Symptoms and signs caused by neural plasticity
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Plastic changes in the central nervous system are associated with hyperactivity, hypersensitivity, and spread
of activity including activation of brain regions that are not typically involved. Symptoms and signs such as
neuropathic pain and tinnitus and hyperactive disorders such as muscle spasm and synkinesis may result
from such changes in function. Plastic changes that cause symptoms of diseases can be initiated by novel
stimulations, overstimulauon, or deprivation of input and the induced changes in the function of central
nervous system structu;. - may persist and aggravate after these events have ceased if the conditio. is not
reversed. Disorders that are caused by neural plasticity are potentially reversible with treatment. However,
the absence of morphologic abnormalities makes diagnosis of these conditions difficult and their treatment
has been hampered by lack of understanding of their pathophysiology. Here the role of neural plasticity in

the pathophysiology of several disorders is reviewed. [Neurol Res 2001; 23: 565-572]
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INTRODUCTION

It has been known for many years that the developing
central nervous system (CNS) is plastic, causing its
function to change in different ways as a result of
external and internal factors. Only relatively recently has
it become evident that the mature nervous system is also
plastic’ >, Neural plasticity is an ability of the nerve
cells to change their function or structure. This is usually
considered necessary for the developing organism, and
beneficial to the mature organism because it can change
the function of specific parts of the CNS to suit changing
demands or compensate for the effect of injuries and
diseases. It is neural plasticity that makes it possible for
stroke victims to regain functions after destruction of
neural tissue. Neural plasticity most likely also plays an
important role in making it possible to adapt the nervous
system to the use of prostheses such as cochlear
implants and auditory brainstem implants. However,
neural plasticity can also cause symptoms and signs of
diseases. The symptoms that arise from functional
changes that are expressions of neural plasticity are
not associated with detectable morphologic or chemical
abnormalities. This is in significant contrast to the
symptoms and signs of disorders that are associated
with tissue injuries and which usually can be identified
by imaging techniques or by electrophysiologic
methods.

Symptoms caused by neural plasticity have been
studied most extensively with regard to pain®'>%, but
neural plasticity can also cause other symptoms and
signs about which less is known. The symptoms of
neural plasticity may be hypersensitivity, hyperactivity
and/or extended activation of central nervous system
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structures including re-routing of information to regions
of the brain that are not normally involved in a particufar
function. Allodynia, i.e. pain evoked by somatic
stimulation that normally does not evoke pain, is an
example of a symptom caused by changes in the CNS.
Allodynia and phonophobia are signs of re-routing of
information in the central nervous system evoked by
sensory stimulation. Synkinesis is a sign of establishment
of new connections between motoneurons. Other
symptoms such as hyperalgesia (increased sensitivity to
painful stimuli) and hyperpathia (exaggerated subjective
response to painful stimuli that continue after the
stimulation has ceased), and muscle spasm that may
occur after peripheral nerve injuries, are signs of plastic
changes resulting in hypersensitivity and hyperactivity.
Tinnitus and certain forms of vertigo are examples of
disorders that may be caused by plastic changes in the
function of specific CNS structures resulting in hyper-
activity or re-routing of information.

The plastic changes that occur in the mature nervous
system are different from those that occur in the
developing nervous system. The function of the develop-
ing nervous system normally changes during develop-
ment and the abnormalities that occur are regarded as
errors in the normal development. The mature nervous
system is normally stable, except for changes that are
related to aging. Altered excitability of specific neural
structures, changes in synaptic efficacy or outgrowth of
new connections (sprouting) are common changes
attributed to neural plasticity. Expression of neural
plasticity may occur as a result of external and internal
events such as deprivation of sensory input, over-
stimulation, or tissue injury and inflammation. The same
events may cause long lasting modifications or altera-
tions in the expression of receptors'®. Plastic changes in
the nervous system may be regarded as a form of
learning. Since plastic changes in function are not
accompanied by tissue damage they are potentially
reversible®*>~28,
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Most of the knowledge about expression of neural
plasticity in the mature nervous system and how it can
cause symptoms and signs of diseases has been gained
from research on pain. The results from pain research
have been used in attempts to understand how plastic
changes may occur in other parts of the central nervous
system and which symptoms and signs may result®®*°.

