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Abstract. Post-lesion learning and performance of shuttle-box avoidance and 
subsequent transfer to two warning signals (CSs) of different modality were 
investigated in 27 rats subjected either to a sham lesion (Group NORM), 
electrolytic injuries of the lateral amygdaloid nucleus (Group LAT), or 
combined lesions of the amygdalostriatal transition area and dorsolateral 
amygdala (Group D-LAT). All groups were divided into two subgroups 
according to warning signal sequences. In the first subgroup (D-DN-N 
sequence) the subjects were initially trained with the visual CS (darkness - D), 
then transferred to the more salient visual and auditory compound CS 
(darkness and noise - DN), and finally to the auditory CS alone (noise - N). 
The opposite arrangement of the CSs (N-ND-D sequence) was employed in 
the second subgroup. A small interference with shuttle-box learning, and no 
transfer deficit were seen in Group LAT, whereas D-LAT rats showed 
dramatically slow and inconsistent acquisition of avoidance responding 
followed by rapid weakening of performance during the training. In contrast 
to controls, in both lesioned groups avoidance and intertrial responding (ITR) 
were independent of the CS modality changes. The results indicate 
differential involvement of the lateral, and also of the dorsolateral amygdala, 
and amygdalostriatal transition area in CS processing, as well as in the 
mechanisms related to consolidation of the associations created during 
avoidance training. 
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INTRODUCTION 

The amygdaloid complex is the key forebrain struc- 
ture for recognition and processing of unconditioned re- 
inforcers and primary cues that occur in temporal 
proximity to the reinforcers (Weiskrantz 1956, Cormier 
1981). Moreover, it is involved in the association of sen- 
sory information with appropriate emotional and moti- 
vational levels (Jones and Mishkin 1972, Werka and 
Zielinski 1978, Werka et al. 1978, Werka 1980, Cador 
et al. 1989). Functionally, the amygdala is located at the 
interface between the sensory systems involved in pro- 
cessing the conditioned fear stimuli, and the brain cen- 
ters which are directly responsible for execution of 
appropriate emotional and motor responses (Gloor 1960, 
LeDoux 1987, Price et al. 1987, Quirk et al. 1995, Maren 
and Fanselow 1996). 

The lateral nucleus of the amygdala (AL) and 
amygdalostriatal transition area (AST) are the main re- 
cipient strdctures in this interface system (LeDoux et al 
1990a, Uwano et al. 1995). They receive direct and in- 
direct auditory, visual and somatosensory afferents from 
the thalamus andlor the neocortex (Turner 1981, LeDoux 
et al. 1990b, 199 1, Turner and Herkenham 1991, Mas- 
cagni et al. 1993). In rats, unimodal neurons responding 
to auditory or somatosensory stimuli, and also those re- 
sponding to visual cues were found in the AL and AST 
(LeDoux et al. 1990b, Bordi and LeDoux 1992, Mu- 
ramoto et al. 1993, Quirket al. 1995, Uwano et al. 1995). 
Multimodal neurons that responded to both auditory and 
somatosensory stimuli were also found in these struc- 
tures. These neurons are more frequently distributed in 
the AST (Uwar~o et al. 1995), and in contrast to the AL, 
they do not respond to the conditioned fear stimuli (Ro- 
manski et al. 1993, Uwano et al. 1995). 

The lateral nucleus of the amygdala is involved in at- 
tention or arousal processes (Kaada et al. 1954) associ- 
ated with biologically and motivationally important 
signals (Kaadaet al. 1954, Brown and Buchwald 1973). 
Consistent with this, it participates in the formation of as- 
sociations between neutral and noxious somatosensory 
stimuli during classical (Romanski et al. 1993) and in- 
strumental conditioning (Pellegrino 1968, Grossman et 
al. 1975, Zielinski et al. 1983, Coover et al. 1992, Parent 
et al. 1995). The role of the AST in conditional defensive 
reactivity, and/or in the CS processing is not properly 
known. In our recent study (Werka and Zielinski 1997) 
we showed that the basolateral nucleus (ABL), one of the 
main targets of AL projections, is involved in transfer of 

warning signals of different modalities. It processes 
physical, arousing, and emotional attributes of the pri- 
mary cues that are associated with noxious stimulation 
during instrumental conditioning. The focus of the pres- 
ent study is the role of the AST and AL, the first amygda- 
loid system that receives and transforms sensory 
information. 

To delineate effects of the CS modality on shuttle-box 
learning and performance, an experimental design simi- 
lar to that employed in our previous studies (Zielinski et 
al. 199 1, Werka and Zielinski 1997) was used. This de- 
sign is an efficient tool to explore mechanisms involved 
in processing and transfer of different physical and 
arousing properties of the warning signals, and to 
examine the blocking effect (Kamin 1969). Thus, the 
shuttle-box training was composed of three stages with 
the CSs which differed each other not only in modality, 
but also in discriminability from the background, sa- 
liency, and attentional properties (Bolles 1970). There is 
no single physical scale for comparing the relative inten- 
sities and reflexogenic properties of different stimulus 
modalities (for comments, see Mackintosh 1974). 
Therefore it was decided to pay more attention to "on 
line" comparisons related to the instrumental response 
modifications reflecting the consequent changes of the 
CS modality, rather than to more direct comparisons of 
CS modality effects, per se. 

METHODS 

Subjects 

This experiment was conducted on 27 adult male 
Moll-Wistar rats, experimentally naive and weighing 
300-350 g at the beginning of the experiment. The ex- 
perimental procedures were done according to the rules 
established by the Nencki Institute Bioethics Commit- 
tee. Rats of a given group were housed 4 or 5 per home- 
cage (43 cm long, 25 cm wide, 18.5 cm high), containing 
food and water available ad libitum. Animals were 
trained once a day in the morning or early afternoon, in 
the same order and about the same time of day. 

