450
lamocortical network. This area has been shown by a variety and 510 g were housed singly, maintained on a 14:10 h light—dark
of studiesto be animportant component of the neural circuitry cycle, and handled daily for one week prior to surgery. Training and
mediating habitual behavi{8,12,22,24,35]lnarecentstudy  testing took place in 16 Med Associates (Vermont) operant cham-
[44], we examined the role of the DLS in habit formation bers, each equipped with a pump with a syringe which delivered
using outcome devaluation, a well-established assay that CarP-l ml of 20% sucrose solution inFoarecessed magazir_le, and ahouse
detect S-R habits. We found that, whereas the performancg'dht mounted on the wall opposite of the food magazine. Comput-
of the control rats was insensitive to devaluation of the food ©'S £duipped with the MED-PC program controlied the equipment

. . S - . and recorded the lever-presses and head entries into the magazine.
reward induced by independent lithium chloride pairing, that
of the rats with lesions of the DLS was sensitive to deval-
uation. In other words, lesion of the DLS resulted in the
acquisition of the lever-press response as a goal-directed Rats were anesthetized with sodium pentobarbital (Nembutal;
action, even under training conditions that generated habits50 mg/kg) and placed in a stereotaxic apparatus. The scalp was
in control animals. incised and retracted, and small burr holes were drilled in the skull

The role of the DLS in the acquisition of habitual for bilateral placement of guide cannulae (26 gauge; 6 mm in length;
behavior is of particular interest in the context of over- Plastics One, Virginia) at the following coordinates: 0.7 mm ante-
all striatal functioning. Indeed, many studies have found rior to bregma and 3.6 mm lateral to midline, and 5 mm below skull
considerable functional heterogeneity within the striatum surface. Dental acrylic and machine screws were used to fix the
[4,5,9,12,13,42,43,45For instance, within the dorsal stria- ¢aMnulae to the skull. After surgery, dummy cannulae (33 gauge;
tum (or neostriatum) the dorsomedial region (the counterpart 6.5mm in length; Plastics One) were inserted into the guides.

fth dat | - imates) is involved in ol | At the end of the experiment, the rats were sacrificed using a
of the caudate nucleus in primates) is involved in place learn- lethal barbiturate overdose (sodium pentobarbital, 100 mg/kg) and

ing and flexible reversal learnir{§8,39,43] This important e rfysed transcardially with 0.9% saline followed by 10% formalde-
distinction between medial and lateral regions of the dor- pyge solution. The brains were stored in a 25% sucrose-formalin
sal striatum raises questions regarding possible interactionssplution for at least 3 days before ph coronal sections were cut,
between these regions and, more generally, between twoand stained with thionin for histological examination.

overlapping networks of which these two regions are the stri-

atal components. In a series of previous stufiés46], we 1.3. Lever-press training

have shown the posterior part of the dorsomedial striatum

is indeed critical for the instrumental control over behavior: Five days after surgery, rats were placed on a food deprivation
lesion or inactivation of this area results in habitual behav- schedule, receiving 10-12 g of their maintenance diet daily to reduce

1. Materials and methods

1.1. Subjects and apparatus

1.2. Surgery and histology
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their weight to 80—-85% of their free-feeding weight. Once train- The next day, approximately 24 h after the omission session,
ing began, they were fed each day after the training sessions, andall rats were returned to the instrumental chambers for a 10 min
had free access to water while in their home cages. Throughoutextinction session, in which the lever was extended, but no reinforcer
this period, the dummy cannulae were removed and replaced everywas delivered.
other day.

Ten days after surgery, rats were given two 30 min magazine
training sessions in which the reinforcer (0.1 ml of 20% sucrose 3 Results
solution) was delivered on a random time 60s schedule (once a
minute on average) with the levers removed. Rats were left in the .
instrumental cha?ntzerfor 1 h between these two sessions. This train-2']' Placement of the implanted cannulae

ing was designed to acquaint the animals with the location of the . . . .
magazine where food is delivered. Fig. 1provides a schematic representation of the cannulae

The lever-press training began the next day. Each training ses-Placement in the striatum. As shown in this figure, the can-
sion began with the illumination of the house light and insertion of
a single lever, and ended with the retraction of the levers and turn-
ing off of the house light. The house light was located on the other
side of the food magazine, and close to the ceiling of the cham-
ber; the lever was located on the same side and just to the left of
the food magazine. The rats were first trained under a fixed inter-
val 20 s (FI-20 s) schedule, in which a reinforcer became available
every 20 s, and was delivered as soon as the rat pressed the lever.
This training ended as soon as 100 reinforcers were earned or after
90 min had expired. As soon as the rats were able to earn 100 rein-
forcers in a single session (which took five sessions of training),
they were switched to a random interval-30s schedule (RI-305s)
for one session. Under this schedule, a reinforcer became available
every 30 s on average. Finally, they received four daily sessions of
training under an RI-60 s schedule. This particular combination of
schedules of reinforcement was used because our previous work has
shown that such a training regimen is sufficient to generate habit-
ual lever pressing that is insensitive to devaluation of the outcome
[44].

