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Abstract

Experiment 1, using rats, investigated the effect of adrenalectomy (ADX) on the invigoration of lever-contact performance that occurs in

the autoshaping situation after a shift from acquisition to extinction (called the extinction spike). Groups of rats with ADX or sham operations

were trained under spaced and massed conditions [average intertrial intervals (ITI) of either 15 or 90 s] for 10 sessions and then shifted to

extinction. ADX did not affect acquisition training but it eliminated the extinction spike. Plasma corticosterone levels during acquisition were

shown in Experiment 2 to be similar in rats trained under spaced or massed conditions. Adrenal participation in the emotional arousal induced

by conditions of surprising nonreward (e.g., extinction) is discussed. D 2001 Elsevier Science Inc. All rights reserved.

Keywords: Arousal; Rats; Adrenalectomy; Corticosterone; Extinction spike; Surprising nonreward; Trial-spacing effect; Schedule-induced polydipsia

1. Introduction

Removal of the adrenal glands (adrenalectomy, ADX)

leads to behavioral effects that suggest a reduction in the

organism's general arousal level (i.e., degree of generalized

behavioral activation; Ref. [11]). For example, ADX pre-

vents the development of schedule-induced polydipsia, i.e.,

excessive drinking induced by periodic food delivery [15];

ADX decreases the frequency of freezing responses in

contextual fear conditioning situations [19]; and ADX also

reduces exploratory behavior [13]. Moreover, rats that spon-

taneously develop polydipsia tend to have significantly larger

adrenal glands than rats that do not develop polydipsia [6].

The extinction of appetitively reinforced behavior is

often characterized by an invigoration of behavior during

the early trials that can be understood as a temporary

increase in arousal caused by the omission of an expected

reward [1,11,17]. For example, we have routinely observed

that rats shifted from autoshaping acquisition to extinction

exhibit a transient increase in response rate during the initial

session of extinction [12], a phenomenon we have labeled

the extinction spike. In autoshaping with rats, a lever

(conditioned stimulus, CS) is presented for a fixed time

period, and its retraction is paired with the response-inde-

pendent delivery of a food pellet (unconditioned stimulus,

US). Although rats are not required to press the lever in

order to obtain food, they nonetheless approach and contact

the lever in anticipation of food delivery [18]. Furthermore,

the occasional omission of an otherwise expected reward

facilitates autoshaping performance [7,8]. Arousal effects on

autoshaping are also evident in terms of circadian variations

[20]. For example, autoshaping performance tends to be

higher when animals are trained in the evening hours (19:00

h) rather than in the morning (09:00 h).

Additional evidence from other appetitive situations

suggests that the early extinction trials are arousing. For

example, extinction is accompanied by an elevation in

plasma levels of pituitary±adrenal hormones, well-estab-

lished markers of emotional stress [2,5,14]. Extinction and

unpredictable nonreinforcement also increase levels of ago-

nistic behavior in rats, pigs, and humans [4,10,21]. The

experiments reported in this paper explored adrenal partici-

pation in the acquisition and extinction of appetitively

motivated behavior.

2. Experiment 1

Experiment 1 studied the effect of ADX on the extinction

spike in autoshaping with rats. We hypothesized that the
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extinction spike should be reduced or eliminated by ADX.

In addition, training was administered in either massed or

spaced conditions, that is, with relatively short or long

intertrial intervals (ITI), respectively. It is well known in a

variety of learning situations, including autoshaping in rats

[16], that spaced training leads to faster acquisition rate, a

phenomenon called the trial-spacing effect (TSE). Given the

dependency of both the TSE and polydipsia on the spaced

administration of practice (i.e., both effects required rela-

tively long ITIs to occur) and the adrenal involvement in

polydipsia [15], it was relevant to determine whether ADX

affects autoshaping acquisition as well as extinction. Faster

acquisition in the spaced condition could reflect arousal

caused by infrequent reward administration.

2.1. Method

2.1.1. Subjects

The subjects were 28 experimentally naive, male Wistar

rats. Ad libitum weights averaged 375 g. These rats were

purchased from Harlen Laboratories, where they had been

subjected to ADX (n = 12) or sham surgery (n = 16) 25 days

before the start of the experiment (the experiment ended 53

days after surgery). The ADX rats received exogenous

saline (0.09%) supplements in their water supply to com-

pensate for any deficit in salt retention due to the surgery.

All rats were maintained at 85% of their ad libitum weights.

