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Cingulothalamic and Prefrontal Control

of Autonomic Function

SHIRLEY L. BucHANAN AND DonaLD A. PowELL

Overview of Autonomic
Connections and Training
Paradigms

Well before the turn of the century, it was
demonstrated that electrical stimulation of
the cerebral cortex could elicit changes in
autonomic systems (Eulenburg and Landois,
1876; Spencer, 1894). In the intervening
years, many studies have suggested that dor-
sal anterior cingulate (area 24) and medial
prefrontal cortices participate in such auto-
nomic adjustments. This review begins with
the background evidence that these areas
mediate autonomic responses, the pathways
that underlie such responses, and methodol-
ogies by which their role in learning may be
studied. In subsequent sections, the contri-
butions of cingulate and prefrontal cortices,
and their related thalamic nuclei, to specific
autonomic responses in the rabbit are re-
ported as are their role in learned autonomic
responses. Finally, specific connections and
neurotransmitter mechanisms of these re-
sponses are considered in addition to their
general biological relevance.

Types of Electrically Evoked Responses

Virtually every class of autonomic response
has been elicited by stimulation of anterior
cingulate cortex (ACC, i.e., area 24) and

medial prefrontal cortex (PFC). Gastroin-
testinal motility (e.g., Bailey and Sweet,
1940; Kaada, 1951; Hurley-Guis and Neaf-
sey, 1986), pupillary dilatation (Kaada,
1951; Smith, 1945; Ward, 1948) and con-
striction (Hodes and Magoun, 1942a,b;
Kaada, 1951), thermoregulatory responses
(Delgado and Livingston, 1948; Livingston
et al., 1948; Blass, 1969; Kaada, 1951), and
skin conductance changes (Darrow, 1937;
Wilcott, 1968; Isamat, 1961; Langworthy
and Richter, 1930) have been reported after
such stimulation (see also Hoff et al., 1963;
Delgado, 1960; Kaada, 1960; LeDoux,
»987). (This literature was reviewed in detail
by Neafsey, 1990; Chapter 6 of this volume.)
For the most part, these responses have not
been explored in detail, and no consistent
pattern has emerged regarding differential
ACC and PFC control of them. However,
cardiovascular responses (i.e., changes in
heart rate and blood pressure) and respira-
tory changes have been more thoroughly
explored and these data are discussed in
detail later. The weight of the evidence,
although not unequivocal, suggests that re-
sponses resembling those that are parasym-
pathetic, with accompanying respiratory in-
hibition, are elicited from anterior cingulate
cortex, while responses resembling those that
are sympathetic, with concomitant respira-
tory increases, are elicited from subcallosal
and orbital cortex (e.g., Kaada, 1960). This
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latter pattern of changes also can be elicited
by stimulation of midline and mediodorsal
(MD) thalamic nuclei (Buchanan and Pow-
ell, 1986).

Cortical-Brainstem Connections

For some time it was thought that the path-
ways for producing visceral changes via
stimulation of the cingulofrontal system
were routed through the hypothalamus. For
example, Lofving (1961) elicited depressor
responses from ACC and pressor responses
from the ventral subcallosal region (i.c., area
25) in the cat and reported that lesions of the
lateral hypothalamus abolished these and
other stimulation-evoked visceral changes.
There is good reason to believe, as described
in detail later, that Lofving’s results may
have been due to damage to fibers of passage
rather than to intrinsic hypothalamic cells,
although connections between the frontal
cortex and the hypothalamus have been
demonstrated in a number of species (e.g.,
Reep, 1984). Spencer’s (1894) early research
suggested a pathway between orbital cortex
and the upper border of the pons, and
Newman (1974), based on electrophysiolog-
ical analysis, further suggested that there
was perhaps a direct conmection between
PFC and the autonomic regulatory nuclei in
the medulla.

The use of more refined tract tracing
techniques of recent years has demonstrated
that there are indeed direct projections of
cingulate cortex and both the medial and
lateral (i.e., insular) subdivisions of PFC of
the rat to the dorsal motor nucleus of the

vagus (DMYV), solitary nucleus (SN), and the
nucleus ambiguus (NA) of the medulla
(Saper, 1982; Shipley, 1982; Terreberry and
Neafsey, 1983; Van Der Kooy et al., 1982,
1984; Neafsey et al., 1986; Hurley et al.,
1991). These connections have been demon-
strated in the rabbit and are shown in Figures
13.1 and 13.2. Figure 13.1 shows antero-
grade labeling after an injection of wheat
germ  agglutinin-horseradish  peroxidase
(HRP) in ACC and PFC. In this case, there
are anterogradely labeled terminals in the
DMV, SN, and NA. Thus, ACC and PFC
projections reach the dorsal as well as ven-
trolateral medulla in the rabbit. This figure
also indicates a strong bilateral projection to
the caudate nucleus, globus pallidus, ventral
pallidum, and claustrum. In addition, there
are strong projections to the MD, midline,
and intralaminar nuclei of the thalamus.
These ACC and PFC efferents to the thal-
amus are for the most part reciprocal (e.g.,
Buchanan et al., 1989; Groenewegen, 1988;
Benjamin et al., 1978). Figure 13.1 also
confirms earlier reports in the rat (Van Der
Kooy et al., 1984; Hurley et al., 1991) of
ACC and PFC efferents to the superior
colliculus and periaqueductal gray.

Figure 13.2 shows retrogradely labeled
cells in areas 25, 8, and 32 of ACC and
medial PFC and in insula PFC after HRP
injections centered on either the nucleus of
the solitary tract and DMYV or NA regions of
the medulla. Few cells were observed in area
24 after these injections. These findings sug-
gest that anterograde labeling of medullary
structures with HRP injections in the ACC
are probably due to transport via fibers of
passage. Studies in the rat support the con-

Ficure 13.1. Efferent projections of dorsomedial cortex in the rabbit as demonstrated by anterograde
labeling subsequent to HRP injection. Sections in A-F are progressively caudal levels of the rabbit
brain. The solid area is the injection site, and dots represent fields of terminal axon labeling.
Anterodorsal, AD; anteromedial, AM; amygdala, AMG; anteroventral, AV; caudate, CD; claustrum,
CL; centromedial, CM; dorsal motor nucleus of the vagus, DVM; intermediodorsal, IMD; medio-
dorsal, MD; medioventral, MV; nucleus ambiguus, NA; nucleus of the solitary tract, NTS;
periaqueductal gray, PAG; paracentral, PC; putamen, PUT; paraventricular, PV; nucleus reuniens,
Re; superior colliculus, SC; ventroanterior, VA; ventromedial, VM; ventroposterior, VP.
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Ficure 13.2. Retrograde labeling of neurons in the cingulate and prefrontal cortices subsequent to
HRP injections in the dorsal {fop) and ventral (bottom) medulla. The injections sites are solid, and
retrogradely labeled neurons are represented with dots. Dorsal motor nucleus of the vagus, DVM;
nucleus ambiguus, NA; nucleus of the solitary tract, NTS.

clusion that area 24 projections do not reach .

the medulla (Neafsey et al., 1986; Hurley et
al., 1991).

Although the direct connections demon-
strated between area 25 and PFC and the
medulla may be responsible for its auto-
nomic involvement, this area of the brain
also has connections with the periaqueductal
gray and thalamus which are known to be
also involved in autonomic adjustments. In
addition, there are connections between
ACC and PFC and the amygdala (Beck-
stead, 1979; Cassell and Wright, 1986;
McDonald, 1987), as well as the insula
(Saper, 1985). The amygdala and insula each
have monosynaptic connections with the
dorsomedial medulla (Schwaber et al., 1982;
Kapp et al., 1985b). Thus, the autonomic
changes evoked by ACC and PFC electrical
stimulation may involve these oligosynaptic
pathways rather than the direct connections
illustrated in Figures 13.1 and 13.2. Finally,
definite topographical relationships between

the cytoarchitectural divisions of ACC and
PFC and subcortical projection sites have
been established in some cases (Neafsey et
al., 1986, Hurley et al., 1991). The extent to
which these topographical relationships are
related to the functional properties of the
ACC and PFC, however, remains to be
determined. The participation of the ACC
and PFC in various aspects of learning and
memory is suggested by a variety of different
kinds of data (Fuster, 1989; Goldman-
Rakic, 1987, 1990). In this chapter we
present evidence suggesting that anterior
cingulate and prefrontal cortices might me-
diate the plasticity associated with the auto-
nomic components of associative learning.

Training-Induced Modulation of
Autonomic Responses

Autonomic adjustments are sensitive to a
variety of learning and conditioning manip-
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ulations including both classical and operant
conditioning. Classical (Pavlovian) condi-
tioning occurs whenever a neutral stimulus
acts as a signal for an important forth-
coming but nonneutral event. In most non-
human animal experiments this latter non-
neutral event is of biological relevance, such
as food or an aversive stimulus, and elicits an
unconditioned reflex (Paviov, 1927). In Pav-
lov’s (1927) experiments, the neutral stim-
ulus was termed the conditioned stimulus
(CS) and the food the unconditioned stim-
ulus (US). The US elicits what Pavlov re-
ferred to as the unconditioned response (UR;
i.e., salivation in response to the food). The
response of most interest, however, was not
the UR but a new, learned response, also
consisting of salivation, but in this case
salivation to the initially neutral CS. Such
learned responses resulted from the CS con-
sistently preceding the food over many CS/
US presentations. This learned response was
referred to as the conditioned response (CR).
It should be noted that the CR does not
always resemble the UR, as is the case here.
Indeed, often the CR appears to be opposite

of the UR. For example, the autonomic '

changes in response to contextual cues that
signal drug administration are often oppo-
site in direction to those produced by the
drug itself (Siegel, 1979). Moreover, the
heart rate (HR) CRs to CSs signaling aver-
sive USs in restrained rats and rabbits consist
of bradycardia, whereas the URs to the USs
alone consist of tachycardia (Kazis et al.,
1973; Fitzgerald et al., 1973; Fitzgerald,
1976).