Rats were randomly assigned to three groups, a con- 
trol group (Group NORM, 12 subjects) and two lesioned 
groups. In Group LAT (9 subjects) the lateral nucleus of 
the amygdala (AL), and in Group D-LAT (6 subjects) 
dorsal parts of AL and adjacent AST were bilaterally de- 
stroyed. Animals were anesthetized by intraperitoneal 
injections of 360 mglkg of chloral hydrate (Sigma) dis- 
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solved in sterile saline (0.9% NaC1). Electrolytic lesions 
were produced by passing 1.0 mA anodal current for 
15 s in Group LAT and 1.3 mA for 15 s in Group D-LAT. 
The electrode was made of 0.4 mm in diameter tungsten 
wire insulated except for 0.4 mni of its well-sharpened 
tip. The stereotaxic coordinates, from skull surface at 
bregma, for Group LAT were: 1.4 mm posterior, 4.9 rnrn lat- 
eral, and 8.4 mm ventral, and for Group D-LAT: 1.0 mm 
posterior, 4.6 mm lateral and 8.5 mm ventral. In Group 
NORM the skin on the head was incised and the bone 
trephined, but the electrode was not inserted into the 
brain. 

After behavioral testing was completed, the animals 
were deeply anesthetized with an overdose of Nembutal. 
They were perfused transcardially with 0.9% saline fol- 
lowed by 10% formalin, and their brains were removed. 
Frozen brain sections (30 ym) were collected and sub- 
jected to Kliiver and Nissl's technique. Microscopic in- 
spection was performed to determine the locatiorl and the 
extent of the lesions. 

the next day. At the beginning of each training session, 
the rat was placed in the left compartment of the shuttle- 
-box, close to and facing the end wall. After 20 s a trial 
started with the CS onset and, 5 s later, the scrambled DC 
shock of 1.6 mA intensity was given via the grid-floor 
(unconditioned stimulus, US). Crossing to the opposite 
compartment within the 5 s CS-US interval precluded 
the foot-shock, immediately terminated the CS and was 
scored as an avoidance response. Crossing after the US 
onset immediately coterminated the CS and US and was 
scored as an escape response. The maximal shock dura- 
tion was 60 s. Each daily training session consisted of 50 
trials. The intertrial intervals (ITI) were 15, 20, and 25 s 
and varied in a semi-random order. During the intertrial 
intervals subjects were permitted to move between the 
two compartments, so they could cross away from or 
back into the compartment in which they had previously 
been. The next trial always started in the compartment 
in which the subject was actually located. 

Group treatment 
Apparatus and procedure 

After 10 days of recovery from the surgery, habitua- 
tion sessions and avoidance training in the shuttle-box 
began. The apparatus consisted of two identical opaque 
dark acrylic compartments (3 1 cm long, 18 cm wide, 
29 cm high) separated by a wall containing a rectangular 
(7 cm wide, 10 cm high) opening at the level of the grid- 
floor. Each compartment was covered by a movable 
transparent acrylic ceiling and was illuminated by a 5 W 
lamp mounted centrally just below the ceiling. A 10-cm 
loudspeaker was mounted on the outside of each end 
wall 15 cm above the floor. Crossing through the open- 
ing was recorded by photocells mounted 4 cm to either 
side of the central partition, 5 cm above the floor level. 
The floor of each compartment was made of 16 stainless 
steel rods, 0.4 cm in diameter, and located parallel to the 
central partition 1.5 cm apart center to center. The 
shuttle-box apparatus was in a dark, sound-proof room. 
The subjects' behavior was watched on a TV monitor in 
an adjoining room in which equipment for automatic 
programming of the experiment and recording of data 
was located. 

Prior to avoidance training rats were habituated to the 
situational cues of the apparatus. During each of two 
10 min habituation sessions, the number of crossing 
through the central opening with the house light on was 
recorded for each subject. Avoidance training started on 

Prior to the two-way avoidance training each group of 
animals (NORM, LAT and D-LAT) was randomly 
divided into two subgroups according to CS modality se- 
quences applied in three consecutive training stages. In 
the first subgroup composed of 4 subjects (Ss) from 
Group NORM, 5 Ss from Group LAT, and 3 Ss from 
Group D-LAT, the house-light termination (darkness - D) 
was used as a less salient CS during Stage 1, consisting 
of the four initial days of training (Sessions 1-4). During 
the next stage (Session 5) the darkness CS was given 
in a compound with a more salient stimulus: 70 dB (re: 
20 y ~ / m ' )  white noise (darkness and noise - DN). Dur- 
ing Stage 3 consisting of the last four days (Sessions 6-9), 
the 70 dB noise CS (noise - N) was presented alone. 
Hence, in the first subgroup the D-DN-N sequence of 
CSs was applied. The opposite CSs sequence (N-ND-D) 
was applied in the second subgroup. It was composed of 
8 Ss from Group NORM, 4 Ss from Group LAT, and 3 
Ss from Group D-LAT. Each CS was applied in the com- 
partment occupied by the rat, so that subjects moved 
away from the CS during training. 

Behavioral measures 

Three main measures of the animals' behavior were 
recorded: the frequency of avoidance responses, the 
number of crossings from one compartment to the other 
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during habituation, and during pauses between trials 
(ITRs), as well as the latencies of instrumental responses 
measured to the nearest 0.01 s. The size of the class in- 
terval used for the distribution of latencies of instrumen- 
tal responses was 0.5 s. For graphical constructions, the 
percentages (p) of avoidance responses were calculated 
for each 50 trial session, and for statistical analysis the 
percentages were transformed to arcsin values according 
to the formula: arcsin$. For individual rats the run 
length was used as an index of the consistency of avoid- 
ance performance within each session and stage of train- 
ing. Siege1 (1956, p. 52) defines run as "a succession of 
identical symbols which are followed and preceded by 
different symbols or no symbols at all". In the present ex- 
periment the maximal number of consecutive avoidance 
responses in a given session was used as the run index. 

