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Analysis of animal studies on neural control of electrodermal activity (EDA) showed that there is neuroanatomical
and functional support for an excitatory hypothalamic descending control of EDA by neuronal relays in the
brain stem or directly at spinal level. Limbic influences, either inhibitory or excitatory, are probably integrated
under cortical control and can be transmitted to the spinal level, either by hypothalamic relays, by reticular
structures or by direct projections to preganglionic sudomotor neurons. It appears also that the cortex exerts
both inhibitory and excitatory effects on EDA. However, several methodological problems indicate that cortical
influences on EDA need to be more precisely assessed. In this sense and within the theoretical framework of
somato-autonomic interactions, we explored the contribution of sensorimotor areas to the EDA control in the
cat. Results allowed us to conclude that a double system of EDA command originates in the sensorimotor cortex:
a cortico-reticulo-spinal circuit and a direct corticospinal control acting by means of the pyramidal tract on the
spinal network of preganglionic sudomotor neurons. Furthermore, and contrary to the corticospinal somatomotor
control, results are not in favour of a lateralized corticospinal control of EDA. Finally, the idea that EDA is
an indicator of autonomic adjustments related to the preparation to action is also presented.

KEY WORDS: electrodermal activity; sympathetic skin response; frontal cortex; limbic system; hypothalamus;
lateralization.

INTRODUCTION

Electrodermal activity (EDA) is related to sweat gland function and its recording has
been extensively used for more than a century in rats, cats, monkeys and in humans
(Figure 9.1). This activity is usually recorded as electrodermal responses which are vari-
ously called skin potential responses (SPRs), skin resistance responses (SRRs), or skin
conductance responses (SCRs), according to the recording technique (Fowles et al., 1981);
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Figure 9.1 Location of electrodes for recording electrodermal responses in the cat and in humans.

A: Recording of skin potential responses (SPRs) from the central pad of the cat hindpaw. Ea: active electrode;
Er: reference electrode.

B: Recording of SPRs and skin conductance responses (SCRs) from the right and left hand to the binaural
presentation of a sound (E.S.). Calibration bars: 2 s and 0.2 mV and 1 umohs respectively.

electrodermal responses are also known as galvanic skin responses or sympathetic skin
responses. The EDA is mainly used as a marker of autonomic arousal in emotion, but
may be associated with behavioural adaptations such as thermoregulation, grasping,
ambulation and tactual exploration (Darrow, 1927; Edelberg, 1973; Jinig, 1990). The use
of EDA as a favorite tool in these situations can be attributed to the ease of its measurement
which simply requires an electronic circuitry and two electrodes usually applied to the
skin of palmar and plantar surfaces, as these contain a high percentage of sweat eccrine
glands (Fowles, 1986). Furthermore, EDA is a choice index for the study of central
nervous control of autonomic activity, because the sweat glands do not send any known
afferent signals, and consequently are not under any complex feedback control system.
It is classically agreed that the sweat glands are peripherally innervated only by the
sympathetic division of the autonomic nervous system (Langley, 1891; Patton, 1948;
Janig, 1985) which is centrally controlled by both excitatory and inhibitory mechanisms
acting upon spinal autonomic neurons. These mechanisms are mainly under the control
of the reticular formation of the brain stem, the hypothalamus, the limbic system and some
cortical areas.

Electrical currents related to sweating on the paws were first discovered in cats by
Hermann and Luchsinger (1878) by stimulating peripheral nerves, a discovery which
preceded by approximately ten years Féré’s (1888) well-known description of electrodermal
activity in humans (see Neuman and Blanton, 1970, and Bloch, 1993, for a historical
account). Tarchannoff (1890) accurately linked skin potential variations in humans with
the functioning of the sweat glands, but Darrow (1927) was really the first to clearly
demonstrate in humans the close relationship between the activity of the sweat glands
and electrodermal activity. Furthermore, several facts from clinical (Wagner, 1952), elec-
trical stimulation and neurochemical research (Lloyd, 1960) support the idea that sweat
glands, particularly eccrine glands (Figure 9.2), are responsible for electrodermal activity
(see Fowles, 1986).
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Figure 9.2 Section of glabrous skin of sole. (Modified from Fowles, 1986).