1.4. Muscimol infusion and omission training

Immediately before the omission session, 14 rats received bilat-
eral infusions of muscimol into the DLS, 18 rats received vehicle
infusions. The dummy cannulae were removed and injection can-
nulae (26 gauge; Plastics One, Virginia) were lowered into the
guide cannulae, with an extension of 0.5 mm. The injecting cannulae
were connected by polyethylene tubing todlMHamilton syringes
mounted on an infusion pump (Harvard). Muscimol (Sigma, MO,
USA; 1ug/ul dissolved in 0.9% phosphate-buffered saline) was
delivered at a rate of 0.3d/min for 2 min, with a total volume
of 0.5ul per side. This infusion protocol was selected based on
measurements of muscimol diffusion and 2-deoxyglucose activity
[33]. The same volume of phosphate-buffered saline was used as
the vehicle. One minute after infusion, the dummy cannulae were
replaced.

Half of the rats in each infusion group were assigned to the
omission group, and the other half to the yoked control group. For
the omission group, sucrose was delivered every 20 s without lever
pressing. A timer automatically counted to 20 s, at which point the
reinforcer was delivered, but each press would reset the timer to 0.
For the yoked controls, each rat was assigned to a rat in the omission
group, and received exactly the same number of sucrose deliveries
at exgotly the same tlmg "?‘S the rat.unde.r omission contlngency. ThUSFig. 1. The locations of cannulae tips. Rats in the vehicle group are repre-
for this group, the conditions are identical to those of the 0omission genteqd by open circles and rats in the muscimol group are represented by
group except that their responses were not scheduled to preventijed circles; and some of the circles represent multiple cannulae tips. Num-
sucrose delivery. The omission session lasted 30 min, after which bers beside each plate correspond to the distances from bregma in millimeter
the rats were returned to their home cages. (plates adapted froif36]).
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nulae were primarily placed in the dorsolateral region of the 167 ) 1
striatum. c 141 vehicle o041 o
E *v .| By
2.2. Omission session behavior g i
(7]
[ 4
The mean response rates on the last day of lever-press § |
training are presented as the baselingmig. 2 (first data § |
point in the graphs). Using treatment (muscimol and vehi- g i
cle) and contingency (omission and yoked) as factors, a =
two-way ANOVA was conducted. No interaction between 0 L 2345678 9101112131415
treatment and contingency was fourftk(1). There was no () -
main effect of contingencyFj 2g=1.2, p>0.05). Neither 167 _
the rats receiving muscimol nor the rats receiving vehicle 14] muscimel oo ] 0o
showed significant sensitivity to the omission contingency 127 o v | R

during this session. That is, for each treatment there was
no difference between rats receiving the omission contin-
gency and their yoked controls. There was, however, a main
effect of treatment: the total number of lever-presses was
reduced in rats (both omission and yoked) that received
muscimol before the session, showing that DLS inactivation 0 ——————

reduced lever pressing generall§; pg=12.26, p<0.01), £ 12345678 0101112131415

Lever presses per min
® o
L
C X

for both animals on the omission schedule and their yoked (B 2-min bins
controls. This pattern is not true of head entries into the 2”:
food magazine—on this measure the two groups were sim- E 16 -
ilar, with no main effect of treatment or of contingency 5
(F<1), orany interaction between these factéisfg= 1.59, - 12
p>0.2). ﬁ 7
The reduced responding seen in rats that received mus- g 8
cimol was not due to their inability to press the lever, 5 |
because they were able to press just as quickly as the E» 4_
other two groups, as shown by the highest response rates 0

G

per minute across the omission training sessieig.(2C).

A two-way ANOVA revealed no main effect of treatment,
of contingency, nor any interaction between these factors
(F<1).

We also performed an analysis on exactly when dur-
ing the 30min session the highest-responding minute
occurred for each group, i.e. which minute had the high-
est response rate (mean valdeS.E.M.: muscimol, omis-
sion=4.14+ 1.39; muscimol, yoked =7.1# 1.92; vehicle,
omission = 6.44t 2.17; vehicle, yoked = 9.56 2.73). There
is no main effect either of treatment or of contingency, nor 0
any interaction between these two factors on this measure © MUS VEH
(largestF =1.85).