Note that during classical conditioning,
the US (or reinforcer) is presented regardless
of the behavior of the organism. During
operant or instrumental conditioning, how-
ever, the reinforcer is contingent on a spe-
cific behavior that the organism must ex-
hibit. The organism may, for example, press
a bar, run down a runway, or, as in Thorn-
dike’s (1911) original experiments, open a
cage. Thus, the emphasis in classical condi-
tioning is on whatever new behaviors occur
as a result of the association between the

occurrence of the CS and the reinforcer,
while in operant conditioning the emphasis is
on behaviors that are necessary for the oc-
currence of the reinforcer.

Both operant and classical conditioning
techniques can modify autonomic responses
in a variety of ways. For example, operant
conditioning principles can be applied to
autonomic responses directly. Thus, the use
of biofeedback techniques to change skin
temperature or blood pressure (BP) re-
sponses in patients suffering from migraine
headaches or essential hypertension, respec-
tively, operate by providing a reinforcing
signal to the subject whenever an effective
change in the appropriate autonomic re-
sponse occurs (Shapiro and Schwartz, 1972).
Organisms can learn to change their auto-
nomic responses as a result of feedback from
the external environment either to aversive
stimuli or to the presentation of a rewarding
stimulus (Miller, 1983; Joseph and Engle,

'1981). Animals maintained on operant rein-

forcement schedules also exhibit a variety of
autonomic and endocrinological changes
(Murray, 1967; Brady, 1967). Thus, it is
clear that autonomic responses can be mod-
ified in a variety of ways by operant as well
as classical conditioning principles.

Among the most widely used classical
conditioning models is that developed by
Gormezano and associates (Gormezano,
1966; Gormezano et al., 1983) utilizing the
classically conditioned nictitating membrane
(NM) response. This learned response and its
closely associated eyeblink (EB) CR has
proved useful in a number- of laboratories
focusing on the neuroanatomical substrates
of learning (e.g., Thompson, 1988; Lavond
et al., 1990; Disterhoft et al., 1988; Moore et
al., 1982; Harvey et al., 1988). However, as
has been noted by others (e.g., Gantt, 1960;
Konorski, 1967; Thompson, 1986; Wein-
berger and Diamond, 1987; Prokasy, 1984;
Schneiderman, 1972), animals exposed to
classical conditioning contingencies that
elicit specific somatomotor responses, such
as the EB, NM, or leg flexion response, also
manifest a number of concomitant nonspe-
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cific responses that are not usually assessed.
Although nonspecific CRs may consist of
somatomotor behaviors (Dykman et al.,
1965), nonspecific learned visceral changes
have been most often studied and include
HR, systemic BP, skin conductance, changes
in pupillary diameter, and so on (e.g., see
Obrist, 1981; Cohen and Randall, 1984;
Smith and DeVito, 1984; Weinberger and
Diamond, 1987; Bykov, 1957; Stern, 1972;
Dykman, 1967).

For the most part we have assumed that
the autonomic responses acquired during
typical classical conditioning tasks represent
an early aspect of learning associated with
the attachment of emotional significance to
the CS/US contingency. Others have made
similar assumptions (e.g., Konorski, 1967;
Gantt, 1960). Moreover, there is convincing
evidence to suggest that the cingulothalamic
system and certain of the structures with
which it has afferent and efferent connec-
tions provide an essential neural substrate
for the operation of this process. The later-
occurring acquisition of classically condi-
tioned somatomotor responses, however,

does not depend to any great extent on this’

substrate. Instead, there is good evidence to
suggest that an extrapyramidal substrate,
including primarily the cerebellum and asso-
ciated nigrostriatal system, is essential in the
conditioning of somatomotor responses.
These data are reviewed by Thompson et al.
(1988).

Control of Reflexive
Autonomic Responses by
Cingulate-Prefrontal Systems

Cingulate-Prefrontal Cortical
Stimulation

The early experiments of Spencer (1894)
demonstrated that arterial pressure changes
could be elicited by stimulation of orbital
cortex. Increases and decreases in BP have
since been obtained from the cat, dog, and
monkey by stimulation of ACC as well as
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orbital PFC (Kaada, 1960; Hoff et al., 1963;
Delgado, 1960; Neafsey, 1990). In general,
depressor responses are obtained from pre-
genual anterior cingulate cortex and PFC,
and pressor responses from posterior orbital
cortex (Kaada, 1951; Buchanan and Powell,
1982a; Lofving, 1961; Burns and Wyss,
1985). However, pressor responses have also
been obtained from ACC and especially
from area 25 (Kaada, 1951; Lofving, 1961;
Burns and Wyss, 1985). In general, HR
slowing also occurs. In some cases this
may be secondary to BP increases such as
that produced by baroreceptor activation,
whereas in other cases this appears to be a
primary bradycardia produced principally
by vagal activation. There are indications
that the level of anesthesia also influences
the direction of the cardiovascular change
(Kaada, 1951; Burns and Wyss, 1985). How-
ever, Anand and Dua (1956) reported mainly
pressor responses, whereas Hall et al. (1977)
reported primarily depressor responses in

" conscious monkeys with chronically im-

planted electrodes in orbital PFC. Neverthe-
less, there are strong indications that the
direction of the response is related to the
area of ACC or PFC stimulated.

We have focused on the changes elicited
by electrical stimulation of ACC and PFC of
the rabbit and have attempted to differen-
tiate responses from architectonic subdivi-
sions of these areas. The stimulation studies
to be described were all done in conscious
animals with chronically implanted bipolar
stimulating electrodes. Electrical stimulation
of ACC and PFC throughout their anterior-
posterior extent produced dramatic brady-
cardia and depressor responses (Buchanan
and Powell, 1982a; Buchanan et al., 1985).
Examples of responses evoked by electrical
stimulation of dorsomedial cortex are shown
in Figure 13.3. Similar stimulation of poste-
rior cingulate cortex, or of lateral isocortical
areas, produced only small and variable HR
and BP changes and then only at higher
stimulus intensities (100 to 200 uA versus 1
mA). As shown in the second series of traces
in Figure 13.3, stimulation of insular PFC
also produced dramatic inhibitory cardio-
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Ficure 13.3. Top: Autonomic changes elicited by electrical stimulation in dorsomedial and lateral
isocortical somatomotor cortices in the rabbit. Data are shown for changes in respiration, heart rate,
blood pressure, and nuchal electromyographic activity.

Bottom: Autonomic changes elicited by electrical stimulation of agranular insular cortex. Data are
also shown subsequent to administration of methylatropine (middle tracings) and methylatropine plus
propranolol hydrochloride (tracing on extreme right). Electrocardiogram ECG; electromyogram,
EMG. Reprinted from Powell et al. (1985).
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vascular changes, which in many cases were
much larger in magnitude and longer in
duration than those produced by midline
stimulation (Powell et al., 1985). With either
ACC/PFC or insula stimulation, acetyl-
choline receptor or (-adrenoceptor block-
ades were found to produce an attenuation
of the response and a double blockade com-
pletely abolished stimulation-evoked re-
sponses. The blockade with atropine (25
mg/kg) is shown in Figure 13.3 as is a
response following combined administration
of atropine and propranolol (5 mg/kg).
These findings suggest that both ACC/PFC
and insular PFC are intimately involved in
the cortical integration of visceral activities.
Data from other studies support this conclu-
sion (Saper, 1982; Cechetto and Saper, 1987;
Neafsey et al., 1986; Yasui et al., 1991). In
fact, Krushel and Van Der Kooy (1988)
suggested that insular PFC provides a core
integrating area for visceral changes medi-
ated by ACC and PFC.

We have attempted to determine if there is
a difference in the evoked cardiovascular
and respiratory changes elicited from dif-

ferent architectonic subareas of anterior

cingulate and prefrontal cortices. Thus,
chronic stimulating electrodes were im-
planted in areas 8, 24, 32, or 25 in different
groups of rabbits, and autonomic responses
were assessed during electrical stimulation.
Although bradycardia and depressor re-
sponses were elicited from dorsal areas 8, 24,
and 32, pressor responses, accompanied by
either bradycardia or tachycardia, were ob-
tained from stimulation of area 25. The
administration of the «-receptor antagonist
phentolamine to animals receiving area 25
stimulation resulted in a significant reduc-
tion in the magnitude of the bradycardia and
abolished the pressor response in these ani-
mals. This suggests that this bradycardia was
most likely secondary to baroreceptor acti-
vation. The administration of phentolamine
to animals receiving stimulation in areas 24
or 32, however, resulted in an exaggeration
of the response. These findings support
those of Lofving (1961), who reported that
electrical stimulation of dorsal ACC pro-
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duced depressor responses and bradycardia
in the cat, whereas stimulation of area 25
resulted in pressor responses and tachycar-
dia. Similar findings have been obtained in
primates, although some inconsistencies
have also been reported (cf. Anand and Dua,
1956; Kaada, 1951; Hall et al., 1977).