Electrodermal activity has been studied in several species besides man, and Yamazaki
et al. (1975) performed a comparative study which included one chimpanzee, ten species
of monkeys, and two species of prosimiae. As shown in that study, the ape and the
monkeys produce monophasic skin potential positive waves, as do humans, but among
monkeys, saimiri produce monophasic negative waves. Also, the prosimiae produce
monophasic negative waves, as do rats and carnivores. EDA recording is difficult with
anaesthetized rats, but some researchers have succeeded in producing data with this
species (Vernet-Maury, 1970; Yamazaki et al., 1975; Hata et al., 1981; Girardot and Koss,
1984; Traoré et al., 1994). Most experiments have been done on cats because EDA is
easily obtained, even when the animals are under anaesthesia. However, peripheral
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mechanisms like the sodium reabsorption processes are different in cats than they are in
humans. That is to say, the sweat from the footpads of cats and rats was found to be
hypertonic, indicating no sodium reabsorption. Thus, cats are not the most suitable species
for studying peripheral mechanisms, since the results obtained with this species cannot
be extended to man. However, their use does provide certain advantages for central neural
studies, besides accurate stereotaxy; in carnivores, thermoregulation is controlled by
breathing and sweating plays a very small role, if any at all. As stated by Janig, Sundlof
and Wallin (1983), “there is probably no thermoregulatory sweating in the cat”. Thus,
one can hypothesize that in cats, sweating of the footpad is analogous to “emotional”
sweating in humans. Furthermore, in humans, EDA may be considered as an indicator
of peripheral modifications associated with an increase of cutaneous sensitivity in order
to facilitate prehension activities (Darrow, 1936; Edelberg, 1973). In cats, it seems rea-
sonably well established that one of the roles of sweating on paws is also to increase the
coefficient of friction between the animal’s feet and the substrate (Adams and Hunter,
1969; Adelman, Taylor and Heglund, 1975). Consequently, it appears to be of interest
to delineate neurophysiological systems underlying the control of EDA related with these
adaptations. :

The purpose of this chapter is to review data regarding the neurophysiological control
of EDA by focusing upon results obtained in experimental research with animals. Past
findings have been reviewed before (e.g., Darrow, 1937; Wang, 1957, 1958) but will be
included in this text when relevant. Data published after Wang’s reviews (1957, 1958)
will be reported in detail, and the evidence concerning the spinal, reticular, hypothalamo-
limbic and cortical mechanisms of EDA control will be reviewed. Recent neurochemical
data about the central command of the EDA will be presented (Girardot and Koss, 1984,
Yamamoto et al., 1984; Yamamoto et al., 1985; Ito, Hey and Koss, 1988; Koss and Hey,
1988; Yamamoto, Arai and Nakayama, 1990). Finally, we will review the evidence
supporting the idea that EDA is an indicator of autonomic adjustments related to the
activation of descending pathways classically implicated in fine motor expressions.

PERIPHERAL AND SPINAL MECHANISMS

PREGANGLIONIC SUDOMOTOR NEURONS

The spinal control of the EDA is mediated by preganglionic sudomotor neurons which
are not specifically different from other sympathetic preganglionic neurons, mainly lo-
cated in the intermediolateral nucleus (ILN) of the spinal cord (Henry and Calaresu, 1972;
Chung and Wurster, 1975; Rao and Bijlani, 1980; Rubin and Purves, 1980; Deuschl and
Illert, 1981; Laskey and Polosa, 1988; Cabot, 1990). In fact, no research could locate
precisely preganglionic sudomotor neurons, even if 80-90% of preganglionic neurons
which send axons to the skin and sweat glands are located in ipsilateral ILN (Oldfield
and McLachlan, 1981; Jinig, 1986).

In the cat, the sympathetic preganglionic fibres innervating the forepaws leave the spinal
cord by the 4th to the 9th thoracic, and those innervating the hindpaws leave from the
12th thoracic to the 3rd lumbar (Langley, 1891; Patton, 1948; Janig, 1985). Furthermore,
several techniques of stimulation and section showed that the nervous control of sweat
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glands of the cat’s pad run through the lateral sympathetic chain (Langley, 1922; Walland,
1984b).

POSTGANGLIONIC SUDOMOTOR NEURONS

Postganglionic sudomotor neurons which innervate central pads of the forepaws and
hindpaws of the cat (Jénig and Kiimmel, 1981), and the skin of palmar and plantar sur-
faces in human (Wallin and Fagius, 1986) are located in ganglia of the lateral sympa-
thetic chains. The ablation of sympathetic ganglia suppresses the possibility of eliciting
electrodermal responses (Richter and Woodruff, 1941). Sweat gland functioning is clearly
the result of impulses received from postganglionic neurons (see Janig, Sundlof and
Wallin, 1983, and Wallin and Fagius, 1986, for reviews). The neurotransmitter involved
in the ganglionic relay is acetylcholine, the receptors of which are nicotinic (Langley,
1922; Lader and Montagu, 1962). The relay is blocked by hexamethonium, which con-
firms that the transmission is due to the nicotinic action of acetylcholine (Janig and
Szulczyk, 1981); but this is still a matter of discussion (Walland, 1984a; Koss and Hey,
1988). Jinig, Krauspe and Wiedersatz (1982) concluded that stimulation of a-adrenergic
receptors depress, but that of S-adrenergic receptors enhance impulse transmission from
pre- to post-ganglionic sudomotor neurons. However, the mechanisms by which the
catecholamines influence the postganglionic neurons are not known.

