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It is of great clinical and theoretical interest to understand how visceral organ
functions can be modulated by stimulation of the skin or muscle. For example, in
Japan, from the 7th to the 19th century, physical stimulation to the skin and
muscles with acupuncture, moxibustion, etc. were commonly used to treat disorders
of various visceral organ functions. Many of the therapeutic methods of modern
rehabilitation medicine seem to be based on physiological effects of somatic afferent
stimulation on autonomic functions. However, it seems that not enough attention
has been paid to the clarification of the physiological basis of somato-autonomic
reflexes.

The first extensive physiological study of the effects of somatic afferent
stimulation on various visceral functions was initiated early in this century.
However, analysis of the neural mechanisms of these somato-autonemic reflexes
had to await the development of electrophysiological techniques in the early 1930s
when ADRIAN ef ol. [1] first recorded autonomic nerve activity. Next, about 20 years
ago, both an averaging technique for the analysis of the sympathetic reflex mass
discharge activity and a poststimulus time histogram technique for analysis of the
unitary activity of surgically dissected sympathetic nerve filaments were introduced.
Since then a great deal of new evidence concerning neural mechanisms of the
somato-sympathetic reflexes at the level of the sympathetic efferent nerve has been
obtained: the central reflex pathway, somatic afferent characteristics, excitatory,
and inhibitory reflex characteristics, generalized and segmental reficx organization
in the central nervous system, etc. Previous results on the neural mechanisms of
somato-sympathetic reflexes at the sympathetic nerve level have already been
reviewed by Koizum! and Brooks [30] and Sate and ScHMIDT [53].

Further investigations along this line have been made to analyze neural
mechanisms of the somato-autonomic reflexes at the level of various autonomic
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effector organs, such as the heart, gastrointestinal tract, urinary bladder, sweat
gland, adrenal medulla, etc. These studies have used combinations of recordings of
visceral organ parameters and autonomic neural activitics influencing those
organs. In this minireview, we will focus on recent neurophysiolegical studies of
somato-autonomic reflexes that invelve recordings of autonomic efferent nerve
activity in combination with effector responses of the visceral organ.

HISTORICAL BACKGROUND

(1)  Somato-sympathetic reflexes

About a century ago Carl Ludwig and his coworkers recorded blood pressure
changes in response to electrical stimulation of limb afferent nerves and studied the
meodification of these responses after transections of the brain stem in anesthetized
animals. They concluded that the pathway of somato-sympathetic reflexes runs
from the spinal cord up to the medulla oblongata and back to the preganglionic
neurons in the spinal cord. In 1916 Ranson and Billingsley reinvestigated the
problem and they introduced the concept of the medullary pressor and depressor
centers. Sherrington in 1906 and Brooks in 1933 described a propriospinal reflex
pathway for the somato-sympathetic reflexes based on the blood pressure responses
of spinalized animals. ADRIAN e? al. [1] seem to be the first to have succeeded in
recording efferent nerve activity directly from the sympathetic nerves. ALEXANDER
[2] recorded somatically evoked sympathetic reflex discharges directly from the
sympathetic nerves. Schaefer and his colleagues (1958, 1963) [60, 64] reported that
somatic afferent stimulation usually elicited generalized massive reflex efferent
discharge in all types of sympathetic nerves followed by a generalized postexcitatory
depression. Their work established the brain stem as the primary center of the
somato-sympathetic reflexes.

BeacHAM and PerL [5] first recorded a sympathetic reflex discharge of spinal
origin from thoracic and lumbar white rami (i.e., preganglionic neurons) evoked by
single shocks to dorsal roots, spinal nerves, and limb nerves in unanesthetized,
spinalized cats. A similar spinal reflex was also evoked by single shocks to visceral
nerves in unanesthetized spinal cats [17]. A spinal reflex was recorded from some
postganglionic branches in the spinal cat [16]. In anesthetized cats with the central
nervous system intact, SATo et al. [55] and CootE and DowNMAN [7] demonstrated
two kinds of sympathetic reflex discharges evoked by somatic afferent nerve
stimulation, namely early spinal and late supraspinal reflexes. In this way a spinal
reflex pathway for somato-sympathetic refiexes has been established in addition to
the supraspinal one described earlier. Such a spinal path had already been predicted
by Sherrington (1906) and Brooks (1933).

Sato and ScHMIDT [31] introduced an averaging recording technique for the
study of somato-sympathetic nerve reflexes, making it possible to measure the
magnitude of reflex responses quantitatively. Then, they stimulated various spinal
afferent nerves at different spinal levels and recorded mass reflex discharges from
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Fig. 1. A: schematic diagram of the arrangement of the stimulation and recording
electrodes when recording sympathetic mass reflex discharges from the lumbar
white ramus (WR) in cat. The stimuli were delivered to the spinal nerves L1-L4, the
dorsal roots L7, S1, and also to cutaneous and muscle hindlimb nerves. B-1:
sympathetic reflexes recorded from L1 WR. Single stimuli (indicated by arrows) .
were given at the end of the calibration pulses 1o the spinal nerves L1, 2, 3, 4,7, and
§1 (B—QG) and to the limb cutaneous nerve (sural nerve or SU, H) and muscle nerve
(gastrocnemius and soleus nerve or GS, I) with 50-fold threshold {50 x T') intensity
at a repetition rate of 1/4s. Each specimen is the average of ten individual reflexes.
Early means an early spinal reflex component. Late means a late supraspinal reflex
component (from SaTo and SCHMIDT [52]).

sympathetic preganglionic fibers in anesthetized ¢ats with an intact central neuraxis
[52]. Figure 1 illustrates the two different reflex components: (1) the early spinal
reflex with a short latency and (2) the late supraspinal (medullary) reflex with a long
latency. The figure also shows that the large, early reflex was elicited only by
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stimulation of spinal nerves that entered the cord at the same or a nearby segment
from which the sympathetic white ramus, which was used for recording, emerged,
whereas the large late reflex could be elicited by stimulation of any spinal or
hindlimb nerve. This was the first demonstration that the spinal reflex component of
the somato-sympathetic reflex response had a strong segmental organization,
whereas the supraspinal (medullary) reflex component was generalized. This
supraspinal reflex component conforms with investigations in which somatically
evoked reflexes were recorded from more peripheral sites of the sympathetic
nervous system, such as the renal and cardiac sympathetic nerves [7, 29, 60, 64].

