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Abstract. The anterior cingulate cortex (Ant Cing) in the rat has previously been shown to be critical for the acquisition of autoshaping, a
measure of appetitive Pavlovian conditioning in which animals come to approach a stimulus (CS+) that predicts food delivery and not to ap-
proach a second stimulus (CS-) that does not. Here we demonstrate that Ant Cing lesions do not impair the acquisition of temporally dis-
criminated approach to a CS that predicts reward (US) and is located in the same place as the US. Lesioned animals were able to respond in-
strumentally for this CS, now acting as a conditioned reinforcer, and the potentiation of responding by intra-accumbens amphetamine was un-
affected. The Ant Cing-lesioned rats also acquired a freezing response to a discrete CS paired with footshock at the same level as controls.
However, the same subjects were impaired at the acquisition of autoshaping, a task involving two stimuli distinguishable only by spatial |oca-
tion and located away from the source of food. A second group of Ant Cing-lesioned animals were impaired on the performance of the auto-
shaping task when the lesions were made after training to a criterion. These rats were tested on a Pavlovian-Hnstrumental transfer task, in
which an appetitive CS potentiates instrumental responding when it is presented noncontingently, and no impairment was found. A third
group were tested on a novel task involving approach to a food magazine on the basis of a discrimination between two similar stimuli located
elsewhere; Ant Cing-lesioned rats were impaired. These results suggest that the Ant Cing is critical for the normal expression of appetitive
conditioning when multiple stimuli must be discriminated.



Introduction

- The anterior cingulate cortex (Ant Cing) is a major cortical component of the
‘limbic loop’ of the basal ganglia. It has previously been implicated in stimu-
lus—reward learning in the rat (Bussey et al., 1996; Bussey et al., 1997a;
Bussey et al., 1997b) and other rodents (e.g. Gabriel & Orona, 1982; Gabriel
et a., 1991).

- However, the exact contribution that the Ant Cing makes to processes of
stimulus—reward learning and Pavlovian conditioning is not well understood.

- Therefore, rats with lesions of the Ant Cing were tested on a range of tasks to
which some aspect of stimulus—reinforcer learning was expected to contrib-
ute, namely:

approach to an appetitive conditioned stimulus (CYS);

conditioned reinforcement, in which subjects work for a Pavlovian CS
previously paired with reward,;

autoshaping, in which subjects approach a CS predictive of food, despite
this taking them away from the food source itself;

fear conditioning, as assessed by the conditioned freezing response,
which is a species-specific defence reaction to a CS that has gained aver-
sive properties;

Pavlovian—instrumental transfer, in which an appetitive CS presented
noncontingently enhances ongoing instrumental responding.
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1. Autoshaping (acquisition)

In the autoshaping procedure used, two stimuli are presented, a CS+ and a CS—,
only the CS+ predicts food. Normal subjects come to approach the CS+, even
though this takes them away from the food source, but they do not approach the
CS-. Anterior cingulate lesions have previously been shown to impair this be-
haviour (Bussey et al., 1997a).

Methods

Twenty-two male hooded Lister rats received lesions of perigenual anterior cingulate
cortex (ACCX group, n = 12) or sham lesions (n = 10), with all animals additionally re-
ceiving cannulae aimed at the nucleus accumbens.

L esion coordinates from bregma were AP +1.2, ML £0.5, DV -3.0 and —2.2; AP +0.5,
ML £0.5, DV —2.8 and —2.0; AP-0.2, ML £0.5, DV -2.5 and -2.0.

Following recovery, subjects were maintained at 85% of their free-feeding mass.

- Autoshaping was assessed in a testing chamber with a computer monitor on one wall
and a centrally-located pellet dispenser. In front of the monitor, and at the back of the
chamber, there were pressure-sensitive areas of floor to detect the subject’ s position.
Rats were first given one session to habituate to the test chamber and learn to collect
food pellets from the dispenser.

