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Spinal shock remains an enigma. To date there has been no convincing
explanation of the recovery of reflexes following their complete abolition.
Volume transmission includes both the activation of extrasynaptic receptors, and
activity induced by substances diffusing into synaptic clefts via the extracellular
fluid. A brief review of non synaptic transmission is given, and a review of
spinal shock. We suggest that the recovery of reflexes in spinal shock may be
related to the up regulation of receptors, resulting in increased sensitivity to
neurotransmitters and other neuroactive substances released at the surviving
synapses, or elsewhere, and transported in the extracellular fluid.

Further understanding of spinal shock would give both practical help for the
patient and have academic implications for the scientific basis of neurological

rehabilitation.
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Introduction

Spinal shock remains an enigma which
challenges the neurophysiologist and the
clinical neurologist; its solution would both
give practical help for the patient and have
academic implications for the scientific basis
of neurological rehabilitation.

Spinal shock is the term used to signify
the effect of sudden injury or transection of
the spinal cord. It is characterised by sen-
sory and motor loss and, later, gradual
recovery of reflexes. To date there has not
been a convincing explanation of the re-
covery of reflexes following their complete
abolition. We suggest in this speculative
synthesis that the recovery of reflexes may
be related to the up regulation of receptors
in synapses and on the surface of partially
denervated spinal cord cells, resulting in
increased sensitivity to neurotransmitters
and other neuroactive substances released
at the surviving synapses or elsewhere and
transported in the extracellular fluid. This
leads to non synaptic neurotransmission.

Non synaptic transmission

Non synaptic (or extrasynaptic) transmis-
sion has also been called volume transmis-
sion, a term proposed by Fuxe and Agnati,1
for electrical and chemical communication
in the brain via the extracellular fluid. It can
include both the activation of extrasynaptic
receptors, and the activity induced by sub-
stances diffusing into synaptic clefts from
the extracellular fluid. Changeux? considers
that volume transmission is a ‘... com-
plementary, if not alternative, mechanism
to classical chemical synaptic transmission’.
He noted that the concept proposes that in
the nervous system signalling may take
place via extracellular spaces as well as via
synapses. In volume transmission, neuro-
transmitters and other neuroactive sub-
stances are released at points that may be
remote from the target cells, which they
reach by diffusion through the extracellular
fluid to exert desynchronised and sustained
influences on vast neuronal ensembles.
Bach-y-Rita® recorded sustained activity
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in brain cells following stimulation of sev-
eral modalities from various parts of the
body, and proposed a neurohumoral trans-
mission mechanism by local diffusion. How-
ever, further elaboration of the concept
could not occur until receptor identification
methods were developed. Volume transmis-
sion has been implicated in information
transmission,*® in reorganisation of func-
tion following brain damage, and in the
development of a scientific basis for neuro-
logical rehabilitation.®~*

The evidence for mismatches between
neurotransmitter and receptor localisations
has recently been evaluated by Herken-
ham.!” He noted that mismatches had pre-
viously been considered exceptional occur-
rences, but he now considers them to be the
rule rather than the exception. He noted
that the mismatches occur in peptide, mono-
amine and amino acid systems. Transmitter
release distant from receptor localisation
suggests that volume transmission is an
important mechanism of neuronal com-
munication.

Descarries et al'! have confirmed that the
monoamine systems in the brain, including
serotonin, dopamine and noradrenaline, are
highly non synaptic. Their immunocyto-
chemical studies confirmed the autoradio-
graph findings of Beaudet and Descarries'?
which also characterised the noradrenaline
system as mostly non junctional.