Myelinated and unmyelinated somatic afferents evoke sympathetic reflexes.
SATO and ScHMIDT [51] demonstrated that a single volley in hindlimb cutaneous
group I (Af) and I1I (Ad) fibers were sufficient to induce cervical sympathetic reflex
discharges in anesthetized cats. The group II afferent contribution was more
dominant than that of group IIl. The effects of muscle afferent volleys were
distinctly different from those from the skin. When stimulating muscle nerves the
sympathetic reflex never appeared at a stimulus strength sufficient to excite nearly
all group la and Ib fibers from the primary muscle spindle receptors and the Golgi
tendon organs, respectively. Only when the stimulus strength included most of the
group II fibers and extended into the group I range of flexor afferent nerves, a
large sympathetic reflex was observed. Volleys in extensor muscle afferents usually
evoked a smalier sympathetic reflex discharges.

There have been demonstrations of sympathetic reflex discharges induced by
unmyelinated group IV (or C) somatic alferent volleys (the group IV-sympathetic
reflex or C-reflex, as it may be called) [14, 31, 59] in addition to the early spinal and
late supraspinal reflexes evoked by the myelinated afferents. The group IV-
sympathetic reflex usually requires a temporal facilitation of afferent volleys in
anesthetized cat. The much longer latency of the group I'V-reflex relative to those
induced by group 11 and 1II afferent stimulation is almost entirely due to the low
conduction velocity of the unmyelinated afferents. The group IV-sympathetic reflex
discharges are of both spinal and supraspinal origin [41].

It has long been suggested that the spinal reflex component of the somato-
sympathetic reflex is depressed tonically at the spinal sympathetic prepanglionic
level by inhibitory desceding nerve impulses from the brain stem. This was because
the spinal reflex component recorded from cardiac and renal sympathetic nerves
was often difficult to evoke and appeared more dominant after spinalization at the
cervical level [7}. CoOTE and SATO [8] demonstrated in addition that the spinal reflex
component evoked by intercostal afferent nerve stimulation was tonically inhibited
by fibers descending in the ventral quadrant of the ipsilateral spinal cord in cats.
Activation of arterial baroreceptor afferent nerves was suggested to contribute to
the descending inhibition of the somato-sympathetic reflexes [29]. DEMBOWSKY et al.
[13] also showed that the spinal component of the somato-sympathetic reflex was
modulated by a descending tonic inhibition in the dorsolateral funiculus of the
spinal cord. They suggested that these descending inhibitory pathways originated in
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the cranial part of area Al and/or area A5.

As the size of preganglionic sympathetic neurons is smaller than that of motor
neurons, systematic intracellular recording has not been easy in sympathetic reflex
research. CoOTE and WESTBURY [9] first succeeded in recording intracellularly the
cat sympathetic preganglionic neuronal activity at the thoracic level and 1n finding a
reflex excitatory postsynaptic potential (EPSP) after visceral afferent stimulation.
DEMBOWSKY et al. [12] also observed EPSPs after stimulation of the somatic afferent
fibers from the thoracic sympathetic preganglionic neurons.

(2) Somato-parasympathetic reflexes

IrRtucHIIIMA and KUMADA [20] reported the inhibitory effect of somatic afferent
nerve stimulation on spontaneous cardiac vagus nerve activity in anesthetized dogs.
TerU1 and Ko1zumi [62] further demonstrated that cutaneous somatic afferent nerve
stimulation initially inhibited cardiac vagus nerve activity and excited the cardiac
sympathetic nerve. These initial responses were followed by the opposite responses,
i.e. excitation of the vagus nerve and long-lasting inhibition of the sympathetic
nerves. They concluded that the somato-vagal and somato-sympathetic reflex
responses were opposing.

The effects of somatic afferent nerve stimulation on parasympathetic pelvic
efferent discharges innervating the bladder were studied by BRADLEY and TEAGUE [6)
and SATO et al. [46] in anesthetized cats. In the cats with central neuraxis intact,
single or short tetanic volleys in hindlimb afferents nerves induced reflex discharges
in a pelvic vesical efferent nerve branch with 3 distinct reflex components [46]. These
3 reflex components were best observed during micturition contractions, but less so
during a pelvic silent phase between vesical contractions or when the bladder was
empty and quiet. The latencies of the 3 reflex components were 90, 320, and 770 ms,
respectively. The two early reflex components (Al- and A2-reflexes) were evoked by
stimulation of group II and IIT hindlimb somatic afferents. The late third reflex
component (C-reflex) was induced by group IV afferent stimulation. McMAHON
and MorrisoN [36] recorded an early and a late wave from the pelvic nerve after
stimulation of the ventrolateral part of the cervical cord in anesthetized cats. The
latency of the early wave was 39 ms, while that of the late wave was 250 ms. The
somato-pelvic A2-reflex may use the slow descending tract related to the late wave
while the Al-reflex may use the fast descending pathway related to the early wave
described by McMahon and Morrison.

SOMATO-CARDIAC REFLEXES

It has long been known from clinical studies that heart rate can be changed by
somatic afferent stimulation. Systematic electrophysiological studies of this subject
were started by Schaefer’s group [60, 64] who first found that the central reflex
pathway for the somato-cardiac sympathetic reflex discharges was supraspinal.
Their studies were continued by CooTE and DownMAN [7] who then observed a
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cardiac spinal sympathetic reflex component.

(1) Cutaneo-cardiac reflexes

(a) Mechanical stimulation. 1In a majority of anesthetized cats [28] and rats
[49] at normal core body temperature, a reflex increase in the heart rate is elicited
after natural stimuli, such as pinching (noxious mechanical stimulation} or rubbing
(innocuous mechanical stimulation) anywhere on the surface of the body.
Innocuous stimulation produces a weak and inconsistent increase in heart rate
while noxious stimulation causes a consistent marked reflex increase in heart rate.
This cutaneo-cardiac acceleration reflex is produced mainly by a reflex increase in
cardiac sympathetic efferent nerve activity. In spinal animals, stimulation of only
the chest skin produces a small reflex increase in heart rate. A possible explanation
for this difference between animals with an intact central nervous system and spinal
animals is that a spinal, segmentaily organized sympathetic reflex component of
the cutaneo-cardiac acceleration reflex is dominated by a supraspinal, diffusely
distributed sympathetic reflex component of the cutaneo-cardiac reflex in the
animals with intact central nervous system.