- After this, they were trained to associate stimuli with the delivery of 45-mg sucrose
pellets. The stimuli were 8 © 18 cm white vertical rectangles displayed on the left and
right of the screen for 10 s. One was designated the CS+ and the other the CS—, coun-
terbal anced across subjects.

The controlling program waited for the rat to be centrally located at the rear of the
chamber, and then presented a stimulus. The CS+ was aways followed by delivery of
one pellet; the CS-was never followed by food.

- Activation of one of the floor panels in front of a stimulus was scored as approach to
the stimulus, and its latency noted.

- A trial consisted of a presentation of the CS+ and one of the CS—, separated by a vari-
ableinterval of at least 10 s. Rats were trained over two days with 50 trials per day.

Anterior cingulate cortex lesionsimpaired the acquisition of

autoshaping.

Final group sizes were n = 8 (ACCX) and 10 (sham). Shams came to approach
the CS+ more than the CS-. This discriminated approach response was signifi-

cantly impaired in lesioned rats.
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The data shown above are replot-
ted as difference scores (CS+ ap-
proaches minus CS- approaches);
there is a significant impairment
in the ACCX group. (* p<.05. A
difference score of O implies no
discrimination.)



2. Autoshaping (performance)

Though it has previously been reported that anterior cingulate lesionsimpair the  Anterior cingulate cortex lesionsimpaired the perfor mance of
acquisition of an autoshaped approach response (Bussey et al., 1997a), as con- autoshaping.

firmed again above, it is unclear whether the anterior cingulate cortex contrib-

utes only to learning, or is necessary for performance of a previously-learned re- 10
sponse. A new group of subjects received lesions after training and were re- 00—
tested. 8 8-
% RS
2 6] —O— shamcCs+
YT g & foux ot Raw approach scores, pre- and
ethods ° 4 i ACCX CS- post-operatively. Anterior
- Twenty-eight naive male hooded Lister rats were maintained at 90% of their body S cingulate lesions caused a per-
weight and trained for 100 trials on the autoshaping task described above. Subjects that § 2 _ sstent deficit in CS+ ap-
failed to approach the CS+ on at least 70% of the last 30 trials were given a further 50 @i oroach
remedia trials; if they failed to meet this criterion on the last 30 remedia trials, they 0 I - '
were then excluded from the experiment. 3 2 1 1 2 3 4 s
- The successful subjects were given free access to food and randomly assigned to Acquisition Performance
groups that received lesions of perigenual anterior cingulate cortex or sham lesions Trial block
(with the same coordinates as described above).
Following recovery, they were returned to the food deprivation regimen. 10

- Their performance on the same autoshaping task was tested for afurther 50 trials.
0 ﬁ\lﬁ
6 - Difference scores (CS+ ap-

Twenty subjects reached the initial performance criterion. Following histologi- proaches minus CS- ap-
cal analysis, the final group sizeswere 11 (ACCX) and 6 (sham). proaches) caculated for the

Difference score

Pre-operatively, the groups did not differ. e acox same data. The ACCX group
Post-operatively, the ACCX group was significantly impaired relative to the 27 is significantly impaired.
sham group. Both groups showed an equivalent post-operative decline in CS- 0
responding, but the ACCX group showed a persistent deficit in CS+ approaches. 3 o 1 1 2 3 4 =
Trial block



3. Temporally discriminated approach to an appetitive CS

Rats with lesions of the anterior cingulate cortex were conditioned to approach a Anterior cingulate cortex lesions did not impair approach to the CS.
single CS that predicted food reward.
Both groups learned to approach the alcove during presentation of the CS. There
were no differences between lesioned and sham groups. Thus, the same animals
that were impaired at autoshaping performed normally in this task.