In earlier experiments in rabbits, increases
in respiratory rate and decreases in respira-
tory depth were usually observed (Fig. 13.3;
Buchanan and Powell, 1982a). However,
studies in other species have reported dif-
ferent patterns of respiratory changes de-
pending on the area stimulated. Smith (1938)
and Kaada (1951), for example, reported
distinctive excitatory and inhibitory areas
for respiration in primates and cats. For the
most part, respiratory inhibition was ob-
tained from area 24 and respiratory increases
from area 25 and the medial orbital area.
However, the direction of respiratory
changes obtained with stimulation of ACC
and PFC has also been shown to vary with
the depth of anesthesia. As other investiga-
tors have noted (e.g., Kaada, 1960), lower
doses of anesthesia are more likely to in-
crease respiratory rates. It may be important
that in our experiments all animals were
unanesthetized. However, stimulation of
area 25 sometimes elicited respiratory inhi-
bition. Thus, ACC and PFC in the rabbit
appear to be topographically arranged with
regard to stimulus-evoked changes in respi-
ration; dorsal areas 8, 24, and 32 are associ-
ated with increases in respiration rate and the
ventral area 25 with decreases.

Limbic Thalamic Stimulation

Stimulation of various nuclei of the limbic
thalamus also produces cardiovascular
changes, although the response topography
of these changes is quite different from that
elicited from ACC or PFC, and they appear
to be similar to those elicited from area 25
stimulation. As with ACC and PFC stimu-
lation, HR slowing is obtained subsequent to
stimulation of the MD nucleus in almost all
cases. West and Benjamin (1983) reported
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HR decreases after MD or midline thalamic
nuclei stimulation in the rabbit. However,
bradycardia elicited from the thalamus is
almost always accompanied by pressor re-
sponses, rather than depressor responses
(Buchanan and Powell, 1986). An example
of the cardiovascular adjustments elicited by
stimulation of the lateral portion of the MD
nucleus can be seen in the left panel of Figure
13.4 including a reduced HR and elevated
BP. The right panel shows that administra-
tion of phentolamine abolished the effects of
stimulation on both BP and HR responses.
This figure also shows increases in respira-
tion, and in most cases an increase in a
nuchal electromyogram was also obtained.
Similar changes were elicited from sites in
the anteromedial nucleus and in the midline
nuclei including the paraventricular, medio-
ventral, intermediodorsal nuclei, and nu-
cleus reuniens. Chemical stimulation of the
MD nucleus with either carbachol or gluta-
mate also elicited bradycardia and pressor
responses (Powell and Buchanan, 1986),
suggesting that the changes were not due to
stimulation of fibers of passage, but to stim-
ulation of neurons within the MD nucleus.
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Studies by Varner et al. (1988) and Huang
et al. (1988) also suggest the participation of
medial thalamic nuclei in the sympathetic
control of autonomic activity. These investi-
gators demonstrated correlations between
the spontaneous and evoked activity of indi-
vidual thalamic cells and peripheral sympa-
thetic (inferior cardiac) nerve discharge in
cats. Areas showing such correlations were
the midline, MD, and intralaminar nuclei as
well as the hypothalamus. Moreover, lesions
that included these diencephalic areas greatly
attenuated the reduction in BP and inferior
cardiac nerve discharge produced by mid-
brain transection (Huang et al., 1988). These
data support the notion that thalamic neu-
rons participate directly in reflexive sympa-
thetic activity.

Neuronal Correlates of Autonomic
Adjustments in Cinguloprefrontal
Cortex and Limbic Thalamus

Although it is clear from the previous discus-
sion that a variety of visceral changes can
be elicited by stimulation of ACC, PFC and
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Ficure 13.4. Autonomic changes elicited by electrical stimulation of the mediodorsal nucleus of the
thalamus. Data are shown for changes in respiration, heart rate, blood pressure, and nuchal
electromyographic activity. Electrocardiogram, ECG; electromyogram, EMG.
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limbic thalamus, no studies have recorded
activity from these areas of the brain during
“spontaneous” visceral changes (i.e., those
associated with homeostatic adjustments).
However, studies involving lesions of ACC
and PFC suggest that damage to this area of
the brain produces little or no effect on
baseline activity of the autonomic changes
elicited by electrical stimulation (Kaada,
1960). Minor exceptions to this conclusion
are the data reported by Delgado and Living-
ston (1948) and Showers and Crosby (1958)
regarding changes in body temperature that
result from ACC lesions in primates.

Although the body of data is small, some
studies have assessed neuronal activity in
other brain regions during stimulation in
ACC/PFC or limbic thalamus, It is generally
accepted that stimulation of brain structures
producing autonomic changes results in
electrocortical arousal (e.g., Jasper, 1960;
Kaada, 1960). Thus, stimulation in either an-
terior or posterior orbital cortices orin ACC
elicits electroencephalographic changes in-
dicative of arousal. Sloan and Jasper (1950)
reported that electrical stimulation of ACC
produced a desynchronization of the elec-
troencephalogram in all cortical regions that
was similar to that following stimulation of
the brainstem reticular formation. Kaada
(1951) reported similar effects of stimulation
of ACC; subcallosal, orbitoinsular, temporal
pole cortices; and the amygdala in cats, mon-
keys, and chimpanzees. In conscious ani-
mals, stimulation of these limbic cortical
areas produced not only the typical electroen-
cephalographic arousal response, but also be-
havioral arousal (Kaada, 1960). Kaada
(1951) suggested that electroencephalogra-
phic arousal induced by ACC stimulation is
not secondary to the accompanying respira-
tory or autonomic changes. Cessation of mo-
tor activity in animals stimulated in these ar-
eas indicates that such arousal may be
associated with increased attention (Kaada,
1960).

There is some information regarding neu-
ronal electrical changes that occur during
stimulation of the limbic thalamus. Data
reported by Ferron et al. (1984) suggest that
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stimulation of the limbic thalamus results in
increases in PFC neuronal activity. These
investigators also reported inhibition of MD-
evoked responses after stimulation of pre-
sumably dopamine-containing neurons in
the ventral tegmental area. Sikes and De-
France (1985) showed that most ACC neu-
rons are reliably driven with electrical stim-
ulation of MD in the theta range (i.e., 6 t0 8
Hz). We have also found that MD stimula-
tion results in increases in PFC single cell
activity; however, spontaneous activity in
some cells was inhibited by MD stimulation.
Thus, while the data are limited, it appears
that PFC and thalamic activity may not be
associated with reflexive, homeostatic auto-
nomic adjustments, but, rather, with auto-
nomic changes that are associated with com-
plex behaviors. As described in the next
section, considerable evidence suggests that
ACC and PFC and their thalamic connec-
tions may mediate at least part of the auto-
nomic adjustments that accompany associa-
tive learning.

Control of Learned
Autonomic Changes

This section reviews evidence that suggests
quite strongly that ACC and PFC provide a
neural substrate for the integration of auto-
nomic adjustments elicited by classical con-
ditioning contingencies. It is likely that all
autonomic adjustments learned through
classical and operant conditioning tech-
niques also depend on this neural substrate.
For the most part, however, the following
evidence is limited to studies of cardiovas-
cular changes in either the rat or rabbit.

Classical Conditioning
of Autonomic Adjustments

Classically conditioned cardiovascular re-
sponses may represent an early component
of information processing that is probably
related to initial sensory registration and
attention mechanisms (Powell and Kazis,
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1976; Powell et al., 1990a; Putnam et al.,
1974; Lacey and Lacey, 1980; Pribram and
McGuiness, 1975). The later-occurring so-
matomotor NM and EB responses, as de-
scribed earlier, however, represent the acqui-
sition of a skeletal behavior that is an
adaptation to external environmental contin-
gencies. There is a great deal of information
suggesting that autonomic and somatomotor
response systems not only depend on dif-
ferent and nonoverlapping neuroanatomical
substrates but also represent different as-
pects of learning (Powell and Levine-Bryce,
1988). '

Figure 13.5 shows the dramatic differ-
ences between these two response systems in
rabbits exposed to classical conditioning
contingencies. This figure shows the results
of an experiment in which a 1 sec tone was
the CS and a 250 msec paraorbital electric
shock train was the US. The top panel shows
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Ficure 13.5. Top: Percentage of eyeblink-
conditioned responses (CRs) of rabbits E
that received paired CS/US presentations 8 20
(conditioning group) and rabbits that re- &
ceived unpaired CS/US presentations (ex- oo

plicitly unpaired CS/US group) as a func- 0
tion of five acquisition sessions. The CS
was a 1.0 sec, 75 dB, 1216 Hz tone that
was followed by a 250 msec, 3.0 mA

paraorbital shock train as the US. °
Bottom: Mean change in heart period

(HP) from the pre-CS baseline of the 10

third post-CS interbeat interval of the

same rabbits that received conditioning

and explicitly unpaired CS/US presenta- 5

tions over acquisition sessions. The third
interbeat interval is shown because it was
the last one available for analysis in all
animals prior to CS offset and is thus
usually associated with the largest HP
change from pre-CS baseline. Reprinted
from Powell et al. (1990b).
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the percentage of EB CRs over five acquisi-
tion sessions consisting of 60 CS and US
presentations each (namely, conditioning
group). A pseudoconditioning control group
received a random sequence of unpaired
CS/US presentations (namely, explicitly un-
paired CS/US group). Eyeblink CRs in-
creased from a low, near-zero rate during
session 1 to approximately 80% by session 5
in the conditioning group, while the explic-
itly unpaired group showed virtually no EB
responses.