(h) Thermal stimulation. A reflex increase in heart rate occurs in anesthe-
tized cats after thermal stimulation at various temperatures to a small areas of skin
by use of a thermoprobe [28]. The threshold temperature for evoking cardiac
acceleration is between 13 and 19°C for cold stimulation, and around 407C for warm
stimulation. Either innocuous warm { <45°C} or cool (> 10°C) stimulation causes a
small reflex increase in heart rate. Stimulation by heat and cold in the noxious
ranges produces a larger increase in the heart rate.

(2) Musculo-cardiac reflexes

Injection into a muscle artery of the hindlimb, of algesic substances such as
KCl or bradykinin, that are known to excite the thin myelinated group IIl and
unmyelinated group IV muscle afferents {37, 38], can change heart rate [42].
Injection of KCI regularly induces acceleration of heart rate and an increase in
blood pressure. With bradykinin both accelerations and decelerations are observed.

(3) Electrical stimulation of cutaneous and muscle afferents

In anesthetized cats the heart rate changes when cutancous and muscle
afferents of the hindlimb nerve are stimulated electrically [42]. Repetitive stimu-
lation of cutaneous group II afferents of the hindlimb does not change the heart
rate. Cutaneous group 111 afferent activity leads to an increased heart rate in about
70%, of all trials, Increases in heart rate are invariably seen when repetitive group IV
cutaneous volleys are elicited. Volleys in group I and IT muscle afferents are
ineffective, whereas group III muscle volleys provoke bradycardia (in about 409 of
all trials) or tachycardia (in about 30%). The nature of the response depends on the
experimental situation but is difficult to predict or to modify. Stimulation of group
IV muscle afferents invariably induces definite increases in heart rate.
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{4) Articulo-cardiac reflexes

Movements of the knee joint, especially noxious movements, are known to
induce increases in the heart rate in non-anesthetized decerebrated cats [4]. Recently
it was shown that activation of small-diameter knee-joint afferents influences such
cardiovascular functions as heart rate, blood pressure, and cardiac sympathetic
efferent nerve activity in anesthetized cats [44, 57]. These effects are particularly
proncunced when the joint receptors are semsitized by inflammation. While
movements of a normal knee joint through the normal range do not have any
significant influence on heart rate, movements of normal joints beyond this range
induce heart rate changes of the same order of magnitude as those elicited by severe
pinching of a paw or the skin. In inflamed joints, movements in the normal working
range of the joint are just as powerful in their cardiovascular effects as noxious
stimuli in normal joints. Forceful movements of inflamed joints are even more
powerful in increasing heart rate than intense noxious stimulation of normal tissue.

SOMATO-GASTROINTESTINAL REFLEXES

Somato-gastrointestinal reflexes are well known clinically, and the influence of
somatic afferent stimulation on gastro-intestinal motility has been reported for
dogs, cats, monkeys, and humans (see KAMETANI &f g/, [27]). The neural mechanisms
of cutaneo-gastric reflexes have been investigated in anesthetized rats by recording
gastric motility and autonomic efferent nerve activity [27, 47]. Gastric motility was
recorded by the intragastric balloon method. When the balloon pressure inside the
pyloric antrum was increased to about 100-130 mmH,0O by expansion with water,
rhythmic contractile waves at a frequency of 5-6/min corresponding to gastric
peristaltic movements could be recorded. Pinching of the abdominal skin often
inhibits gastric motility, while pinching of the hindpaw sometimes facilitates gastric
motility in anesthetized rats. However, in anesthetized cats these reflex responses are
less marked and the facilitatory response cannot be observed [23].

The neural mechanisms involved in both reflex inhibition and facilitation of rat
gastric motility by stimulation of the abdominal skin and hindpaw have been
determined [27]. Abdominal skin stimulation markedly and consistently increases
gastric sympathetic efferent nerve activity without affecting significantly the gastric
vagal efferent activity. The increase in gastric sympathetic efferent activity caused
the reflex inhibition of gastric motility produced by pinching the abdominal skin.
Hindpaw stimulation increases gastric vagal efferent nerve activity whereas gastric
sympathetic efferent nerve activity is only slightly increased. The increase in gastric
vagal efferent nerve activity seems to be responsible for the refiex facilitation of
gastric motility produced by hindpaw pinching,

The inhibition of gastric motility caused by pinching the abdeminal skin is
almost identical under spinalized and nonspmalized conditions [27, 47]. This
supports the concept of a strong segmental organization of the somato-gastric
inhibitory reflex response. A dominant segmental organization for both the
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inhibitory cutaneo-duodenal reflex [58] and the inhibitory cutaneo-intestinal reflex
[33] evoked by abdominal cutaneous pinching has been found in accordance to the
segmental organization of the inhibitory cutanco-gastric reflex in the anesthetized
rats. Single electrical stimulation of the lower intercostal afferent nerve produces an
early spinal reflex discharge via group I1 and III afferent excitation and a late spinal
reflex discharge via group IV afferent excitation in a splanchnic nerve in both
central intact and spinalized rats [39]. Both the early spinal and late spinal
splanchnic efferent reflex discharges seem to contribute to the spinal inhibitory
reflex responses of gastrointestinal motility due to a rise in gastrointestinal
sympathetic nerve activity after pinching stimulation of the abdominal skin.

SOMATO-VESICAL REFLEXES

Cutaneous stimulation of the perineal area evokes micturition in chronic spinal
patients and animals (see SATO et @l [50]). Stimulation of the perineal skin evokes
contraction of the quiescent bladder [10, 48, 50], while inhibiting the large rhythmic
micturition contractions [11, 48,50]. The following is a summary of the results of
recent studies on the somato-vesical reflex response in anesthetized rats and cats.

