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Multi-tasking in the spinal cord — do ‘sympathetic’
interneurones work harder than we give them credit for?

Susan A. Deuchars

Institute of Membrane and Systems Biology, University of Leeds, Leeds, West Yorkshire, LS2 9]T, UK

The role of interneurones in the control of sympathetic activity has been somewhat of a mystery
since, for many years, it was difficult to target these cells for study. Recently scientists have started
to unravel the action potential properties of these neurones, where they receive their inputs from
and where they project to. This review looks at the information known to date about sympathetic
interneurones. The locations of these neurones and their local axonal ramifications suggest that
they play a more widespread function than previously thought. Therefore the data to support

such a theory are also examined.
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Autonomic control of the cardiovascular system and many
other end organs is a major contributor to homeostasis in
all organisms. A principle means by which this is achieved
is through a complex interplay between the central and
peripheral nervous systems. A vital connection between
the CNS and the rest of the body is provided by the
sympathetic nervous system, one branch of the autonomic
nervous system, which influences virtually all tissues. By
learning more precise means of controlling the activity
of sympathetic outflow from the CNS, we can help to
restore homeostasis during stressful situations such aslocal
hypoxia or ischaemia.

Our understanding of the role that spinal cord circuits
play in controlling sympathetic outflow from the CNS
is perpetually changing as we unravel the complexities
of these circuits. We now know that the spinal cord
acts as much more than a relay for the transmission
of information between the brain and periphery as it
integrates, manipulates and even generates activity using
intrinsic complex neuronal circuits. This review focuses
firstly on the role of local interneurones in the spinal cord
circuitry and how they may contribute to sympathetic
outflow to the end organs. This is still an area of
controversy since many believe that such interneurones
are of minor importance unless some level of spinal
cord damage has occurred, whilst others consider that
they are vital components in the many, varied and
specific autonomic responses in both physiological and
pathophysiological states. Considering the importance
of the autonomic nervous system in maintaining
homeostasis, our understanding of this circuitry,
particularly the role of interneurones, is far from complete.
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Perhaps a more controversial and thought-provoking idea
is that such interneurones may in fact be crucial not only
for control and shaping of sympathetic activity but also
for determining and synchronizing the spinal responses,
beyond autonomic, that are associated with pain or
locomotion. With this last idea, perhaps the time has come
for us to stop trying to compartmentalize our thinking
on neurones, depending on our own area of interest,
and broaden our outlook regarding the function of such
interneurones. Only then are we likely to be able to
understand the complexities of spinal cord circuitry.

Evidence that interneurones comprise a component
in sympathetic circuitry

To start this section, first a reminder of how sympathetic
activity is controlled at the level of the spinal cord. The
outflow from the spinal cord in the control of sympathetic
activity arises from sympathetic preganglionic neurones
(SPNs) that provide the singular gateway between the
CNS and the peripheral nervous system in sympathetic
control. These are innervated by supraspinal inputs, which
in some circuits utilize interneurones as the final contact
with the SPNs, and by indirect pathways from afferent
inputs. Astonishingly, it is only in the last 15-20 years that
we have been able to pinpoint the location of interneurones
involved in sympathetic control and thus start to target
these interneurones for study. This is because it has been
difficult to identify these cells within the heterogeneous
population of neurones in the spinal cord. Studies utilizing
transneuronal tracers that cross the synapses between

DOI: 10.1113/jphysiol.2007.129429



724 S. A. Deuchars

SPNs and interneurones after injections into various end
organs have overcome these problems and reveal the
presence of interneurones in laminae V, VII and X and
also in the intermediolateral cell column region where
the majority of SPNs are themselves located (Strack et al.
1989a,b; Strack & Loewy, 1990; Cabot et al. 1994; Jansen
et al. 1995; Tang et al. 2004). Further, Deuchars et al.
(2005) demonstrate that some transneuronally labelled
interneurones in lamina X are inhibitory as they are
GABAergic (see Fig.1). These interneurones provide
ongoing drive to SPNs that is observed in spinal cord slices
in the form of EPSPs and IPSPs (Dun & Mo, 1989; Krupp
& Feltz, 1993; Lewis et al. 1993; Spanswick et al. 1994).

What influences the activity of these interneurones?

