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The focus of this chapter is on the role of spinal neurons and spinal circuits antecedent to the sympathetic
preganglionic neurons (SPNs) in the control of tonic and reflex sympathetic discharge. Sympathetic discharge
can be generated by spinal circuits in the isolated spinal cord although the amount and temporal pattern of
sympathetic firing are different from that present when the neuraxis is intact. Spinal sympathetic reflexes with
excitatory and inhibitory components can be evoked by electrical stimulation of afferent nerves and by stimulation
of visceral and somatic receptors. Although several possible sources of tonic excitation of SPNs exist after loss
of supraspinal inputs, the most likely relates to activity within intrinsic spinal circuits. Anatomical,
electrophysiological and neurochemical data suggest the presence of interneurons in the spinal cord that excite
or inhibit SPNs. The sympathetic discharge generated by spinal circuits appears to have either limited or
excessive influence on the vascular or visceral targets innervated. Spinal cord circuits may provide some of
the selectivity responsible for differential central nervous system control of different components of sympathetic
outflow. This review provides evidence for spinal interneurons antecedent to the SPNs and suggests that they
may have an important role in the control of sympathetic discharge but reveals that much work is needed to
define their contribution to this control.
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INTRODUCTION

The ultimate integration of the central nervous system (CNS) control of sympathetic
neuron firing occurs within the neuropil of the spinal cord through actions of supraspinal
inputs, afferent inputs from dorsal roots and spinal interneurons upon the sympathetic
preganglionic neurons (SPNs). How these influences summate and interact with each other
is not well understood. The synaptic mechanisms controlling the preganglionic neurons
are only currently being revealed, the locations of the neurons providing direct input to
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the SPNs have not been determined definitively and many of the neurotransmitters or
neuromodulators used in these processes remain in question. The focus of this chapter
is on the role of spinal neurons and of spinal circuits antecedent to the SPN in the control
of tonic and reflex sympathetic discharge. Spinal circuits integrating the control of somatic
motor neurons will be described as models for the circuits controlling spinal sympathetic
neurons. No attempt was made to produce a thorough review of the literature relevant
to the organization of the spinal cord. Rather, works from the literature were quoted that
provide clear examples of principles of organization.

The reason for interest in this topic is that the function of these spinal circuits is to
couple activity in sensory and in supraspinal neuron systems to the SPN. Thus, some of
the properties of SPN responses to input from these systems may be dictated by the
properties of these spinal circuits. The situation for the SPN may be, therefore, analogous
to that of the o-motoneuron. It is now recognized that a number of o-motoneuron
responses to dorsal root or supraspinal input are not the result of activation of private
pathways connecting these inputs to the motoneuron, but rather of the activation of
common spinal circuitry, antecedent to the motoneurons, on which various inputs con-
verge. An example of this type of arrangement, for the a-motoneuron, is provided by the
cervical and lumbar propriospinal neuron nuclei which receive convergent input from a
variety of sources and send their output to the motoneurons (Baldissera, Hultborn and
Illert, 1981). Another example, also for the o-motoneuron, is the spinal circuit labelled
“locomotor oscillator” which in several animal species can be activated by spinal or
supraspinal input as well as by exogenously applied transmitters (Grillner, 1975). The term
“propriospinal” is used in anatomical texts (e.g. Cajal, 1909) to indicate spinal neurons
with axonal projections restricted to the spinal cord. After chronic dorsal rhizotomy and
high spinal transection, the axons of propriospinal neurons are preserved. Neuroanatomists
(e.g. Molenaar and Kuypers, 1978) classify these propriospinal axon systems into short
(extending 6 to 8 spinal cord segments) and long (extending 12 to 15 spinal cord segments)
systems. A functional demonstration of the existence of long propriospinal systems
controlling @-motoneurons was obtained by Lloyd and McIntyre (1948). In the acute, high
spinal cat, a stimulus to a cervical dorsal root facilitated the discharge not only of forelimb
oa-motoneurons but also of hindlimb o-motoneurons. The cell bodies of the latter are
approximately 20 spinal segments below the level of entry of the stimulated afferents.
This distance is believed to be well beyond the distance primary afferents project (Sugiura,
Terui and Hosoya, 1989). Similarly, a volley in the 7th lumbar dorsal root facilitated not
only the hindlimb but also the forelimb o~motoneurons (Gernandt and Megirian, 1961).
These investigations focused on spinal mechanisms coordinating fore- and hindlimb spinal
cord segments. Subsequently, anatomical and physiological investigations have identified
and described propriospinal systems which take part in the transmission of supraspinal
motor commands to a-motoneurons. An example of this kind of propriospinal system is
that made of short-axoned propriospinal neurons with cell bodies in the lateral part of
lamina VII of the C3 and C4 spinal segments (lateral cervical neurons). These neurons
receive convergent monosynaptic excitation from corticospinal, rubrospinal, bulbospinal
and tectospinal fibers, as well as from low threshold cutaneous and muscle afferents. The
axons of these propriospinal neurons run in the ventral part of the lateral funiculus and
evoke monosynaptic excitatory post-synaptic potential (EPSPs) in forelimb o~motoneurons
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(Illert et al., 1975). A medial and a lateral lumbar system of short-axon propriospinal
neurons has been described which mediates descending influences to hindlimb o-
motoneurons (Baldissera, Hultborn and Illert, 1981). In summary, this work shows that
some of the dorsal root and descending input to a-motoneurons is controlled and distrib-
uted by spinal neurons.