(1, Cutaneo-vesical reflexes

(a) Mechanical stimulation. When the urinary bladder is slightly expanded,
it has a quiescent, or small, rapidly fluctuating tonus in anesthetized rats [48] and
cats [50] with central neuraxis intact. Innocuous or noxious mechanical stimulation
of the perineal skin produces a transient increase in intravesical pressure as a result
of a reflex increase in efferent discharges of the vesical branch of the pelvic nerve.
Hypogastric nerves do not seem to be essential for this vesical reflex response.
Perineal stimulation produces this vesical excitatory reflex response regardless of
whether the spinal cord is intact or transected above the sacral level [48, 50]. This
may indicate that the excitatory cutaneo-vesical reflex is a propriospinal and
segmentally dominated reflex.

When the urinary bladder is expanded further large, slow, rhythmic micturition
contractions synchronized with burst discharges of the parasympathetic pelvic
efferent nerve, are initiated. These micturition contractions are completely abol-
ished either by bilateral denervation of the pelvic nerve branches or acute spinal
transection at the cervical or middle thoracic level. Therefore, these rhythmic
micturition contractions must be initiated by pelvic efferent nerve activity sub-
sequent to integration in supraspinal structures. Noxious stimulation of perineal,
abdominal, or chest skin produces in this order of inhibiting effectiveness a reflex
inhibition of micturition contractions [48, 50). The inhibition results from the
depression of the burst discharges in the pelvic efferent nerve. The wide input area
indicates that there is an intermediate degree of segmental organization of the
somato-pelvic reflexes as compared with the other responses mentioned above.
Again, sympathetic hypogastic nerves do not seem to be essential for producing this
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cutaneo-vesical inhibitory reflex response.

(b) Thermal stimulation. Thermal stimulation applied at various tempera-
tures to the perineal skin with a thermoprobe produces responses similar to those
evoked by mechanical stimulation [50]. Thermal stimulation in the non-noxious
range causes a small and inconsistent response, while thermal stimulation in the
noxious range generates a consistent inhibitory response.

(2)  Musculo-vesical reflexes

Micturition contractions are also inhibited when muscle afferent activity in
hindlimb nerves is evoked by close i.a. injection of algesic substances, such as KC}
and bradykinin [43]. This inhibition is brought about by the depression of the
rhythmic burst discharges of the parasympathetic pelvic efferent nerves. On the
other hand, when the bladder is quiescent, the effect on the bladder of algesic
chemical stimulation of the hindlimb muscle afferents is excitatory, caused by a
reflex increase in pelvic efferent nerve activity.

(3) Electrical stimulation of somatic afferents

Repetitive electrical stimulation of group III and IV cutaneous and muscle
afferents had an excitatory effect on the quiescent bladder and an inhibitory effect
on the bladder during the large, rhythmic micturition contractions, whereas the
stimulation of group I {muscle afferent} and II (cutaneous and muscle) afferents was
ineffective [43]. When the stimulus intensity was increased gradually, excitatory, and
inhibitory effects appeared in the range in which group III afferents were excited,
and became more dominant in the range in which group IV afferent stimulation
occurred.

(4) Chronic spinal cats

Somato-vesical reflexes were studied in chronic spinal cats whose spinal cord
was transected at the midthoracic level many months earlier. When the bladder was
empty and quiescent, brief repetitive electrical stimulation of a hindlimb somatic
nerve increased the pelvic efferent nerve activity which in turn resulted in vesical
reflex contractions [46].

When the bladder was expanded, there were spontaneous, large, rhythmic
micturition contractions. These observations contradicted the view held since
Barrington (1925) that the center for generating the rhythmic micturition con-
tractions is in the brain stem, vesical micturition contractions in chronic spinal cats
were still induced by rhythmic burst discharges transmitted in the pelvic efferent
nerves from the lower spinal cord. Electrical stimulation of hindlimb nerves
produced an initial transient vesical contraction, followed by a long-lasting
inhibition of the rhythmic micturition contractions of the expanded bladder
consequent to the depression of the pelvic rhythmic burst discharges [46].
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SOMATO-SUDOMOTOR REFLEXES

Activation of sweat glands produces changes in both the voltage and imped-
ance of the skin. Reflex changes in skin pofential or impedance produced by various
stimuli including emotional ones have been called the “galvanic skin reflex” (GSR)
or “electrodermal reflex” (EDR) (see a review by WanG [63]). Cat paws have sweat
glands, and the cat has often been used to study the GSR.

In spinal cats the GSR can be either excited or inhibited by pinching of the skin
or stimulation of cutanecus afferent nerves originating from various spinal seg-
ments [22]. Generally speaking, there is a tendency for the GSR to be inhibited when
the afferent input enters spinal segments near the outflow of the sudomotor
sympathetic nerve fibers to the corresponding paw, whereas excifation occurs when
the input is to distant segments. Interestingly, an inhibitory GSR is produced more
frequently by ipsilateral than by contralateral cutancous stimulation. It seems
reasonable to assume that this phenomenon results from a mechanism similar to the
one which produces the hemihidrosis discovered by TakaGl and Sakural [61] in
human beings. Hemihidrosis in humans is a condition where there is excessive
perspiration contralateral to the side pressed and reduced perspiration ipsilateral to
the side pressed.

SOMATIC AFFERENT MODULATION OF THE SYMPATHETIC
OUTFLOW SUPPLYING THE MUSCLE, SKIN, AND JOINT

JANIG et al. [26] and KorzuMi and SaTo [32] first demonstrated that a single
sympathetic fiber included among the cutaneous and muscle nerves can be reflexly
excited or inhibited by electrical stimulation of hindlimb somatic afferent nerves.
Especially, it was noted that stimulation of the group I'V afferents caused a strong
excitatory reflex discharge. Jinig and his coworkers (see a review by JANIG [25])
continued research along this line and found that cutaneous noxious stimulation
excited sympathetic muscular vasoconstrictor activity, while inhibiting sympathetic
cutaneous vasoconstrictor activity. They further demonstrated that most of the
reflexes elicited in muscle vasoconstrictors and cutaneous vasoconstrictors by
cutaneous stimulation were preserved in chronic spinal cats. Furthermore, noxious
stimulation of the skin of the ipsilateral hindpaw elicits inhibition of ongoing
activity in cutaneous vasoconstrictor neurcns, and this inhibition lasts longer in
spinal animals.