Sympathetic interneurones are innervated by both
supraspinal and afferent pathways which are key players
in maintaining sympathetic outflow. Stimulation of the
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lateral funiculus, which contains descending fibres that
innervate the autonomic regions of the spinal cord
(Dembowsky et al. 1985), elicits monosynaptic excitatory
and inhibitory responses in interneurones (Deuchars et al.
2001a; Brooke et al. 2004). Axons from the rostral ventro-
lateral medulla and corticospinal tract closely appose both
SPNs and interneurones and these may be influential in
amplifying or modulating the response at a spinal level
(Pan et al. 2005). In fact, interneurones may be the main
relay from the medial prefrontal cortex (which, when
stimulated, decreases blood pressure and heart rate) since
axons from this region are targeted to the central region of
the spinal cord (Bacon & Smith, 1993) where there are few
SPNs but many GABAergic presympathetic interneurones
that are likely to be the source of the inhibitory input to
SPNs (Deuchars et al. 2005).

If these interneurones are to be considered as critical
links in particular reflex responses to maintain homeo-
stasis, then it would be expected that activation of specific
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Figure 1. Identification of interneurones projecting to SPNs

A, transneuronal tracing (depicted in left panel) using pseudorabies viral injections into the adrenal gland labels
a neurone in lamina X of the spinal cord (arrow, middle panel) that contains the mRNA for GAD67 (arrow, right
panel). B, this interneurone was recorded in the intermediolateral cell column (IML) and the voltage responses to
hyperpolarizing and depolarizing current pulses are shown in the left panel. It was then filled and a drawing of
the filled neurone is shown on the right with axon and dendrites extending throughout the spinal cord. The inset
shows the photomontage of the filled soma and proximal dendrites.
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neuromodulatory receptors known to be influential in
descending pathways would also influence the activity of
the interneurones. This is indeed the case since activation
of receptors for neuromodulators such as substance P
(Dun & Mo, 1988; Cammack & Logan, 1996); adrenaline
(epinephrine) (Miyazaki et al. 1989); oxytocin and vaso-
pressin (Sermasi & Coote, 1994), angiotensin II (Lewis
& Coote, 1993) and 5-HT (Lewis et al. 1993) increase
inhibitory and in some cases also excitatory synaptic
activity onto SPNs via interneurones.

The actual contribution of spinal interneurones in
bulbospinal control of SPNs is unknown but they may
help to maintain and synchronize a particular input by
innervating a number of SPNs to amplify and prolong
the effect. Equally, the extensive arborization of inter-
neuronal dendrites suggests that one interneurone may
receive convergent information from both descending
and afferent regions, and filtering of information at the
interneuronal level will shape the final action potential
discharge patterns of SPNs.

Sympathetic activity is also influenced heavily by
incoming information from the somatic nervous system
and both innocuous and noxious stimulation will elicit
autonomic changes that have a spinal component.
Interneurones are vital components in these circuits
since there is no direct pathway from the primary
afferents onto SPNs (Petras & Cummings, 1972; Todd,
2002). Afferent stimulation can excite some presumptive
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Figure 2. Motor and sympathetic outflows
can be correlated at the spinal level

Top trace, raw nerve activity showing
correlation between activity in the femoral
motor nerve and abdominal sympathetic chain
during application of NMDA. Bottom trace,
cross correlogram of sympathetic activity
triggered from the peaks of motor activity
shows clearly the degree of correlation
between the 2 outflows. Adapted from Chizh
etal. (1998).
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sympathetic interneurones whilst others are inhibited with
a similar time course to the inhibition of SPNs, suggesting
disfacilitation of SPNs through inhibition of excitatory
interneurones (Wyszogrodski & Polosa, 1973). In the lower
thoracic spinal cord, noxious somatic stimulation elicits
responses in both IML and dorsal horn interneurones
which are excitatory or inhibitory depending on the
dermatome stimulated (Chau et al. 2000).

The role of spinal interneurones seems to alter and
indeed increase after any degree of spinal cord injury when
many of the supraspinal inputs are lost and autonomic
responses become exaggerated and/or inappropriate.
Interneurones immunoreactive for GAP43 (a marker
for reactive sprouting) increase with time after spinal
cord lesions (Weaver et al. 1997) and interneurones
exhibit exaggerated responses to somatic stimulation
(Krassioukov et al. 2002). There is a larger increase
in numbers of inhibitory over excitatory inputs onto
SPNis after spinalization (Llewellyn-Smith & Weaver, 2001)
suggesting that inhibitory interneurones play a prominent
role in sympathetic control after spinal cord injury.

What shapes the activity of sympathetic
interneurones?