THE ISOLATED SPINAL CORD

SYMPATHETIC DISCHARGE GENERATED BY SPINAL CIRCUITS

Many preganglionic and postganglionic neurons maintain their tonic discharge and their
responses to peripheral afferent input after loss of supraspinal control. This suggests that
spinal circuits alone are capable of producing some control of sympathetic nerves. Tonic
sympathetic firing in spinal animals and in man has been studied by many investigators
since the demonstration of spontaneous discharge in cardiac sympathetic nerves after
cervical spinal cord transection (Alexander, 1945, 1946). Sympathetic firing is observed
acutely after transection of the spinal cord and continues for hours to months afterward
(Beacham and Perl, 1964b; Polosa, 1967, 1968; Brown and Malliani, 1971; Malliani
et al., 1971; Mannard and Polosa, 1973; Wyszogrodski and Polosa, 1973; Horeyseck and
Jdnig, 1974; Pagani et al., 1974; Janig and Spilok, 1978; Laskey, Schondorf and Polosa,
1979; Dembowsky et al., 1980; Janig and Kummel, 1981; Ardell, Barman and Gebber,
1982; Kummel, 1983; Malliani et al., 1983; McKenna and Schramm, 1983; Schondorf,
Laskey and Polosa, 1983; Stjernberg and Wallin, 1983; Wallin and Stjernberg, 1984;
Meckler and Weaver, 1985; Stjernberg, Blumberg and Wallin, 1986; Taylor and Schramm,
1987; Meckler and Weaver, 1988; Qu, Sherebrin and Weaver, 1988; Stein and Weaver,
1988; Stein, Weaver and Yardley, 1989; Weaver and Stein, 1989; Hayes, Yardley and
Weaver, 1991; Schramm and Poree, 1991). The amount of discharge and its temporal
- characteristics do not necessarily resemble those observed when the neuraxis is intact.
Probably these altered properties of sympathetic firing in the spinal animal or man reflect
the new importance of input from spinal afferents and from intrinsic spinal neurons to
provide exclusive control of sympathetic outflow.

Mass discharge of multifibre pre- or postganglionic nerves is often, but not always,
reduced and firing of single neurons also is often diminished or lost after blockade of
supraspinal sources of excitation. In cats, preganglionic axons in the greater splanchnic
nerve and postganglionic axons in the mesenteric and splenic nerves continue to fire after
cervical spinal cord transection (Figure 2.1) wherea$ discharge of cardiac, renal, gastric,
hepatic, adrenal and lumbar chain sympathetic nerves is markedly reduced (Alexander,
1945, 1946; Meckler and Weaver, 1985; Qu, Sherebrin and Weaver, 1988; Meckler and
Weaver, 1988; Stein and Weaver, 1988). Furthermore, intracellular recordings from
preganglionic neurons in the T3 spinal segment demonstrated a lower incidence of
ongoing EPSPs in spinal cats than in cats with intact neuraxes (Dembowsky, Czachurski
and Seller, 1985a). The lack of sympathetic discharge in spinal cats, reported in some
laboratories, has been attributed to differences in the preparation of the animal or in the
methods used for quantitation of discharge (Gootman and Cohen, 1981; Weaver and Stein,
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Figure 2.1 Oscillographic records of ongoing mesenteric and renal unit activity in two anaesthetised cats
before and 1 h after high cervical spinal transection. Each panel displays a tracing of neuronal activity at
a slow time base (horizontal calibration, 2 s), followed by a tracing of activity at a faster time base (horizontal
calibration, 10 ms), showing the contour of the action potential. Whereas transecting the spinal cord did not
affect the discharge rate of the mesenteric fibre, the renal unit ceased firing. The renal unit was induced
to fire by the intravenous injection of potassium chloride. From Stein and Weaver (1988), with permission.

1989; Zhong, Kenney and Gebber, 1991). In rats, discharge of renal and mesenteric
postganglionic nerves and of preganglionic T13 white rami is well maintained after
cervical cord transection (Figure 2.2), whereas firing of postganglionic splenic and lumbar
chain nerves and preganglionic splanchnic nerves is markedly decreased (Taylor and
Schramm, 1987; Hayes, Yardley and Weaver, 1991). In patients with traumatic spinal cord
injuries, spontaneous vasomotor discharge in skeletal muscle is much lower than in able-
bodied subjects (Wallin and Stjernberg, 1984; Stjernberg, Blumberg and Wallin, 1986).
Moreover, increases in urinary bladder pressure in these spinal patients cause only weak
increases in muscle sympathetic activity but do cause significant systemic hypertensive
reactions suggesting activation of other, more excitable, sympathetic nerves (Corbett,
Frankel and Harris, 1971; Corbett ez al., 1975; Stjernberg, Blumberg and Wallin, 1986).
These findings in several species including man reveal that, in varying degrees, tonic
excitation of spinal sympathetic neurons can occur through intraspinal mechanisms in-
dependent of supraspinal drive.

The temporal pattern of sympathetic firing changes markedly after interruption of
supraspinal input. When the neuraxis is intact, mass sympathetic discharge is grouped into
rhythmic bursts of low frequency (2—6 Hz) (Taylor and Gebber, 1975; Barman and Gebber,
1980). This low-frequency, rthythmic, synchronization of the firing of individual neurons
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Figure 2.2 Response of one anaesthetised rat to cervical spinal cord transection (C1X) A, systemic arterial
blood pressure is illustrated in the top panel. Integrated activity from renal (squares) and splenic (triangles)
nerves (recorded simultaneously) is illustrated in the second panel. Time is indicated beneath these panels.
PE indicates start of phenylephrine infusion, which was continued throughout the experiment. Letters above
each panel refer to time period in which neurograms in part B were taken. B, neurogram of renal (RNA)
and splenic (SNA) sympathetic nerves before (a) and 60 s (b), 5 min (c), 15 min (d) and 30 min (e) after
cord transection. Neurograms ¢ and d were taken at the end of each sample period. After the first minute
after transection, discharge was present in both nerves, but was particularly well maintained in renal nerves.
Vertical calibration is 20 uV. From Hayes, Yardley and Weaver (1991), with permission.

has a strong, characteristic, temporal relationship to the arterial pulse pressure and to the
cardiac cycle, mediated through the baroreceptor reflex. This baroreceptor-mediated
relationship of sympathetic discharge to the cardiac cycle is lost when bulbospinal path-
ways are interrupted and the low frequency synchronization of the mass discharge also
is decreased or lost (McCall and Gebber, 1975; Ardell, Barman and Gebber, 1982;
Stjernberg, Blumberg and Wallin, 1986; Taylor and Schramm, 1987; Stein, Weaver and
Yardley, 1989; Weaver and Stein, 1989). Although some rhythmicity remains, the main
component of this synchronization appears to be generated in the brainstem (Barman and
Gebber, 1980).