Postganglionic neurons exhibit a low level of spontaneous activity. Janig and co-
workers evaluated conduction speed in the sudomotor fibres of the cat at 0.77 m/s (Jinig
and Kiimmel, 1977) or 0.72 m/s (Janig and Szulczyk, 1981). These values are probably
too low, because conduction velocities of the sudomotor axons were measured at tem-
peratures of about 30°C, lower than physiological temperatures. In humans, the conduc-
tion velocity was estimated at 1.2-1.4 m/s (Fagius and Wallin, 1980). Activation of the
postganglionic fibres is almost invariably accompanied by an inhibition of the cutaneous
vasoconstrictor neurons, thus resulting in a peripheral vasodilatation (Janig, 1988). The
sudomotor response elicited by preganglionic stimulation is abolished by atropine, but
the blood flow response is not. These data suggest that postganglionic neurons mediating
vasodilatation in the skin are distinct from those that mediate sudomotor secretion, at least
in the case of the cat paw (Bell e al., 1985). Acetylcholine is involved in ganglio-glandular
transmission; in fact, the local application of atropine suppresses the possibility of eliciting
any electrodermal responses (Lader and Montagu, 1962). However, Sato (1977) showed
that cholinergic transmission can be modulated by adrenergic effects.

Sudomotor neurons are under permanent excitatory and inhibitory impulses from the
supraspinal centers (Head and Riddoch, 1917; Riddoch, 1917; Wang and Brown, 1956;
Bloch and Bonvallet, 1959; Bloch and Bonvallet, 1960a,b; Bloch, 1965; Roy, Delerm and
Granger, 1974; Bernthal and Koss, 1978; Delerm, Delsaut and Roy, 1982). In fact, when
the spinal cord is severed due to an injury, sweating stops as the individual goes into a
state of spinal shock, which in human may last several days during which time the somatic
reflexes are also abolished. Following this period of shock, a state of somatic and
autonomic hyper-reflexivity appears in which profuse sweating occurs. The inhibitory
impulses were thus considered as predominant over excitatory commands taking origin
in the brain stem.
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BRAIN STEM CONTROL

The role of the reticular formation on the control of EDA was demonstrated in several
studies during the sixties (Bloch and Bonvallet, 1960a,b, 1961; Wang, 1964). Results from
these studies have been confirmed later (Davison and Koss, 1975; Roy, Leisinger-Trigona
and Bloch, 1977; Delerm, Delsaut and Roy, 1982). It is possible to delineate two regions
in the brain stem with opposite effects on EDA: the reticular activating system (RAS)
which involves areas lying from the mesencephalon to central parts of the medulla, thus
covering much of the central tegmental field and the reticular inhibiting system (RIS)
which is limited to ventro-medial parts of the medulla.

RETICULAR ACTIVATING SYSTEM

Bloch and Bonvallet (1960a) and Bloch (1965) demonstrated that SPRs are part of the
arousal reaction evoked by electrical stimulation of the reticular activating system, or by
sensory stimulation. A systematic exploration of the brain stem by stereotaxic stimulation
in the cat, led Bloch (1965) to conclude that: “the SPRs can be evoked with low stimulation
intensities from the reticular formation lying from the medulla, the pons and the
mesencephalon to the posterior hypothalamus” (Figure 9.3). The same authors also
showed that low stimulation intensities or moderate auditory stimulations evoked EEG
arousal, an increase in the amplitude of a monosynaptic somatic reflex, and a rise in blood
pressure, together with the electrodermal response. These results, have since been con-
firmed (Davison and Koss, 1975). McAllen (1986) was able to trigger SPRs by chemical
stimulation of the bulbar reticular formation in the cat, using homocysteic acid to selec-
tively excite cell bodies, thus excluding passing fibres. In the rat, Girardot and Koss (1984)
evoked maximal amplitude SPRs by stimulating the ventral tegmental field. The reticular
control of EDA appears early during the ontogenesis; in fact, it was showed in the kitten
that stimulation of the central tegmental field evoked SPRs as early as four hours after
birth (Delerm, Delsaut and Roy, 1982).

SPRs can be evoked in intact animals or after a section of the brain stem rostral to
the reticular system. After such a section at the prebulbar level, thresholds can be up to
ten times higher. This is in part explained by the existing bulbar inhibitory mechanisms
which will be discussed later. In spinal preparations, SPRs have small amplitudes and
become no longer synchronous in the four paws of the animal (Bloch and Bonvallet, 1959;
Ladpli and Wang, 1960). It is still possible to evoke SPRs by cutaneous nociceptive
stimulation, or by direct afferent nerve stimulation. However, the thresholds for evoking
SPRs are much higher and extremely variable. Thus, the reticular formation acts as a
controller which ensures the synchronicity of spontaneous SPRs and also facilitates SPRs
reflexes, evoked by peripheral stimulation, by means of tonic descending influences to
spinal autonomic neurons.