From extracellular recordings in vivo and patch clamp
recordings in vitro the action potential properties and
discharge patterns of interneurones involved in autonomic
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control have been partially characterized. Some of
these interneurones discharge action potentials at high
frequencies (Deuchars et al. 2001b), which may be due
in part to the presence of the Kv3.1b voltage-gated
potassium channel subunit in interneurones but not
SPNs (Deuchars et al. 2001b; Brooke et al. 2002). In
vivo experiments show that these interneurones discharge
action potentials in correlation with sympathetic activity
(Chau et al. 2000; Miller et al. 2001; Tang et al.
2003) and can also exhibit action potential firing that
correlates with the cardiac cycle (Gebber & McCall,
1976; Barman & Gebber, 1984). Interneurones in the
intermediolateral cell column region of the spinal cord
can be reflexly inhibited by raised blood pressure and
activated by stimulation of sympathoexcitatory medullary
regions suggesting a sympathoexcitatory role (Gebber &
McCall, 1976; Barman & Gebber, 1984). Those in the
intermediomedial cell column are excited by stimulation
of the depressor region of the NTS indicating an
inhibitory role (McCall et al. 1977). It is also possible
to deduce whether interneurones are sympathoexcitatory
or inhibitory due to their pattern of correlation to
sympathetic nerve activity (Chau et al. 2000; Miller et al.
2001; Tang et al. 2003) and thus it was noted that
there were higher proportions of sympathoexcitatory over
sympathoinhibitory interneurones at the T10 level of the
spinal cord.

So these data suggest that sympathetic interneurones
are widespread throughout the spinal cord and may play
a prominent role in sympathetic control; however, should
we restrict our search for their function to the autonomic
nervous system?

Figure 3
Line drawing showing putative interneurones innervating SPNs and
motoneurones to synchronize outflow.
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A wider role for sympathetic interneurones?

It is always too easy to focus your mind just on questions
that seem pertinent to your area of interest and so we
study neurones in isolation or in the context of one
control system. For example, many studies have focused
on the roles of spinal interneurones exclusively in the
control of either motor or autonomic outflow but have
not necessarily considered whether such interneurones
may allow or facilitate interplay between the two output
systems. This is especially significant when considering
the organism’s response to pain or when preparing for
defence against another organism, when changes in cardio-
vascular and respiratory variables accompany movement
or preparation for movement. Indeed in any form of
exercise, there must be close co-ordination of muscle
control with that of autonomically mediated redistribution
of blood flow and changes in cardiorespiratory variables.
Thus, as the intensity of a motor task increases, so the
autonomic responses are increased to match demand.
This is thought to involve both higher centre command
regions, that co-ordinate motor and autonomic responses
and muscle reflexes that are triggered by the muscle
activity and feedback to increase autonomic outflow
(Kramer et al. 2000). To date, studies have focused
on identifying these rostral sites of synchronization or
central command regions and have identified a number of
neurones in the pontomedullary reticular formation that
may simultaneously target gastrocnemius motoneurones
and adrenal SPNs via direct collaterals (Kerman et al.
2003). Other neurones have been identified in the
pedunculopontine tegmental nucleus (PPN) and lateral
hypothalamus that were retrogradely double labelled after
injections of two different transneuronal tracers into the
motor cortex and stellate ganglion and these have been
classified as central commanders of autonomic and motor
outflow (Jansen et al. 1995; Krout et al. 2003). However,
here I would like to consider evidence for a role of
spinal interneurones in co-ordinating outflows and suggest
possible candidates for such a role.

In a spinal cord preparation, 5-HT and NMDA will
induce fictive locomotor activity and 5-HT has differing
effects on commissural interneurones that are implicated
in the co-ordination of left-right movements during
locomotion (Zhong et al. 2006). What is of particular
interest to this review is that spinal application of NMDA
and 5-HT also has profound effects on autonomic outflow
by inducing rhythmic sympathetic activity in intact and
spinalized rats (Madden & Morrison, 2006; Marina et al.
2006). However, what we need is evidence that motor
and automatic rhythmic activity can be coupled in
certain circumstances at the spinal level. This evidence is
provided in an elegant study using the spinal cord hind
limb preparation when application of NMDA induced
co-ordinated activity in motor and autonomic outflow
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(Fig. 2) measured as nerve activity since the preparation
was paralysed, thus removing interference from activation
of muscle reflexes (Chizh et al. 1998). The fact that this
co-ordinated activity occurs in a spinal cord hind limb
preparation shows clearly that the higher centres are not
always necessary for such synchronization and that the
spinal cord can generate coupling of outflows. In fact, it is
likely that there are components of the sympathetic/motor
circuitryin the spinal cord that are crucial in mediating this
co-ordination of outflows. Thus, neurones that contribute
to synchronization of outputs are also likely to exist in the
spinal cord, and interneurones in lamina X and the inter-
mediolateral cell column of the spinal cord may be perfect
candidates to fulfil this role (Fig. 3). In our own laboratory,
we have preliminary evidence that some of the labelled
interneurones in these regions have axons ramifying
in regions containing ventral horn motoneurones and
SPNs (see Fig. 1). Furthermore direct synaptic contacts
between a single filled interneurone and ChAT-positive
structures have been observed in both ventral horn and
intermediolateral cell column region (S. A. Deuchars, B.
Frater and J. Deuchars, unpublished observations).