RESULTS 

Histology 

The anatomical location of lesions (Fig. 1) was estab- 
lished with the aid of the Paxinos and Watson stereotaxic 
atlas (1997). The injuries in Group LAT bilaterally and 
symmetrically affected AL, mostly its ventrolateral di- 
vision. They also invaded the adjacent external capsule, 
as well as a small medial fragment of the dorsal endopiri- 
form nucleus. Moreover, minute bilateral lesions located 
in the dorsolateral part of ABL were seen in four rats. 
The lesions in Group D-LAT were slightly larger. In all 
subjects they bilaterally affected AST (Uwano et al. 
1995), also called the fundus striati (Paxinos and Watson, 
1982), close and adjacent to AL and to the central nu- 

cleus (AC). Also noted was invasion of the ventral re- 
gion of the caudate putamen. There were injuries of the 
dorsolateral (capsular) fragment of AC, the medial divi- 
sion of AL, and in two animals, a small dorsal region of 
ABL. 

Visual vs. auditory warning signals: reciprocal 
transfer 

The modality arousing properties, and the CS se- 
quence differentially influenced individual measures of 
behavior in normal and lesioned rats, during consecutive 
training sessions. This was confirmed by a 2 (the CS se- 
quence) x 3 (group) x 9 (session) ANOVA for repeated 
measures (Table I), that yielded significant group and 
session effects, as well as significant group x session and 
group x session x CS sequence interactions. Although 
there was no significant difference between the com- 
pared CS sequences for any of the measures, they were 
involved in most of double, and all triple factor interac- 
tions. Hence, it was decided to analyze more precisely 
the avoidance and intertrial responding modifications 
according to the consequent changes of the CS modality, 
independently for the two CS sequences. 

The D-DN-N sequence 

AVOIDANCE PERFORMANCE 

The acquisition of avoidance responses tended to be 
faster in Group LAT than in Groups NORM and D-LAT 
during the two initial sessions of Stage 1 (Fig. 2, upper 
part). However, in normal animals it was markedly in- 

TABLE I 

The F values of the main behavioral measures in all groups, sessions, and the CS sequences 

Source of variation df Percentage of Rate of ITRs Run index 
avoidance 

Group (A) 2,21 
Session (B) 8,168 
CS sequence (C) 1,21 
A x  B 16,168 
A x C  2,21 
B x C  8,168 
A x B x C  16,168 
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-1.8 mm 
GROUP L GROUP DL 

Fig. 1. Depiction of the range of the lesions. Left: schematic drawings of amygdaloid areas adopted from Paxinos and Watson's 
stereotaxic atlas (1997), showing forebrain coronal sections from rostra1 (1.8 mm behind bregma) to caudal (3.8 mm behind 
bregma) regions. Right: reconstruction of typical bilateral lesions for both hemispheres in the adequate areas, in randomly se- 
lected rats from groups LAT and D-LAT, one by one. BAOT, bed nucleus of the accessory olfactory tract; ABL, basolateral 
nucleus; ABLV, basolateral ventral nucleus; ABM, basomedial nucleus; BST, bed nucleus of the stria terminalis; AC, central 
nucleus; ACO, cortical nucleus; ACOpm, posteromedial cortical nucleus; ACOpl, posterolateral cortical nucleus; AL, lateral 
nucleus; AM, medial nucleus; PC, piriform cortex; AST, amygdalostriatal transition area. 
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gressive increase of avoidance rate. Hence, there were 
no differences between NORM and LAT rats during the 
two final sessions of Stage 3. In Group D-LAT, essen- 
tially no change in avoidance performance was observed 
in Session 5 with the compound CS, and during the sub- 
sequent sessions with the auditory CS even a decreasing 
tendency was noted. The level of avoidance performance 

D - D N - N  in Group D-LAT during the last experimental session 
was half that of Groups NORM and LAT. The Duncan 

$ 100 tests showed that D-LAT rats significantly differed from 
a 
I- the normal and AL lesioned subjects (P<0.025 or better) 
z 
w during all sessions of Stages 2 and 3. 
0 

50 CONSISTENCY OF AVOIDANCE PERFORMANCE 
a 

V ,' 
N - N D - D  

I I I I I 

1 3 5 7 9 
SESSIONS 

Fig. 2. Change of avoidance response in Groups: NORM 
(heavy line), LAT (thin line), and D-LAT (dotted line) during 
consecutive sessions of both CS sequences. Filled diamonds 
denote the darkness CS, circles denote the 70 dB white noise, 
filled diamonds in circles denote the compound CS consisting 
of darkness and 70 dB noise. 

creased during Session 3, reaching almost the same level 
as Group LAT during the two last sessions of this stage. 
In contrast, the level of avoidance performance in Group 
D-LAT was low, even at the end of Stage 1. A 3 (group) 
x 9 (session) ANOVA for repeated measures of the 
avoidance responding rate in all sessions yielded signi- 
ficant effects of group, F(2,9) = 17.17, P<O.OOl; session, 
F(8,72) = 32.72, P<0.001; and a group x session inter- 
action, F(16,72) = 2.90, P<0.001. Duncan tests for this 
interaction showed that there were no between group dif- 
ferences during Session 1. The avoidance performance 
of Group D-LAT was slower than in Groups NORM and 
LAT (P<0.01 or better) in Sessions 2 ,3 ,  and 4. No sig- 
nificant differences were found between NORM and 
LAT subjects during the analogous sessions. 