Bloch (1965) hypothesized that electrodermal responses are indices of the reticular and
the reticulo-cortical activation in the sense of the theory of activation proposed by Lindsley
(1951). These findings have been extended by studying reticular excitability during
different stages of vigilance, in which behavioural and electrophysiological (EEG, EMG,
EOG) criteria were used to classify the animal’s behaviour on a scale of vigilance, namely
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Figure 9.3 Stereotaxic exploration of the brainstem and the hypothalamus: thresholds for evoking SPRs by
electrical stimulation (duration of stimulation: 150 ms; frequency: 300/s; duration of the shocks: 0.1 ms).
The sections of the brain are drawn from histological sections, made in the vertical planes of the Horsley
Clarke stereotaxic apparatus (planes 1 to 5 and 9 to 10) and from sections made in a 45° plane (planes 6
to 8).

Large dots: thresholds between 0.1 and 0.5 V

Middle dots: thresholds between 0.5 and 1.5 V

Small dots: thresholds between 1.5 and 3 V

Dashes: no response

SPRs are evoked with low thresholds from structures which delineate the reticular formation of the brain
stem, and the posterior and anterior hypothalamus. (From Bloch, 1965. Reproduced with permission).
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waking, attention and stages of sleep. In the study by Roy, Leisinger-Trigona and Bloch
(1977), the intrareticular excitability was tested in different stages of vigilance, from deep
sleep to attentional states. As expected, the results showed that thresholds of stimulation
required to elicit SPRs gradually increase from an attentional state to deep sleep.

It can be concluded that the reticular thresholds of evoked SPRs are extremely sensitive
indices of the vigilance state. These results indicate the existence of a gradual increase
in excitability of the reticulo-cortical system from a state of deep sleep to an attentional
state, and are in agreement with some aspects of Lindsley’s theory of activation (1951).
The fact that electrodermal responses can be triggered at intrareticular thresholds below
those which evoke overt EEG arousal, and without behaviourally awakening the subject,
is also of interest. It is well known that human subjects can exhibit large electrodermal
responses to significant stimuli they do not overtly discriminate. This phenomenon, termed
subception (Lazarus and McCleary, 1951), has been recently used by Damasio’s group
to show that patients with prosopagnosia (i.e., who have lost the ability to recognize faces)
still discriminate between familiar and unfamiliar faces (Tranel and Damasio, 1985;
Tranel, Fowles and Damasio, 1985). Obviously, such a recognition implies a subcortical
mechanism, since patients have localized occipito-temporal cortical lesions. It can be
hypothesized that reticular mechanisms participate in the autonomic expression of this
subliminar perception.

RETICULAR INHIBITING SYSTEM

In decerebrate, anaesthetized cats, Wang, Stein and Brown (1956) observed that the
cooling of the medulla near the floor of the 4th ventricle, or a lesion of the medulla by
xylocaine injection into the bulbar ventromedial reticular formation, decreased thresholds
for evoking SPRs by stimulation of a cutaneous nerve. Wang and Brown (1956) also
showed that in anaesthetized cats SPRs elicited by the stimulation of a cutaneous nerve
were inhibited by a simultaneous stimulation of the same bulbar region. Finally, it was
shown that the stimulation of the bulbar ventro-medial reticular formation inhibited SPRs
evoked by stimulation of the mesencephalic reticular formation (Bloch and Bonvallet,
1960b; Yokota, Sato and Fujimori, 1963a; Glasser, Perez-Reyes and Tipett, 1964; Bloch,
1965; Roy, Delerm and Granger, 1974) (Figure 9.4). The nuclei which are responsible
for these inhibitory effects are the posterior part of the gigantocellular nucleus, the
paramedian nucleus, and the anterior part of the ventral reticular nucleus (Roy, Delerm
and Granger, 1974). In the anaesthetized cat (i.e., where cortical influences are depressed),
sensory stimulation (Wang and Hind, 1959) and mesencephalic stimulation (Bloch and
Bonvallet, 1960b; Bloch, 1965) which evoke large SPRs are followed by a long period
(i.e., about 40 seconds) during which SPRs evoked by any identical stimulus are greatly
diminished. Bloch and Bonvallet (1961) and Bloch (1965) concluded that this inhibition
was due to the action of the bulbar inhibitory system since the stimulation of the bulbar
reticular formation is followed by an identical “refractory period” which, in turn, is
suppressed by anaesthetic applied to the ventromedial bulbar area. In the cat, these
inhibitory mechanisms are functional at birth even if certain characteristics of EDA require
post-natal maturation (Delerm, Delsaut and Roy, 1982).
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Figure 9.4 Bulbar inhibition of electrodermal activity in a cat anaesthetized with 2% Halothane.