Sympathetic reflexes triggered by dorsal root afferents can be evoked easily in spinal
animals and man. In preparations with an intact CNS, electrical stimulation of peripheral
nerves and of dorsal roots causes excitatory and inhibitory responses of SPNs that are
mediated through spino-bulbo-spinal or through exclusively spinal pathways (Beacham
and Perl, 1964a,b; Fernandez de Molina and Perl, 1965; Coote and Downman, 1966;
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Franz, Evans and Perl, 1966; Koizumi et al., 1968; Coote and Downman, 1969; Coote,
Downman and Weber, 1969; Khayutin and Lukoshkova, 1970; Sato and Schmidt, 1971;
Koizumi and Brooks, 1972; Koizumi and Sato, 1972; Sato, 1972b; Sato and Schmidt,
1973; Lebedeyv, Skobelev and Bushmarina, 1974; Lebedev and Skobelev, 1975; Dembowsky
et al., 1980; Laskey, Schondorf and Polosa, 1979; Coote, 1984; Jinig, 1985, 1988). After
spinal cord transection in animals, the spinal reflexes evoked by such electrical stimulation
usually are enhanced, suggesting that, in preparations with an intact CNS, descending
pathways typically suppress them. Excitatory reflexes elicited by electrical stimulation
of dorsal roots appear greatest in nerves originating from spinal cord segments close to
the segment of entry of the stimulated afferent fibres, suggesting a dominant segmental
organization of the spinal sympathetic reflexes (Sato and Schmidt, 1971). However,
multisegmental responses can be evoked in acute spinal animals by stimulating somatic
and visceral peripheral nerves (Laskey, Schondorf and Polosa, 1979). A high proportion
of upper thoracic SPNs respond to electrical stimulation of the femoral and pelvic nerves
(Laskey, Schondorf and Polosa, 1979) and to urinary bladder distension (Schondorf,
Laskey and Polosa, 1983). Spinal sympathetic reflexes initiated by visceral receptor
stimulation are not necessarily dominant in the spinal segment in which the afferent
stimulus originates. For example, stimulation of cardiac receptors with bradykinin causes
greater responses of cardiac than renal sympathetic nerves but splenic nerves respond as
much as cardiac nerves (Weaver et al., 1983). This pattern of response occurs in spinal
animals and is identical to that produced before cervical spinal cord transection.
Sympathetic reflexes with excitatory and inhibitory components can be evoked by
stimulation of mechanoreceptors, chemoreceptors and nociceptors in many organs such
as the heart, kidney, spleen, intestine, urinary bladder and colon as well as in skin and
muscle (Mukherjee, 1957; Beacham and Kunze, 1969; Malliani, 1982; Malliani et al.,
1983; Schondorf, Laskey and Polosa, 1983; Iwamoto et al., 1985; Janig, 1985, 1986, 1988,
Meckler and Weaver, 1988; Stein and Weaver, 1988; Victor et al., 1989). These reflexes
can be unchanged, enhanced or changed in sign after the loss of supraspinal influences,
depending on the intensity and source of afferent stimulation and the time after spinal
cord transection. An example of reflexes which remain unchanged are the renal, mesenteric
and splenic nerve responses to noxious stimulation of splenic and intestinal receptors.
These responses in CNS-intact cats are equivalent in magnitude to the responses evoked
in spinal cats (Meckler and Weaver, 1988; Stein and Weaver, 1988). Enhanced reflexes
are seen in patients and rats in which, after spinal cord injury, distension of the pelvic
viscera or stimulation of skin mechanoreceptors can cause intense exaggerated reflex
discharge of sympathetic neurons throughout the spinal cord caudal to the injured segment
(Corbett, Frankel and Harris, 1971; Corbett et al., 1975; Wurster and Randall, 1975;
Mathias and Frankel, 1983, 1988, 1992; Janig, 1988; Osborn, Taylor and Schramm, 1990;
Krassioukov and Weaver, 1995). An example of reflex reversal is the case of stimulation
of visceral afferent nerves by contraction of the urinary bladder or colon, which causes
inhibition of firing of cutaneous sympathetic vasoconstrictor neurons in cats with intact
neuraxes but excitation of these neurons in chronic spinal cats (Jdnig, 1985).
Inhibitory influences on the preganglionic neurons can also be mediated through spinal
circuits. In chronic spinal cats with transections at C8 (Kirchner, Kirchner and Polosa,
1975; Kirchner, Wyszogrodski and Polosa, 1975), electrical stimulation of the thoracic
spinal white matter or of spinal nerves produced intense inhibition of sympathetic
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preganglionic activity. In acute spinal cats Wyszogrodski and Polosa (1973) observed
inhibition of preganglionic discharge after stimulation of somatic afferents. Furthermore,
in chronic spinal cats Janig (1985) noted inhibitory responses of cutaneous vasoconstrictor
neurons to innocuous stimulation of hair follicles and to noxious stimulation of the skin
with radiant heat or mechanical stimulation. The presence of excitatory and inhibitory
reflexes integrated within the spinal cord again demonstrates the existence of networks
of spinal neurons that can control sympathetic firing. Many questions can be asked about
these spinal neural circuits and most remain unanswered. Are they components of neural
pathways used by supraspinal and peripheral afferent systems that usually control sym-
pathetic discharge? Are their contributions to sympathetic control enhanced when de-
scending supraspinal influences are eliminated? Are they also components of other spinal
systems such as those mediating sensory transmission or motor responses?

SOURCES OF TONIC EXCITATION OF SYMPATHETIC PREGANGLIONIC
NEURONS AFTER LOSS OF SUPRASPINAL INPUT

The capacity for tonic discharge could be attributed to pacemaker-like properties of the
preganglionic neurons. In the slice of the thoracic spinal cord maintained in vitro, the
preganglionic neuron acquires pacemaker properties in the presence of catecholamines
(Yoshimura, Polosa and Nishi, 1987a,b). This pacemaker activity consists of a sponta-
neous oscillation of membrane potential which persists after blocking sodium channels
with tetrodotoxin and is presumably due to a slow inward calcium or other cation current.
This current causes a slow depolarization which may reach threshold and produce a burst
of firing. The burst is followed by a prominent hyperpolarization. The membrane oscillates
at frequencies ranging from 0.2 to 1.0 Hz and the oscillations are membrane potential
dependent. The oscillation stops when the membrane potential is depolarized above
—45 mV or when the membrane is hyperpolarized below —65 mV. A related observation
was made by Spanswick and Logan (1990) who recorded spontaneous bursts of firing
in lateral horn neurons in slices of rat spinal cord which persisted in calcium free medium.
These findings suggest that in some circumstances the SPN may generate its own dis-
charge but the importance of this potential pacemaker property in generating the tonic
activity observed in the isolated intact spinal cord remains unknown.