The intercellular space comprises approx-
imately 20% of the volume of the living
brain.’® It is ample for many kinds of
neuroactive substances to diffuse from re-
lease points to receptors on the neurons of
the cerebral cortex. Among the neuroactive
substances found in the extracellular fluid
are dopamine, choline, adenosine,
noradrenalin, serotonin, acetylcholine, and
others.!*!> They may diffuse into synaptic
clefts, and receptors on the surface of the
cell can also be contacted by, and bound to,
the neurotransmitter and other ligands dif-
fusing in the extracellular fluid. Fuxe and
Agnati! pointed out that the structure of the
brain cell microenvironment may depend on
physical and chemical constraints repres-
ented by cellular elements such as astroglia,
which also have been shown to have recep-
tors for.various neurotransmitters and other
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neuroactive substances.!® The density of
boutons termineaux on the motor neuron
surface ranges from 50-69%.'" That is the
total surface area taken up by synaptic
contacts. The remaining 31-50% of the cell
surface is either bare or in contact with glial
cells and their processes. Synaptic ‘bare
areas’ are essential for the presence of
postsynaptic potentials.

Bach-y-Rita*’ has speculated on the role
of volume transmission in mediating mass,
sustained functions such as sleep and vigil-
ance, and mood. The widespread activation
of groups of neurons via diffusion should be
more energy-efficient than synaptic activa-
tion of those same neurons. When a muscle
fibre is denervated, there follows a massive
up regulation of receptors on the entire cell
membrane, resulting in hypersensitivity to
low concentrations of acetycholine.!® Bach-
y-Rita* has suggested that if up regulation of
specific receptors has occurred following
brain damage resulting in partial or total
denervation (comparable to the massive up
regulation on the cellular membrane of
denervated muscle), those cells may simil-
arly become hypersensitive to specific
neuroactive substances, and thus respond to
the low concentrations of those substances
in the extracellular fluid. Other examples of
receptor up regulation and hypersensitivity,
possibly including drug addiction and kind-
ling, may be studied in the context of
volume transmission in the future.

Receptor changes indicate not only the
response of denervated neural tissue, but
the reaction of undamaged tissue to partial
denervation. Volume transmission may
have particular relevance to the production
of activity in either partially denervated
neurons or in undamaged neurons relatively
distant from the site of injury. Volume
transmission, rather than conventional syn-
aptic neurotransmission may be of more
relevance to the way in which the nervous
system reacts to a specific injury. Spinal
shock is perhaps the most well known and
most extreme form of neurological damage
and is still very poorly understood. The term
‘spinal shock’ was introduced by Marshall
Hall' although the actual phenomena were
described earlier by Whytt.> Any theory
which attempts to explain the phenomena of
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spinal shock must include the recovery of
reflexes.

Spinal shock

Spinal shock occurs at any level of transec-
tion below the mid pons. Above this level a
transection produces decerebrate rigidity.
Following transection below the pons, nerve
cells in the spinal cord are suddenly cut off
from all descending influences and then
undergo a dramatic change in their capacity
to react. The relative importance of differ-
ent pathways in producing spinal shock is
poorly known, but in lower animals the
important descending influences appear to
be reticulospinal and vestibulospinal,
whereas in higher animals, including man,
corticospinal connections are probably more
important. Although it is usually assumed
that the importance of the pathways in
producing spinal shock is a reflection of
their specificity, one can equally argue that
their importance lies in their relative con-
tribution to the total spinal cord input. The
fact that the depression of spinal shock is
much more severe when transection is be-
low the pons does not necessarily mean that
there is some particularly important control
arising in pontine nuclei; it could mean that
the difference in transection above and
below the pons is due to the relative
contribution to the descending pathways
made by different levels of the neuraxis.
That is, the greater the number of descend-
ing pathways interrupted the more likely
that shock will ensue because the more
severely disorganised will be the area upon
which these descending pathways converge
and the more likely that they will produce a
critical alteration in receptor response (see
below). A higher contribution of inputs
from a particular centre does, of course,
confer some specificity, but it is not neces-
sary to assign the capacity for production of
spinal shock on to a particular centre or its
pathway.