This review article provides an overview of the role of
neural plasticity in causing symptoms and signs that
result from changes in the function of the nervous
system. Specifically, the role of neural plasticity in
neuropathic pain, tinnitus, vestibufar disorders, and
synkinesis and muscle spasm is discussed.

SIGNS OF CENTRAL ORIGIN OF SYMPTOMS
Phantom sensations and phantom pain are perhaps the
clearest demonstrations of disorders where the neural
activity that causes the symptoms does not originate at
the location of the symptoms®®?®>!. Phantom pain is
therefore a pure form of central pain. Tinnitus that
occurs despite a severed auditory nerve is also a clear
sign of a central origin of the abnormal neural activity
that causes the symptoms>°. It has been shown in animal
experiments that the auditory’*®'27332 and somato-
sensory sensory cortex>”''” may reorganize so that
regions that are adjacent to the areas that are deprived of
input expand to occupy the deprived cortical areas.
Allodynia, where sensory stimulation that normally is
innocuous is perceived as being painful, is an indication
that abnormal connections have been established
between the somatosensory nervous system and the
pain circuitry®'®7'8, Some individuals with tinnitus after
injuries to the auditory nerve perceive sounds from
rubbing the skin, another example of abnormal connec-
tions between sensory systems®®. Synkinesis after
peripheral nerve injuries”” and in connection with
hemifacial spasm*~° is another example of a condition
that is caused by establishment of new neural connec-
tions. The vertigo and nausea from head movements that
is experienced by individuals with certain vestibular
disorders®” may also be caused by reorganization of the
central nervous system.

Central neuropathic pain is often accompanied by
depression”’, which indicates that new connections
between pain circuits and structures belonging to the
limbic system have been established. Phonophobia,
which often accompanies auditory disorders such as
tinnitus, is a sign of abnormal connections between the
auditory nervous system and structures belonging to the
limbic system®>%?®. Abnormal connections in the CNS
can be established either by outgrowth of new connec-
tions (sprouting) or by increasing the efficacy of normally
closed synapses (unmasking of ordinarily ineffective
synapses). While outgrowth of new connections takes
time, change in synaptic efficacy can occur without delay.

Plastic changes in the central nervous system often
result in changes in processing of information. One sign
of such change in information processing is altered
temporal integration of painful stimuli in individuals
with neuropathic pain?®.
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NEURAL PLASTICITY RELATED TO SPECIFIC SYSTEMS

Somatosensory system

Paresthesia, hyperesthesia, neuropathic pain and prur-
itus are symptoms associated with disorders of the
somatosensory nervous system. Disorders of the somato-
sensory system are also often associated with dysesthe-
sia, i.e. an unpleasant sensation from stimulations that
are normally innocuous. Some of these symptoms can
be caused by peripheral neuropathies, hyperventilation
or metabolic disturbances, but they can also be caused
by plastic changes of the CNS. The symptoms that are
caused by neural plasticity are not caused by neural
activity that is generated at the location where the
sensation is perceived, but rather by activity generated
in the CNS. Allodynia and hyperalgesia are examples of
symptoms that are caused by changes in the CNS.
Pruritus (itching) is related to pain, and it can be caused
by peripheral as well as central disturbances. Phantom
limb sensations are examples of sensations that are
generated in the CNS but referred to a peripheral
location. The plastic changes that cause these symptoms
may be induced by deprivation or over-stimulation. That
phantom limb syndrome is related to over-stimulation is
supported by the finding that avoiding over-stimulation
during amputation by applying local anesthetics to the
peripheral nerve can eliminate the occurrence of
phantom limb sensations®®.