Ongoing firing of preganglionic neurons in spinal cats does not appear to be generated
to a great extent by dorsal root afferent neurons since the discharge of splenic sympathetic
nerves, that is particularly well maintained in spinal cats, is not affected by dorsal
rhizotomy of the thoracic and upper lumbar spinal segments (Meckler and Weaver, 1985).
In contrast, in rats with cervical cord transection, a component of the background dis-
charge of the renal nerves depends on afferent input as thoracolumbar dorsal rhizotomy
decreases renal nerve firing by about 25 percent (Taylor and Weaver, 1993). The dorsal
root input appears to be distributed to SPN projecting to only some sympathetic ganglia
and nerves, as discharge of the mesenteric nerves is unaffected by dorsal rhizotomy. The
discharge of postganglionic axons in the mesenteric nerve originates from spinal cord
sources because sectioning the greater splanchnic nerve or topical admuinistration of
lidocaine to the spinal cord almost completely blocks this firing (Weaver, unpublished
observations). It is of interest that the mesenteric nerve discharge is not only independent
of dorsal root input but, in the animal with an intact CNS, also of tonic supraspinal input
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(Hayes and Weaver, 1990). Because significant discharge of pre- and postganglionic
nerves is present after dorsal rhizotomy, presumably intrinsic neurons in the spinal cord
drive the SPNs. Such neurons may generate the excitatory drive in the absence of dorsal
root input. Evidence for this drive is the observation that, in the isolated spinal cord of
the rat, spontaneous firing of preganglionic neurons is blocked by the GABAg agonist
baclofen (McKenna and Schramm, 1984). Since the SPN has no GABAg receptors
(Inokuchi et al., 1992b), the drug is likely acting on neurons antecedent to the SPN.

Excitatory reflex responses of SPNs to dorsal root afferent stimulation also appear to
be transmitted using spinal cord interneurons. Such responses have been examined in
spinal animals, in a preparation of isolated but intact spinal cord and in thoracic spinal
cord slices. The latencies of most excitatory sympathetic responses to dorsal root afferent
stimulation are too long to be mediated by a monosynaptic reflex, and occur with incon-
stant latencies suggesting that interneurons must be interposed in this pathway (Beacham
and Perl, 1964a,b; Coote, Downman and Weber, 1969; Sato and Schmidt, 1973; Lebedeyv,
Skobelev and Bushmarina, 1974; Lebedev and Skobelev, 1975; McKenna and Schramm,
1983; Dembowsky, Czachurski and Seller, 1985a; Dun and Mo, 1988).

SENSITIVITY OF THE SPINAL CORD TO ARTERIAL BLOOD GASES

Sympathetic activity increases during systemic hypoxia and hypercapnia in acute C, spinal
cats, suggesting chemosensitivity of the isolated spinal cord, since no peripheral structure,
sensitive to O, and CO, and with reflex action on SPNs, has been described in such
preparations. The chemosensitivity may be a property of the SPN and/or of antecedent
spinal neuron systems. Some details of these findings are presented here. The firing rate
of tonically active strands of the cervical sympathetic trunk in acute C, or C, spinal cats
showed a direct relation to arterial PCO, in the range between 20 and 70 mmHg. A fourfold
increase in firing rate of sympathetic preganglionic units occurred between the lowest and
the highest arterial PCO, value (Zhang, Rohlicek and Polosa, 1982). During ventilation
with hypercapnic gas mixtures, hindlimb perfusion pressure increased in acute C; spinal
cats, showing that hindlimb resistance vessels are among the targets of the CO,-dependent
sympathetic discharge observed in this preparation (Rohlicek and Polosa, 1986). These
results are consistent with previous observations that superfusion of the dorsal surface
of the thoracic spinal cord with acidic hypercapnic cerebrospinal fluid in cats with spinal
cord transected at the T1 level caused an increase in the activity in the inferior cardiac
and vertebral nerve as well as an increase in systemic arterial pressure (Szulczyk and
Trzebski, 1976). The findings by Rohlicek and Polosa (1986) are also consistent with those
of Johnson, Crampton-Smith and Walker, (1969) who found that systemic hypercapnia
in cats with acute midcervical spinal transections was associated with an increase in
systemic arterial pressure, which was considered neurogenic since, after ganglionic block-
ade with hexamethonium, hypercapnia was associated with decreased systemic arterial
pressure. On the other hand, in acute C; spinal cats, the firing rate of tonically active
strands of the cervical sympathetic trunk was independent of PO, between 400 and
40 mmHg. At PO, below 40 mmHg firing rate increased as PO, decreased, reaching a
peak value of ten times control at PO, of 20 mmHg (Rohlicek and Polosa, 1981). Hindlimb
resistance vessels were targets of the hypoxic discharge of SPNs (Rohlicek and Polosa,
1986). These findings are consistent with previous work which suggested that the PO,
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of the spinal cord tissue may have an excitatory effect on SPNs (Brooks, 1935; Alexander,
1945). The significance of these observations is that they suggest that, in the isolated spinal
cord, generation of action potentials in the SPNs or in excitatory interneurons antecedent
to the preganglionics may result not only from dorsal root input or pacemaker activity,
but also from the PO, and PCO, levels in the neuron’s spinal cord environment.