Upper recordings: the SPR is evoked by the mesencephalic tegmental field (MTF) stimulation (left). The
simultaneous bulbar reticular formation (BRF) stimulation, totally inhibits the SPR (right).

Lower recordings: same procedure, but 30 min after stopping the anaesthesia. Then the inhibition (at right)
is only partial. (From Roy, Delerm and Granger, 1974. Reproduced with permission).

Reticular inhibitory effects on SPRs can be found under light anaesthesia (for example,
0.5% halothane), but this inhibition abruptly diminishes or vanishes when the anaesthesia
is temporarily suppressed (Roy, Delerm and Granger, 1974) (Figure 9.4). Thus, it was
hypothesized that in non-anaesthetized animals, the bulbar inhibitory mechanism is normally
overcome by the excitatory influence of higher systems, most likely the mesencephalic
activating system (Mandel and Bach, 1957; Bloch and Bonvallet, 1960b).This is clearly
shown by studies of the motor system. In their classical study, Magoun and Rhines (1946)
have shown that stimulation of the ventro-medial bulbar reticular formation inhibits all
motor reflexes in a deeply anaesthetized animal, and Niemer and Magoun (1947) dem-
onstrated that these inhibitory effects acted at a spinal level. They could not be found,
however, in the non-anaesthetized cat after a chronic implantation of electrodes in the
bulbar reticular formation (Sprague and Chambers, 1954). Furthermore, Mandel and Bach,
'(1957) observed motor inhibition during the implantation of the electrodes, under nembutal
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anaesthesia; after recovery, in the awake cat, no inhibitory effect could be found, but it
reappeared after further anaesthetic. Subsequently, most studies on mechanisms of bulbar
inhibition on the motor system were performed following a transcollicular section which
presumably suppressed higher excitatory influences. In such a preparation, stimulation
of the bulbar ventro-medial reticular formation inhibits the “decerebration rigidity”
(Lundberg and Vyklicky, 1963).

The bulbar inhibition of SPRs in lightly anaesthetized animals is accompanied by
cortical arousal as shown by EEG desynchronisation. Evidence of desynchronisation
excludes the possibility that inhibition results from a direct action of the bulbar reticular
formation on the mesencephalic excitatory system (Roy, Delerm and Granger, 1974). It
is likely that inhibitory impulses act at a spinal level (probably on sudomotor neurons),
rather than at the mesencephalic level (Roy and Bloch, 1968). In some experimental
preparations, a post-inhibitory rebound (shown by a large SPR) appears after bulbar
stimulation. Yokota, Sato and Fujimori (1963a) suggested that an inhibitory post-synaptic
potential (IPSP) developed in the sudomotor neurons during bulbar stimulation and
contributed to the initiation of the post-inhibitory rebound after bulbar stimulation.

Other structures of the brain stem, usually associated with the reticular formation, seem
to influence the evoking of SPRs. For instance, Sonoda, Ikenoue and Yokota (1986)
observed that stimulation of the periaqueductal gray matter and the dorsal raphe nucleus
had inhibitory effects on SPRs. Afferent nerve stimulation also inhibits SPRs: in chloralose
anaesthetized cats, SPRs are inhibited by vagal afferents (Roy and Denti, 1967). Inhibitory
effects on SPRs were also reported by Wang and Brown (1956), in anaesthetized cats,
following stimulation of the anterior lobe of the cerebellum. However, Foa and Peserico
(1923) and Wang (1958) did not find any effect on SPRs either by stimulation or by
ablation of different parts of the cerebellum. These contradictory results may be explained
by the fact that older techniques had not enough accuracy in stimulating precise specific
networks in a region where ascending and descending pathways related to reticular
structures are very complex. It may, however, be concluded that EDA is a good indicator
of reticular activity which includes activating and inhibiting networks normally linked
with hypothalamic, limbic and cortical structures.

HYPOTHALAMIC CONTROL

As indicated, the reticular formation is considered as the main region for the central EDA
command and consequently few neurophysiological studies were devoted to its suprareticular
control. Furthermore, methodological considerations and divergent results, obtained mainly
by stimulation techniques, indicate that such influences need to be more precisely as-
sessed. Exploratory studies concerning the role of the thalamus and striatal areas, in
animals and in humans (Freeman and Krasno, 1940; Wang and Brown, 1956; Wang, 1964;
Bloch, 1965; Sourek, 1965; Wang and Chun, 1967), yielded contradictory results, re-
mained too scarce and consequently will not be discussed here.

