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Emergence of Interoceptive and Exteroceptive

Control of Behavior in Rats

Abstract. The role of exteroceptive and interoceptive aversive stimuliin rats 2 to 14
days old was investigated according to an odor aversion paradigm. Amyl acetate
odor was paired with either peripheral shock, intraperitoneal shock, or lithium chlo-
ride poisoning. Intraperitoneal shock was an effective unconditioned stimulus at all
ages and produced odor aversions comparable to lithium chloride poisoning; periph-
eral shock, however, was effective only in rats 10 days of age or older. Interoceptive
control of aversively motivated behaviors thus seems to develop before exteroceptive
control, and the failure of previous studies to find reliable learning and retention of
shock-motivated behaviors before 8 to 10 days of age may be attributable to the site
to which shock was applied rather than to insensitivity to shock per se.

To date, attempts to show learning and
retention of responses motivated by
electric shock or other noxious ex-
teroceptive stimuli have been unsuccess-
ful in rats younger than 8 to 10 days of
age (/). For example, little evidence has
been found for either acquisition or long-
term retention of escape or avoidance
learning motivated by electric shock 2,
3) or cold air (4) in rats less than 1 week
old. Conversely, young rats can learn
odor aversions or simple discrimination
for food reinforcement as early as 1 or 2
days of age (5). Moreover, long-term re-
tention of odor aversions, lasting a week
or more, has been demonstrated in 2-
day-old rats (6).

Before odor aversion learning by 2-
day-old pups was demonstrated, it was
possible to entertain the notion that ap-
petitively motivated behaviors were ac-
quired earlier in developmental sequence
than aversively motivated behaviors.
The odor aversion data reported by
Rudy and Cheatle (6, 7), however, sug-
gest that such a distinction is inappro-
priate. Since rats as young as 2 days of
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age can learn and retain a toxicosis-in-
duced odor aversion response, the diffi-
culty in demonstrating learning and re-
tention of responses motivated by elec-
tric shock in rats younger than 8 or 9
days of age remains to be explained. The
distinguishing feature of the studies of
Rudy and Cheatle (6, 7) versus those of
Misanin ¢t al. (2) and Nagy (/), and other
studies using electric shock, may lie in
the nature of the unconditioned stimulus
(US) and experimental paradigms. Al-
though it is clear that rats, even when
newborn, react to exteroceptively ap-

plied shock, the neural mechanisms re-

sponsible for the association of peripher-
al pain and peripheral cues may not ma-
ture until later.

In contrast, odor aversion studies sug-
gest that the mechanisms responsible for
the association of internal malaise and
odor cues are functional by 2 days of age
©6, 7). In this research we explored
the role of interoceptively versus ex-
teroceptively applied aversive stimuli in
the learning of odor aversions and ad-
dressed the more general issue of the de-
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velopment of exteroceptive control of
behavior.

Sprague-Dawley rats (N = 320) were
used in these experiments. The general
design was to condition rats of various
ages by pairing an odor conditioned stim-
ulus (CS) with either peripheral shock
(PS) or intraperitoneal shock (IPS) and
to test for odor aversion on the following
day. For the groups receiving inter-
oceptive shock, two copper wire-in-
sulated electrodes with 2-mm exposed
tips were inserted into the peritoneal
cavity on either side of the stomach (eas-
ily visible through the skin). The site of
entry of the electrodes was covered with
petroleum jelly to prevent leakage of
body fluids, and the electrodes were fas-
tened in place with adhesive tape. A sub-
cutaneous indifferent electrode (a wound
clip) was implanted in the nape of the
neck of each rat that was to receive PS.
After the electrode was implanted, the
rats were kept in an incubator (34°C, 54
percent relative humidity) and were al-
lowed at least 30 minutes to recover from
light ether anesthesia.

The rats were conditioned in a Plexi-
glas chamber (24 by 15 by 15 ¢cm) con-
taining six compartments separated by
nylon mesh cloth. The floor and walls of
two of the compartments were made of
copper wire mesh, through which the PS
was delivered. The rats were placed in
the conditioning chamber with one rat
per compartment for a period of 30 min-
utes. Each conditioning session was
started by introducing humidified air in-
to the chamber for 40 seconds; odorized
air [13 ml of air (per minute) bubbled
through amyl acetate mixed with 167 ml
of humidified air (per minute)] followed
for the next 20 seconds (8). The rats
receiving shock as the US received a 1-
second shock pulse, delivered by con-
stant-current shock generators that ter-
minated with the amyl acetate phase of
the cycle. Thus, by the end of the con-
ditioning session, each rat had been
exposed to 30 20-second amyl acetate
pulses, each ending in shock.