EVIDENCE FOR SPINAL INTERNEURONS MEDIATING
EXCITATORY OR INHIBITORY INFLUENCES ON
SYMPATHETIC PREGANGLIONIC NEURONS

ANATOMICAL STUDIES

Interneurons that are part of spinal circuits controlling motor neurons have been studied
extensively using electrophysiological, neurochemical and anatomical techniques. Exam-
ples are the Renshaw cells and the 1A inhibitory interneurons (for review, see Baldissera,
Hultborn and Illert, 1981). In contrast, information about spinal interneurons in the control
of autonomic function is only of an indirect nature. Some anatomical findings are con-
sistent with the presence of spinal interneurons antecedent to the preganglionic neurons.
The earlier evidence is from degeneration studies. Chung et al. (1979) showed that lesions
of vasopressor pathways in the dorsolateral funiculus of the cat spinal cord at the C6—
C7 level cause ipsilateral degeneration in the dorsolateral funiculus and in the central
portion of the intermediate spinal gray matter (Rexed’s laminae V, VI, VII) of spinal
segments C7-L3 with little or no degeneration in the intermediolateral cell column (IML),
the nucleus of the spinal gray matter containing the highest density of SPN somata. The
exclusion of the IML from the distribution of degenerating fibres suggests that these
descending pathways do not terminate on the soma or proximal dendrites of SPNs but
instead terminate on more distal SPN dendrites or on interneurons. Petras and Cummings
(1972) studied the cytoarchitectonics of the spinal cord of rhesus monkey after
sympathectomy and dorsal rhizotomy. Preganglionic neurons were identified by the
chromatolysis that follows axotomy and the terminals of dorsal root axons were identified
with stains for degenerating terminals. No evidence was found of dorsal root afferent
connections with the somata or proximal dendrites of SPNs. The results were interpreted
to mean that reflex pathways from dorsal root afferents to preganglionic neurons are
polysynaptic and use interneurons possibly located in the intermediomedial region of the
gray matter and/or in the dorsal horn.

Interpreting the absence of degenerating terminals in the IML as absence of monosynaptic
connections of primary sensory afferents with preganglionic neurons is consistent with
morphological data obtained from cats showing that the main dendrites of preganglionic
neurons are oriented rostrocaudally and are primarily restricted to the IML (Rethelyi,
1972; Dembowsky, Czachurski and Seller, 1985b). Recent morphological studies of the
dendritic arborizations of rat SPNs show that the neurons in the IML may be contacted
by presynaptic axons terminating medially to this nucleus. Bacon and Smith (1988)
labelled neurons with a conjugate of horseradish peroxidase and cholera toxin B-chain
to achieve very detailed labelling patterns. They described extensive arborizations of SPN
dendrites in rats that extended medially toward the central canal, sometimes extending
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across the midline into the intercalated region of the contralateral side. These medially-
directed dendritic projections then took a longitudinal course and ran parallel to the IML
and central autonomic region. Other dendrites projected laterally across the entire lateral
funiculus. Yet others took the longitudinal course within the IML as described previously
by Rethelyi (1972) and Dembowsky, Czachurski and Seller (1985b). Dehal et al. (1993)
used transynaptic transport of herpes simplex virus from the kidney to study renal
preganglionic neurons and also found elaborate dendritic arbors that extended into the
lateral funiculus, into the intermediate grey matter and produced a rostrocaudal trajectory
along the lateral edge of the intermediate grey matter. In a study of neonatal rat spinal
cord, preganglionic neurons were labelled with intracellular injections of horseradish
peroxidase and some dendritic arborizations were observed to extend rostrocaudally
whereas others coursed mediolaterally extending from the lateral surface of the cord to
the central canal (Forehand, 1990). Preganglionic neurons were also labelled intracellularly
with Lucifer yellow dye in slices of neonatal rat spinal cord and again, the dendritic
domain was found to extend towards the central canal and to the lateral white matter (Shen
and Dun, 1990). In adult rabbits, dendrites of preganglionic neurons labelled with horse-
radish peroxidase projected both longitudinally and medially, sometimes crossing into the
contralateral hemicord (Vera et al., 1986; Vera, Hurwitz and Schneiderman, 1990). Avian
SPNs (in the column of Terni) labelled intracellularly with horseradish peroxidase had
dendritic processes projecting rostrocaudally, laterally and contralaterally (Cabot and
Bogan, 1987). Differences in the dendritic tree of the SPN described in different studies
may relate to projection patterns specific to the species used in each study. Because of
these recent results, the earlier degeneration studies appear inconclusive, and cannot rule
out the possibility of monosynaptic connections between dorsal root afferents and SPNs
in some species.

Positive identification of interneurons antecedent to the SPN can be accomplished by
transsynaptic transport of a label from the preganglionic neuron to the interneuron. Cabot
et al. (1991) used retrograde and transneuronal transport of the fragment C of tetanus toxin
in pigeons to label SPNs, terminals within the sympathetic neuropil and neurons outside
the boundaries of the spinal sympathetic nuclei. The regions showing evidence of
transsynaptic and transneuronal label were dorsal to the column of Terni (the locus of
the majority of SPNs in this species) and in laminae V and VII. These neurons and fibres
were co-extensive with the retrograde pattern of labelling of SPNs, were segmental in
organization and were thought to provide synaptic input to the SPNs. In a companion
electron microscopic study, these investigators found that the punctate tetanus toxin
labelling in the sympathetic neuropil was contained within synaptic terminals (Cabot,
Mennone and Carroll, 1987). The transsynaptic labelling accomplished by this method
appears to be specific and not limited to particular subgroups of SPNs or antecedent
neurons. The method is limited by the weakness of the intracellular labelling of neurons
that results from transsynaptic transfer of the C-fragment of the tetanus toxin. In a recent
study, Cabot et al. (1994) used retrograde and transneuronal transport of wheat germ
agglutinin and of the B subunit of cholera toxin to identify T1-T2 thoracic preganglionic
neurons and antecedent interneurons in rats. Preganglionic neurons contained both mark-
ers whereas transneuronally labelled neurons contained only the wheat germ agglutinin
and were found only in T1 and T2 spinal cord segments mostly in the dorsolateral re-
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gion of lamina V, in the most lateral portion of lamina IV and in the lateral aspects of
lamina VII. These neurons were ipsilateral to the retrogradely labelled preganglionic
neurons. These studies provide a morphological demonstration of interneurons that may
be in the path from dorsal root afferent or supraspinal inputs to the SPN.