Sato and ScHAIBLE [56] demonstrated in anesthetized cats that the spon-
taneous ongoing activity of the sympathetic postganglionic neurons in a medial
articular nerve to the knee joint is not influenced by moving this joint within its
normal working range, whereas the neuronal discharges are reflexly increased by
noxious movements of the same joint. The response pattern of the articular
sympathetic neurons to somatic afferent stimulation appears to correspond to that
of muscular sympathetic efferent neurons rather than that of cutaneous sympathetic
efferents.
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SOMATO-ADRENAL MEDULLARY REFLEXES

Visceral function is influenced by circulating hormones in addition to activity
in autonomic nerves. Although recent studies have dealt with the effects of somatic
afferent stimulation on autonomic nerve activity, the possibility of similar somato-
hormonal secretion reflexes has received little attention. Recently, a new approach
was begun in Sato’s laboratory using anesthetized animals to study somato-
hormonal reflexes. This approach eliminates emotional factors, and it was used to
demonstrate that adrenal sympathetic nerve activity and catecholamine secretion
from the adrenal gland can be modulated reflexly-by somatic afferent activity.

(1) Cutaneo-adrenal reflexes

(a) Mechanical stimulation. Noxious pinching of the lower chest or hind-
paw produces reflex increases in both adrenal sympathetic efferent nerve activity
and the catecholamine secretion from the adrenal medulla in anesthetized rats [3]
and cats [45]. It has been noted that pinching of the lower chest elicits a longer-
lasting response than hindpaw stimulation, i.e., 7-17 min (for lower chest pinching)
and 1min (for hindpaw pinching) after cessation of the stimulation. After spinal
transection at the C1-2 level, only lower chest stimulation is capable of producing a
reflex response.

Contrary to the responses elicited by pinching, innocuous brushing of the
lower chest or hindlimb skin in the same anesthetized rats with intact central
nervous system produces reflex inhibition in both adrenal sympathetic nerve
activity and catecholamine secretion restricted to the stimulation period. Some
slight increases in both nerve activity and secretion rates follow after cessation of
the stimulation as a rebound response. It is interesting to note that these depressor
reflex responses can not be produced in anesthetized cats with an intact neuraxis
[45]. In spinalized rats, brushing of the lower chest or hindlimb skin does not
produce the reflex decrease, but, rather has the opposite effect, i.e., a reflex increase
in both nerve activity and catecholamine secretion. It was concluded that noxious or
innocuous cutanecous stimulation can reflexly modulate the secretion of adrenal
medullary hormones via the central nervous system by producing increases or
decreases in activity in the adrenal sympathetic efferent nerve. It was shown that a
majority of single nerve filaments of the adrenal nerve responded to cutaneous
stimulation in a manner similar to the mass nerve discharge responses [24].

(b) Thermal stimulation. KUROSAWA et al.[34] showed that both cold and
warm stimulation of a restricted area of abdominal skin with a thermoprobe in the
noxious ranges (below 10°C or above 43°C) caused noticeable reflex increases in
both adrenal nerve activity and adrenal catecholamine secretion. Conversely,
stimulation in the innocuous range (between 13 and 40°C) did not produce
significant changes in these variables. In contrast tc the responses to mechanical
stimuli, there was no inhibitory adrenal medullary reflex response to innocuous
thermal stimulation. This suggests same degree of modality specificity in the type of
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somatic afferent fibers capable of producing inhibitory adrenal medullary reflex
responses.

(2) Articulo-adrenal medullary reflexes

The effects of articular stimulation on adrenal catecholamine secretion and
adrenal sympathetic efferent nerve activity have been studied using halothane
anesthetized cats [45]. Rhythmic flexions and extensions as well as rhythmic inward
and outward rotations of a knec joint within their physiological ranges of motion
did not change either the nerve activity nor the adrenal catecholamine secretion.
Static outward rotation in the normal working range also had no effect. However,
as soon as this static rotation was extended into the noxious range, significant
increases in both of these variables were elicited. It was concluded that the adrenal
sympathetic nerve response to articular afferent stimulation was responsible for the
adrenal catecholamine secretion response. Furthermore, it was demonstrated that
these articulo-adrenal medullary reflexes were greatly augmentated in animals
whose knee joints were artificially inflamed by kaolin and carrageenan. In these
animals, reflex responses were elicited by knee joint movements within the normal
ranges. There is appearently a supraspinal contribution to the reflex response of the
sympatho-adrenal medullary function evoked by knee joint stimulation, as spinal
transection at the C2 level completely abolished the response.

Mechanical stimulation of the thoracic or lumbar vertebral joint in anesthe-
tized rats caused an initial decline in adrenal nerve activity followed by a subsequent
increase which is due to a reflex depressor response of blood pressure [54].

{3} Electrical stimulation of somatic afferent nerves

Electrical stimulation of somatic afferent nerves was used to demonstrate the
afferent fiber categories involved in adrenal sympathetic efferent nerve responses in
anesthetized rats [21]. In general, high intensity repetitive electrical stimulation,
activating both myelinated (Af and A§, or groups IT and ITT) and unmyelinated (C,
or group [V} afferent fibers, produced increases in adrenal nerve activity nearly
identical to those induced by noxious mechanical or thermal stimulation of the skin
innervated by the nerves stimulated electrically. On the other hand, low intensity
repetitive electrical stimulation, activating myelinated afferent fibers alone, pro-
duced inhibitory responses, similar in character and duration to the responses
evoked by innocuous mechanical stimulation of the skin in rats.