In Group NORM introduction of the salient com- 
pound CS, the combined visual and auditory stimulus 
(DN), markedly enhanced avoidance responding during 
Session 5 (Stage 2), in contrast to Group LAT and D-LAT 
(P's<0.001). Only minor changes in avoidance perfor- 
mance were observed during the subsequent sessions of 
Stage 3 with the auditory CS alone. In Group LAT, 
changes of the CS modality did not disturb the slow, pro- 

The group mean maximum run lengths for each ses- 
sion are presented in the upper part of Fig. 3. This 
measure was similarly small in Groups NORM and 
LAT, but gradually increased during the subsequent ses- 
sions of Stage 1. In Group NORM the introduction of the 
salient auditory stimulus in Session 5 (compound CS) 
rapidly enhanced a value of the index, and that was not 
disturbed by further transfer to the auditory CS alone 
during Stage 3. 

N - N D - D  

T I I I I I I I I 

1 3 5 7 9 
SESSIONS 

Fig. 3. Change of the run index during consecutive sessions 
of both CS sequences. Group denotations and symbols as in 
Fig. 2. 
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In contrast to normal animals, the consistency of 
avoidance performance in Group LAT slowly, but sys- 
tematically increased during the subsequent stages, with 
the run duration being independent of the changes in sa- 
liency of the CS. However, the index did not reach the 
level of Group NORM during Stage 3. In Group D-LAT 
very short sequences of consecutive avoidances were 
observed in all stages of the experiment. A 3 (group) x 
9 (session) ANOVA for repeated measures of the run 
index revealed significant effects of group, F(2,9) = 
32.51, P<0.001; session, F(8,72) = 28.78, P<0.001; and 
a group x session interaction, F(16,72) = 8.86, P<0.001. 

INTERTRIAL RESPONDING 

Mean frequency of crossing between compartments 
during habituation and ITRs during training sessions for 
all groups are presented in the upper part of Fig. 4. The 
comparison of crossing rate during habituation sessions 
with the frequency of the intertrial responses (ITRs) on 
the first session of avoidance training showed no between- 
-group differences. A 3 (group) x 3 (session) ANOVA 
for repeated measures yielded only a significant effect of 
session, F(2,18) = 8.87, P<0.001, and further Duncan 
tests showed (P<0.025) that the effect was caused by the 

N - N D - D  

I 
I I l I I I l l ~  

HI H2 1 3 5 7 9 
SESSIONS 

Fig. 4. Change of crossing frequency during habituation (HI 
and H2), and training sessions of both CS sequences. Group 
denotations and symbols as in Fig. 2. 

decrease of crossing frequency during the second habitu- 
ation session. 

In normal animals, the ITR rate was markedly en- 
hanced by the visual CS during the Stage 1. Introduction 
of the salient compound stimulus during Session 5, and 
further training with the auditory CS presented alone 
clearly decreased intertrial responding. That CS mo- 
dality dependent ITR rate was not observed in Group 
LAT, where a relatively low level of responding was 
maintained during all three stages of training. In Group 
D-LAT a low ITR frequency was observed during Stage 1, 
but the compound and auditory CSs presented during 
Stages 2 and 3, provoked a systematic increase in ITRs 
toward the end of training. Those between-group dif- 
ferences in the dynamics of ITR responding were corro- 
borated by a 3 (group) x 9 (session) ANOVA, which 
showed only a significant group x session interaction, 
F(16,72) = 4.02, P<0.001. 

RESPONSE LATENCIES 

The CS modality also influenced the latencies of the 
instrumental responses. These data were analyzed by 
separate between- and within-group comparisons of the 
cumulative frequency distributions of avoidance and es- 
cape responses in consecutive 0 . 5 s  intervals after the CS 
onset. Figure 5 (upper part) presents within-group com- 
parison of the distributions for the last session with the 
visual CS (Session 4), the session with the compound CS 
(Session 5), the first (Session 6) and the last (Session 9) 
sessions with the auditory CS. To evaluate for each 
group the pair-wise changes of response latency between 
sessions, the magnitudes of the maximum vertical dis- 
tance (Dmax) between the cumulative distributions were 
analyzed by the Kolmogorov-Smirnov two-sample test 
(Table 11, left-hand side). In all groups clear acceleration 
of shuttle-box responding was caused by the introduc- 
tion of the salient compound CS during Session 5. How- 
ever, in contrast to rather small and inconsistent changes 
observed in the lesioned groups during Stage 3, in Group 
NORM the auditory CS presented in Session 6 decreased 
responding at the early part of the CS-US interval. That 
persisted to the end of the training, and was probably re- 
lated to the inhibition of delay effect. 

The Kolmogorov-Smirnov test for comparing the cu- 
mulative latency distributions of the experimental 
groups showed that in all stages of training the shuttle- 
-box responding in Group NORM was faster than in le- 
sioned groups. Groups LAT and D-LAT also differed 
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Fig. 5. Cumulative frequency distribution of instrumental response latencies during Sessions 4 ,5 ,6  and 9 of both CS sequences. 
Group denotations as in Fig. 2. 

throughout training, reflecting the deterioration of re- 
sponding in Group D-LAT. 

The N-ND-D sequence 

AVOIDANCE PERFORMANCE 

The percentages of avoidance responding for all 
groups are presented in the bottom part of Fig. 2. During 
Stage 1 the fastest acquisition was observed in normal 
rats. A plateau level was reached in this group during 
Session 3, and remained unchanged during Stage 2, 
when the auditory CS was presented in compound with 
the less salient visual CS. The avoidance performance 
was clearly disturbed in Group NORM early in Session 6 
of Stage 3, when less salient visual CS was given alone, 
but systematically recovered during the subsequent ses- 
sions of this stage. In Group LAT acquisition of the two- 

way avoidance responses was slower in comparison to 
Group NORM. The LAT rats reached a plateau level of 
performance during Session 4 of Stage 1, and retained 
that level almost unchanged to the end of training. In 
contrast to normal animals, in Group LAT transfer to the 
less salient visual CS did not disturb avoidance respond- 
ing, which reached much the same level of performance 
as Group NORM during the final Sessions 7-9 of Stage 3. 
The lowest two-way avoidance performance during 
Stage 1 was revealed in Group D-LAT. In these animals 
the highest level of the avoidance responding was seen 
during Session 4, than gradually decreased toward the 
end of training, reaching in Session 9 almost as low a 
value as in the analogous session of the D-DN-N se- 
quence. 