Pain

Neuropathic pain is an example of sensations that
may be caused by neural activity generated in the CNS
but referred to a peripheral location. Neuropathic pain
can have many causes but the cause is less important for
management than the mechanisms that produce the
pain®’. Woolf and Salter'® define three main types of
pain: physiologic, inflammatory and neuropathic pain.
Physiologic pain is caused by normal activation of
nociceptors. Inflammatory pain is caused by various
forms of inflammation and tissue damage. Neuropathic
pain is caused by lesions of the nervous system,
including lesions of peripheral nerves or disorders of
the CNS such as strokes, but it is not known why lesions
to the nervous system cause pain”'. Neuropathic pain,
or stimulus independent pain, may persist long after
healing of the initial pathology and it is thus not a direct
reaction to the pathology. Neuropathic pain may thus
represent plastic changes in the function of the nervous
system. Deafferentiation pain (including anesthesia
dolorosa) is an example of central pain. The regions of
the body from where pain is referred often extend with
time, thus a form of lateral spread of activation and a
further sign of involvement of the CNS.

Sensitization of the CNS may cause the sensation of
pain from stimulation of nociceptors to increase when
the stimulation is repeated. This is known as the ‘wind-
up’ phenomenon®®*°, and it is thus the opposite to
adaptation in sensory systems. These changes are signs
of central sensitization of excitatory synapses or by
depression of inhibition'®. Such plastic changes may be
initiated by stimulation of nociceptors, by inflammation
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Figure 1 A: Typical threshold curves for sensation (solid squares) and
pain (open circles), shown as a function of stimulus repetition rate in
two individuals without pain. The threshold functions for sensation and
pain were fitted to exponential functions (solid lines). B: Typical
threshold curves for sensation (solid squares) and pain (open circles), in
an individual with neuropathic pain. (From Meglier and Pinkerton,
1997)*

or peripheral nerve injuries. Hyperpathia represents a
modification of pain activation that may be caused by
increased sensitivity of nociceptors caused by repeated
stimulation (autosensitization), i.e., an exaggerated
response to painful stimuli. Thus, more than transient
activation of C-fiber nociceptors can mduce central
sensitization involving NMDA receptors®’

Changes in temporal integration can be demonstrated
by determining the threshold to pain from electrical
stlmulatnon with impulses presented at different frequen-
cies®®. Normally, the pain threshold to stimulation with
trains of impulses decreases when the interval between
the impulses is decreased as an expression of temporal
integration. The pain threshold is lowered in individuals
with neuropathic pain and it does not decrease when the
stimulus interval is decreased (Figure 7). Abnormal
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temporal integration is a sign of involvement of the
central nervous system in pain and testing of temporal
integration could serve as a valuable diagnostic tool to
differentiate between neuropathic pain of central origin
and pain caused by stimulation of nociceptors (physio-
logic or inflammatory pain).

Recently, the administration of Botulinum toxin has
been introduced for treatment of myofacial pain and
other intractable headaches®®. Botulinum toxin that
block muscle endplates is injected in muscles of the
head. The efficacy of that treatment may be explained by
neural plasticity that causes the output of proprioceptors
to activate pain circuits, thus similar to ‘allodynia’ in
neuropathic pain. The proprioceptors would be acti-
vated by muscle contractions. This may also be at least a
partial explanation of other forms of pain from muscle
spasm. The effect increased gradually over a 60-day
observation period, which supports the hypothesis that
neural plasticity of proprioception is involved. Naturally,
muscle spasm may cause pain in muscles from
exhaustion.

The abnormal connections between the somato-
sensory system and pain circuits in the spinal cord or
brainstem that result in symptoms, such as allodynia,
may be establlshed either by unmasking of inefficient
synapses** or by establishment of anatomically new
connections through sprouting of axons*??*. There is
recent evidence that A-beta fibers may sprout from in the
dorsal horn of the spinal cord into parts where C-fibers
normally terminate*?*#>.  Such new connections
between sensory fibers and neurons that normally
receive input from nociceptors representing functional
connections between the somatosensory system and
pain circuits in the spinal cord may explain allodynia.
Another possibility is a change in the function of the
wide dynamic range (WDR} neurons in such a way that
these neurons may increase their maximal firing rate to
levels that can open normaIIy |neff|C|ent synapses that
connect these neurons to pain circuits'”. Such changes
may occur by reduction of inhibitory |nput to (WDR)
neurons or by an increase in excitatory input to these
neurons. The sympathetic nervous system may also be
involved and produce a positive feedback of pain-
evoked neural activity. The extreme expression of
sympathetlc involvement is reflex sympathetic dystrophy
(RSD)™'

Establishment of new connections in the brain or
spinal cord may also explain the affective components
of pain. At least some of the affective attributes to pain
may result from establishment of connections to the
medial portion of the thalamus and to limbic structures.
However the pathways for nociceptive input (Figure
2)'®, are complex and the pathways for neuropathic pain
are I|kely to be even more complex with a high degree
of paraliel processing including connections with
autonomic systems.