Animals were individually housed in a colony room with a

12-h light/dark cycle (light on at 07:00 h). Water was

continuously available in the cage during the course of this

experiment. Daily sessions were administered between

12:00 and 14:00 h.

2.1.2. Apparatus

Four standard conditioning chambers were used, each

enclosed in a sound-attenuating cubicle. The internal

dimensions of each chamber were 20.1 cm wide, 28 cm

long, and 20.5 cm high. The floor of each chamber was

made of stainless steel bars 0.4 cm in diameter and spaced

1.6 cm apart, center to center. Located in the center of the

front wall was a recessed magazine, 2 cm from the floor,

into which the pellets (45-mg Noyes rat formula A/I) were

delivered automatically. An aluminum, retractable lever

(4.8 cm wide, 1.9 cm deep, and 7 cm above the floor)

was located 2 cm to the left of the magazine. Insertion (or

retraction) of the lever took 0.2 s. A light bulb (GE 1820)

attached to the ceiling of the chamber provided diffuse

illumination and was positioned opposite the magazine. A

speaker and fan provided background noise (75 dB, SPL,

scale B, measured in front of the magazine) and ventila-

tion, respectively.

The third phase of the experiment (see Procedure section)

involved measurement of drinking behavior in the condi-

tioning boxes. Each conditioning box was equipped with a

stainless steel drinking spout inserted 2 cm to the right of the

food cup and 7 cm above the floor. Animals could obtain

free 0.09% sodium solution (ADX rats) or water (sham rats)

by licking at this spout.

2.1.3. Procedure

ADX and sham rats were randomly assigned to one of

two groups depending upon the ITI enforced during train-

ing. For Groups M/ADX (n = 6) and M/Sham (n = 8; M

stands for massed training), the mean ITI was 15 s (range:

10±20 s), whereas for Groups S/ADX (n = 6) and S/Sham

(n = 8; S stands for spaced training), the mean ITI was 90 s

(range: 60±120 s). All rats received two sessions of habi-

tuation to the conditioning chamber during which the house

light was turned on but no other stimulus was presented.

The duration of these habituation sessions was equal to that

of the training session that follows: 5 min long for the

massed groups and 18 min long for the spaced groups.

Thereafter, rats were trained in three successive phases:

acquisition, extinction, and fixed-time food delivery. In the

first phase (acquisition), each of the 10 sessions started with

the onset of the house light and ended when the house light

was turned off. There were 10 training trials per session

separated by a variable ITI as described above. Before the

first trial and after the last trial in each session, there was an

interval of duration and range equal to that of the ITI. Each

trial started with the insertion of the retractable lever for 10 s

(the CS). A computer recorded lever-contact responses

while the lever was inserted in the chamber. At the end of

the 10 s, the lever was retracted, and five pellets were

delivered on the magazine cup at a rate of one pellet per 0.2

s (the US). Each rat consumed 50 45-mg pellets per session.

In the second phase (extinction), the training conditions

were the same for five additional sessions, except that all

food delivery was withheld. The number of responses

recorded in each trial was transformed into a rate measure,

responses per minute, and subjected to mixed-model analy-

sis of variance with session as the repeated-measures factor.

The third phase (fixed-time training) was introduced as a

means of validating the effects of the ADX treatment by

replicating its known deleterious effect upon schedule-

induced polydipsia [15]. A procedure similar to that used

by Levine and Levine [15] was instrumented for this phase

of the experiment. Six ADX and six sham animals were

randomly selected from those trained in the prior phases. In

each of the two groups thus formed, three rats had received

massed training and three had spaced training. During the

subsequent five daily sessions (starting 4 days after the last

autoshaping extinction session), the levers remained

retracted, and animals had continuous access to a 0.09%

saline solution (ADX rats) or water (sham rats) in the

conditioning box. Five 45-mg Noyes pellets were pro-

grammed according to a fixed-time 60-s schedule. Each

session ended after the delivery of 60 such reinforcements;

thus, animals consumed a total of 300 pellets per session,

and sessions were approximately 1 h long. The amount of

liquid consumed during the 23 h before the session in the

home cage (HC) and the amount consumed during the
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session were measured volumetrically. Fluid intake data

were subjected to mixed-model analysis of variance, with

sessions as the repeated-measures factor.