The sensitive method of identifying synaptic pathways through retrograde and trans-
synaptic transport of neurotropic viruses may reveal spinal interneurons more readily. The
presence of these viruses in neurons can be detected readily using conventional immuno-
histochemical techniques. Two viruses, herpes simplex type 1 and herpes suis (pseudorabies),
have been used successfully to trace synaptic pathways through the CNS (for reviews see
Kuypers and Ugolini, 1990; Strack and Loewy, 1990). The viruses are taken up by neurons
by a receptor-mediated process and are transported to the nucleus where they replicate.
New virions are released from the nucleus and transported to the cell surface where release
into the extracellular space occurs. The process of uptake and release is repeated, resulting
in transport of the virus across several, possibly all, synapses of a given neural pathway.
For example, herpes simplex virus type 1 has been shown to travel through chains of
neurons in known sensory and motor pathways from the hindlimb to the sensorimotor
cortex (Ugolini, Kuypers and Strick, 1989), from nasal membranes to trigeminal sensory
neurons, specific brainstem nuclei and the contralateral thalamus (Martin and Dolivo,
1983), from hypoglossal nerves to brainstem neurons known to project to these nerves
(Ugolini, Kuypers and Simmons, 1987) and through specific, previoysly defined, synaptic
links in olfactory and visual pathways (McLean, Shipley and Bernstein, 1989). Strack and
Loewy (1990) studied the specificity of retrograde transsynaptic transport through sym-
pathetic pathways of the pseudorabies virus from the eye and ear to the superior cervical
ganglion and then to the upper thoracic spinal preganglionic neurons. The virus labelled
exclusively pre- and postganglionic neurons innervating the ear or the eye.

The pseudorabies virus has been used to study central sympathetic pathways. In a series
of studies in the rat, retrograde transport of pseudorabies virus from sympathetic prevertebral
ganglia to the somata of SPNs revealed many more neurons in the central and intercalated
spinal autonomic nuclei than retrograde transport of fluorescent dye had demonstrated
in previous studies (Strack et al., 1988, 1989a,b). The greater numbers of neurons may
reflect transsynaptic labelling of interneurons antecedent and adjacent to the SPN in these
nuclei. Alternatively, the virus may simply have been taken up more effectively than
fluorescent dyes by the preganglionic axons and so have labelled more cells. A study by
Schramm et al. (1993) demonstrated SPNs in the IML of the T7-T13 spinal segments
after injections of pseudorabies virus into the kidney. Neurons medial to the IML were
also infected and were proposed to be interneurons antecedent to the preganglionic
neurons. When such putative interneurons were infected, infected neurons were also found
in the dorsolateral funiculus of the cervical spinal cord. These findings are consistent with
the hypothesis of a sympatho-inhibitory spinal system made of two sets of interneurons,
one situated in the cervical spinal cord segments and the other located close to the SPNs
in the thoracic segments (Schramm and Poree, 1991). Recently the herpes viruses have
been used to identify sympathetic interneurons specifically which permitted their locations
and chemical characteristics to be determined. Rotto-Percelay et al. (1992) studied the
distribution of sympathetic preganglionic neurons and spinal interneurons labelled after
injection of pseudorabies virus into rat hindlimb muscle. Labelling of interneurons was
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found in the ipsilateral lumbar cord, extensively in laminae V, VI and VII and less
extensively in lamina X and in the dorsal horn. The method of injection of virus into
muscle limited this study because the interneurons identified may have been associated
with virus-infected motoneurons or sympathetic preganglionic neurons. Interneurons
antecedent to adrenal sympathetic preganglionic neurons were identified by Joshi et al.
(1995) using transynaptic transport of herpes simplex virus type 1 in hamsters. These
interneurons were located mostly in laminae V and VII, were round in shape, were smaller
than preganglionic neurons and had multiple fine processes (Figure 2.3). Jansen, Wessendorf
and Loewy (1995) also found transynaptically labelled interneurons in the cervical,
thoracic and lumbar spinal cord segments of rats after injecting pseudorabies virus into
the stellate ganglion. These interneurons were again located mostly in thoracic segments
in laminae V and VIL

The methods for transsynaptically identifying interneurons antecedent to the SPN are
new and sufficiently difficult that neurotransmitter candidates within these neurons have
not yet been systematically investigated. Immunocytochemical analyses were done to
assess neurochemicals in some of the sympathetic interneurons studied by Jansen,
Wessendorf and Loewy (1995). They found enkephalin, somatostatin and substance P
immunoreactivity in these neurons. Other studies have provided circumstantial evidence
for other transmitters and modulators that prompts further investigation. Light and electron
microscopic studies of SPNs in pigeons and rats have revealed GABA-like immunoreactivity
in many axon terminals contacting the SPNs (Bacon and Smith, 1988; Bogan, Mennone
and Cabot, 1989). Fibers and neurons containing GABA-like immunoreactivity were
found close to and within the sympathetic neuropil in both species. In an ongoing electron
microscopic study by Llewellyn-Smith and Weaver, immunoreactivity for glutamate and
GABA was demonstrated in terminals synapsing on mid- and lower thoracic cholera toxin-
labelled SPNs one and two weeks after spinal cord transection at the fifth thoracic segment
in rats. Similarly, glycine has been proposed as an inhibitory neurotransmitter in the rat
lateral horn (Mo and Dun, 1987b) and glycine-like immunoreactivity has been found in
processes synaptically contacting SPNs, in fibres in the sympathetic neuropil and in
neurons immediately dorsal, medial and ventral to the principal spinal autonomic nucleus
(Cabot, Alessi and Bushnell, 1992). These data suggest that interneurons synapsing on
SPNs likely contain the well-known excitatory and inhibitory amino acids glutamate,
glycine and GABA.

The catecholamine synthetic enzyme tyrosine hydroxylase was also present in synapses
on cholera toxin-labelled SPNs in the spinal rats studied by Llewellyn-Smith et al. (1995)
and in putative interneurons in the intermediomedial grey matter. Cassam and Weaver
(1995) found fibers immunoreactive for the catecholamine synthesizing enzyme dopamine
beta hydroxylase surrounding Fluoro Gold labelled SPNs in the mid- and lower thoracic
cord in rats one and two weeks after cord transection at the fifth thoracic segment. Neurons
immunoreactive for dopamine beta hydroxylase were also found in the intermediomedial
grey matter of spinal segments caudal to the transection in these rats. Other studies of
interneurons in the cord also provide evidence that dopamine (Mouchet ez al., 1986, Ridet
et al., 1992) is an intraspinal neurotransmitter. Fibers and neurons immunoreactive for
serotonin also have been identified in laminae VII and X of spinal segments caudal to
spinal cord transections and hemisections in rats (Newton, Maley and Hamill, 1986;
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Figure 2.3 Photomicrographs of horizontal sections of the 8th thoracic spinal cord segment of a hamster.