Tinnitus
Tinnitus is a common disorder of hearing that has
many forms*®~*8, Most people who have tinnitus are
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Figure 2: Schematic drawing of ascending subcortical and cerebral
cortical structures involved in processing of pain. PAG, periaqueductal
gray; PB, parabrachial nucleus of the dorsolateral pons; Vmpo,
ventromedial part of the posterior nuclear complex; MDvc, ventro-
caudal part of the medial dorsal nucleus; VPL, ventroposterior lateral
nucleus; ACC, anterior cingulated cortex; HT, hypothalamus; S-1 and
S-2, first and second somatosensory cortical areas; PPC, posterior
parietal complex; SMA, supplementary motor area; AMYG, amygdala;
PF, prefrontal cortex. [Reprinted with permission from Price DD.
Psychological and neural mechanisms of the affective dimension of
pain. Science 2000; 288: 176-1772. American Association for the
Advancement of Science]

little bothered by their condition, but severe forms of
tinnitus may affect the quality of life in a serious manner
by preventing sleep and the ability to do intellectual
work. Some forms of tinnitus are accompanied by
hyperacusis and distortion of sounds. Phonophobia
and depression with high risk of suicide may also be
present in patients with severe tinnitus®®*®*°. Severe
tinnitus has many similarities with neuropathic pain,
both in the way it affects a person’s life and in its
pathology*??°. However, tinnitus is rarely taken as
serious as chronic severe pain, although it can be just as
debilitating.

Since tinnitus is perceived as a sound it is often
associated with disorders of the ear. The fact that deaf
people can have tinnitus and that tinnitus may occur in
individuals whose auditory nerve has been severed are
strong indications that at least some forms of severe
tinnitus are not generated in the ear. The hypothesis that
tinnitus is a phantom sensation®® that is caused by
hypersensitivity and hyperactivity in specific central
nervous system circuitry has been supported by many
studies®’ 2.

Tinnitus may appear gradually over many years of
exposure to loud sounds, or it may appear after a single
or a few instances of exposure to very loud sounds,
especially impulsive noise. Tinnitus may also occur in
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conjunction with acoustic tumors and other injuries or
irritation of the auditory nerve such as from close contact
with a blood vessel®?. Some individuals acquire tinnitus
without any known cause. There is evidence that
deprivation of input can cause temporary tinnitus and
that permanent deprivation such as may occur in
individuals with hearing loss can cause chronic
tinnitus?®47.

Sound deprivation can cause changes in processing of
information in the auditory system in animals that
resembles that seen in patients with severe tinnitus.
Thus, Gerken et al.>* found that deprivation of auditory
input induces hypersensitivity of auditory nuclei and
changes in temporal integration. Other animal experi-
ments have shown that excessive stimulation of the
auditory system can cause signs of hyperactivity and
altered temporal integration in the inferior colliculus®?.
These changes were shown to be related to reduction in
GABAergic inhibition°>,

The fact that many individuals with tinnitus perceive
sounds as being distorted and find it difficult to match
their tinnitus to physical sounds may be explained by a
change in processing of auditory information. This
hypothesis is supported by the finding that the non-
classical ascending auditory pathways are activated in
some individuals with severe forms of tinnitus, which
does not occur in individuals who do not have
tinnitus®®. This is a sign that neural activity has spread
to other parts of the CNS beyond those normally
activated by sound. The nonclassical auditory pathways
project to the medial and dorsal portions of the thalamic
relay {(medial geniculate body) and the association
cortices'™*”, which in turn have connections to the
amygdala and other limbic structures. Activation of
structures belonging to the limbic system can explain the
emotional components of tinnitus. Activation of the
nonclassical auditory pathway may thus explain why
patients with severe tinnitus often have emotional
reactions to sound (hyperacusis and phonophobia).
Studies by Lockwood et al® using functional MRI in
individuals who couid control their tinnitus have
confirmed that limbic structures such as the hippo-
campus are activated in some patients with tinnitus.