We need other evidence to support such an idea of
spinal ‘synchronizing’ neurones in the spinal cord and
this is provided by both direct and indirect findings.
A study injected abductor caudae dorsalis muscle with
transneuronal tracers and combined this with a
sympathectomy that will prevent labelling of neurones
in sympathetic pathways innervating blood vessels in the
muscle whilst preserving labelling of neurones in the spinal
cord that are exclusively involved in the control of outflow
to muscle fibres. In this study some degree of labelling of
interneurones in autonomic regions of the thoracic spinal
cord remained (Jasmin et al. 1997). These may form a
subset of interneurones involved in both autonomic and
motor outflow that have long axon collaterals travelling
caudally to motoneurones. Further indirect evidence
comes from Kerman et al. (2003) who noted neurones
in the rostral ventrolateral medulla and A5 pontine region
that were double labelled after longer exposures to pseudo-
rabies virus (PRV) injections into both gastrocnemius
muscle and adrenal gland. Longer exposure times suggest a
less direct pathway involving other neurones —a possibility
may be infection of an interneurone in the spinal cord
that is common to both pathways. Some interesting
support for a wider role for lamina X interneurones comes
from Wilson et al. (2005) who identified interneurones
that were positive for homeodomain protein, Hb9.
This transcription factor is important during neuronal
development to consolidate motoneurone identity;
however, a small group of interneurones (located in
the medial portion of lamina VIII) also expresses this
protein. These interneurones display rhythmic activity
synchronous with ventral root rhythmic activity and were
classified as part of the circuit involved in locomotor
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activity (Hinckley et al. 2005). Of particular interest to
this review was the presence of a group of interneurones in
lamina X around the central canal located more rostrally at
thoracic levels (Wilson et al. 2005), which would equate to
the position of presympathetic interneurones (Deuchars
et al. 2005). If (as is likely) Hb9-positive interneurones
are associated with the generation of rhythmic locomotor
activity, then these Hb9-positive neurones in lamina X are
perfectly placed to generate rhythm not only in motor
outflow but also in sympathetic activity.

We also know that changes in motor and autonomic
outflow are often triggered in response to painful or
aversive stimuli; in fact, many interneurones involved in
either motor control or autonomic control respond to
noxious stimulation. In the lower thoracic spinal cord,
noxious somatic stimulation elicits responses that are
more varied and more complicated in intermediolateral
interneurones than dorsal horn interneurones and the
extentand nature of their receptive fields are more complex
(Chau et al. 2000). Perhaps some of these interneurones
also couple the two outflows in a co-ordinated response
to an aversive stimulus? Exercise and response to noxious
stimuli also involve the co-ordination of respiratory
and cardiovascular variables and much research has
been carried out to identify regions of cardiorespiratory
integration. At the upper thoracic spinal cord level,
interneurones, both those that exhibit respiratory-related
activity (Qin et al. 2002) and those that were not classified
as underlying a particular function (Euchner-Wamser
et al. 1993, 1994), respond to painful visceral and somatic
stimuli and these are located in the regions of the
spinal cord where sympathetic interneurones have been
identified. An attractive conjecture is that these project
both to motoneurones involved in respiration and SPNs.

Conclusion

This review has considered evidence that interneurones
form a vital link in the spinal cord circuitry involved
in autonomic control. It seems that the impact that
interneurones have in co-ordinating and controlling both
autonomic and perhaps motor activity is yet to be fully
appreciated and will form the basis for many future studies.
Such an understanding may lead to clearer paths for
control of aberrant responses when our vital homeostatic
processes are disturbed.
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