A 3 (group) x 9 (session) ANOVA for repeated 
measures of these data yielded significant effects of 
group, F(2,12) = 20.20, P<0.001, session, F(8,96) = 
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24.11, P<0.001, and group x session interaction, 
F(16,96) = 2.77, P<O.OOl. Duncan tests for this interac- 
tion showed that the rate of avoidance responding in 
NORM rats was similar to LAT rats during Sessions 1 
and 4 (Stage l),  Session 5 (Stage 2), and Sessions 7, 8, 
and 9 (Stage 3). The differences between these groups 
reached only P ' ~ 0 . 0 5  level during Sessions 3 and 4, 
they were, however, more marked (P<0.001) during 
Session 6. The avoidance performance in Groups NORM 
and LAT significantly differed from Group D-LAT 
( P ' ~ 0 . 0 1  or better) during all sessions, excluding Ses- 
sions 2 when no difference was found between LAT and 
D-LAT rats, and Session 6 when the level of avoidance 
performance in Group NORM was similar to Group 
D-LAT. 

CONSISTENCY OF AVOIDANCE PERFORMANCE 

Between-group differences and within-group trends 
of the run index are presented in the Fig. 3, bottom part. 
In control animals the salient auditory CS provoked fast 
enhancement of the index during Stage 1. Introduction 
of the compound CS in Session 5 (Stage 2) didn't change 
this consistent avoidance performance, but the less sa- 
lient visual CS in the Stage 3 resulted in a marked de- 
crease of the length of runs in Group NORM. Group 
mean value of the index in Session 6 was almost as low 
as that noted during the first training session. In the sub- 
sequent sessions of Stage 3 it increased, but did not reach 
the level seen in Stage 2. 

A much slower improvement in the stability of avoid- 
ance performance was observed in lesioned animals dur- 
ing Stage 1. The run index did not differ between Groups 
LAT and D-LAT during the initial three sessions of 
Stage 1. However, in Session 4 an increase of the index 
was seen in Group LAT. Also, some improvement ap- 
peared in Session 5, and then the level of the run index 
remained relatively stable during the subsequent Stage 2 
with the salient compound CS, and also during Sessions 
5-9 (Stage 3) with the less salient visual stimulus. The 
length of runs was much the same in Groups LAT and 
NORM during the last training session. A different tend- 
ency was noted in Group D-LAT, where only a small in- 
crease in avoidance consistency was seen during Stage 1. 
Moreover, the value of the index gradually decreased 
from Session 4, and reached dramatically low levels dur- 
ing Stage 3 . 

The between-group differences were clearly con- 
firmed by a 3 (group) x 9 (session) ANOVA. It showed 

significant effects of group, F(2,12) = 14.75, P<0.001; 
session, F(8,96) = 7.35, P<O.OOl; and group x session in- 
teraction, F(16,96) = 2.96, P<0.001. 

INTERTRIAL RESPONDING 

The normal and lesioned rats showed a tendency to re- 
duce the frequency of crossing from one compartment to 
the other within two habituation sessions (bottom part of 
Fig. 3). The introduction of training with the salient audi- 
tory CS caused a further decrease of intertrial responding 
during the initial session of the Stage 1. This was con- 
firmed by 3 (group) x 3 (session) ANOVA for repeated 
measures, which yielded a significant effect of session, 
F(2,24) = 33.42, P<0.001. Duncan tests showed that the 
differences in the rate of ITRs in each of the three ses- 
sions were significant (P<0.001). 

In Group NORM a very low ITR rate was observed 
during Stage 1 which was maintained up to the end of 
Session 5 (Stage 2) with salient compound CS, whereas 
the less salient visual CS, presented during Sessions 6-9 
(Stage 3), provoked a marked enhancement of intertrial 
responding. The animals from Group LAT behaved as 
though embedded CS modality was never changed dur- 
ing the training. A slow but systematic increase in ITR 
rate in Sessions 1-7, however, collapsed during sub- 
sequent sessions. An increase in intertrial responding 
was also noted in Group D-LAT. In this group ITR rate 
was almost the same as in Group NORM during the last 
experimental session. These between-group differences 
in ITR responding were confirmed by a 3 (group) x 9 
(session) ANOVA, which yielded a group x session in- 
teraction, F(16,72) = 4.02, P<0.001, without any other 
significant effects. 

RESPONSE LATENCIES 

The bottom part of Fig. 5 presents within-group cumu- 
lative relative frequency distributions of response laten- 
cies emitted in the last session with the auditory CS 
(Session 4), Session 5 with the compound CS, the first 
(Session 6) and the last (Session 9) sessions with the vis- 
ual CS. The magnitudes of the maximum vertical dis- 
tance (Dm,,) between cumulative distributions, and 
results of the Kolmogorov-Smirnov two-sample tests for 
each group are presented in Table I1 (right-hand side). 
The results showed that the change from the salient com- 
pound to the less salient visual CSs markedly prolonged 
shuttle-box responding in Group NORM, which clearly 
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TABLE I1 

Within group comparisons of changes in the cumulative distribution of response latencies emitted during the last session 
with the visual CS (Session 4), in Session 5 with compound CS, the first (Session 6) and the last session (Session 9) with the 
auditory CS (Session 6). S4<S5 for example, denotes that the proportion of responses emitted with latencies shorter than the 
point of Dmax was greater in Session 5 than in Session 4. Size of samples compared were: in D-DN-N sequence - 200 in Group 
NORM, 250 in Group LAT, and 150 in Group D-LAT, in N-ND-N sequence - 400 in Group NORM, 200 in Group LAT, and 
150 in Group D-LAT 

D-DN-N sequence N-ND-D sequence 

Group Change Dmax s Change Dmax s 

NORM S 4 4 5  
S5>S6 
S6<S9 

LAT 

D-LAT S4<S5 
S5<S6 
S6>S9 

recovered toward the last experimental Session 9. 
Changing the modality of the CS had negligible effect on 
the latency distributions in Groups LAT and D-LAT. 
However, D-LAT rats showed pronounced prolongation 
of the shuttle-box responding during Session 9, espe- 
cially in latencies located in the second half of the CS-US 
interval. 