Neurons are infected with herpes simplex type 1 virus transported from an injection of the virus into the

adrenal gland. The virus was demonstrated immunocytochemically. The neuron in A is an SPN in the nucleus

intermediolateralis pars principalis (IML) that has been infected. Putative interneurons in the more medial

nucleus intercalatus (IC) that have been infected transynaptically are shown in panels B and C. Note the

difference in size, shape and pattern of processes between the SPN and putative interneurons. Calibration
bar equals 50 gm and refers to all panels. From Joshi et al. (1995), with permission.
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Newton and Hamill, 1989). These locations are consistent with projections to SPNs. In
total, evidence from several laboratories suggests that an intraspinal catecholaminergic
system of interneurons and fibers exists that likely provides inputs to SPNs.

Substance P-containing synaptic contacts onto SPNs have been identified (Bacon and
Smith, 1988). Substance P-containing fibres and neurons are present in the sympathetic
neuropil and remain in chronic spinal animals and after dorsal rhizotomy (Barber et al.,
1979; Davis and Cabot, 1984; Davis et al., 1984; Oldfield, Sheppard and Nilaver, 1985;
Bacon and Smith, 1988; Cassam and Weaver, 1995). Substance P-containing spinal
neurons throughout the gray matter near the sympathetic neuropil have also been reported
by several investigators (Nagy et al., 1985; Oldfield, Sheppard and Nilaver, 1985).

Finally, in an immunocytochemical study of rat spinal neurons containing choline acetyl
transferase, Barber ef al. (1984) identified a group of neurons within the intermediate and
central grey matter throughout most of the spinal cord that they termed partition cells
because of morphological characteristics different from those of SPNs. As SPNs were not
identified with retrograde markers in this study, these partition neurons may have been
a subgroup of SPNs. However, the possibility that they were antecedent cholinergic
interneurons remains and could readily be investigated. This possibility is of particular
interest since in the spinal cord slice of the adult cat SPNs respond to exogenous ace-
tylcholine with a slow depolarization which is blocked by atropine, hence appear to
express muscarinic receptors (Yoshimura and Nishi, 1982).

ELECTROPHYSIOLOGICAL STUDIES

Considerable evidence of the existence of spinal interneurons antecedent to sympathetic
preganglionic neurons comes from electrophysiological studies. The discharge of spinal
cord neurons postulated to be interneurons in excitatory and inhibitory pathways to the
SPN has been recorded in vivo in rats and cats and also in slices of rat spinal cord.

The excitatory interneurons in a spinal reflex path

The existence of these interneurons was first postulated in connection with somato-
sympathetic reflexes (Beacham and Perl, 1964a,b). In acute spinal cats stimulation of a
thoracic dorsal root evoked discharges in single preganglionic axons of the white ramus
of the same segment. The discharges were polysynaptic since they had long, variable
latencies in successive trials and failed to follow stimuli delivered at high frequency. Thus,
interneurons must be interposed between dorsal root afferents and the SPN. In the spinal
cord of the cat, the interneurons may be in the spinal cord segment of afferent input and
output or in different segments. In more recent experiments using the slice of the neonatal
rat thoracic spinal cord, stimulation of the dorsal root evoked polysynaptic (variable
latency, variable configuration) fast EPSPs in the SPN (Mo and Dun, 1987a). Since the
slice is thinner than a spinal segment, this observation proves that the reflex path between
the dorsal root and the SPN is completed by segmental interneurons, while not excluding
the possibility that some of the interneurons completing the path from dorsal root to SPNs
of the same segment are outside that segment. In this same study SPN responses appeared
to be mediated by N-methyl-D-aspartate (NMDA) receptors suggesting that the neurons
antecedent to the SPN release glutamate or aspartate. These experiments could not dis-
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Figure 2.4 Comparison of spontaneous discharge patterns of antidromically identified preganglionic neuron
(PSN) and non-antidromically excited neurons (sympathetic interneurons, SIN) located in the vicinity of
intermediolateral cell column in an anaesthetised cat. A—C: PSN. D-F: SIN. Top trace in each panel is blood
pressure. Bottom trace shows unitary discharges. Blood pressure (mmHg) was (A) 160/120; (B) 170/120;
(C) 125/70; (D) 160/125; (E) 185/145; (F) 165/115. The overall firing frequency of both PSNs and SINs
correlated with the level of arterial pressure. Vertical calibration is 200 uV for panel A, 100 uV for panels
B-E and 400 pV for panel F. Horizontal calibration is 100 ms for panels A—E and 50 ms for panel F. From
Gebber and McCall (1976), with permission.

tinguish whether the excitatory amino acid candidates were in the primary afferent
terminals or in interneurons.

The excitatory interneurons in descending paths

SPN firing in response to stimulation of supraspinal structures appears to be mediated
mainly through polysynaptic pathways. Stimulation of the dorsolateral funiculus of the
white matter of the cervical spinal cord in CNS-intact and in C;-spinal cats evoked EPSPs
in SPNs of the T3 spinal segment (Dembowsky, Czachurski and Seller, 1985a). Although
some EPSPs recorded in the spinal cats had a relatively fixed onset latency suggestive
of monosynaptic generation, most of the EPSPs recorded in the spinal and CNS-intact
cats had variable onset latency consistent with polysynaptic generation. At this stimulus
site pathways descending from supraspinal neurons as well as from propriospinal neurons
would be activated. The variability in onset latency suggests the presence of spinal
interneurons in these pathways. Morrison and Reis (1991) studied the responses to
electrical stimulation of the rostral ventrolateral medulla of single SPNs in the rat. The
neurons were excited within a wide range of onset latencies. In each neuron there was
considerable variation in the latency on repeated trials. Even in the group with the least
variable latency, the variations in onset latency were greater than could be expected in
a monosynaptic pathway. .