The bottom panel of Figure 13.5 shows
the mean change in duration from the pre-
CS baseline of the third interbeat interval of
the electrocardiogram following tone onset
as a function of acquisition sessions. This
interbeat interval usually represents the
largest change from the pre-CS baseline that
occurs during the CS. The duration of this
interbeat interval, known as heart period
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(HP), is the reciprocal of HR. Figure 13.5
indicates that HP was lengthened by 10 to 15
msec as a result of training. Thus, HR CRs
consisted of decreases from the pre-CS base-
line. The HP changes in the unpaired group
were much smaller and more variable. Note,
however, that no acquisition function is ap-
parent in the conditioning group, as for the
EB data carlier. The reason for this can be
seen in Figure 13.6, which shows a mean
change in the third interbeat interval over
blocks of two trials each during the initial
session. In this figure the acquisition func-
tion for HP is clearly apparent. Change in
HP decreased in both groups across the first
5 to 10 trials, representing habituation of the
cardiac component of the orienting reflex
(OR). The OR is the initial response to novel
stimulation and normally also consists of
bradycardia (Powell and Kazis, 1976). After
habituation of the OR, the conditioning
group demonstrated a second bradycardiac

Shirley L. Buchanan and Donald A. Powell

response longer than 15 to 20 msec, whereas
the unpaired group continued to show small
and variable responses. Thus, the decelera-
tive HR CR appeared by trial 10 and reached
its maximum magnitude by trial 20, well
before EB CRs began to occur in any animal.

These experiments demonstrate that the
initial HR response to tone CSs in the rabbit
is in a parasympathetic direction. However,
an important sympathetic component is also
observed when EB conditioning is concomi-
tantly elicited. This finding is illustrated in
Figure 13.7 which shows HR and BP condi-
tioning in rabbits using a 1 sec CS/US
interval that allows for somatomotor as well
as autonomic conditioning. In experiments
utilizing this short CS/US interval, the ac-
companying autonomic changes are typically
assessed after CS offset, as well as during
the CS proper, to determine the full magni-
tude of these changes in response to the
relatively short signal involved. It is thus
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Ficure 13.6. Change in heart period as a function of blocks of two trials each for the conditioning and
explicitly unpaired CS/US groups illustrated in Figure 13.5, for the third interbeat interval during the
first session of training. Reprinted from Powell et al. (1990b).



13. Cingulothalamic and Prefrontal Control of Autonomic Function 393

SESSION 5 | SESSION 10 | SESSION 15 | SESSION 20 E
3 HR BP HR BP HR BP HR BP le)
o
& 1w} {2 3
~ o}
w m
= 2
o sk 41 &
7)) § T
< m
: =N 2
s H I
o ° I |T] 1 0 JZ>
o ! ! o}
o ! m
w
g s} 4-1 D
: | 2
T 1 ! <
o w@
E -10 | ]} 1{-2 5
< . 1-10 ] m
o I q 1Bl 1 =
— ! 11-20 ! %
T _15} % ] i 4-3 ~
< I | 3
w ! ! 3
T i i I
H ! <

Ficure 13.7. Heart rate (HR) change (beats per minute, BPM) and blood pressure (BP) change
(mmHg) from pre-conditioned-stimulus (CS) baseline of groups of rabbits that received 5, 10, 15, or
20 consecutive daily sessions of eyeblink conditioning in which a 1 sec duration CS was employed.
Eyeblink-conditioned responses are not illustrated. The data shown are conditioned responses (CR) to
the 1 sec duration CS+ that was consistently paired with paraorbital shock; responding to the CS -
is not shown. The data are shown separately for the first block of 10 interbeat intervals (IBI) and the
second block of 10 IBI after CS onset. The first block of 10 IBI thus includes the initial HR CR that
occurred during the CS, while the second 10 intervals represent HR changes that occurred after CS
offset on test trials when the unconditioned stimulus was omitted. Reprinted from Powell et al.

(1990b).

necessary to assess HR on “test” or “probe”
trials on which the US is not presented;
otherwise the presentation of the US inter-
feres with the full expression of the CR. It is
after CS offset that the HR accelerations
that accompany EB conditioning are ob-
served. Note that the HR changes associated
with EB conditioning described in Figures
13.5 and 13.6 were assessed only during the
CS. Figure 13.7 shows HR and BP changes
separately in groups of animals that received
5, 10, 15, or 20 consecutive daily sessions of
training for the first two blocks of 10 beats
each after CS onset. Thus, the cardiovas-
cular changes after and during CS presenta-
tion are shown. The EB response was also
assessed but is not shown in this figure
(Powell and Kazis, 1976). It is apparent from
Figure 13.7 that early during training (i.e.,

after 5 sessions) conditioned bradycardia
and depressor responses were obtained.
However, after longer training in 10, 15, and
20 sessions, when EB acquisition was com-
plete, the initial HR response remained a
cardiac deceleration, but the later response
consisted of cardiac accelerations. More-
over, the depressor response changed to a
pressor response.

Although this discussion has emphasized
conditioned cardiac inhibition, the kinds of
cardiovascular changes that occur in antici-
pation of forthcoming USs are many and
varied and depend on a variety of factors
(Bykov, 1957; Konorski, 1967; Gantt, 1960;
Powell et al., 1990a; Lacey and Lacey, 1980;
Obrist, 1981). Thus, the direction (namely,
bradycardia or tachycardia) of the condi-
tioned HR change is subject to both organ-
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ismic and contextual variables (Katcher et
al., 1969; Smith and DeVito, 1984; Gantt,
1960; Sutterer and Obrist, 1972; Washton,
1978; Brown et al., 1990; deToledo and
Black, 1966; Fitzgerald and Teyler, 1970;
Iwata and LeDoux, 1988; Neafsey, 1990;
Duncan, 1972; LeDoux et al., 1984; Teyler,
1971; Powell et al., 1971; Cohen and Obrist,
1975; Ginn et al., 1983; Schneiderman et al.,
1974). There appears, however, to be over-
whelming evidence that a basic underlying
cardiovascular response pattern consisting
of cardiac inhibition (i.e., HR decelerations)
is associated with the initial processing of
sensory information, especially that associ-
ated with either novelty or aversive classical
conditioning contingencies (Graham and
Clifton, 1966; Lacey and Lacey, 1980;
Powell and Levine-Bryce, 1988; Pribram
and McGuiness, 1975; Sokolov, 1963). Other
changes such as somatomotor responses that
occur in response to CS presentation (e.g.,
the EB CR) may represent a behavioral bias
of this basic cardiovascular response pattern
(Obrist, 1981; Black and deToledo, 1972;
Schneiderman, 1972; Elliot, 1974; Sherring-
ton, 1900; Cannon, 1929; Cohen and Obrist,
1975; Schneiderman et al., 1974). This
would be especially true if simultaneous so-
matomotor activity is elicited by the CS, as is
the case with the cardiovascular changes that
accompany skeletal conditioning (Black,
1972; Bruner, 1969; Ginn et al., 1983; Pow-
ell and Joseph, 1974; Powell and Kazis,
1976; Smith and DeVito, 1984). Our experi-
ments suggest that ACC and PFC participate
in and possibly provide an essential substrate
for the early bradycardiac response, whereas
its thalamic projection nucleus (i.e., the MD
and perhaps the adjacent midline and intra-
laminar nuclei) are involved in the sympa-
thetic component of these responses.

Cingulate, Prefrontal, and
Hypothalamic Lesion Studies

An early study of the role of ACC and PFC
in classical conditioning established that ab-
lation of midline, but not lateral, isocortex

dramatically attenuated conditioned brady-
cardia (Buchanan and Powell, 1982b). In a
later experiment (Buchanan and Powell,
1982a), lesions were made in more anterior
portions of the midline prefrontal region
including the anterior limbic and agranular
precentral areas 8, 24, and 32 without
damage to area 25. These lesions were com-
pared with midline damage restricted to pos-
terior cingulate cortex. As Figure 13.8 indi-
cates, the area of midline cortex responsible
for the lesion-induced attenuation of condi-
tioned bradycardia was ACC and anterior
PFC.

Lesions of anterior or posterior cingulate
cortex did not attenuate the cardiac compo-
nent of the OR. As noted earlier, the OR also
involves a cardiac deceleration that is the
normal cardiac response to novel stimula-
tion. Unless reinforced with an appetitive or
aversive US, this response habituates rapidly
in 10 to 15 presentations (Powell and Kazis,
1976). It is thus significant that the OR was
not attenuated by ACC or PFC lesions, since
this is basically part of the unconditioned
cardiac response to the CS. In a subsequent
experiment, there were no differences be-
tween animals with anterior or posterior
cingulate lesions or sham lesions on EB
conditioning (Buchanan and Powell, 1982a),
thus demonstrating that the effects of medial
cingulate lesions on classical conditioning
were limited to HR CRs. A series of control
experiments also suggested that the effects of
ACC and PFC lesions were specific to an
associative process, since URs to neither the
CS (i.e., the OR) nor the US were adversely
affected by ACC and PFC lesions. Lesions
of insular PFC had only minimal effects on
conditioned bradycardia, which suggests
that associative HR changes were unaffected
by such lesions (Powell et al., 19895).