The nonclassical auditory pathways receive input
from the somatosensory system, a fact that was used to
show the involvement of the nonclassical pathway in
patients with tinnitus*®. That may explain why some
individuals can change their tinnitus by skin stimula-
tion??>%>7 or by contracting specific muscles®®. It may
also explain why a few individuals have auditory
sensations from skin stimulation. That some individuals
can change their tinnitus voluntarily by changing their
gaze®?, indicates that control of eye muscles modulates
auditory pathways in some tinnitus patients. Such ability
to modulate the intensity and the character of tinnitus
seems to be most common in patients whose tinnitus is
caused by surgically induced injuries to the auditory
nerve, e.g. during removal of acoustic tumors, and it is
further evidence of involvement of parts of the CNS
other than those normally activated by sound, most
likely the nonclassical auditory pathways.



Involvement of the nonclassical auditory pathway
may also explain why tinnitus patients often find it
difficult to match physical sounds to their tinnitus and
when they find an acceptable match it is usually to
sounds of very low intensity. This has been regarded as a
contradiction to the severe discomfort these patients
report and it can set a patient’s description of his/her
situation in doubt.

Vestibular disorders

Normally, we are not conscious of the activation of
the vestibular inner ear apparatus. The nausea that
results from head movements is a sign that information
from the vestibular system has reached consciousness.
Nausea and dizziness are not normal responses to
activation of the vestibular system and must thus be
caused by establishment of connections between the
vestibular system and the conscious brain and the areas
of the brain that cause vomiting. Disorders of the
vestibular system, such as benign paroxysmal positional
nystagmus (BPPN) characterized by nystagmus and
dizziness from head movements, are most likely caused
by an anomaly in the peripheral vestibular organ® that
may send novel information to higher centers that cause
a re-routing of information. Some of the abnormal
sensations from head movement could be explained
by malfunction of the vestibular system resulting in
excessive muscle activity, which might be what the
patient perceives. However, nausea and the feeling of
dizziness seems to be a result of re-routing of informa-
tion from the vestibular apparatus to regions of the CNS
that usually do not receive such information.

Individuals with a rare disorder of the vestibular
system, such as disabling positional vertigo (DPV)?7¢,
experience nausea and discomfort from any head
movement to an extent that it often forces such patients
to spend most of their time in bed. This means that new
connections from the vestibular system to brain regions
not usually involved in processing information from the
vestibular apparatus must have been established. The
fact that these conditions may appear, and disappear,
without noticeable delay indicates that these new
connections are opened by functional changes (e.g.
unmasking of ineffective synapses) that connect the
vestibular system with regions of the conscious brain
that are not normally activated by vestibular input. The
fact that DPV can be successfully cured by MVD of the
vestibular nerve root?”®" suggests that abnormal input
from the vestibular nerve causes and maintains these
abnormal connections (e.g. the abnormal neural activity
may be caused by irritation of the vestibular nerve by a
blood vessel (DPV) or as a result of malfunction of the
vestibular organ (BPPN)).

Synkinesis and muscle spasm

Synkinesis and spasm are common sequelae of
regeneration of injured peripheral motor nerves such
as the facial nerve, indicating that abnormal connections
have been established between motoneurons and the
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target muscles. Post-traumatic synkinesis has often been
interpreted as a failure of regenerating axons to reach
their proper targets. This hypothesis has prevailed
despite the lack of factual support. On the other hand,
there is considerable evidence that plastic changes in
the CNS can cause synkinesis and muscle spasm, by
opening abnormal connections between motoneurons.
This may occur, either by unmasking of inefficient
synapses or by outgrowth of axons (sprouting).

Symptoms of spasticity and muscle spasm may be
caused not only by hyperactivity of motor systems but
also by altered proprioceptions. Thus, recent studies of
facial motor control have shown evidence that post-
traumatic synkinesis is a result of changes in the function
of the facial motonucleus caused by injuries to the facial
nerve® and thus, is not a result of outgrowing axons
having missed their target. This evidence combined with
the evidence that facial exercise can reduce the
synkinesis?”®® suggests that post-traumatic synkinesis is
an expression of increased synaptic efficacy between
motoneurons induced by injury to their axons.