The hypothalamus is thought to be the main locus of autonomic command in the brain
(Hess, 1954). Furthermore, the hypothalamus is known to play a crucial role in the
sympathetic activation of somatic and emotional expressions of behaviour (preparedness
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to “fight and flight reactions”, Cannon, 1929). The localisation in the hypothalamus of
a “defence area” (Hess and Brugger, 1943; see Jordan, 1990) integrating somatic, auto-
nomic and neuroendocrine efferences, confirmed the central role of this structure for
autonomic activation. As early as 1909, Karplus and Kreidl had demonstrated that stimu-
lating the “tuber cinereum” (medial hypothalamus) in the cat evoked several autonomic
reactions, including a rise in arterial blood pressure and profuse sweating on the pads of
all paws. Other early studies have demonstrated hypothalamic involvement in the control
of sweat gland activity (Wang and Richter, 1928; Hasama, 1929). Such findings were
interpreted as indicating that the hypothalamus plays a central role in thermoregulation;
it would not be surprising, thus, to find that the hypothalamus is involved in the control
of electrodermal activity. In order to support the view that there is such a control, we will
review successively results concerning the anterior, medial and posterior hypothalamus.

Katsumi (1955) claimed that the electrical stimulation of anterior hypothalamic nuclei
inhibits the evoked SPRs and conversely that a lesion of preoptic and other nuclei of the
anterior hypothalamus increased the reflexively evoked SPRs. However, such an inhibi-
tory function did not receive experimental support in later animal studies. In further studies
in the cat, Bloch and Bonvallet (1960a) elicited SPRs with low thresholds from the
ventricular area; Yokota, Sato and Fujimori (1963b), Celesia and Wang (1964) and
Davison and Koss (1975) also evoked SPRs by the stimulation of several nuclei of the
anterior hypothalamus. In 1965, Bloch found that it was possible to elicit SPRs from the
anterior and postero-lateral hypothalamus with thresholds as low as those observed with
- reticular stimulation (Figure 9.3). However, in the rat, Girardot and Koss (1984) found
that stimulation of the more anterior hypothalamic points rarely evoked SPRs. Available
results from human studies do not substantiate the view that a clear excitatory or inhibitory
role in the control of EDA can be attributed to the anterior hypothalamus (Bartfai et al.,
1987; Cannon et al., 1988; Schnur et al., 1989). As previously mentioned, Wang and
Richter (1928) first demonstrated that stimulation of the medial hypothalamus in the cat
had an excitatory influence on EDA. This result was later reproduced (Langworthy and
Richter, 1930; Wang and Lu, 1930; Fujimori et al., 1953; Katsumi, 1955; Celesia and
Wang, 1964). In the cat, Katsumi (1955) reported that the electrical stimulation of the
posterior hypothalamus facilitated the reflexively evoked SPRs; the lesion of the same
region resulted in a lowering of the amplitude of spontanecous SPRs or SPRs evoked by
skin, visual or auditory stimulation. In 1975, Davison and Koss, showed that hypothalamic
reactive sites eliciting the greatest SPRs amplitude were localized in the rostral border
of the posterior hypothalamus. Girardot and Koss (1984), Walland (1986) and Koss and
Hey (1988) obtained similar results in the rat.

Taken together, data from the three hypothalamic regions indicate that the anterior,
medial and posterior hypothalamus exert an excitatory influence on the EDA. In classical
studies on thermoregulation (Magoun, Ranson and Hetherington, 1938), sudation was
triggered in the paws of cats by thermally stimulating the preoptic and supraoptic areas.
Moreover, Wang claimed a “predominance of the anterior hypothalamus as an excitatory
sweat center” (Wang, 1964). Detailed analysis of Wang’s work cited here shows some
methodological uncertainties, as for example, hypothalamic preparations where “The
amount of neural tissue removed from the dorsal thalamus varies from one operation to
another”. Opposite findings by Katsumi (1955), showing an inhibitory function of the
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anterior hypothalamus, suggest that further clarification regarding the role of the anterior
hypothalamus is needed.