Methods S0 20
- 18 —/— sham
- The subjects were those used in the autoshaping acquisition experiment (n = 8 ACCX, S 40 S 16 —@— ACCX
10 Sham) 8 S 14
2 30+ g 12 -
- The task was conducted in operant chambers equipped with a houselight and a food d- 3 3 10 -
cove. The alcove contained a traylight, a dipper (which could be elevated to deliver < 20 4 5 81
0.05 ml of 10% sucrose solution), and an infrared detector to record nosepoking be- S o 64
haviour S 10 A —/\— sham S 44
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light was off. The dipper was not elevated. 1 23456 78 91011 O —— 7 T 1 T
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In the conditioned stimulus (CS) phase, lasting 5 s, the houselight was turned off and _ |
the traylight illuminated. Session Session
Immediately following the CS, the unconditioned stimulus (US) was delivered: the 100
houselight was turned back on, the traylight was turned off, and the dipper was elevated _ Top left: Approach to the food alcove
for 5 sto deliver food reward. S durin éS resentation
Subjects received 30 CS-US pairings per session, with one session per day. g g P '
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4. A novel two-stimulus discriminated approach task

It was shown above that anterior cingulate lesions left some measures of stimu-
lus—reward learning intact — strikingly, temporally discriminated approach to an
appetitive CS was learned normally, even though autoshaping (an apparently
similar task) was impaired in the same animals. These tasks differ in the number
of controlling stimuli, and in the behaviour being measured. To establish the
critical behavioural difference, a new task was designed:

Task Number of  Approach behaviour

stimuli
temporally discriminated 1 approach to CS and food source
approach
autoshaping 2 approach to CS, not food source
(novel) two-stimulus 2 approach to food source, not CS

discriminated approach

Methods

- Naive rats received lesions of the Ant Cing (n = 12) or sham lesions (n = 12). Fina
group sizeswere 10 (ACCX) and 12 (sham).
The task was conducted in the operant chambers. Lights on the wall to the left and right
of the food alcove were designated the CS+ and CS—, counterbalanced across rats.
Initially, the houselight was on and the dipper was lowered. Following a VI of 30-90 s,
the houselight was extinguished and a stimulus light was illuminated for 5 s. Following
presentation of the CS+, the houselight was illuminated and the dipper raised for 5 sto
deliver 10% sucrose solution (the US). Following the CS—, the houselight was illumi-
nated but the dipper was not raised, and a brief click was generated. Regardless of the
stimulus, the chamber was then in the V1 state and remained so until the next stimulus.
One trial consisted of a presentation of the CS+ and one of the CS—, in randomized or-
der. A session consisted of 15 trias, after which the houselight was extinguished. Sub-
jects were trained for 12 sessions on the task, with one session per day.

Anterior cingulate cortex lesionsimpaired approach behaviour
based on a discrimination between two stimuli.
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Top left: Number of stimulus presentations during which the food alcove was ap-
proached at least once. Top right: Difference scores (CS+ minus CS-) for the data
shown in A, showing the significant, though impermanent, impairment in the ACCX
group. Bottom left/right: Proportion of time spent approaching the food alcove dur-
ing CS+ and CS-. The sham group develop discrimination, but the ACCX group do
not.



5. Simple Pavlovian—instrumental transfer

Pavlovian—instrumental transfer is the phenomenon by which Pavlovian condi- Anterior cingulate cortex lesions did not impair Pavlovian to
tioned stimuli, presented noncontingently, alter the rate of ongoing instrumental instrumental transfer .
responding. In its simplest form, the Pavlovian CS is associated with the same
outcome as the instrumental response. Rats with anterior cingulate lesions were Both groups acquired the lever-press response at the same rate, and no differ-
tested on such atask. ence emerged in the extinction session.
On test, the CS (but not the neutral stimulus) reliably elevated responding; this
Is the Pavlovian—instrumental transfer effect. This effect was seen in both the