2.2. Results

As shown in Fig. 1, a strong TSE emerged rapidly in

both the ADX and sham groups. There seems to be a

slightly faster rate of acquisition in the sham groups

compared to the ADX groups, but the size of the TSE is

roughly equivalent. A Group (ADX, Sham) � ITI (S, M)

� Session analysis indicated a highly significant ITI� Ses-

Session interaction [ F(9,216) = 5.56; P < .01]. This interac-

tion resulted from the relatively faster and greater increase

in response rate in the spaced training groups than in the

massed training groups. There were also significant simple

effects for ITI [ F(1,24) = 29.84; P < .001] and for Session

[ F(9,216) = 6.21; P < .01]. All other effects were nonsigni-

ficant ( Ps > .05).

Fig. 1 also shows the performance of these groups during

the extinction phase of this experiment. The transient facil-

itation of lever-contact behavior (i.e., the extinction spike)

was observed during the initial extinction session in both

sham control groups relative to both their own performance in

the last acquisition session and the performance of the ADX

groups, none of which exhibited such behavioral activation. A

comparison of the mean response rate during the last acquisi-

tion session and first extinction session indicated that 13 of 16

(81%) sham rats increased their response rate, whereas only 3

of 12 (25%) ADX rats did so. A Group (ADX, Sham)� ITI (S,

M) � Session analysis captured the effect of ADX on the

extinction spike as a significant Group� Session interaction

[ F(4,96) = 3.34; P < .03]. The significant ITI� Session inter-

action [ F(4,96) = 6.14; P < .01] reflects the large differences

across spaced and massed conditions present at the start of

extinction. Significant ITI [ F(1,24) = 25.79; P < .001] and

Session effects [ F(4,96) = 10.13; P < .001] were also

obtained. All other effects were nonsignificant ( Ps>.05).

SIP was rapidly induced during the final phase of this

experiment in sham animals, but it failed to occur in rats

that had undergone ADX treatment. Fig. 2 shows the

amount of fluid consumed by ADX and sham rats during

the training sessions (Ses) and in the intervening 23 h

while in their home cage (HC). Consumption during the

session was higher than that observed in the cage for sham

animals, thus indicating the development of schedule-

induced polydipsia, but the opposite held for ADX ani-

mals. A Group (ADX, Sham) � Drinking (Ses, HC) �
Session analysis supported that conclusion in terms of a

significant triple interaction [ F(4,40) = 4.67; P < .025].

There were also significant effects for the Group�Drink-

Drinking interaction [ F(1,10) = 56.64; P < .001] and

Group� Session interaction [ F(4,40) = 2.97; P < .05], and

for the simple main effects of Group [ F(1,10) = 6.03;

P < .05] and Session [ F(4,40) = 10.18; P < .001]. All other

effects were nonsignificant ( Ps>.05).

3. Experiment 2

Experiment 1 provides the first demonstration that the

transient invigoration of behavior characteristic of the early

stages of appetitive extinction in the autoshaping situation,

or extinction spike, is eliminated by ADX. The effect of

ADX appears to be specific to extinction since acquisition

performance was not affected. Experiment 2 was designed

to provide information on the possible adrenal participation

in acquisition using a different approach, that is, by deter-

mining plasma levels of corticosterone immediately after

training sessions. Corticosterone levels are known to be

elevated during extinction of appetitive behavior [2,14], but

there is little information on their levels during acquisition

training. A reason to be cautious about discarding an adrenal

involvement in autoshaping lies in the similarity between

Fig. 1. Responses (lever contacts) per minute in groups receiving spaced (S)

or massed (M) autoshaping training and given ADX or sham treatment.

Extinction sessions were equal to those of acquisition, except that the

reinforcers were never administered.

Fig. 2. Fluid intake (water in shams, saline solution in ADX animals) in the

HC or session chamber (Ses) across five sessions of response-independent

presentations of food pellets.
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the spaced training conditions used in the present experi-

ments and the training conditions that typically generate

schedule induced polydipsia. In both cases, relatively long

interreinforcement intervals are involved, and as already

noted, there is evidence of adrenal participation in poly-

dipsia [15].

3.1. Method

3.1.1. Subjects and apparatus

The subjects were 16 experimentally naive, male Wistar

rats, with an average ad libitum weight of 400 g. Rats were

purchased from Harlen Laboratories, where they had been

canulated via the jugular vein. Each day, the heparinized

glycerol solution (333 U/ml) in the cannula from the pre-

vious day was withdrawn and replaced after a sterile saline

flush with fresh solution. This procedure was performed

immediately after each training session as part of the blood

sampling procedure (which required less than 30 s per animal

to complete). Rats were trained daily between 16:00 and

18:00 h. Maintenance conditions and the conditioning boxes

used during training were as described in Experiment 1.