Single-shock stimulation of the 13th thoracic nerve evokes various reflex
components in the adrenal nerve in rats [21]. These components, in the temporal
order in which they appear, are: 1) initial depression of spontaneous activity (the
carly depression), 2) reflex discharge due to activation of A afferent fibers (the A-
reflex), 3) subsequent reflex discharge due to activation of C afferent fibers (the C-
reflex), and 4) postexcitatory depression. It was suggested that the decrease in
sympathetic activity that occurs during repetitive electrical stimulation of myelin-
ated afferent fibers was due to summation of both the early and postexcitatory
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depresston components evoked by a single shock stimulation, while the increase in
activity during repetitive stimulation of both myelinated and unmyelinated afferent
fibers was due to summation of the C-reflex components elicited by a single-shock
stimulation. In cats, A-reflex, C-reflex, and postexcitatory depression appear upon a
single electrical stimulation; however, no early depression was observed (Sasaki,
Sato, Sato, and Schmidt, not published). The lack of the early depression may relate
to the fact that neither brushing of the skin nor innocuous movements of the normal
knee joint produce any significant inhibitory response in cats.

SOMATO-PITUITARY HORMONE'REFLEXES

The milk ejection reflex is well known and its neural and hormonal mechanisms
have been well characterized (see review by PouLaIN and WAKERLEY [40]). For this
reflex, an increase in oxytocin secretion from the posterior pituitary gland after
cutaneous stimulation of the breast is essential. This indicates that hypothalamic
oxytocin-secreting neuronal activity is modulated by cutaneous breast stimulation
[35]. It is therefore of interest to analyze the somatically induced reflex characteris-
tics of various hypothalamic nerve cell activities in association with the secretion of
hormones or the hormone releasing factors using anesthetized animals. In anesthe-
tized rats, various segmental cutaneous stimuli can change the activity of hy-
pothalamic oxytocin releasing nerve cells as a reflex response (Akaishi, Robbins,
Sakuma, and Sato, not published).

In this respect, although not an oxytocin-secreting neuron, certain supraoptic
vasopressin secretory cells have been shown by HaMaMuRA et al. [19] to be excited
by tail pinching and/or by noxious heat stimuli to the hindpaw. Furthermore, it has
been shown in anesthetized rats by FELDMAN er /. [15] that repetitive electrical
stimulation of the afferent sciatic nerve produces a reflex increase in plasma
corticosterone via hypothalamopituitary involvement.

SUMMARY

We began by briefly reviewing the historical background of neurophysioiogi-
cal studies of the somato-autonomic reflexes and then discussed recent studies on
somatic-visceral reflexes in combination with autonomic efferent nerve activity and
effector organ responses. Most of the studies that have advanced our knowledge in
this area have been carried out on anesthetized animals, thus eliminating emotional
factors. We would like to emphasize again that the functions of many, or perhaps
all visceral organs can be modulated by somato-sympathetic or somato-
parasympathetic reflex activity induced by a appropriate somatic afferent stimu-
lation in anesthetized animals. As mentioned previously, some autonomic nervous
outflow, e.g. the adrenal sympathetic nerve activity, is involved in the control of
hormonal secretion. John F. Fulton wrote in his famous textbook “Physiology of
the Nervous System” (1949) [18] that the posterior pituitary neurosecretion system
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(i.e. for oxytocin and vasopressin) could be considered a part of the para-
sympathetic nervous system. In the study of body homeostasis and environmental
adaptation it would seem very important to furthar analyze the contribution of
somatic afferent input to the autonomic nervous and hormonal regulation of
visceral organ activity. Also, some immunological functions have been found to be
influenced by autonomic nerves or hormones {e.g. adrenal cortical hormone and
catecholamines). Finally, we must take into account, as we have briefly discussed,
that wvisceral functions can be modulated by somatic afferent input via various
degrees of integration of autonomic nerves, hormones, and immunological proc-
esses. We trust that such research will be expanded to higher species of mammals,
and that ultimately this knowledge of somato-visceral reflexes obtained in the
physiological laboratory will become clinically useful in influencing visceral
functions.

Key words: visceral reflex, somatic afferent, autonomic reflex, somato-autonomic
reflex, somato-hormonal reflex.

REFERENCES

1. Aprian, E. D., Bronk, D. W., and PuiLLips, G, {(1932) Discharges in mammalian
sympathetic nerves. J. Physiol. (Lond.), 74: 115-133.

2. ALexanDer, R. 8. (1946) Tonic and reflex functions of medullary sympathetic
cardiovascular centers. J. Newrophysiol., 9: 205-217.

3. Araxi, T., Ito, K., Kurosawa, M., and Sato, A. (1984} Responses of adrenal
sympathetic nerve activity and catecholamine secretion to cutaneous stimulation in
anesthetized rats. Neuwroscience, 12: 289-299.

4, BarrRON, W, and Coote, J. H. (1973) The contribution of articular receptors to
cardiovascular reflexes elicited by passive limb movements. J. Physiol. (Lond.), 235:
423-436.

5. BeacHam, W. S. and Perr, E. R. (1964) Background and reflex discharge of
sympathetic preganglionic neurones in the spinal cat. J. Physiol. (Lond.), 172: 400—
416.

6. BraDpLEY, W. E. and Teacug, C. T. (1968) Spinal cord organization of micturition
reflex afferents. Exp. Neurol., 22: 504-516.

7. Cootk, J. H. and Downman, C. B. B. (1966) Central pathways of some autonomic
reflex discharges. J. Physiol. (Lond.), 183: 714-729.

8. Coortg, J. H. and Sato, A. (1978) Supraspinal regulation of spinal reflex discharge
into cardiac sympathetic nerves. Brain Res., 142: 425-437.

9. CooTtE, J. H. and WESTBURY, D. R. (1979) Intracellular recordings from sympathetic
preganglionic neurones. Neurosci. Lert., 15: 171-175.

10. DE Groat, W. C.,, DouGLas, J. W., GLass, J., WEINER, B., and WERNER, P. (1975)
Changes in somato-vesical reflexes during postnatal development in the kitten.
Brain Res., 94: 150154,

11. DE GroaT, W. C. and RyaLL, R. W, (1969) Reflexes to sacral parasympathetic
neurones concerned with micturition in the cat. J. Physiol. (Lond.), 200: 87-108.

12. DemBOwSKY, K., CZACHURSK], J., and SELLER, H. (1983) An intracellular study of the
synaptic input to sympathetic preganglionic neurones of the third thoracic segment of

Japagnese Journal of Physiology



13.