Methods sham and the ACCX groups, which did not differ.
- Subjects were those from the autoshaping performance study, except for two that fell ill
(final n =9 ACCX, 6 sham). S - 3 7 Bl CS
The task was conducted in the same apparatus used for the temporally discriminated ISl
approach and conditioned reinforcement tasks, which was new to the subjects. The = 47 - I NEU
method is based on Balleine (1994). £ M = 2
3 3- g sl - &
Two stimuli (a 3-Hz flashing light and a 10-Hz relay clicker) were designated CS+ and § ) ¢ S
NEUT, counterbalanced acrossrats. A houselight was illuminated throughout. 8 8 1-
Pavlovian training. Eight training sessions were given. Each session contained six 2- O ;| —A— sham ©
min presentations of the CS, during which reinforcement (45-mg sucrose pellet) was —@— ACCX
delivered on a random time (RT) 30-s schedule. Stimulus presentations were separated 0 - 0 | |
by an interstimulus interval (1Sl) of 2—4 min, during which no reinforcement was given. 1 2 3 4 5 6 7 8 ext sham ACCX
In the final session, two 2-min presentations of the NEUT stimulus were also given un- Session
reinforced, to reduce unconditioned suppression when this stimulus was subsequently
presented during the test phase.
Instrumental training. Instrumental training was conducted in eight 30-min sessions Left: Instrumental training and extinction.
with a single lever present. Responding was reinforced on a random interval (RI) Right: Pavlovian to instrumental transfer test.

schedule, whose parameter in subsequent sessionswas 2, 15, 30, and thereafter 60 s.
Instrumental extinction. A single 30-min session was given in which the lever was
available but unreinforced.

Transfer test. The transfer test was conducted over two sessions with the lever present
but never reinforced. In each session, the CS, NEUT and ISl were presented four times
each; they all lasted 2 min and were randomised in triplets.




6. Conditioned reinforcement

Subjects acquired a new response with conditioned reinforcement, usingthe CS ~ Anterior cingulate cortex lesions did not impair conditioned rein-

from the temporally discriminated approach task as the conditioned reinforcer. forcement, or its potentiation by iNntra-accumbens amphe[amine_

Amphetamine or vehicle was injected into the nucleus accumbens during the

test. Six rats in the ACCX group and ten in the sham group had cannulae correctly
sited in the nucleus accumbens.

Subjects responded more on the CRf lever than on the NCRf lever, indicating
that the CS had conditioned reinforcing properties. Responding for the condi-
tioned reinforcer was selectively potentiated by intra-accumbens amphetamine,
which increased responding on the CRf lever more than it did on the NCRf

lever.
Methods However, there were no differences in responding between ACCX and sham
Subjects were those from the temporally discriminated approach and autoshaping ac-| ~ 9roups.
quisition experiments. 14 ~
- Accumbens cannulae had final target coordinates of AP +1.6, ML £1.5, DV —7.0 from
dura 12 4
The conditioned reinforcement test was conducted in the same operant chambers used 7 10 4
for the temporally discriminated approach task. §
- A session began when the subject nosepoked in the food alcove and lasted 30 minutes. o 8
- Two levers were introduced into the chamber. Responding on one (the CRf lever) pro- -
duced an abbreviated version of the CS from the previous task, with probability 0.5. 2 6+
The abbreviated CS consisted of extinguishing the houselight and illuminating the tray- c%’, A

light f_or 0.5 S, Fogether with rai_si ng the empty dipper. No primary reinforcement was —O— sham, CRf
ever given in thistask. Responding on the other (NCRf) lever had no programmed con- —/\— sham, NCRf
sequence and was used as a control for genera activity. 2 - —@— ACCX, CRf
—A— ACCX, NCRf
The conditioned reinforcement test was conducted with intra-accumbens amphetamine. 0 - I I I
Immediately before each session began, one of 4 doses of D-amphetamine sulphate (O, 0 3 10 20

3,10 and 20 ng in a 1-m volume of 0.1 M sterile phosphate buffer, pH 7.4) was ad-
ministered bilaterally. Doses were counterbalanced in a Latin square design.

Intra-Acb amphetamine (ng)

(SED, standard error of the difference between means.)




/. Discrete fear conditioning

The subjects used in the conditioned reinforcement study were given afinal test: Anterior cingulate cortex lesions did not impair conditioned

they were trained to associate a clicker CS with footshock. In a different con- freezing.

text, the CS was again played, and the conditioned freezing response was meas-

ured. Subjects showed no freezing behaviour when placed in the testing chamber, but
exhibited robust freezing when the aversive CS was played. There were no dif-
ferences between sham and ACCX groups.