There are many detailed descriptions of
spinal shock and it is not necessary to
reiterate them all here. All are illustrations
rather than explanations of spinal shock. It
is clear that the cause of the first phase of
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spinal shock is far from being explained by
withdrawal of impulses from above, since
the sudden withdrawal of facilitation de-
creases the reflexes more than would be
accounted for by a mere withdrawal of an
excitatory background and the second phase
(return of reflexes in an altered form). is
similarly not explained by withdrawal of
higher control.

There are two further features of spinal
shock which are of particular interest. First,
it has been commonly assumed that the
effects of transection occur in an aboral
direction only. This is not so, since head-
ward of the transection there is a change in
the reflex response.?! Secondly, Teasdell
and Stavraky?? described deafferentation of
one limb of a cat by section of the posterior
roots; electrical stimulation of the basis
peduncli produced no response in the cor-
responding limb, but 5-47 days later re-
sponses were evoked more readily in the
denervated than in the normal limb. This is
a comparable state of affairs to that pertain-
ing to spinal shock and has particular
relevance to theories of spinal shock,?
especially those in which volume transmis-
sion and receptor plasticity may play a role.

Transection of the spinal cord produces
dramatic changes in cord function. A severe
spinal lesion, short of complete transection,
results in a series of vascular and biochem-
ical changes which have a bearing on syn-
aptic and receptor function. These changes
include alteration in blood flow, summar-
ised by Young.?* Within several hours of a
severe contusion, gross haemorrhagic nec-
rosis develops in the grey matter with
evidence of endothelial breakdown and
coagulation leading to ischaemia and pro-
gressive tissue damage. Blood flow in the
grey matter falls rapidly but in the white
matter blood flow changes are delayed by
several hours. Intracellular calcium ionic
activity is normally extremely low but with
injury calcium ions rapidly move in to
injured nerve cells and affect cellular trans-
port and synaptic transmission. In addition,
elevation of calcium ions activates phospho-
lipases which in turn leads to membrane
breakdown. At the same time traumatic
injury disrupts cells and releases potassium
and neurotransmitters into the extracellular
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space and this will affect calcium influx into
neighbouring nerve cells.

Experimental work has suggested that at
the motor neuron surface there is an
extremely complex mosaic of nerve termin-
als from various sources intermixed with
glial cells. The nerve cell surface is not
simply the site of termination of a few
hundred boutons termineaux. On a large
nerve cell such as the anterior horn cell in a
cat spinal cord, the motor neuron surface
has up to 30,000 synapses.!”? These end-
ings occupy up to 70% of cell and dendrite
surface and are present on the dendrite as
far out as they can be traced from the cell
body. The synapses clothe the cell surface
like a mosaic, the constituent parts of which
are separated by bare areas and by glial cells
and their processes. Within the area encom-
passed by one glial cell and its processes
there are inputs from different sources since
the boutons of any incoming nerve fibre are
widely scattered over the cell surface. This
zone, consisting of boutons termineaux,
postsynaptic thickenings, glial cells and their
processes may be called the ‘synaptic
zone’.” If the steady state of the synaptic
zone is disturbed by a partial denervation
then synapses which have had their afferent
fibres cut will degenerate, but neighbouring
synapses whose afferent fibres were intact
show a temporary reversible change (dis-
organisation) which is most marked at 24
hours.'”?  The widespread reversible
change depends on a critical number of
synapses being denervated. For example,
when posterior roots are cut on one side of
the spinal cord, the disorganisation is much
more marked on the ipsilateral than on the
contralateral side. If the motor cortex of the
cat is ablated and then changes are looked
for in the spinal cord, the changes of
disorganisation seen at 24 hours are either
absent or only doubtfully present although
the changes of degeneration are seen. This
is presumably due to a difference in density
of endings on target nerve cells so that if less
than the critical number of synapses are
denervated then no disorganisation takes
place. This disorganisation is indicated by
alteration in staining characteristics as well
as by physiological changes. The alteration
in staining characteristics has been shown to
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be due to changes associated with synaptic
vesicles.?