15.

16.

17.

18.

19.

20.

2L

22.

23.

24.

25.

26.

27.

28.

29.

30.

SOMATO-VISCERAL REFLEXES 15

the cat. J. Auton. Nerv. Syst,, 13: 201-244.

DeMBOWSKY, K., LACKNER, K., CZACHURSKI, J., and SeLLER, H. (1981} Tonic catechol-
aminergic inhibition of the spinal somatosympathetic reflexes originating in the
ventrolateral medulla oblongata. J. Auton. Nerv. Syst., 3: 277-290.

FEDINA, L., KATUNSKIL A. Y., KHAYUTIN, V. M., and MiTsany1, A. (1966) Response
of renal sympathetic nerves to stimulation of afferent A and C fibres of tibial and
mesenterial nerves. Acta Physiol. Acad. Sei. Hung., 29: 157-176.

FELDMAN, S., ConrorTl, N., and CHOWERS, L. {1975) Complete inhibition of adreno-
cortical responses following sciatic nerve stimulation in rats with hypothalamic
islands. Acta Endocrinol., 78: 539-544.

FERNANDEZ DE MoLina, A., Kuno, M., and PerL, E. R. (1965) Antidromically
evoked responses from sympathetic preganglionic neurones. J, Physiol. (Lond.), 180:
321-335.

Franz, D. N, Evans, M. H., and PErL, E. R. {1966} Characteristics of viscerosym-
pathetic reflexes in the spinal cat. * Ama. J. Physiol., 211: 1292-1298.

FuLTon, J. F. (1949) Physiology of the Nervous System. 3rd ed., Oxford Univ. Press,
New York.

HaMmamura, M., SniBukl, K., and YacGi, K. (1984) Noxious inputs to supraoptic
neurosecretory cells in the rats. Newrosci. Res., 2: 49-61.

IriucHIIMA, J. and KuMapa, M. (1963) Efferent cardiac vagal discharge of the dog in
response to electrical stimulation of sensory nerves. Jpn. J. Physiol., 13: 599-604.
Isa, T., KUROsAWA, M., SATO, A, and SWENSON, R. 8. (1985) Reflex responses eveked
in the adrenal sympathetic nerve to electrical stimulation of somatic afferent nerves in
the rat. Neurosci. Res., 3: 130-144.

Ito, K., KasepA, M., SAT0, A., and TORIGATA, Y. (1978) Excitatory and inhibitory
electrodermal reflexes evoked by cutaneous stimulation in acute spinal cats. Jpn. J.
Physiol., 28: 737-747.

Ito, K., KM, P, SaT0, A, and ToriGata, Y. (1979) Reflex changes in gastric motility
produced by nociceptive stimulation of the skin in anesthetized cats. In: Integrative
Control Functions of the Brain, ed. by ITo, M., Kodansha Scientific, Tokyo, Vol. 11, pp.
255-256.

Ito, K., Sato, A., SHMAMURA, K., and SwensoN, R. S. (1984) Convergence of
noxious and non-noxious cutaneous afferents and baroreceptor afferents onto single
adrenal sympathetic neurons in anesthetized rats. Newrosci. Res., 1: 105-116.

JiniG, W. (1985) Organization of the lumber sympathetic outflow to skeletal muscle
and skin of the cat hindlimb and tail. Rev. Physiol. Biochem. Pharmacol., 102: 119—
213.

JANIG, W, SATO, A, and ScumipT, R. F. (1972) Reflexes in postganglionic cutaneous
fibres by stimulation of group I to group IV somatic afferents. Pffiigers Arch., 331:
244-256.

KAMETANI, H., SAaTO, A., SaTO, Y., and SmmPsoN, A. (1979) Neural mechanisms of
reflex excitation and inhibition of gastric motility due to stimulation of various skin
areas in rats. J. Physiol. (Lond.), 294: 407-418.

KAurMAN, A., SaTO, A., SATO, Y., and SuGiMoTo, H. (1977) Reflex changes in heart
rate after mechanical and thermal stimulation of the skin at various segmental levels in
cats. Newroscience, 2: 103-109.

KIRCHNER, F., SATO, A., and WemINGER, H. (1971) Bulbar inhibition of spinal and
supraspinal sympathetic reflex discharges. Pfiigers Arch., 326: 324-333.

Korzumr, K. and Brooks, C. McC. (1972) The integration of autonomic system

Vol. 37, No. 1, 1987



16

31

32.

33.

34,

35.

36.

37.

38.

39.

40,

41.

42.

43.

44,

45.

46.

47.

48.

A.SATO and R. F. SCHMIDT

reactions: A discussion of autonomic reflexes, their control and their association with
somatic reactions. Rev. Physiol. Biochem. Pharmacol., 67: 1-68.

Koizumi, K., CoLLin, R., Kaurman, A,, and Brooks, C. McC. (1970) Contribution
of unmyelinated afferent excitation to sympathetic reflexes. Brain Res., 200 99-106.
Korzumi, K. and Sarto, A. (1972) Reflex activity of single sympathetic fibres to
skeletal muscle produced by electrical stimulation of somatic and vago-depressor
afferent nerves. Pfliigers Arch., 332: 283-301.

Koizumr, K., Sa10, A., and TERUL, N. (1980} Role of somatic afferents in autonomic
system control of the intestinal motility. Brain Res., 182: 85-97.

KurGsawa, M., Sarro, H., Saro, A., and TsucHrya, T. (1985) Reflex changes in
sympatho-adrenal medullary functions in response to various thermal cutaneous
stimulations in anesthetized rats. Newrosci. Lett., 56: 149-154.

LincoLn, D. W. and WakKerLEY, J. B. (1974) Electrophysiological evidence for the
activation of supraoptic neurones during the release of oxytocin. J. Physiol. (Lond.),
242: 533-554.

McManon, S. B. and Morrison, J. F. B. (1982) Factors that determine the
excitability of parasympathetic reflexes to the cat bladder. J. Physiol (Lond.), 322:
35-43.