3.1.2. Procedure

The experiment started with two sessions of habituation

to the context similar to those described in Experiment 1.

Rats were randomly assigned to Groups S and M (n = 8) and

exposed to 10 sessions of training, each one involving 10

trials. The training parameters were exactly those used in

Experiment 1 for groups trained under spaced and massed

conditions. A small blood sample (0.3 ml) was collected, via

cannula, at several times during the experiment. Samples

were obtained in the HC prior to any exposure to the

conditioning chamber immediately after each of the two

context habituation sessions and immediately after each of

the 10 daily training sessions. Blood samples were allowed

to clot and were then centrifuged at 2000 rpm for 45±60 s.

The serum supernatant was isolated and kept at ÿ 20°C for

future processing. Final serology involved conventional

radioimmunoassay techniques (ICN Biomedicals; Costa

Mesa, CA). Corticosterone concentrations (mg/dl) were

assessed for samples obtained for each animal at the end

of each training session.

The average response rate and corticosterone concentra-

tions over the last three sessions of training (Sessions 8±10)

were the primary dependent variables in this study. Data

were analyzed in terms of independent-sample two-tailed t

tests applied to each of these variables.

3.2. Results

The TSE developed again as expected in terms of lever-

contact responses. Spaced training led to a fast acquisition

of lever-contact behavior and a high performance level

during the last three sessions of training, both contrasting

with the usual impairment observed under massed condi-

tions. However, corticosterone levels tended to be higher

during the initial samplings, perhaps because the sampling

procedure itself was somewhat aversive. Consequently, the

analyses presented below were restricted to the final three

sessions of training, which is when the differences among

conditions were expected to be maximal.

The mean number of lever-contact responses per minute

provided evidence for the TSE. The average ( � S.E.M.)

response rates were 42.5 ( � 5.0) and 4.9 ( � 0.8) responses

per minute for Groups S and M, respectively, a significant

difference [t(14) = 7.37; P < .001]. By contrast, mean plasma

concentration levels of corticosterone during the same ses-

sions of acquisition were 161.1 ( � 30.3) and 160.3 ( � 35.3)

mg/dl for Groups S and M, respectively. This difference was

not significant (t < 1).

4. Discussion

The extinction spike, or transient invigoration of appeti-

tive performance early in extinction, was eliminated by

ADX treatment under both spaced and massed conditions

of training. This result suggests that the extinction spike is

based on a transient state of arousal induced by a shift from

expected reward to surprising nonreward. This finding fits

both theoretical developments regarding the drive-inducing

properties of frustrative nonreward [1], as well as a variety

of empirical results including the response invigoration that

follows surprising nonreward [7,8] and an increase in

plasma corticosterone levels during early appetitive extinc-

tion [2,5,14].

The deleterious effect of ADX on the extinction spike

occurred in the absence of any obvious adrenal participation

on acquisition. In Experiment 1, neither the triple interaction

nor the ADX� ITI interaction was significant in the analy-

sis of acquisition data. In Experiment 2, levels of plasma

corticosterone during acquisition were found to be equiva-

lent under both spaced and massed conditions of training.

Therefore, adrenal participation in autoshaping under the

present training conditions appears to be relatively specific

to extinction.

The fact that ADX disrupted schedule-induced poly-

dipsia confirms a previous report [15] and indicates that

the conditions of training used in Experiment 1 compare to

those used in other laboratories. This effect of ADX on

polydipsia also validates the glandular lesion procedure

and suggests that the results of ADX on the extinction

spike and polydipsia may share the same underlying

mechanism. Further experiments will be necessary to

determine whether the effects of ADX on the extinction

spike depend on the resulting decrease in circulating

corticosteroids. Corticosteroid hormones (e.g., corticoster-

one and aldosterone) have been shown to play a role in

behavioral deficits induced by ADX. For example, ADX-

induced deficits in polydipsia are eliminated by corticos-

terone replacement [15], whereas ADX-induced deficits in
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spatial learning are reversed by the administration of

aldosterone [3]. It would also be of interest to determine

if other situations involving surprising omissions or reduc-

tions in reward magnitude are also modulated by ADX.

For example, a shift from a more preferred to a less

preferred reward deteriorates performance below the level

exhibited by an unshifted control group always exposed to

the less preferred reward. This phenomenon, called suc-

cessive negative contrast, is also accompanied by elevated

levels of plasma corticosterone in rats [9]. It is possible

that this contrast effect is also reduced or even eliminated

by ADX, as it is the case with the extinction spike.
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