The discharge of putative excitatory interneurons, antecedent to the SPN, in the vicinity
of the IML in the T3 spinal segment of the cat, was recorded by Gebber and McCall (1976)
and by Barman and Gebber (1984). The spontaneous firing of these neurons, which could
not be induced antidromically by stimulation of the T3 white ramus, was correlated with
the spontaneous activity in the cardiac sympathetic nerves and with the R-wave of the
electrocardiogram and occurred in bursts with short interspike intervals (Figure 2.4).
These neurons were excited by electrical stimulation of medullary sympathoexcitatory
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sites with latencies almost identical to those of SPNs of the same segment. The firing
of these cells was inhibited by stimulation of medullary vasodepressor sites and by
activation of arterial baroreceptor afferents. In rats, Poree and Schramm (1992) recorded
from caudal thoracic spinal neurons in the gray matter dorsal to lamina VIII. These neurons
fired spontaneously at rates higher than those of SPNs and were excited by stimulation
of splanchnic and cutaneous afferents. Electrical and chemical stimulation of the cervical
spinal cord inhibited the firing of these neurons as it does the discharge of the renal
sympathetic nerves. These neurons could be interneurons antecedent to the SPNs con-
trolling renal postganglionic nerves.

A recent investigation in the slice of the T2 or T3 spinal segment of adult cat (Inokuchi
et al., 1992a) showed that stimulation of the dorsolateral funiculus of the cord, where
several axon systems from supraspinal structures are located (Illert and Gabriel, 1972),
produces monosynaptic EPSPs mediated mainly by non-NMDA receptors as well as Ca-
dependent efflux of glutamate and aspartate from the IML. Thus, these two amino-acids
are likely mediators of the excitation of SPNs by descending inputs (see also Morrison
et al., 1989a,b).

Other evidence of excitatory interneurons

In the spinal cord slice of the adult cat, superfusion with excitatory amino acids like
glutamate or aspartate produces depolarizations of SPNs which in some cases are blocked
by tetrodotoxin or low Ca (Inokuchi and Yoshimura, personal communication). This
suggests that the SPN depolarization was mediated by the firing of segmental excitatory
interneurons, antecedent to the SPN. Moreover, it suggests that these interneurons have
receptors for excitatory amino acids.

Inhibitory interneurons

The existence of spinal inhibitory interneurons antecedent to the SPN has been postulated
for both the reflex paths from dorsal root afferents and the descending pathways from
supraspinal structures. Electrical stimulation of the thoracic spinal white matter in chronic
spinal cats with low cervical transections produces intense inhibition of SPN activity
(Kirchner, Wyszogrodski and Polosa, 1975). Stimulation of afferent nerves or dorsal roots
inhibited SPN firing in unanaesthetized, decapitate cats (Beacham and Perl, 1964b). These
findings suggested that the inhibitory coupling between supraspinal levels and SPNs is
mediated, in part, by spinal neuron systems which survive below a chronic spinal section.
This result could be due to excitation of primary afferents or to antidromic excitation of
ascending pathways. However, since all primary afferents are excitatory, and since second
order neurons of ascending pathways are also assumed to be excitatory, an inhibitory
interneuron must exist in these pathways to produce the inhibition of SPN firing. A similar
conclusion was reached in a study by Wyszogrodski and Polosa (1973) on the basis of
the observation that SPN inhibition is recorded in the acute spinal cat in response to
stimulation of somatic or visceral afferent nerves. Since primary afferents are excitatory
only and the animals in that study were spinal, an inhibitory interneuron must exist in
the spinal cord. McCall, Gebber and Barman (1977), explored the intermediate gray matter
of the cat spinal cord to search for interneurons that mediate the spinal component of the
inhibitory baroreceptor reflex. Spinal neurons were found that stopped firing when
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Figure 2.5 A: Interruption of discharge of a spinal neuron during bilateral carotid occlusion in an anaesthetised
cat. This procedure eliminates arterial baroreceptor inputs to neurons in the brainstem and spinal cord. Top
trace is arterial blood pressure (mmHg). Bottom trace shows 5-V pulses from window discriminator monitoring
neuron discharge. Period of carotid occlusion is shown by bar beneath time base (1s/division). Elimination
of baroreceptor input to the spinal neuron caused it to stop firing. B: Distribution of recording sites in zona
intermedia of 3rd thoracic segment for neurons whose discharges were interrupted by bilateral carotid
occlusion. DH is dorsal horn, IML is intermediolateral horn, VH is ventral horn. Modified from McCall,
Gebber and Barman (1977), with permission.

baroreceptors were unloaded by carotid occlusion (Figure 2.5), fired with a fairly fixed
temporal relationship to the electrocardiogram and were activated by stimulation of
depressor sites in the nucleus tractus solitarius. The firing behaviour of these neurons could
be due to excitation by arterial baroreceptor afferents and therefore these neurons were
considered to be inhibitory interneurons in the baroreflex pathway, antecedent to the SPN.



46 CENTRAL NERVOUS CONTROL OF AUTONOMIC FUNCTION

Control WWY'WWW“T

LOW C32+ g e S e

Wash WWWT‘Y“

_ liomv
30ms | 0™

Wash v vy e e e

Figure 2.6 High frequency discharge of spontaneously occurring unitary inhibitory post-synaptic potentials

in a rat sympathetic preganglionic neuron. Recordings were made from transverse sections of thoracolumbar

spinal cord taken from a neonatal rat. Small, discrete hyperpolarizing potentials occurred at a relatively high

frequency in this otherwise quiescent neuron that had a resting membrane potential of —53 mV. Without

causing a detectable change of resting membrane potential, low Ca?* (0.25 mM) or tetrodotoxin (TTX)

(0.1 uM) reversibly eliminated the unitary inhibitory postsynaptic potentials. Recordings were made from
the same neuron. From Dun and Mo (1989), with permission.

Indirect demonstrations of segmental inhibitory interneurons have been obtained from
observations in spinal cord slices from neonatal rats (Dun and Mo, 1988, 1989; Spanswick
and Logan, 1990; Spanswick et al., 1994) or adult cats (Inokuchi et al., 1992). Sponta-
neously occurring unitary inhibitory post-synaptic potentials were recorded in some SPNs
(Figure 2.6). Furthermore, superfusion of the slice with excitatory amino acids or with
substance P produced membrane hyperpolarizations in SPNs which were blocked by
tetrodotoxin or low Ca. The responses were also blocked by glycine or gamma amino
butyric acid (GABA) receptor antagonists, suggesting that they were the result of the firing
of inhibitory interneurons antecedent to the SPN.

The issue of a recurrent inhibitory circuit activated by intraspinal collaterals of SPN
axons

The simplest, entirely spinal, synaptic pathway associated with a-motoneurons is the
recurrent inhibitory circuit made of the motor axon recurrent collaterals and of the spinal