The Kolmogorov-Smirnov test for comparisons of be- 
tween-group cumulative latency distributions revealed 
that in all stages the responding in Group NORM was 
faster than in both lesioned groups, except in Session 6 
when no difference between Groups NORM and D-LAT 
was seen. On the other hand, faster instrumental re- 
sponding was also observed in Group LAT in compari- 
son to Group D-LAT, throughout the training. 

DISCUSSION 

The main result of the study was almost total behavio- 
ral insensitivity to the CS salience during the transfer of 
the warning signal in the lesioned groups, contrary to 
normal animals. Learning of the avoidance response, es- 

pecially to the salient auditory CS, tended to be slightly 
slower and less consistent in Group LAT in comparison 
to normal subjects, as shown by the run index. However, 
all measures of behavior for LAT rats improved toward 
the end of training. The avoidance acquisition was dra- 
matically impaired in AST injured subjects, and no im- 
provement was seen during the subsequent stages of the 
training. 

A discussion of the results for both lesioned groups re- 
quires previous consideration of some hypotheses re- 
garding learning mechanisms and stimulus processing in 
normal animals. According to Rescorla and Wagner 
(1972) the "salience" is the parameter of the stimulus, 
which determines the rate of conditioning to that stimu- 
lus. In an aversive experimental context the salient 
stimulus can provoke unconditioned fear because of its 
intrinsic fear-eliciting properties (Walker and Davis 
1997). Several theories of conditioning assume that dif- 
ferent CSs (Kamin 1968, 1969, Perce and Hall 1980), 
USs (Rescorla and Wagner 1972) or both CSs and USs 
(Wagner 1978) may command different initial prob- 
abilities of attention (Zeaman and House 1963). Perkins 



Amygdala and CS processing 141 

(1953) and Logan (1954) pointed out that more intense 
or salient CSs enhance conditioning because they are 
better discriminated from the never reinforced back- 
ground stimuli. The results of NORM rats are consistent 
with this assumption. The salient auditory CS provoked 
rapid and more consistent avoidance acquisition and de- 
creased ITR rate, contrary to the less salient visual CS. 
Moreover, the auditory CS overshadowed the visual CS 
in Stage 2 (Pavlov 1927, Kamin 1969, Mackintosh 
1971), because the associative strength (Rescorla and 
Wagner 1972) of the auditory CS was driven close to 
asymptote either during the preceding Stage 1, or in the 
trials with the compound CS. 

During Stage 3 Kamin's blocking effect (Kamin 
1969) was either observed or not in normal rats, depend- 
ing on the CSs sequence employed in the preceding 
stages. Some problems arise in explaining this result on 
the basis of most contemporary stimuli processing the- 
ories (see Mackintosh 1974, Dickinson 1980, for re- 
view). Several CS- and US-processing approaches 
(Kamin 1968,1969, Rescorlaand Wagner 1972, Wagner 
1978, Pierce and Hall 1980) have been successful in ac- 
counting for mechanisms of blocking and unblocking in 
the classical conditioning procedures. They were espe- 
cially satisfactory for interpretation of the effects caused 
by changes of the US number and/or US magnitude 
(Holland 1984, 1988, Galagher arid Holland 1992). 
However, these theories have not been able to explain 
unblocking of the avoidance performance, when only the 
stimulus modality (from visual to auditory CS) was 
changed. 

A response-contingent reinforcement is supposed to 
be an important feedback stimulus in instrumental learn- 
ing (Brener and Hothersall 1966, Taub and Berman 
1969, Bolles 1979), especially during the early trials. 
Since fast and consistent avoidance responding is 
evoked by the salient CS during the very early period of 
training, the instrumental response acquires strong rein- 
forcing properties, and increases the associative strength 
of this CS. This effect occurs whenever the salient CS is 
given. Therefore in the present study the unblocking ef- 
fect was observed when D-DN-N sequence of stimuli 
was applied. The less salient CS exerted an opposite ef- 
fect, the more so as it was poorly discriminated from the 
background stimuli, reflecting the marked increase of 
ITR rate. This interpretation is compatible with many 
earlier findings which showed that blocking was readily 
seen if subjects were pretrained with a more salient CS 
than the new or redundant signals (Mackintosh 1965, 

Chase 1968). According to some hypotheses, the ani- 
mals responding reveals a decision criterion appropriate 
to the CS intensity (Green et al. 1957, Swets et al. 1961, 
Dember and Warm 1979). 

Rats with the AL lesion were almost totally insensi- 
tive to any change of the CS modality and behaved as if 
no transfer of the warning signal occurred. In other 
words, these animals behaved as though they were un- 
able to utilize subtle physical and arousing properties 
(saliency) of signals that become the CSs during condi- 
tioning of the instrumental defensive response. The 
avoidance performance and its consistency were not af- 
fected by the CS transfer. Hence, in Group LAT the 
blocking effect was neither observed when the less sa- 
lient CS was followed by the more salient one (D-DN-N 
sequence), nor appeared when the more salient CS was 
changed to the less salient signal (N-ND-D sequence). 
Only the level of the intertrial responding tended to be 
slightly increased by the less salient visual signals but it 
was still rather low, and never exceeded the level of 
crossings during the habituation sessions. 