Another series of experiments investigated
Pavlovian conditioning in rabbits with hypo-
thalamic knife cuts (Powell and Levine-
Bryce, 1989). The rationale for these exper-
iments was as follows. First, Kapp et al.
(1979) reported that lesions of the central
nucleus of the amygdala produced a severe
attenuation of conditioned bradycardia in
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Ficure 13.8. Heart rate changes (beats per minute) from pre-conditioned-stimulus (CS) baseline in
response to CS+ and CS— of rabbits that received aspiration lesions of anterior or posterior midline
cortex or sham lesions. Data are shown for 4 test trials that occurred during two consecutive daily
sessions of 60 trials each as a function of 8 sec after CS onset. Reprinted from Buchanan and Powell

(1982a).

the rabbit. Moreover, there is a direct
pathway from the central nucleus to the
autonomic regulatory nuclei in the dorsal
medulla (Schwaber et al., 1982). As de-
scribed earlier, there are also monosynaptic
connections between ACC and PFC and the
dorsal and ventral medulla. It thus may be
important that neither the central nucleus
nor cingulate cortex lesions appeared to
completely abolish conditioned bradycardia,
although severe attenuations were produced
by both types of lesions (Kapp et al., 1979;
Buchanan and Powell, 1982a). Since ACC
and PFC and central nucleus efferents to the
medulla pass through the ventral diencepha-
lon, it was reasoned that either coronal or
parasagittal knife cuts should interrupt ac-
tivity in both systems. Second, previous
studies had shown that lateral hypothalamus
lesions interfere with associative learning of
visceral response systems in several species
including primates (Smith et al., 1968), pi-

geons (Cohen and Macdonald, 1976), rab-
bits (Francis et al., 1981), and rats (Iwata et
al., 1986). It was unclear, however, whether
the disruption of associative responding in
these studies was due to the destruction of
neurons within the lateral hypothalamus or
to interruption of fibers passing through this
area connecting brainstem and forebrain
structures. Thus, this series of studies uti-
lized either coronal or parasagittal knife cuts
at the level of the lateral preoptic area and
lateral hypothalamus in order to do the
following:

1. To determine if such cuts, interrupting
efferents to the medulla from both the cen-
tral nucleus of the amygdala and PFC,
would completely abolish conditioned
bradycardia

2. To compare the effects of such knife
cuts with those of ibotenic acid lesions of the
lateral hypothalamus that would destroy hy-
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pothalamic neurons and leave the fibers of
passage intact.

The coronal knife cuts that interrupt effer-
ents from lateral hypothalamic neurons an-
terior to the cuts and also damage many
lateral hypothalamic cells in the region of the
cuts greatly disrupted the cardiac OR as well
as the conditioned bradycardia. Parasagittal
knife cuts that left these lateral hypotha-
lamic cells intact affected only the learned
response (i.e., conditioned bradycardia).
Ibotenic acid lesions in the same area of the
lateral hypothalamus in which the coronal
knife cuts were made also attenuated the
OR, but left the conditioned bradycardia
intact. Thus, lateral hypothalamic cells may
mediate the cardiac component of the OR,
but not the development of the decelerative
HR CR. In contrast, structures rostral to
lateral hypothalamus, presumably including
both the central nucleus of the amygdala and
ACC and PFC are instrumental in producing
conditioned bradycardia, but are not neces-
sary for occurrence of the OR (Powell and
Levine-Bryce, 1989).

The architectonic subareas of the ACC
and PFC were ablated with multiple injec-
tions of ibotenic acid in areas 24, 32, or 25 in
separate groups of rabbits (Powell and Wat-
son, 1990). Each group was then compared
with a group of sham control animals during
differential classical conditioning. The mag-
nitude of the HR CR was impaired only in
animals with area 32 damage, and these
animals showed virtually no bradycardia in
response to either CS+ or CS —. Thus, these
data support brain stimulation and neuro-
anatomical observations regarding the ACC
and PFC subareas and strongly suggest that
area 32 is the critical area for mediation of
conditioned bradycardia in the rabbit. Al-
though parasympathetic HR decreases and
BP depressor responses are obtained from
stimulation of both areas 24 and 8, it is only
from areas 32 and 25 that a direct pathway
exists from this part of the PFC to the
autonomic regulatory nuclei in the medulla.
It is significant that lesions of area 25, which
has a strong projection to the dorsal medulla
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in both the rabbit and rat, had no effect on
conditioned bradycardia. However, stimula-
tion of this area elicits sympathetic changes,
as opposed to parasympathetic changes (S.
L. Buchanan and D. A. Powell, unpublished
observations), suggesting that it would not
be involved in conditioned HR slowing.

Other studies in both primates and rats
also suggest that ACC and PFC are involved
in autonomic conditioning. Grueninger et al.
(1965) reported that rhesus monkeys with
dorsolateral prefrontal lesions failed to ex-
hibit skin resistance changes to either a novel
unreinforced tone or to a tone that was
paired with electric shock as a US. However,
unconditioned and movement-related skin
resistance changes occurred in the ablated
animals. In an earlier study Smith et al.
(1968) also found that PFC lesions in mon-
keys abolished learned sympathetic cardio-
vascular changes, but these lesion-induced
effects were transient unless accompanied by
lateral hypothalamic lesions. Frysztak and
Neafsey (1987) reported that ACC and PFC
lesions in rats had no effect on a classically
conditioned pressor response, but converted
the conditioned tachycardia normally ob-
served in the free-moving animal to pro-
nounced bradycardia. However, the lesions
of Frysztak and Neafsey (1987) were cen-
tered on area 25, which appears to mediate
sympathetic mechanisms as discussed ear-
lier. Moreover, the rats in these studies were
free moving, whereas in the studies on rab-
bits described earlier the animals were al-
ways restrained. Nevertheless, this study and
those of Grueninger et al. (1965) and Smith
et al. (1968) suggest that medial ACC and
PFC may be involved in autonomic learning
of a variety of different kinds, and is thus
not specific to conditioned bradycardia in
the rabbit.

Neuronal Changes in the Cingulate and
Prefrontal Cortices During Training

Electrophysiological recording studies sup-
port the contention that ACC and PFC
participate in autonomic conditioning. For



13. Cingulothalamic and Prefrontal Control of Autonomic Function 397

example, multiunit activity in ACC and PFC
of conscious rabbits exhibits tone-evoked
increases during both orienting and classical
HR conditioning (Gibbs and Powell, 1988).
Increases in neuronal output from the
pre-CS baseline occur during initial non-
reinforced trials (namely, during OR assess-
ment), but decline over further nonrein-
forced trials. During conditioning training, a
considerable increase in neuronal activity
from this pretraining level occurs. More-
over, this activity is trial-related and reaches
its maximum during conditioning trials 11 to
30. Peak activity during the CS occurs with a
latency of between 40 and 180 msec (Gibbs
and Powell, 1988).

Subsequent studies (Gibbs et al., 1992)
have compared tone-evoked changes in mul-
tiunit activity in dorsomedial cortex with
those in ventrolateral insular PFC. In these
studies multiunit activity at either site was
recorded from chronically implanted elec-
trodes during a two-day training period.
Figure 13.9 summarizes the day 1 results of
these studies. The initial, unconditioned tone-
evoked multiunit activity increases recorded
from insular PFC showed a gradual onset,
and were of considerably smaller magnitude,
than those recorded from ACC and PFC.
Moreover, tone-evoked multiunit activity in
ACC and PFC was systematically enhanced
by paired training, but progressively attenu-
ated by unpaired CS/US presentations.
Changes in the group with insular place-
ments, however, were not significantly dif-
ferent from those in animals receiving un-
paired CS/US presentations and were not
systematically trial-related. Correlations be-
tween tone-evoked multiunit activity and
HR CR magnitude were significant only for
animals with dorsomedial electrode place-
ments and only during conditioning. These
data are consistent with previous lesion find-
ings: Electrical activity recorded from neu-
ronal populations in dorsomedial cortex is
correlated with concomitantly occurring
conditioned bradycardia, whereas activity in
insular PFC is not.

Extracellular single-unit recordings also
suggest that ACC and PFC are involved in

conditioned autonomic adjustments. In one
study (Gibbs and Powell, 1991), six types of
neurons were located in ACC and PFC that
showed changes in firing frequency in re-
sponse to tone-eyeshock contingencies.
Table 13.1 summarizes the response charac-
teristics for each of the six types of re-
sponses. The mean changes in evoked
discharge during a 4 sec CS+ and CS— of
type I-IV cells, which were the most fre-
quent cells encountered, are shown in Figure
13.10. As this figure indicates, each of these
neuronal subpopulations exhibited differen-
tial responsivity to the two CSs, since signif-
icantly greater responses were elicited on
CS + trials irrespective of the direction of
the evoked change. Moreover, 52% of these
cells, including 70% of the type I cells,
exhibited tone-evoked activity changes that
were reliably correlated with concomitant
HR changes on a trial-by-trial basis. It
should also be noted that the largest number
of neurons were those that had increases in
activity comparable to those that were ob-
served during the multiunit experiments.
These data indicate quite conclusively that
neuronal activity of cells in ACC and PFC is
significantly related to Pavlovian condi-
tioned changes in HR activity, whereas the
multiunit data suggest that activity of cells in
insular PFC is not.