MENSE, S. (1977) Nervous outflow from skeletal muscle following chemical noxious
stimulation. J. Physiol. (Lond.), 267. 75-88.

Mensg, S. and ScHMIDT, R. F. (1974) Activation of group IV afferent units from
muscle by algesic agents. Brain Res., T2: 305-310.

Nosak A, 8., SaT0, A., and SHIMADA, F. (1980) Somatosplanchnic reflex discharges in
rats. J. Auton. Nerv. Syst., 2: 95-104.

PouLamN, D. A. and WaKERLEY, J. B. (1982} Electrophysiology of hypothalamic
magnocellular neurones secreting oxytocin and vasopressin.  Neuroscience, 7: 773-808.
SaT0, A. (1973) Spinal and medullary reflex components of the somato-sympathetic
reflex discharges evoked by stimulation of the group IV somatic afferents.  Brain Res.,
51: 307-318.

SAT0, A., Sat0, Y., and ScHMIDT, R. F. (1979) The effects of somatic afferent activity
on the heart rate.  In: Integrative Functions of the Autonomic Nervous System, ed. by
Brooks, C. McC., Koizumi, K., and Sato, A., Univ. of Tokyo Press, Tokye and
Elsevier/North-Holland Biomedical Press, Amsterdam, pp. 275-282.

SaTo, A., SaT0, Y., and Scamipt, R. F. (197%) Somatic afferents and their effects on
bladder function. In: Integrative Functions of the Autonomic Nervous System, ed. by
Brooks, C. McC., Koizumi, K., and Sato, A., Univ, of Tokyvo Press, Tokyo and
Elsevier/North-Holland Biomedical Press, Amsterdam, pp. 309-318.

SaTo, A., SaT0, Y., and ScuMiDT, R. F. (1984) Changes in blood pressure and heart
rate induced by movements of normal and inflamed knee joints. Newrosci. Lett., 52:
55-60.

Sarto, A., SATO, Y., and ScHMIDT, R. F. (1986) Catecholamine secretion and adrenal
nerve activity in response to movements of normal and inflamed knee joints in cats. .J.
Physiol. (Lond)), 375; 611-624,

Sato, A., SATO, Y., SCHMIDT, R. F., and TorIGATA, Y. (1983) Somato-vesical reflexes
in chronic spinal cats. J. Auton, Nerv. Syst., T 351-362.

SATO, A, SATO, Y., SHIMADA, F., and ToriGAaTa, Y. (1975) Changes in gastric motility
produced by nociceptive stimulation of the skin in rats. Brain Res., 87: 151-159.
Sat0, A., SAaTO, Y., SHIMADA, F., and Torigata, Y. (1975} Changes in vesical
function produced by cutancous stimulation in rats. Brain Res., 94; 465-474.

Japanese Journal of Physiology



49.

50.

51.

52,

53.

54,

55.

6.

57.

58.

59.

60.

61.

62.

63.

64.

SOMATO-VISCERAL REFLEXES 17

SaTo, A, SaTO, Y., SHIMADA, F., and TORIGATA, Y. (1976) Varying changes in heart
rate produced by nociceptive stimulation of the skin in rats at different
temperatures. Brain Res., 110: 301-311.

SaTo, A., 8aT0, Y., SUGIMOTO, H., and TERUL, N. (1977) Reflex changes in the urinary
bladder after mechanical and thermal stimulation of the skin at various segmental levels
in cats. Newroscience, 2: 111-117.

Sato, A. and ScHMIDT, R. F. (1966) Muscle and cutaneous afferents evoking
sympathetic reflexes. Brair Res., 2: 399-401,

SaTto, A. and ScHMIDT, R. F. {1971} Spinal and supraspinal components of the reflex
discharges into lumbar and thoracic white rami. J. Physiol. (Lond.), 212: 839-850.
Sato, A. and ScHmIDT, R. F. (1973} Somatosympathetic reflexes; Afferent fibers,
central pathways, discharge characteristics. Physiol. Rev., 53: 916-947,

Sato, A. and Swenson, R. S. (1984) Sympathetic nervous system response to
mechanical stress of the spinal column in rats. J. Manipulative Physiol. Ther., 7. 141-
147.

Sato, A., TsusHmMa, N., and Fummori, B. (1965} Reflex potentials of lumbar
sympathetic trunk with sciatic nerve stimulation in cats. Jpn. J. Physiol., 15; 532-539,
Sato, Y. and ScHaiBLE, H.-G. (1987) Discharge characteristics of sympathetic
efferents to the knee joint of the cat. J. Auton. Nerv. Syst., in press.

Sato, Y., ScHAIBLE, H.-G., and ScamipT, R. F. (1985) Reactions of cardiac postgan-
glionic sympathetic neurones to movements of normal and inflamed knee joints. J.
Auton. Nerv, Syst,, 12: 1-13,

Sat0, Y. and TeruL, N. (1976) Changes in duodenal motility produced by noxious
mechanical stimulation of the skin in rats. Newrosci. Lett., 2: 189-193.

Scamipt, R. F. and WELLER, E. (1970) Reflex activity in the cervical and lumbar
sympathetic trunk induced by unmyelinated somatic afferents. Brain Res., 24: 207—
218.

SeLL, R., ERDELYL, A, and ScHAEFER, H. (1958) Untersuchungen {iber den Einflul
peripherer Nervenreizung auf dic sympathische Aktivitdt. Arch. Ges. Physiol., 267:
566-581.

TakaGl, K. and Sakurar, T. (1950) A sweat reflex due to pressure on the body
surface. Jpn. J. Physiol., 1: 22-28.

Terur, N. and Koizumt, K. (1984) Responses of cardiac vagus and sympathetic nerves
to excitation of somatic and visceral nerves. J. Auton. Nerv. Syst., 10: 73-91.
WanG, G. H. (1964) The Neural Control of Sweating, Univ. Wisconsin Press,
Madison, Wis., pp. 1-130.

WEIDINGER, H., FEDINA, L., and KEHREL, H. (1963) Der Einflull von Adrenalin auf die
Titigkeit des “Sympathicus.” Arch. Ges. Physiol., 278: 229-240,

Vol. 37, No. 1, 1987