Because the AL lesioned rats were not able to utilize 
reflexogenic properties of the CSs, there were no dif- 
ferences in the associative strength related to the stimuli 
of different saliency. Long latency avoidance responses 
were insufficient feedback stimuli to modulate the con- 
ditioning strength of the particular CS. On the other 
hand, motivational significance of the CSs was not pro- 
foundly affected, since AL injured rats were able to im- 
prove the avoidance performance toward the end of 
training. The escape response latencies in AL lesioned 
rats were slightly prolonged, in comparison to normal 
subjects. This would suggest that processing of the US 
was affected, and the strength of the US expectation was 
diminished (Rescorla and Wagner 1972), resulting in de- 
crement of the CS-fear associations. Consistently, it was 
demonstrated that the AL lesion interfered with the ac- 
quisition or expression of conditioned fear (Campeau et 
al. 1992, Sananes and Davis 1992, Davis at al. 1993 and 
for review, see Davies 1992, LeDoux 1992). However, 
postlesion reduction of fear should be rejected, since de- 
crease of ITR rate was seen in LAT rats. Moreover, 
changes neither in the orienting responses, nor in ex- 
pression of the unconditioned reactions related to fear 
and pain were observed after AL lesion in others studies 
(LeDoux et al. 1990a, Romanski andLeDoux 1992, Mis- 
cerendino et al. 1990, Werka 1994). 

It is unreasonable to entirely ignore a possibility that 
the AL lesion affected the US processing and US related 
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associations. However, it might also be possible that the 
lesion effects were due to a failure of the retrieval pro- 
cess. In spite of an existing CS-US association, the CS 
might no longer be capable of arousing the short-term 
memory of the US, or some of its aversive properties (for 
comments, see Bolles 1979, Bolles and Fanselow 1980). 
Moreover, this might also be true for the contextual cues. 
These hypotheses are compatible with the existence of 
amygdalo-hippocampal and amygdalo-entorhinal cor- 
tex circuities involved in memory, acquisition and ex- 
pression of context fear (Teyler and DiScenna 1985, 
Zola-Morgan and Squire 1990, Zola-Morgan et al. 199 1, 
Izquierdo and Medina 1997, McNish et al. 1997, Winocur 
1997). 

The AL is assumed to be one of the main structures 
involved in the CS discrimination and differentiation 
functions, as well as in the mechanisms of transfer and 
blocking effects. In other words, it plays a significant 
role in the mechanisms of selective attention and forma- 
tion of associations between emotional properties of the 
particular CS and the adequate instrumental responding. 
Consistently, in our earlier study (Zielidski et al. 1983) 
we showed that cats with a lesion of AL were more re- 
sistant than the normal animals to the change of the in- 
strumental responses (avoidance and/or escape), 
according to contingencies used in different stages of the 
experiment. Lesioned subjects were able to learn, extin- 
guish and to retrieve the responding which was pre- 
viously acquired, but any change in the experimental 
procedure did not cause as fast modification of behavior, 
as observed in normal animals. A function of the AL 
seems to be very similar to that of the adjacent basolat- 
era1 group of neurons. This has been corroborated by the 
results of our recent study (Werka and Zielinski 1997) 
which showed similar effects of ABL injury on shuttle- 
box performance, two-way avoidance transfer, and on 
the blocking phenomenon. Sananes and Davis (1992) re- 
vealed that lesions restricted to AL produced as severe 
deficits as joint impairment of the AL and ABL. This is 
not surprising, considering the close anatomic relations 
of these structures (Savander 1997), and a large number 
of neurochemical and functional similarities (Muramoto 
et al. 1993, Romanski et al. 1993, Uwano et al. 1995, and 
for review see: LeDoux 1992, McDonald 1992, Davis 
1992, 1994, Roberts 1992). 

Particularly dramatic effects were seen after AST le- 
sions. Learning and performance of the shuttle-box re- 
sponding were worse in Group D-LAT than in other 
groups. No blocking effect was observed when the 

D-DN-N sequence of the CSs was applied. It was also 
unclear whether a slight decrease in the avoidance per- 
formance after the transfer to the less salient visual CS 
(N-ND-D sequence) might be recognized as the block- 
ing effect, since very poor conditioning was conducted 
by the salient CS during the previous Stage 1. Hence, the 
behavior of D-LAT rats did not seem to be influenced by 
the CS changes and/or by the specific modality and sa- 
liency of the CS. 

Somatosensory and visceral information reaching to 
the hypothalamus and other limbic structures is inte- 
grated and modulated in the ventral striatum (VS) 
(Krettek and Price 1978, Turner and Zimmer 1984, Kita 
and Kitai 1990, LeDoux et al. 1991, Turner and Herken- 
ham 1991, Mascagni et al. 1993, Uwano et al. 1995, Bur- 
stein 1996). Many neurons in AST respond to one 
particular or to many stimulus modalities, including pain 
(Uwano et al. 1995). Consistently, VS structures and the 
ventrolateral periaqueductal gray (PAG) seem to be es- 
pecially important in the processing of noxious stimuli 
and in coordinating the emotional reaction to these 
events (Bandler and Keay 1996). The central and baso- 
lateral amygdala, as well as the hippocampus, which 
evaluate the biological and motivational relevance of 
various CSs, USs and contextual cues (Phillips and Le- 
Doux 1992, and for review, see LeDoux 1991, 1996), 
exert their influence on VS (Dafny et al. 1975, Russchen 
and Price 1984, Alheid and Heimer 1988, Kita and Kitai 
1990, Everitt and Robbins 1992), by fibers traveling 
through AST, among other regions (Bernard et al. 1996). 
The connections between the amygdala and ventral 
striatum are critical for processes whereby cues acquire 
reinforcing value (Rolls 1994). In addition, the connec- 
tions between the basolateral amygdala and ventral stri- 
atum is important for the evaluation of the CSs emotional 
significance in associative learning, independent of the 
central amygdala involvement. It was supposed that the 
AST lesion impaired some of these fibers, and therefore 
it interfered with the processes integrating somatosen- 
sory information with fear. 