Finally, three points should be emphasized: first, in keeping with the work done by
most authors, we followed the classical division in anterior, medial and posterior hypo-
thalamus; this anatomical division is not precise enough and a stereotaxic exploration of
the hypothalamus, nucleus by nucleus, should be carried out in future animal research;
second, it is well known that there are several ascending and descending pathways passing
through the hypothalamus (e.g., mesolimbic pathways) and consequently, further studies
should use neurochemical methods stimulating specifically the soma of neurons to avoid
implicating such “en route” fibres; third, considering this last point and hypothalamic
projections to the reticular structures, it is not easy to differentiate between hypothalamic
and reticular effects on EDA. Hypothalamo-reticular fibres are known since the studies
of Ramon y Cajal (1909). The existence of such fibres has been largely confirmed in cats
(Beattie, Brow and Long, 1930; Holstege, 1987) and in rats (Sofroniew and Schrell, 1980;
Luiten et al., 1985). Similarly, electrophysiological studies indicated close relations between
the hypothalamic and the mesencephalic neurons (Edinger, Kramer and Siegel, 1977).
Furthermore, a direct hypothalamo-spinal control on EDA should be taken into account;
in fact, data obtained in rats, cats and monkeys, showed that fibres arising from several
hypothalamic nuclei (supraoptic and paraventricular nuclei, dorsal hypothalamus, poste-
rior hypothalamic area, lateral hypothalamic area) project to the intermediolateral nucleus
of the spinal cord (Saper et al., 1976; Cechetto and Saper, 1988; Hosoya et al., 1991),
where they probably contact preganglionic sudomotor neurons (Oldfield and McLachlan,
1981).

To conclude, there is strong neuroanatomical support in favour of a hypothalamic
descending control of EDA by neuronal relays in the brain stem or directly at the spinal
level. As far as EDA is concerned, it has been hypothesized (Bloch and Bonvallet, 1960a)
that the posterior hypothalamus is a functional continuum of the mesencephalic reticular
formation which corresponds to the classical reticular activating system. Data presented
here are in favour of such a theoretical view.

LIMBIC CONTROL

Ward (1948) and Showers and Crosby (1958) carried out the first limbic studies concerned
with the physiological mechanisms related to electrodermal responses. They showed that
in cats and in monkeys, the cingulate gyrus participates in the control of sweating; further
research focussed on the EDA control by specific limbic regions: hippocampus, amygdala
and limbic cortex.

HIPPOCAMPUS

Concerning hippocampal effects, findings support excitatory and inhibitory influences on
EDA. Yokota, Sato and Fujimori (1963b), in non-anaesthetized curarized cats, obtained
an inhibition of SPRs amplitude by stimulating the hippocampus. Also, according to
Pribram and McGuinness (1975), monkeys with hippocampectomy present a decreased
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habituation of skin conductance responses (SCRs) but Bagshaw, Kimble and Pribram
(1965) found, also in monkeys, that bilateral lesions of the hippocampus did not influence
electrodermal responses. In humans, lesions involving the hippocampus did not affect
SCRs (Tranel and Hyman, 1990). Finally, in a recent study using positron emission
tomography in schizophrenic patients, Hazlett ez al. (1993) concluded that the hippocampus
has an unexpected facilitory role in electrodermal regulation.

AMYGDALA

In contrast to the hippocampus, the amygdala is generally considered to have an excitatory
influence on electrodermal activity. In non-anaesthetized cats, stimulation of the amygdala
at strong intensities produced an increase of SPR amplitude (Yokota, Sato and Fujimori,
1963b). Similarly, in lightly anaesthetized cats, Lang, Tuovinen and Valleala (1964)
evoked SPRs by stimulating the amygdaloid nucleus, but at weak intensities. Stimulation
of the basolateral part of the nucleus gave rise to SPRs of longer duration and shorter
latency; furthermore, the stimulation at higher intensities elicited amygdaloid after dis-
charges, and skin potential level (SPL) variations were then observed. These authors
suggested that SPL variations were elicited through reticular activation (Lang, Tuovinen
and Valleala, 1964). This suggestion is in accordance with knowledge of descending
projections from the amygdala to the reticular formation (Hopkins and Holstege, 1978;
see Loewy, 1990), and of the control exerted by such structures on EDA. In monkeys,
Bagshaw, Kimble and Pribram (1965) showed that amygdalectomy diminished the fre-
quency of SPRs to a level below the one seen in the most unreactive normal animals;
similarly, Bagshaw and Benzies (1968) and Bagshaw and Coppock (1968) found that
electrodermal responses were abolished after a bilateral amygdalectomy. These results are
in accordance with the well known fact that bilateral amygdalectomy induces an apathetic
state in the animal.

In humans, Dallakyan, Latash and Popova (1970), observed that the destruction of the
amygdala and the medio-basal parts of the temporal lobe had an inhibitory effect on the
production of SCRs. Raine, Reynolds and Sheard (1991), using magnetic resonance image
technique, showed that more SCRs, produced by orienting stimuli, were significantly
associated with a larger area of activation of left temporal/amygdala regions. However,
Tranel and Damasio (1989) and Tranel and Hyman (1990) stated that patients “whose
entire amygdaloid complex had been destroyed bilaterally” or showing a “bilateral
mineralization of the amygdala, possibly including the amygdala-hippocampal transition
area” could generate normal SCRs. In a recent study, the same authors confirm the fact
that SCRs can be evoked in a patient after bilateral amygdalectomy (Tranel and Damasio,
1993). These studies confirmed results already obtained by Lee et al. (1988), but do not
support the idea of an excitatory influence of the amygdala on EDA. Moreover, psycho-
pathological studies conducted in schizophrenic patients only gave partial support to the
excitatory role of amygdala (Raine and Lencz, 1993).