N N w

(=] 15 (=

o o o
1 1 |

150

Total head entries

100

(51
(=]
P}

Fig. 2. The number of lever-presses and head entries for each group during
the 30 min omission session. (A) Vehicle; (B) muscimol; (C) highest rate of
2.3. Extinction test lever pressing per minute reached by all groups; (D) total number of head
entries during the omission session. PRE, baseline level of responding at the

The critical data that reveal what the animals learned dur- end ofinsFrumentaI training; O, omission; Y, yoked; MUS, muscimol group;
ing the omission session were collected in a 10 min extinction VEH: vehicle group.
test on the next day, without any drug infusion. The results
from this test are shown ifrig. 3. A two-way ANOVA
conducted on the total number of responses during this ses-analysis conducted on this interaction revealed that only
sion revealed no main effect of treatmemt<1), and a the rats receiving muscimol showed sensitivity to omis-
nearly significant main effect of contingenc¥i(2g=3.95, sion: the lever-presses in the omission group was signifi-
p=0.057). There was also a significant interaction between cantly lower than those of their yoked contralg pg=11.96,
these two factorsHy 28=6.72,p < 0.05). Simple main effects  p<0.01).
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Fig. 3. The number of lever-presses for each group during the 10 min extinction test. (A) Vehicle; (B) muscimol. O, omission; Y, yoked; MUS, muscimol
group; VEH, vehicle group.