Limbic Thalamic Lesion Studies

There is substantial evidence relating limbic
thalamic structures to learning and memory
processes (e.g., Markowitsch, 1982; Chap-
ters 15 to 17 of this volume). However, these
structures have been little investigated with
regard to their involvement in classical con-
ditioning or in learned autonomic changes.
An early study in the monkey (Nathan and
Smith, 1971) suggested that, although
damage of the MD nucleus had little effect
on learned cardiac increases, learned soma-
tomotor inhibition (conditioned suppres-
sion) was eliminated by damage of the MD
nucleus. Skinner and associates (e.g.,
Skinner and Reed, 1978) reported, however,
that PFC afferent connections from the tha-
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Figure 13.9. Mean conditioned-stimulus-evoked (CS) multiunit activity elicited by classical condi-
tioning contingencies in dorsomedial cortex and agranular insular cortex of animals that received
paired CS/US and explicitly unpaired CS/US presentations. Data are shown for the last block of 3
trials during pretraining in which tones alone were presented and for four 10 trial blocks in which CS
tone and paraorbital shock US were presented. The data are shown for 10 bins of 100 msec each in
Z-score units that were normalized with respect to pre-CS baseline discharge. Reprinted from Gibbs et

al. (1992).

lamic reticular nucleus were intimately in-
volved in learned sympathetic changes in
swine. However, the MD nucleus, despite its
strong interconnections with ACC and PFC
in the rabbit, does not appear to play a direct
role in mediating learned bradycardia or the

bradycardia associated with orienting in this
species. For example, parasagittal knife cuts
lateral to the MD nucleus that interrupt
fibers going to, as well as arising from,
medial PFC affected neither the cardiac
component of the OR nor acquisition of con-
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TasLe 13.1. Functional characteristics of six sub-
populations of cells in dorsomedial cortex in
response to a positive conditioned tone stimulus
reinforced with paraorbital shock®

Maintained

Cell Number activity Tone-Evoked
classification of cells Hz) Activity?
Type I 37 6.6x+1.3 +/+4 or +/0
Type II 5 1.1£0.4 0/+
Type III 14 10.1£2.1 +/-
Type IV 16 5.8x1.7 - -
Type V 2 17268 —/+or —/+/—
Type VI 26 2.3+£0.6 0/0

“Data shown are for an initial (Ist or 2nd sec) or later
(3rd or 4th sec) phase of a 4 sec tone.

>4 = increase from pre-conditioned-stimulus (CS)
baseline; — = decrease from pre-CS baseline; and 0 =
no significant change from pre-CS baseline.

sr TYPE |

ditioned bradycardia (Buchanan and Powell,
1989). However, acquisition of differential
HR conditioning was impaired in animals
with ibotenic acid lesions of the MD nucleus
because of an inability of these animals to
suppress responding to the CS — . Moreover,
this finding was accompanied by a lesion-
induced exaggeration of the cardiac OR
(Buchanan, 1988). Since both the OR and the
CR are parasympathetically mediated, these
results suggest that damage to MD cells leads
to an enhanced parasympathetic response.
As noted earlier, the autonomic response
constellation elicited by stimulation of the
MD nucleus is similar to that which occurs
relatively late during EB conditioning, when
skeletal responding has become maximal and

s TYPE Il
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Ficure 13.10. Evoked unit activity (Z scores) of individual units that showed different types of evoked
discharge (see also Table 13.1) in response to a positive conditioned stimulus (CS +), which was paired
with paraorbital shock (solid lines) and a CS —, which was not paired with shock (dashed lines). The
data are shown for 4 sec after tone onset in Z-score units that were normalized with respect to pre-CS
baseline discharge. All cells were located in the dorsomedial cortex. Reprinted from Gibbs and Powell

(1991).
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a sympathetic component to the HR CR
appears. It is possible, then, that the MD
nucleus plays a role in skeletal response
selection and in the concomitant engaging of
sympathetic systems to support these re-
sponses during learning tasks. Lesion studies
provide support for this interpretation. For
example, Figures 13.11 and 13.12 illustrate
the results from an experiment in which EB
and HR conditioning were assessed in ani-
mals with ibotenic acid lesions of the MD
nucleus or sham lesions (Buchanan and
Thompson, 1990). Animals with lesions
showed delayed acquisition of the EB re-
sponse, along with enhanced bradycardiac
CRs throughout four sessions of training,
Further, by the last acquisition session, ani-
mals with sham lesions showed the typical
biphasic HR response including a later-
occurring tachycardia. However, ablated an-
imals continued to show bradycardia
throughout training. Although the impaired
EB acquisition and decreased conditioned
tachycardia of the ablated animals may have
been unrelated, it is possible that the in-
ability of animals with damaged MD nucleus
function to recruit sympathetic mechanisms
in support of somatomotor response acqui-
sition may have resulted in the retarded EB
conditioning observed. Thus, it appears
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Ficure 13.11. Percentage of conditioned eyeblink
responses (CRs) in animals with ibotenic acid (IA)
or sham lesions of the mediodorsal nucleus of the
thalamus. Data are shown for four acquisition
sessions (1 to 4) and one extinction session (EXT).
Reprinted from Buchanan and Thompson (1990).
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that, although lesions of the MD nucleus
may have little effect on initial HR condi-
tioning, concomitant EB conditioning is im-
paired possibly through elimination of im-
portant sympathetic mechanisms that
facilitate somatomotor learning.

One experiment studied EB and HR dis-
crimination and reversal conditioning (Bu-
chanan, 1991). Animals were trained to re-
spond to a preestablished criterion and then
the CS + and CS — were reversed; that is, the
previously nonreinforced tone (CS-) was
followed by eyeshock, whereas the previ-
ously reinforced CS + was not. Virtually no
lesion effects were seen on original acquisi-
tion of the discrimination; however, a severe
deficit was obtained during reversal in the
ablated animals. During reversal only two of
cight ablated animals met the reversal crite-
rion, whereas all sham control animals met
this criterion. In addition, the magnitude of
the OR was exaggerated, which occurred in
previous studies, and those animals with the
MD nucleus ablated also showed evidence of
impaired HR discrimination during both ac-
quisition and reversal.

These findings taken as a whole support
our previous suggestion that a deficient re-
sponse selection mechanism may result from
damage of the MD nucleus. These results are
also consistent with a model proposed by
Gabriel (1990) in which the MD nucleus and
its projection cortex constitute a recency
memory system active in encoding events
carly in the learning process. However, it is
superseded by another primacy system that
maintains well-learned behaviors and is me-
diated by the anterior thalamic nuclei and
posterior cingulate cortex. This model pre-
dicts the impaired EB reversal, since damage
of the MD nucleus would result in reversal
responding being controlled by the undam-
aged primacy system that retains the original
discrimination. This model, however, also
predicts impaired acquisition of the original
discrimination, which would be consistent
with our earlier findings of slightly impaired
acquisition of simple conditioning tasks. As
noted earlier, acquisition of the original dis-
crimination was not significantly impaired in
this study. Other investigators have, how-
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FiGure 13.12. Mean heart rate change (beats per minute, BPM) from baseline during four acquisition
sessions and one extinction session for ibotenic acid (IA) and animals with sham lesions as described
in Figure 13.11. Data represent the first 8 sec after conditioned stimulus (CS) onset during nonshock
test trials. Reprinted from Buchanan and Thompson (1990).

ever, reported impairments on discrimina-
tion tasks involving damage of the MD
nucleus (Slotnick and Kaneko, 1981; Staubli
et al., 1987; Waring and Means, 1976; Weis
and Means, 1980; Gabriel et al., 1989).
Differences in the results of this study and
those reported by these investigators are
probably due to the type of task employed,
since the previously described studies all
used operant conditioning.

Neuronal Changes in Limbic Thalamus
during Training

In a series of preliminary experiments we
assessed CS-evoked multiunit activity from
MD nucleus during classical HR condi-
tioning (Powell et al., 1990b). The results of

these experiments indicate that CS-evoked
neuronal activity in the MD nucleus has a
short latency increase within 40 to 120 msec
that was trial related. A group of animals
that received explicitly unpaired CS/US
presentations, however, showed trial-related
decreases in multiunit activity. These data
are shown in Figure 13.13 and suggest that
there were two major differences between
tone-evoked PFC multiunit activity, as
described earlier, and multiunit activity
recorded from the MD nucleus. First, the
overall magnitude of multiunit activity was
initially greater in the unpaired MD group
than it was in the paired group, which was
not the case for PFC placements. Second,
the peak increase in multiunit activity of
the MD nucleus occurred between 200
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Ficure 13.13. Mean conditioned-stimulus (CS) evoked multiunit discharge associated with mediodorsal
thalamic placements plotted as a function of 100 msec intervals after CS onset in z-score units that were
normalized with respect to pre-CS baseline discharge. 4 shows changes associated with the paired
CS/US group and B shows similar changes associated with the unpaired CS/US group. Mean
change in multiunit activity is shown for each of the four blocks of 10 training trials on day 1 (ACQ-1
to -4), for the last 4 trials of pretraining, and for the last 10 trial blocks of extinction. Reprinted from

Powell et al. (1990b).

and 300 msec after tone onset, whereas peak
latency was somewhat shorter at 100 to 200
msec in animals with dorsomedial cortex
electrode placements. These differences are
no doubt related to the relative roles that
these two structures play in associative learn-
ing, but further research will be required to
relate them to specific aspects of learned
behavior.