[ ] before CS
188 7 ] during CS
Methods 80 - T —
Subjects were those from the previous study (n = 8 ACCX, 10 sham). GEJ 70 —
Fear conditioning was carried out using two distinctive experimental contexts, termed X 60 -
Light and Dark, which differed in chamber construction, floor type, visual appearance, ‘; 50 -
lighting conditions and subjective circadian time. S 40 4
- The Dark context was equipped with a steel grid floor through which electric shock § 30
could be delivered. T
On days 1-3 of the experiment, subjects were pre-exposed by being placed for 25 min 20
in each context. 10 S
- On day 4, they were placed in the Dark context, where they received 5 presentations of 0 | =
a 10-s, 10-Hz clicker CS terminating in a shock of 0.5 mA lasting 0.5 s. The interval sham ACCX

between presentations was 4 £ 1 min and the animals were in the context for 30 min.

- On day 5, subjects were placed in the Light context and their behaviour was video-
taped. After 5 min of CS absence, the clicker CS was played continuously for 10 min.
Freezing activity was assessed by scoring the tapes in 5-s activity bins, using a stringent
criterion: if and only if the animal was motionless apart from respiratory movements for
the full 5 s, the bin was scored as “freezing”. The calculated measure was the percent-
age of bins spent freezing; the 2 minutes preceding CS onset were compared with the 8
minutes following CS onset.




Summary of results

In rats, lesions of the anterior cingulate cortex had highly specific effects. They Loaslong of the periganual antarior cngulate cortex o B ’,,_, et
gy P k/‘

- impaired the acquisition of autoshaping, a task in which stimuli are not lo-
cated at the source of food, and in which subjects approach a CS+ that pre-
dicts food (but do not approach a perceptually similar CS- that does not);

- impaired the performance of the same autoshaping task when the lesion was
made after training;

- did not impair the acquisition of a temporally discriminated approach re- /
sponse to a single appetitive CS that was located at the source of food,; v |

- impaired the acquisition of a two-stimulus discriminated approach task, in

which subjects approached the food source when stimuli were presented at ._
another location; a CS+ and a CS- were used, and they differed only in loca- N
tion;

In addition, the lesions did not impair
- simple Pavlovian—instrumental transfer.

- the acquisition of a new response with conditioned reinforcement (using a
single conditioned reinforcing stimulus);

- the potentiation of responding for conditioned reinforcement by intra-
accumbens amphetamine;

. conditioned freezing to an aversive discrete CS; ks 7 NSRS LA /
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Discussion and conclusions

- The present results replicate the finding that autoshaping is impaired follow- r._;:'i;";.’;iiiiiﬁifi;f --‘:gt_{if; ;
ing anterior cingulate lesions (Bussey et a., 1997a; Parkinson et al., 1996) I il 10 require Ant Cing
and extend the involvement of the Ant Cing to the performance of a previ- [ TR s
OUSI y_learned aUtOShaped approaCh reSpOnse. hasic sensory white - rectangle i;lt ‘ ri;ht HH“xHH e - [ :f:-j"’f{\\\
representations ~C < < HH . l_:-""- cs. -““‘\; ’
However, the present results also indicate that the Ant Cing is not required for L T T Rt N
the development of appetitive or aversive Pavlovian conditioning per se, as X '
lesioned subjects were unimpaired on a range of other tasks assessing condi- components of the CF+ come 16~ N\
tioni ng. elicit approach, but .*Fﬂ'.; ;:;fm :w‘ii ) {q::‘:“\ /,f’ ;
generalize to the C5- m,\}:}‘ . / /
. Therefore, the deficit induced by Ant Cing lesions must be more specific. We AT /
suggest that the Ant Cing is required for discriminating multiple stimuli ._Kﬂ"ﬂmmﬂlﬂfﬁpmﬂﬂ"};. 7 the more refined representation
on the basis of their association with reward. ) J' T ke ff,":iﬂjﬁfﬁ,ﬂ;’;’jc