Consistently, the results of the AST lesion resembled 
some effects of the AL lesion, and/or the effects of ABL 
or AC injuries, which we recently reported (for compari- 
son see Werka and Zielinski 1997). In fact, the lesion in 
Group D-LAT included adjacent fragments of AL, AC 
and the dorsomedial fragment of ABL. Most probably, 
they impaired reciprocal connections between the 
medial division of AL and capsular division of AC 
(Pitkanen et al. 1995, Savander 1997). However, Group 
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D-LAT seemed to be slightly more sensitive to any 
change of the CS modality and saliency than animals 
with AL or ABL lesions, in spite of its unquestionably 
decreased reactivity. Learning and performance of the 
avoidance and escape responses were more profoundly 
and persistently disturbed in D-LAT rats in comparison 
to rats with the AC lesion. 

The striatum is claimed to be a "limbic-motor inter- 
face" (Mogenson et al. 1984). The amygdala - ventral 
striatum circuit is supposed to be involved in the volun- 
tary control of instrumental actions related to fear and 
pain, although the specific mechanisms do not seem to 
be clear (Everitt et al. 1989, Everitt and Robbins 1992, 
LeDoux 1996, Shapovalova 1997). It was found that 
AST lesioned animals were unable to acquire and to 
maintain two-way avoidance responding throughout 
training. The latencies of the instrumental responses 
were prolonged, especially during the final experimental 
sessions. Moreover, an increase of the TTR rate in Stages 
2 and 3 might be explained as a cumulated effect of dif- 
ficulty in retaining the attained instrumental responding. 
Two related mechanisms might contribute to these ef- 
fects. First, the avoidance and escape responses lost their 
feed-back reinforcing properties in AST lesioned rats. 
Consistently, the caudate-putamen, VS and AST are in- 
volved in the control of the stimulus-reward or stimulus- 
-punishment related processes (Mogenson et al. 1980, 
1984, Cador et al. 1989, Everitt et al. 1989, Everitt and 
Robbins 1992, Packard and McGaugh 1992, Heimer et 
al. 1995, Izquierdo and Medina 1997). The VS is sug- 
gested to be a site at which affective processes controlled 
by the central and basolateral amygdala may gain access 
to subcortical centers of the motor system (for review, 
see Alheid and Heimer 1996, Groenewegen et al. 1991, 
1996, Nieuwenhuys 1996). Thereby they influence ac- 
tions of several midbrain structures, especially the ven- 
trolateral PAG (Bandler and Keay 1996, Groenewegen 
et al. 1996), which are involved in passive emotional 
coping (Bohus et al. 1996, Bandler and Keay 1996) and 
voluntary control of instrumental responding related to 
fear and pain (Everitt and Robbins 1992, LeDoux 1996). 

Second, AST lesion impaired the ability of an emo- 
tional state evoked by the fear and pain producing stimuli 
to continue over a long period of time, therefore it af- 
fected the instrumental performance and the response 
consolidation processes. This momentum effect may be 
based upon the projections from the limbic structures to 
the VS (Saper 1996) or the spino-parabrachio-amygda- 
loid pathway, passing by AST (Bernard et al. 1996). The 

striatal involvement in memory mechanisms and postac- 
quisitional consolidation (see Ferreira et al. 1992) of the 
aversively-motivated motor behavior has been discussed 
by many authors (Prado-AlcalB et al. 1975, Prado-AlcalB 
and Cobos-Zapiain 1979, Polgar et al. 1981, Prado-Al- 
calB 1985, Perez-Ruiz and Prado-Alcala 1989). This 
complex structure seems to play an important role during 
relatively short training of the instrumental response, es- 
pecially in the early stages of learning. However, after an 
overtraining the memory functions of the striatum are re- 
layed to other neural structures (PCrez-Ruiz and Prado- 
-AlcalB 1989), possibly to cortical areas located in the 
entorhinal, parietal, frontal, and occipital cortex (Iz- 
quierdo and Medina 1997). Overtraining was not in- 
volved in the experimental procedure applied in the 
present study. Moreover, the present results are not 
enough to state that AST is directly engaged in the stor- 
age of emotional events. However, it should be realized 
that the emotional significance of sensory stimuli and re- 
inforcing properties of the acquired instrumental action 
depends on past experience. Hence, animals compare 
them with information stored in memory, before an ap- 
propriate responding. It is assumed that the damage to 
this structure prevents the expression of the memory re- 
lated to reinforcing properties of the avoidance reaction, 
thereby interfering with mechanisms of instrumental re- 
sponse consolidation. 

The amygdaloid complex, the hippocampal forma- 
tion, ventral striatum, and areas of transition between 
these structures form an important part of the "emotional 
motor system" (for review, see Alheid and Heimer 1996, 
Nieuwenhuys 1996). A precise segregation of functions 
within this system is regarded as one of its main heuristic 
goals. The emotional evaluation of visceral and soma- 
tosensory information, the autonomic, endocrine, and 
memory functions, as well as the mechanisms control- 
ling a voluntary motor behavior are not only elaborated, 
but they are also integrated in the system. It is concluded 
that the lateral and basolateral amygdala are involved in 
processes which imply the evaluation of emotionally sig- 
nificant external stimuli. On the other hand, the AC and 
the dorsolateral amygdala including the AST are mostly 
involved in the execution and consolidation mechanisms 
of instrumental goal directed defensive behaviors. 
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