In separate groups of animals, similar
multiunit recordings were made from the in-
tralaminar thalamic nuclei. The pattern of
tone-evoked change in multiunit activity in
the intralaminar group was different from
that observed in animals with MD nucleus
placements. Increases in intralaminar neuro-
nal activity occurred later during the CS/US
interval (i.e., approximately 400 to 500 msec)

and persisted throughout the duration of the
CS. As in the MD group, these differences
were trial related; no such trial-related
changes were observed in animals that re-
ceived unpaired CS/US training. These data
suggest that the tone-evoked increases in
multiunit activity in the intralaminar group
were also due to an associative process. Al-
though the increase in CS-evoked multiunit
activity in the MD nucleus was correlated
with HR CR magnitude, the increase in in-
tralaminar activity was not. An important
question concerns the functional significance
of the differences in CS-evoked activity in the
intralaminar nuclei versus the MD nucleus.
As noted earlier, although both the intra-
laminar and MD nuclei project to anterior
cingulate and prefrontal cortices, a projec-
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tion from the intralaminar nuclei to the neo-
striatum has been demonstrated in a variety
of species (Scheibel and Scheibel, 1967). The
caudate nucleus and other extrapyramidal
structures are involved in the elaboration of
classically conditioned somatomotor re-
sponses (Kao and Powell, 1988; Powell et al.,
1978; Thompson, 1986). Thus, it is possible
that the intralaminar nuclei are also involved
in somatomotor response selection.

In general, these results are compatible
with earlier studies in which neuronal activity
was recorded from the thalamus in rats and
rabbits during learning tasks. Delacour
(1984), for example, reported increases in
unit activity in both the MD and the intra-
laminar centromedian nuclei during differ-
ential classical conditioning in the rat. Dif-
ferential increases in unit activity to the
reinforced CS+ compared with a nonrein-
forced CS —, however, occurred only in MD
nucleus. Although centromedian activity in-
creased over a 60-trial session, these re-
sponses occurred equally often to the CS+
and CS — . Orona and Gabriel (1983a,b) also
reported CS-evoked differential short latency
increases in multiunit activity in both PFC
and MD nucleus in rabbits during a CS+
tone that signaled footshock in an instrumen-
tal running wheel avoidance task. Such in-
creases occurred during both pretraining and
conditioning sessions and were significantly
greater than changes recorded during a sim-
ilar tone that never signaled footshock (i.e.,
the CS —). Earlier studies in the rat reported
by Disterhoft and Olds (1972) also showed
significant differential increases in multiunit
activity in a variety of thalamic and cortical
structures in response to a CS+ tone that
predicted food as compared with a second
tone that was never paired with food. Taken
as a whole, these results suggest that signif-
icant changes in discriminative umit activity
may occur in both PFC and medial thalamic
structures as a result of conditioning tasks.
Our data, however, as well as that of Dela-
cour (1984), suggest that the occurrence of a
learned specific somatomotor response is not
required for this increase in neuronal dis-
charge to occur, although, of course, such

neuronal changes may be different when such
a response is required.

In summary, these lesion and electrophys-
iological recording data suggest that the MD
nucleus is responsible for mediating sympa-
thetic mechanisms in support of somatomo-
tor response acquisition during learning
tasks. In this regard it appears to function in
an opposite manner to its projection cortex in
the anterior cingulate and prefrontal regions.
It is thus tempting to speculate that normally
ACC and PFC and their thalamic projection
nuclei function in an antagonistic but bal-
anced fashion. Thus, the cortical region
might be active during the early stages of
learning when stimuli are being processed for
information, while thalamic nuclei, as origi-
nally suggested by Vanderwolf (1971), are
active during a response selection process in
which skeletal responses, designed to deal
adaptively with environmental contingencies,
are selected and executed.

Corticothalamic Control
of Autonomic Regulation
and Behavior

Commonalities of Cingulate and
Prefrontal Contributions

The MD nucleus projects to both anterior
cingulate and prefrontal cortices. Thus, ac-
cording to an often-used definition of pre-
frontal cortex (i.e., that the PFC has recip-
rocal connections with the MD nucleus)
ACC is itself part of PFC (e.g., Rose and
Woolsey, 1948). However, this definition
has been criticized on several grounds (e.g.,
Ulyings and Van Eden, 1990; Reep, 1984;
Goldman-Rakic and Porrino, 1985; Fuster,
1989). A major problem is that a variety of
other medial thalamic nuclei also have recip-
rocal projections to the prefrontal area that
overlap with MD projections to various de-
grees. Accordingly, Uylings and Van Eden
(1990) suggested that PFC be defined as
those regions of frontal cortex for which the
reciprocal connections with the MD nucleus
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are stronger than those of any other thalamic
nuclei. Again, however, both ACC and PFC
would be defined as prefrontal cortex
(Uylings and Van Eden, 1990).

It is clear that some areas of ACC and PFC
play a role in associative learning, especially
that aspect of classical conditioning in which
visceral responses are acquired. As detailed
earlier, it appears that the specific architec-
tonic region which may be responsible for
mediating the plasticity associated with au-
tonomic responses is centered in area 32 of
PFC. However, since large portions of area
24 were also involved in several of these le-
sions, it is possible that the combination of
damage to both areas 32 and 24 is necessary
for impaired visceral learning. In any case,
the fact that lesions of ACC and PFC pro-
duce deficits in acquisition of visceral re-
sponses is compatible with the general con-
ception of this area of the brain as mediating
emotional responses, alertness, and attention
(Neafsey, 1990; Chapter 6 of this volume;
Kaada, 1960; LeDoux, 1987).

Electrical stimulation studies, however,
suggest differences between the kinds of
responses elicited from ACC and PFC.
Thus, in the primate and cat posterior orbital
PFC is more often associated with sympa-
thetic responses, whereas ACC appears to be
frequently associated with parasympathetic
responding (Kaada, 1960). Our work with
the rabbit suggests that both ACC and PFC
produce responses resembling those that are
parasympathetic, whereas area 25 produces
responses resembling those that are sympa-
thetic. Although insular PFC has been
mapped for electrically evoked visceral
changes in the rabbit (Powell et al., 1985),
orbital PFC has not. There are, of course,
differences as well as commonalities in the
connections of ACC and PFC that might
account for their relationship to behavior, as
discussed in the next section.

Connectional and Neurotransmitter
Mechanisms

The common projections from the medial
thalamus to ACC and PFC suggest func-

tional commonalities for the two areas. As
outlined earlier, much evidence suggests the
involvement of the MD nucleus in somato-
motor response initiation. The large projec-
tion of ACC and PFC to the neostriatum
also suggests that this circuit may be impor-
tant for somatomotor function (Fuster,
1989). That the MD nucleus receives affer-
ents from the ventral pallidal region, which
in turn receives caudate projections (Groene-
wegen, 1988; Groenewegen et al., 1990),
completes a loop involving the MD nucleus
and ACC and PFC with brain structures that
have historically been associated with move-
ment and skeletal behaviors.

The reciprocal connections of both ACC
and PFC and the MD nucleus with the
basolateral nucleus of the amygdala suggests
that another possible behavioral function of
this loop may be to assign affective value to
motivational stimulation so that appropriate
somatomotor behaviors can occur. Obvi-
ously such behavior would be for the most
part learned. This possibility is discussed in
more detail later. In any case, the intercon-
nections between historically motor and
limbic systems in this area of the brain
suggest that it may be a major interface for
the control of learned somatomotor behav-
iors by motivating circumstances such as CSs
associated with either rewarding or aversive
stimuli.

Neurotransmitter mechanisms that might
be involved in these kinds of changes are for
the most part unknown. As mentioned ear-
lier, stimulation of both MD and ventral
tegmental area evokes single-unit activity in
PFC of the rat (Ferron et al., 1984). The
ventral tegmental area inputs are presumably
dopaminergic. Serotonergic and nonadre-
nergic inputs to dorsomedial cortex may play
an equally important role in controlling the
activity of individual cells in this structure
(Thierry et al., 1990). Other studies have
demonstrated that dopamine turnover and
utilization is affected by various kinds of
motivational conditions such as exposing
rats to footshock or other kinds of stressful
situations such as restraint (Deutch and
Roth, 1990). The motivational significance
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of dopamine processes is also illustrated by
the implication of such processes in the
affective states associated with drugs of
abuse such as cocaine (e.g., Goeders and
Smith, 1983; Chapter 15 of this volume),
although the exact role that dopamine affer-
ents might play in such complex behaviors is
unknown. It is equally clear that addictive
behaviors involve classical conditioning
principles (O’Brien et al., 1988; Siegel,
1979). Autonomic adjustments would clearly
be a part of these processes, and much data
suggest a major role of ACC and PFC in the
plasticity associated with such processes.