What is the relevance of these histological
changes to the phenomena of spinal shock?
Valtschanoff et al?’ carried out experiments
labelling with WGA-HRP after unilateral
nerve crush or transection in rats, and
demonstrated increased release of the tracer
into extracellular spaces. The density of
labelling was similar to the disorganisation
seen in histological studies mentioned
above. This suggests that endogenous sub-
stances may be released into these spaces
and act as a vehicle for signalling to a wide
population of neurons served by the central
processes of the injured axons and possibly
mediate slow neuronal processes producing
an effect much more widespread than ex-
pected from conventional methods of trac-
ing central pathways.

Theories relating to the nature of the
return of reflexes in the second phase of
spinal shock must bear upon two further
great neurological problems: the capacity of
the nervous system to learn, and the capa-
city of the central nervous system to regen-
erate or reorganise. One of the important
features of recovery after spinal shock is not
simply the presence of abnormal reflexes
and the time sequence of their return, but
also the demonstration of an altered recep-
tive field so that reflexes may be elicited by
minimal stimulation of the skin from a
progressively wider area. This enlargement
of the receptive field is perhaps the most
obvious evidence of alteration in the intact
nervous system in response to a lesion. As
the first stage of spinal shock subsides,
afferent impulses from the periphery begin
to elicit an excitatory influence. Reflexes
return in a sequential way and not simultan-
eously. During the early return of reflexes
the stimulus must be strong or summated
and the response shows easy fatigue. Fol-
lowing cord section in the cat, reflexes
below the lesion are obtainable after about
one hour. But not all reflexes are so readily
obtainable, and over a long period of time
reflexes are returning and are still changing
in their nature. They come back in the
order: knee jerk, crossed extensor and
extensor thrust; the last to appear is the
scratch reflex. Sherrington?® observed that
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the scratch reflex 6 weeks after cord section
was still irregular, feeble and easily fatigued
and this was confirmed by Fulton and
Sherrington.? Despite the variability in
reflex pattern and the variability in timing of
return, there are certain dominant patterns
of reflex return. All these abnormal reflex
patterns have one thing in common: the
stimulus elicits not the usual response, ie the
response expected in the intact organism,
but an abnormal pattern not seen in the
undamaged spinal cord. The abnormal pat-
tern of reflexes may reflect selective recep-
tor up and/or down regulation and neuro-
transmission via the extracellular fluid, or
may be a reflection of previously existing
anatomical pathways whose function is
normally masked;* ie these pathways, in
the intact nervous system, are structurally
intact but play little or no functional part
until degeneration of more significant path-
ways has occurred. Does the unmasking
occur simply through the removal of des-
cending control (whatever that precisely
means), through chemical hypersensitivity
of undamaged endings, or through sprout-
ing of new terminals? This remains a matter
of argument and of interpretation but the
study of volume transmission brings even
further interpretations.

The abnormal reflex patterns may repres-
ent, in addition, a central alteration of
receptive fields (possibly related to receptor
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plasticity) secondary to an alteration in
afferent input and this itself may be a
reflection of partial paralysis. For example,
although the neurological syndrome may be
primarily motor such as a paralysed limb,
the effect on the central nervous system is a
deficit of sensory information, and not a
deficit of motor impulses.

Conclusion

The studies reviewed above describe non
synaptic transmission, a mechanism for
neurotransmission by means of the diffusion
of neurotransmitters and other neuroactive
substances in the extracellular fluid, with
the resulting activation of synaptic and
extrasynaptic receptors on the cells. Also
reviewed are studies that suggest that a
lesion producing partial or complete denerv-
ation leads to the up and/or down regulation
of receptors both at synapses and on the
extrasynaptic membrane, and thus to
hypersensitivity to neuroactive substances.
We consider it possible that similar mechan-
isms may relate to spinal shock, with the
recovery of reflexes. Our principal purpose
has been to stimulate new approaches, both
conceptual and experimental, to an under-
standing of spinal shock, and to the estab-
lishment of a scientific basis for neurological
rehabilitation.
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