On the conditioning day, the rats were
2,7, 10, or 14 days old. Five levels and
two loci of shock were investigated at
each age. The rats received either IPS or
PSat0,0.1, 0.5, 1.0, or 2.0 mA.

Testing occurred 24 hours later for all
but the 2-day-old groups, which were
tested when 8 days old to allow them to
develop adequate locomotor capabili-
ties. The test chamber consisted of a
Plexiglas tray (30 by 20 by 3 ¢cm) and a
chamber (30 by 20 by 10 cm) with a cop-
per mesh floor mounted on top of the
tray. The tray was divided into two equal
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parts along its longitudinal axis with a
Plexiglas barrier 3 cm high. Air bubbled
through amyl acetate (13 ml/min) was
mixed with fresh air (167 ml/min) and
was delivered through the floor of one
side of the platform, while air through
glacial acetic acid (23 ml/min) was mixed
with humidified air (157 ml/min) and was
delivered to the opposite side of the plat-
form. The order of testing was random-
ized, and the test was conducted blind.
Each rat was placed in the center of the
test platform facing away from the ex-
perimenter, and a clock was started. The
rat was judged to have made a choice
when its snout and one front paw was on
one or the other side of a line dividing the
two sides of the platform. The test dura-
tion was 300 seconds; at the end of each
100-second interval, however, the rat
was returned by hand to the center line
and allowed to choose again between the
two sides. The direction that the rat
faced was switched each time it was re-
turned to the center position. Relative
preference for one or the other odor was
expressed as the percentage of the total
test period, minus time spent in the no-
choice zone (which never exceeded 30
seconds), that the rat spent over a specif-
ic odor (Fig. 1).

A 3-factor analysis of variance re-
vealed a significant effect of age [F (2,

Table 1. Preference for amyl acetate (mean
percentage of time spent in its presence) in
groups of rats conditioned (CS-US) with inter-
oceptive (LiCl and IPS) and exteroceptive
(PS) aversive agents. The CS-sham US and
no CS-US conditions were controls for non-
associative factors.

Control groups

us CS-US

CS- No

sham US CS-US
LiCl 32.4 64.8 69.5
1PS 30.8 74.4 75.9
PS 51.2 71.4 75.7

211) = 16.05, P < .001], shock intensity
[F (4, 211) =22.25, P <.001], and
shock locus [F (1, 211) = 20.25,
P < .001]. The interactions of age with
shock intensity and age with shock locus
were also  significant (F > 3.25,
P < .025). Because the data from the 2-
day-old groups were obtained after a 6-
day retention interval, they were not in-
cluded in this analysis; a separate analy-
sis of variance performed for these data
also showed a significant locus effect [F
(1,71) = 5.7, P < .025]. The IPS was ef-
fective as a US for odor aversion condi-
tioning at all ages; the developmental
pattern in the effectiveness of PS as the
US was striking, however. Peripheral
shock was an ineffective US, irrespec-
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Fig. 1. Preference (time spent over CS) for the conditioned odor as a function of shock intensity
and age at conditioning in rats conditioned with either interoceptive peritoneal shock (®) or
exteroceptive peripheral shock (O). The first age given is that at conditioning, the second, that

at testing.
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tive of shock intensity, in rats younger
than 10 days of age. At 10 days, PS
gained some control over conditioning
such that, although there were still abso-
lute differences between rats receiving
PS versus IPS at this age, these dif-
ferences were not significant except
when the shock was 1.0 mA (Tukey’s
tests). By 14 days of age, however, both
loci of shock were effective US’s for
conditioned odor aversion.

The odor aversion produced by IPS
compares favorably with aversions pro-
duced by LiCl poisoning (6, 7). The sig-
nificant differences found between the
IPS and PS suggest that IPS was, in fact,
an effective interoceptive US. These dif-
ferences cannot be attributed to dif-
ferential sensitivity to shock, since, in an
ancillary study, we found no difference
in audible vocalizations evoked by IPS
or PS (9). In addition, intensity had no
effect in the PS condition in rats condi-
tioned at 2 and 7 days of age. It is also
unlikely that the differences found be-
tween IPS and PS conditions are attrib-
utable to the IPS’s having been adminis-
tered to the ventral area of the body,
whereas PS was administered to the feet.
In a second ancillary study conducted
with 7-day-old rats, we showed that
shock delivered to the pup’s ventrum
through two surface electrodes was
equivalent to PS and differed significant-
ly from IPS.