A related question of some importance
concerns the extent to which the plasticity
associated with ACC and PFC function is
intrinsic to this cortex or is carried into ACC
and PFC from afferent projections such as
those from the ventral tegmental area and
the MD nucleus. Although this question
cannot be answered unequivocally, the
finding by Laroche et al. (1990) that PFC
synaptic efficacy could be increased by stim-
ulation of its hippocampal and subicular
inputs suggests a possible mechanism by
which such plasticity is mediated. Other
structures possibly involved in producing
increased synaptic efficacy obviously include
the basolateral nucleus of the amygdala and
the MD nucleus. It would appear from the
lesion studies described earlier, however,
that the MD-prefrontal axis does not me-
diate the learning associated with condi-
tioned bradycardia. The amygdala-cingu-
late-prefrontal axis has not been studied in
this regard. Since it has been demonstrated
that the central nucleus of the amygdala also
plays a primary role in conditioned brady-
cardia (Kapp et al., 1979), one would suspect
that this is also a possible mechanism by
which PFC plasticity takes place. However,
there are neither afferent nor efferent con-
nections between the central nucleus and
ACC and PFC (Kapp et al., 1985a). Rather,
amygdala-prefrontal fibers arise primarily
from the basolateral nucleus (McDonald,
1987, 1991; Chapter 8 of this volume).

LeDoux and coworkers demonstrated a
medial geniculate projection to the lateral

nucleus of the amygdala in the rat that
projects to both the central nucleus and the
basolateral nucleus (Clugnet et al., 1990;
LeDoux et al., 1990, Clugnet and LeDoux,
1990). Other investigators (e.g., Jarrell et
al., 1986) showed that lesions of the medial
geniculate cells projecting to the amygdala
abolish discriminative, classically condi-
tioned cardiovascular responding in rabbits.
Although no conditioning studies have been
done in which the basolateral projection area
to the MD nucleus and PFC has been ab-
lated, it is an obvious connectional mecha-
nism for mediating the plasticity associated
with ACC and PFC control of conditioned
autonomic responding.

The functional implications associated
with these different forebrain and hindbrain
controls of learned cardiovascular adjust-
ments is unclear. It should be noted, how-
ever, that Bard and Mountcastle (1948)
much earlier suggested that there was differ-
ential control of autonomic activity by the
mediocortical and anterior temporal areas
including the amygdala, and, further, that
the amygdala served as a funnel through
which activity from the temporal and medial
cortical areas mediating emotional reactivity
could be routed to lower brainstem centers.
Thus, there appear to be ample findings
suggesting independent control of auto-
nomic activity by the amygdala subnuclei
and ACC and PFC areas. One obvious in-
terpretation of such findings is that the
“higher level” ACC and PFC regions provide
for interpretation of emotional processes
that are expressed at subcortical levels by
amygdala activity. Another interpretation,
however, is that ACC and PFC integrate
autonomic adjustments with adaptive skel-
etal behaviors through its extensive connec-
tions with the neostriatum, whereas amyg-
dala control of autonomic activity is more
direct and devoid of such integration. Al-
though there is still little evidence to support
this hypothesis, it is compatible with the
larger role postulated for ACC and PFC in
complicated behavioral processes such as
planning, intention, and timing of behaviors
(e.g., see Fuster, 1989).
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Cardiac-Behavior Relationships:
Biological Relevance of Conditioned
Bradycardia

Of concern in the present context is whether
conditioned bradycardia, which we can ten-
tatively conclude is controlled by neurons in
the amygdala and ACC and PFC, can be
related to skeletal behaviors. As discussed
earlier, much research has demonstrated that
the cardiac CR in the rabbit always contains
an initial cardioinhibitory component (Pow-
ell and Levine-Bryce, 1988). It has been
suggested elsewhere (Powell et al., 1990b)
that this early-occurring bradycardia is spe-
cifically related to CNS processing of the CS,
whereas the later-occurring tachycardia is
not. Other manipulations that decrease stim-
ulus certainty (e.g., decreased discrimina-
bility between CS+ and CS — during differ-
ential conditioning or partial reinforcement
schedules) also enhance the magnitude of the
bradycardiac CR (Powell and Milligan,
1975; Powell et al., 1974). These findings
strongly suggest that the learned bradycar-
diac response is sensory related and that its
form is not a function of either the later-
occurring somatomotor CR or UR. Thus,
activity in forebrain systems that normally
produce bradycardia may be invariant when
significant stimuli occur, but the actual oc-
currence of this cardiac response may be
masked or biased by an excitatory cardiac
system if somatomotor behaviors are simul-
taneously triggered (Powell et al., 1990b).
Data reviewed earlier suggest that medial
thalamic structures may participate in such a
process by counteracting the parasympa-
thetic changes mediated by ACC and PFC
through the engagement of sympathetic
mechanisms.

Lacey and Lacey (1974) suggested that the
cardiovascular system serves as a negative
feedback system to the CNS. According to
this hypothesis, inhibitory cardiac changes
would facilitate the intake and processing of
sensory information. An inference from this
generalization is that manipulations that af-
fect cardiovascular activity might have non-
specific effects on the acquisition of new
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somatomotor responses. In several earlier
experiments we found that pharmacological
interventions that only indirectly affect so-
matomotor response systems, but directly
influence autonomic mechanisms, also af-
fect the acquisition of Pavlovian conditioned
somatomotor responses. For example, pe-
ripheral acetylcholine receptor blockade
with the quatenary analogues methylscopol-
amine or methylatropine, which do not cross
the blood-brain barrier, significantly impairs
the rate of acquisition of the EB response
(Albiniak and Powell, 1980; Kazis et al.,
1973; Powell, 1979). Methylatropine pre-
vents a major source of cardiac inhibition
from occurring, since it is an effective vagal
blockade, but has only minimal effects on
the central structures that mediate somato-
motor learning. Thus, in these studies, the
HR decelerations associated with the early
stages of EB conditioning were prevented
from occurring, even though central cholin-
ergic systems were minimally, if at all, af-
fected. More importantly, EB acquisition
itself was retarded. An obvious interpreta-
tion of these findings is that the damping of
HR CR magnitude by peripheral vagal
blockade prevents normal afferent feedback
and interferes with efficient CNS processing
of the CS, which adversely affects EB CR
acquisition (Lacey and Lacey, 1974).

The role that afferent feedback from pe-
ripheral autonomic systems plays in control-
ling behavior has a long but controversial
history in the psychological literature (e.g.,
Fehr and Stern, 1970). However, other in-
vestigators have also emphasized that pe-
ripheral hormonal and autonomic changes
may play a significant role in learning and
memory (e.g., De Wied, 1980; Gold and
McGaugh, 1977; Leshner et al., 1981;
Martinez, 1986; McGaugh, 1990). Thus,
environmental contingencies that elicit
strong peripheral autonomic and hormonal
responses, such as those employed in Pav-
lovian conditioning studies, may produce
their effects by virtue of the feedback to the
CNS that such peripherally occurring events
produce. Martinez (1986) refers to this kind
of modulation of learning and memory by
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peripheral events as a “James-Lange” model
of learning and memory and suggests that
the importance of environmental events are
established via these physiological changes.
Moreover, this author further suggests that
these peripherally occurring changes provide
a physiological basis for what Brown and
Kulik (1977) refer to as “flashbulb” memo-
ries.

In analogy with the James-Lange theory of emo-
tion, we can suggest a James-Lange view of
memory; we meet a bear, run, and most likely
remember in vivid detail many aspects of the
encounter. In this view, hormonal responses,
which are massive following the bear encounter,
modify some brain process to help store informa-
tion on the size of the bear, its particularly bad
smell, its large, glistening sharp teeth, and so
on. ... most remember the circumstances in
which one first heard of John Kennedy’s assassi-
nation. Most not only remember the fact that he
was assassinated, but also many details sur-
rounding one’s particular circumstance, such as
where you were, who was with you, and so on.
Thus, the similarity between the bear encounter
and John Kennedy’s death is massive autonomic
and hormonal activation, which serves to mark
the importance of the event for the individual
organism. Importantly, flashbulb memories
(strongly stored memories) should only represent
one end of a continuum of hormonal modulation
of learning and memory. (Martinez, 1986, pp.
139-140)

Such modulation must consist of periph-
eral events that affect CNS structures via
cither afferent nervous feedback or direct
hormonal stimulation. For the most part,
previous descriptions of the impact of these
peripherally occurring hormonal and auto-
nomic events on learning and memory pro-
cesses have referred to sympathetic mecha-
nisms (e.g., Martinez, 1986). However, the
data obtained from the classical condi-
tioning model with the rabbit described ear-
lier, suggest that parasympathetic mecha-
nisms may also play a role. Specifically we
suggest that cardiac inhibition is part of a
sensory registration mechanism that plays a
role in all instances in which stimuli are
processed for informational value (i.e., sig-
nificance). Others also emphasized that

parasympathetic mechanisms may play an
important role in the early stages of infor-
mation processing (Lacey and Lacey, 1974;
Gray, 1982). Gray (1982) described in detail
a behavioral inhibition system that is opera-
tive during exposure to signals predicting
aversive circumstances. Behavioral inhibi-
tion would no doubt be accompanied by
cardiac inhibition. Conditioned bradycardia
is thus but one example of a variety of
peripherally occurring events that may pro-
duce afferent feedback that could influence
learning and memory. It is an important
one, however, in the sense that its CNS
substrate is beginning to be understood. The
fact that such a CNS substrate has been
identified suggests a possible central site for
the reception of the peripheral afferent
events that give rise to flashbulb memories or
otherwise influence learning and memory
processes. Anterior cingulate and prefrontal
cortices and limbic thalamus are almost cer-
tainly a part of such a CNS substrate.
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