3. Discussion contingency—they learned to withhold responding relative to
their yoked controls. Thus, it appears that inactivation of the
This study consisted of three phases: (1) lever-press train-DLS during omission resulted in increased sensitivity to this
ing; (2) omission session after muscimol or vehicle infusion; contingency. Asthe DLS is thoughtto be a crucial component
(3) extinction test without drug infusion. Such a design aimed of the neural circuit mediating habitual behav|[@t32,34]
to assess whether DLS inactivation would affect learning dur- the present findings point to its important role in maintaining
ing the omission session, i.e. learning about the completehabitual behavior during omission training and preventing
reversal in instrumental contingency. As we predicted on the learning of the complete reversal in action—outcome contin-
basis of previous work, rats given vehicle infusions were gency. The present study thus provides additional evidence
insensitive to the imposition of the omission contingency for the existence of two independent neural systems for the
and failed to learn to withhold responding during this single control of voluntary behavidi 4], by showing that reversible
short session of training in order to earn rewards. This loss disruption of the habit system enhances learning mediated by
of instrumental control is characteristic of habitual actions the goal-directed system—namely learning of the negative
mediated by an S—R associative structure—not surprisingly, contingency between lever pressing and sucrose during the
as the interval schedules of reinforcement used in the initial omission session, as revealed on the subsequent extinction
training phase were designed to generate habitual behaviottest.
[17,18,44] In fact, the present study provides the first direct ~ The reduction in lever pressing caused by muscimol infu-
evidence that training with a single action—outcome pairing sion may explain why these rats failed to display sensitivity
under interval schedules can result in insensitivity to omis- to omission in the session in which they were under the influ-
sion contingency relative to yoked controls. ence of the drug; the lack of any difference between rats
In contrast, rats that received muscimol infusions into under omission and their yoked controls in this session likely
the DLS showed enhanced learning of the omission reflects a ‘floor effect’; i.e. the response rates were too low
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to reveal any difference. Although DLS inactivation caused = Abnormal cortico-striatal functioning has been implicated
a general reduction in the number of lever-presses in rats inin obsessive-compulsive disorder and addictjdr]. The
both the omission group and in their yoked counterparts, this striking insensitivity to omission displayed by rats after
reduction in responding cannot be attributed to a simple motor extended training under interval schedules appears to be
deficit. First, the number of head entries in the magazine wascharacteristic of such compulsive behavior. A pathological
not reduced in the muscimol grougig. 2D), indicating that potentiation of the habit circuit or animpairmentin inhibitory
the reduction in responding was restricted to lever pressing.control is often hypothesized to be responsible for these dis-
More importantly, a detailed analysis of the lever pressing orderg19,21,23,37]According to Pitmaifi37], for example,
data showed that, under the influence of muscimol, the ratsthe genesis of compulsive behavior in humans can often be
were clearly able to respond just as quickly as the other two traced to a particular reinforcement history of the behavior,
groups Fig. 2C). Together these observations rule out the which becomes resistant to extinction and divorced from con-
possibility that muscimol infused into the DLS at the dose summatory activities. These characteristics are ascribed to
used in the present study impaired the rats’ ability to perform enhanced dopaminergic transmission in the cortico-striatal
the lever-press action. circuit [37]. In recent years, we have learned more about the
It is possible, however, that the influence of muscimol habit system in question. We now know that the DLS plays
on instrumental performance allowed the rats to adjust to a crucial role in habitual behaviors that persist despite out-
the imposition of omission through a subtler alteration in come devaluatiofd4], and that dopaminergic innervation of
motor control. For example, the dorsal striatum is known to this striatal region is probably needed for such habit forma-
be critical for action sequencirnf§], and it is possible that  tion [20,28] These observations are broadly in accord with
muscimol produced a selective change in the sequencing ofPitman’s original speculations. However, while traditionally
the lever-press action that reduced the tendency to maintainthe habit system is thought to be inhibited by a more flexi-
a high rate of responding over the course of the session. Thisble neural system consisting mainly of the hippocampus and
reduction in response sequencing may then have allowed theelated structures, recent work has shown that the alternative
rats the opportunity to utilize alternative response strategies;system of goal-directed actions that acquires action—outcome
indeed, it is probably through variations in motor control of contingencies is the associative cortico-basal ganglia system,
this kind that habitual and goal-directed strategies competeincluding the dorsomedial striatum, which incidentally also
for influence over instrumental performance. Whatever its receives projections from the hippocamp4i3,45,46] As a
basis, however, the lower rates of lever pressing during the consequence, the medial prefrontal cortex, dorsomedial stria-
omission session could not have solely been responsible fortum, and downstream structures now appear to constitute
the enhanced sensitivity to omission shown by the muscimol- the primary neural system responsible for flexible, goal-
infused animals, because their yoked controls, exposed to ardirected actions, though the contribution of the hippocampus
equal number of non-contingent rewards, responded similarly remains unclear. Whether this system is a source of inhibitory
in this session, yet their performance on the extinction test did control over the habit system has yet to be experimentally
not differ from vehicle-infused groups (clearly dissociating tested. Given the present results, however, the converse is
learning from performance). plausible—i.e. the habit system may limit the learning of
Based on previous research, another explanation for bet-changing action—outcome contingencies, and disrupting the
ter acquisition of omission in the muscimol-infused rats is habit system appears to permit such learning.
response competition: i.e. the performance of lever pressing At any rate, one implication of our results that deserves
could have been reduced in the muscimol infused omissionemphasis is that different cortico-basal ganglia networks
group on test if, during the training phase, they acquired a could interact with each other, in accord with recent anatom-
response that competed with the lever-press response on tesical work that also has focused on connections between
The reduced responding relative to yoked controls, shown in circuits rather than the more strictly parallel and segregated
the extinction test the next day by the muscimol group, could circuitry proposed by traditional models of the basal ganglia
then be attributed to differential reinforcement of that other [2,26,27,29-31]Such interaction is clearly of major func-
behavior. There are few candidate responses of this kind,tional significance to our understanding of how goal-directed
but one that has been identified in previous research is theactions could be transformed into habits, how behavior under
approach response to the food magazine during the omissiorinstrumental control could become compulsive. Anatom-
session1]. This account predicts that rats under the influ- ically, interaction could occur at each component of the
ence of muscimol, with more experience of free rewards due network—cortical, striatal, pallidal, as well as downstream
to their low rates of lever pressing, would acquire a stronger structure§25-27,29-31,41JFuture studies that directly test
tendency to enter the magazine than rats that received vehiclghese possibilities will undoubtedly shed light on this critical
infusions. Although plausible, this account is not supported issue.
by our data (se€ig. 2D), which show comparable levels of Finally, a persistent problem in the experimental study of
magazine entry in these two groups during the test. It is not compulsive behaviors is the lack of a well-established assay
clear, therefore, how differences in responding during omis- that captures the main characteristics of compulsion. In our
sion training could explain differences in performance on test. opinion, the omission procedure provides such an assay in
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assessing the instrumental control of behavior in animal mod-[16] Dickinson A, Charnock DJ. Contingency effects with maintained
els of compulsive disorders and addiction. Furthermore, as  instrumental reinforcement. Quart J Exp Psychol: Comp Physiol Psy-
our results suggest, specific pharmacological manipulation _ ¢hol 1985,37:397-416.

f the habit circuit m b romising r rch strat in [17] Dickinson A, Nicholas DJ, Adams CD. The effect of the instrumental
orthe habit circu ay be a promising research strategy training contingency on susceptibility to reinforcer devaluation. Quart

elucidating the detailed mechanisms underlying the develop- 5 gxp Psychol: Comp Physiol Psychol 1983:35:35-51.
ment of compulsive behavior. [18] Dickinson A, Squire S, Varga Z, Smith JW. Omission learning after
instrumental pretraining. Quart J Exp Psychol 1998;51:271-86.
[19] Everitt BJ, Wolf ME. Psychomotor stimulant addiction: a neural
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