In experiment 2, the effects of PS and
IPS were directly compared with LiCl
poisoning in 10-day-old rats. The proce-
dures for conditioning with shock were
identical to those described for experi-
ment | except that only a single shock
intensity of 1.0 mA was used. The proce-
dure for conditioning with LiCl involved
administering LiCl (0.15M LiCl, 2 per-
cent of body weight) immediately before
a 30-minute exposure to amyl acetate de-
livered in the same conditioning appa-
ratus used for shock conditioning. Six
control groups received either the US
treatments without the odor pairings or
were exposed to the odors but did not re-
ceive the US (groups designated as no
CS-US and CS-sham US, respectively).
All rats were tested 24 hours after condi-

. tioning according to the previously de-

scribed procedures.

Table 1 shows the results of the prefer-
ence behavior. An analysis of variance
revealed a significant effect of condi-
tioning [F (2, 63) = 11.5, P < .001], but
no significant effect of the US used
(F < 1.0). Tukey’s tests showed that al-
though rats conditioned with IPS and
LiCl differed significantly (P < .05) from
their controls, those rats receiving PS as
the US did not differ statistically from
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the US alone or sham-US controls
(P > .05). The preference behavior of
the rats conditioned with PS in this ex-
periment resembled that of their counter-
parts in experiment 1. These rats did not
differ significantly from their controls,
nor did they differ significantly from the
rats conditioned with IPS or LiCl as the
US. Thus PS appears to be of inter-
mediate effectiveness at 10 days of age,
ineffective at younger ages, but effective
for rats older than 10 days.

The results of these experiments are
congruent with studies of odor avoid-
ance learning in adult rats in which both
exteroceptive (PS) and interoceptive
(LiCl) US’s were found to affect behav-
ior (/10). These results also address the
issue of learning and retention of re-
sponses conditioned with shock as the
US in neonatal rats. It now seems that
the failure to obtain reliable conditioning
or retention of learned responses based
on shock in rats younger than 8 to 10
days of age is related to the locus of ap-
plication rather than to sensitivity to
shock per se. Odors paired with inter-
oceptive US are more easily associated
and retained than odors paired with ex-
teroceptive US’s, but as the rat matures,
exteroceptive aversive stimuli become
increasingly effective in establishing as-
sociative bonds.
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Cognitive Deficit Caused by Regional Depletion of
Dopamine in Prefrontal Cortex of Rhesus Monkey

Abstract. Depletion of dopamine in a circumscribed area of association cortex in
rhesus monkeys produces an impairment in spatial delayed alternation performance
nearly as severe as that caused by surgical ablation of the same area. This behavior-
al deficit can be pharmacologically reversed with dopamine agonists such as 1-dopa
and apomorphine. These data provide direct evidence that dopamine plays an impor-

tant role in a specific cortical function.

In primates, including humans, the
dorsolateral convexity of the frontal lobe
plays a selective role in mediating mne-
monic, attentional, and spatial capacities
(/). In infrahuman primates this region of
the cerebral neocortex has high cate-
cholamine levels and synthesis rates,
particularly for dopamine (DA), whereas
serotonin (5-HT) content and activity in
the same cortical tissue is relatively low
(2, 3). The combination of distinctive be-
havioral function and differentiated
monoamine chemistry makes the frontal

association cortex of the rhesus monkey
highly suitable for analyzing the role of
the putative monoamine neurotransmit-
ters in behavioral processes. We now re-
port that a substantial depletion of DA,
along with a more modest depletion of
norepinephrine (NE), in the cortex of the
principal sulcus on the dorsolateral pre-
frontal convexity produces a selective
impairment of delayed alternation per-
formance similar to that produced by
surgical ablation. Moreover, the behav-
ioral deficit resulting from this biochemi-
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Fig. 1. Delay functions for cortical treatments leading to maximal depletion of dopamine (DA),
norepinephrine (NE), or serotonin (5-HT) in the principal sulcus and for ablation. Each point is
based on a minimum of 40 test trials at each delay value. Delay values were tested in non-
systematic series with replication in counterbalanced order. Differences between pre- and post-
operative functions were significant only for the DA-depleted ( = 7.94, d.f. = 57, P < .001)
and ablated animals (t = 9.19, d.f. = 9, P < .001). Animals N-2 and N-4 show the deficit range
for NE depletion. The 5-HT-depleted (S-1) and ablated (A-1) animals are representative.
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