LIMBIC CORTEX

The participation of the limbic cortex in eliciting SPRs was clearly shown by Isamat
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Figure 9.5 Skin potential responses (SPRs) elicited by the stimulation of the anterior limbic and infralimbic
cortex in twelve cats.

A: The sites stimulated are illustrated and the number of animals in which each site was stimulated is given.
B: The points which evoked SPRs are marked by solid dots, the size of the dots are related to the amplitude
of SPRs. The larger responses resulted from stimulation of the anterior limbic and infralimbic cortical areas.
(From Isamat, 1961. Reproduced with permission).

(1961) who used direct electrical stimulation of the cortical surface (Figure 9.5). This work
led to the conclusion that SPRs were most readily evoked by the stimulation of the anterior
limbic cortex, around and below the corpus callosum, and the infralimbic cortical areas.
However, Kimble, Bagshaw and Pribram (1965) found in the monkey that partial ablation
of the anterior cingulate cortex and of the medial frontal cortex had no effect on EDA.
Similarly, an ablation of the anterior region of the limbic cortex did not modify the EDA
in the cat (Wilcott, 1967). In these studies, lesions involved structures outside the limbic
system and made it difficult to delineate specific limbic electrodermal effects.
Neurochemical techniques were recently introduced in some animal studies in order
to identify the role of noradrenergic and dopaminergic pathways, in particular the meso-
limbic dopamine system, in eliciting EDA (Yamamoto et al., 1984, 1985; Yamamoto, Arai
and Nakayama, 1990). It was shown that intraventricular administration of 6-hydroxydopa-
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mine (6-OHDA, a neurotoxin selectively destroying catecholamine neurons) eliminated
the habituation of SCRs to repeated auditory stimuli; the impairment of habituation was
accompanied by a low rate of spontaneous SCRs. Yamamoto et al. (1985) hypothesized
that the slow rate of habituation of SCRs observed in schizophrenia (Gruzelier and
Venables, 1973) may be explained by some dysfunction of the catecholaminergic system,
particularly the mesolimbic component. In order to determine which catecholamine, dopa-
mine (DA) or noradrenaline (NA) is responsible for SCR impairments in experimentally
treated animals, Yamamoto, Arai and Nakayama (1990), destroyed the DA and NA
systems in cats. Results showed that a selective lesion of the DA system did not elicit
any change in skin conductance activity. By contrast, destruction of the NA system of
the brain eliminated the SCRs to auditory stimuli, decreased the frequency of sponta-
neous SCRs and lowered the skin conductance level (SCL). These results, obtained by
selective pharmacological interventions at limbic level, can contribute to the identification
of neural networks implicated in the impairments of SCRs, in animals, and they also have
some interest for human studies like those conducted in schizophrenics (Gruzelier and
Venables, 1973).

Finally, data obtained by neuroanatomical studies indicated that limbic influences can
be transmitted to spinal preganglionic neurons, either by hypothalamic relays (Price and
Amaral, 1981), by reticular structures (Hopkins and Holstege, 1978; see Loewy, 1990),
or by direct projections to preganglionic sudomotor neurons (Mizuno et al., 1985; Sandrew
et al., 1986). Limbic structures have a complex variety of inputs and outputs and have
been implicated in a wide range of responses integrating the autonomic expression of
emotions. The close relations of limbic structures with the cerebral cortex (orbital, insular
and frontal) and the complexity of descending connections (Loewy, 1990) seem to indicate
that limbic influences are integrated in association with the cortical level.

CORTICAL CONTROL

GENERAL DATA

Hughlings Jackson (1869) was among the first authors to report cortical influences upon
the autonomic nervous system. Following Jackson’s studies, other authors also observed
an increase of sweating in the footpads of the cat by stimulation of the sensorimotor cortex
(Bechterew, 1905; Karplus and Kreidl, 1909). These were the first studies on the cortical
command of sweating; studies using direct records of EDA appeared in the twenties (Foa
and Peserico, 1923; Dennig, 1924). However, results obtained in these early animal studies
should be examined with caution due to methodological shortcomings. For example, the
localisation of stimulating points was insufficiently described in these studies; also, the
use of high stimulation intensities could have resulted in epileptic discharges and also
in the diffusion of the current to subcortical structures and to non neural elements such
as meninges (Bard, 1929). Further studies showed that the stimulation of blood vessels
on the cortical surface elicits electrodermal responses at thresholds similar to those
obtained with direct cortical stimulation (Wilcott, 1969). Finally, the use of different types
of anaesthesia, the action of which is known to modify cortical activity, complicates the