- According to this hypothesis (Parkinson et a., in press), Ant Cing-lesioned
rats can form an affective response to conditioned stimuli, discriminating CS
presence from absence; they can also call up an affective representation of the
US, and so acquire new responses with conditioned reinforcement. However,
CS specificity of the representations is impaired; as a result, tasks that depend
upon stimulus—reinforcer associations when those stimuli are difficult to dis-
criminate require the Ant Cing (including autoshaping, and 8-pair concurrent
visual discrimination; Bussey et al., 1997b).

- A functional connection between the Ant Cing and the nucleus accumbens
core is required for Pavlovian conditioned approach behaviour (Parkinson et
a., 2000). According to the present hypothesis, the Ant Cing disambiguates
the stimulus for the rest of the limbic circuit described, involving the amyg-
dala and nucleus accumbens (see figure).

11



Acknowledgements

- The authors thank Jeremy Hall for assistance with the conditioned freezing and Pavlovian-instrumental transfer procedures.

- Supported by the Medical Research Council (UK) and aWellcome Trust Programme Grant.

- Conducted within the MRC Co-operative for Brain, Behaviour and Neuropsychiatry.

-+ RNC was supported by a research studentship from the UK Medical Research Council and a James Baird award from the University of Cambridge School of Clini-

cal Medicine.
- Presented at the Federation of European Neuroscience Societies Second Forum Meeting, 24-28 June 2000, Brighton, UK. This presentation is supported by a bur-

sary from the British Neuroscience Association.

References

Balleine, B. (1994). Asymmetrical interactions between thirst and hunger in Pavlovian- instrumental transfer. Q J Exp Psychol [B] 47(2), 211-31.

Bussey, T. J,, Everitt, B. J. & Robbins, T. W. (19974). Dissociable effects of cingulate and medial frontal cortex lesions on stimulus-reward learning using a novel
Pavlovian autoshaping procedure for the rat: implications for the neurobiology of emotion. Behav Neurosci 111(5), 908-19.

Bussey, T. J., Muir, J. L., Everitt, B. J. & Robbins, T. W. (1996). Dissociable effects of anterior and posterior cingulate cortex lesions on the acquisition of a condi-
tional visual discrimination: facilitation of early learning vs. impairment of late learning. Behav Brain Res 82(1), 45-56.

Bussey, T. J., Muir, J. L., Everitt, B. J. & Robbins, T. W. (1997b). Triple dissociation of anterior cingulate, posterior cingulate, and medial frontal cortices on visual
discrimination tasks using a touchscreen testing procedure for the rat. Behav Neurosci 111(5), 920-36.

Gabriel, M., Kubota, Y., Sparenborg, S., Straube, K. & Vogt, B. A. (1991). Effects of cingulate cortical lesions on avoidance learning and training-induced unit activ-
ity in rabbits. Exp Brain Res 86(3), 585-600.

Gabriel, M. & Orona, E. (1982). Parallel and serial processes of the prefrontal and cingulate cortical systems during behavioral learning. Brain Res Bull 8(6), 781-5.

Parkinson, J. A., Cardinal, R. N. & Everitt, B. J. (in press). Limbic cortical-ventral striatal systems underlying appetitive conditioning. Progress in Brain Research
126, 263-285.

Parkinson, J. A., Robbins, T. W. & Everitt, B. J. (1996). Lesions of the nucleus accumbens core, but not basolateral amygdala or subiculum, disrupt stimulus-reward
learning in anovel autoshaping procedure. Society for Neuroscience Abstracts 22, 1118.

Parkinson, J. A., Willoughby, P. J., Robbins, T. W. & Everitt, B. J. (2000). Disconnection of the anterior cingulate cortex and nucleus accumbens core impairs Pav-
lovian approach behavior: Further evidence for limbic cortical-ventral striatopallidal systems. Behavioral Neuroscience 114(1), 42-63.

12