Synkinesis often occurs together with muscle spasm in
patients with hemifacial spasm (HFS)*>3¢. HFS is a rare
disorder® that is characterized by attacks of spasm in
the muscles of one side of the face. It can be effectively
cured by moving a blood vessel off the intracranial
portion of the facial nerve, near its exit from the
brainstem®>%°. The synkinesis can be demonstrated by
testing the blink reflex*>®°%®”, which can be elicited by
electrical stimulation of the supraorbital branch of the
trigeminal nerve. The blink reflex response is normally
limited to the orbicularis oculi muscles but in patients
with HFS it may also include contractions of other face
muscles.

One of the two hypotheses about the cause of these
signs postulates that the symptoms and signs of HFS are
caused by crosstalk between axons at the location of the
vascular contact with the intracranial portion of the
facial nerve®®, while the other hypothesis claims that
hyperactivity of the facial motonucleus causes these
symptoms®®.  Studies in patients undergoing MVD
operations for HFS have supported the hypothesis that
the signs of HFS (spasm and synkinesis) are caused by
hyperactivity of the facial motonucleus®®®”% and
suggest that the synkinesis is a result of increased
efficacy of synapses that connect facial motoneurons
that innervate different muscle groups of the face®*°.
These synapses are assumed to be dormant under
normal circumstances. The hyperactivity has similarities
with the kindling phenomenon first described by God-
dard”® who showed that novel stimulation of a nucleus
could lead to spontaneous activity. The novel stimula-
tion that causes the facial motonucleus to become
hyperactive may be generated by the irritation of the
facial nerve from close contact with a blood vessel. This
hypothesis was supported by studies of animal models of
HFS™>"" in which similar signs, as in HFS (spasm and
synkinesis), were created by electrical stimulation of the
facial nerve according to a typical kindling para-
digm>'%™". These studies thus indicate that the synkin-
esis in HFS is not a direct result of the close contact
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between a blood vessel and the facial nerve but caused
by abnormal connections between motoneurons, prob-
ably by the unmasking dormant synapses, which is
initiated and maintained by the irritation of the facial
nerve by a blood vessel.

If it is accepted that the function of sensory pathways
may change as a result of neural plasticity, then it seems
reasonable to assume that the processing of proprio-
ceptive information can be modified or modulated. This
means that abnormal motor function may not only be
caused by abnormalities in the (descending) motor
pathways but also by changes in proprioceptive feed-
back.

MECHANISMS OF NEURAL PLASTICITY

One of the first demonstrations of plastic changes in
synaptic efficacy was made by Wall** who showed that
deprivation of input can change the response areas of
neurons. He showed that severing dorsal roots caused
cells in the dorsal horn of the spinal cord to respond to
input from dermatomes from which they normally did
not respond. On the basis of these findings Wall**
coined the term ‘dormant synapses’ to describe synaptic
connections that exist anatomically but the function of
which are blocked because they have high synaptic
thresholds. Wall** explained how unmasking of such
normally ineffective synapses can occur under abnormal
conditions, such as deprivation of input. Synapses may
be ineffective because the rate of the input is too low.
Increasing the rate such as may occur as a result of novel
neural activity can then open such synapses.

The unmasking of inefficient (dormant) synapses may
extend sensory activation areas (‘lateral spread’) by
opening connections to adjacent neurons. Such un-
masking of dormant synapses can also open connections
to regions of the brain that are not normally activated.
Sprouting of axons may create anatomically new
connections that have a similar effect of widening
response areas. One of the earliest experimental
demonstrations of that widening of the response areas
as a result of changes (deprivation) of input was that of
Merzenich and colleagues®” who showed that amputa-
tion of a finger causes the cortical representation of that
skin area to be given to the adjacent fingers. Jenkins et
al> showed that stimulation of the somatosensory
system could also change the representation of body
parts on the somatosensory cortex. These now classical
experiments were followed by studies of other sensory
systems where similar plasticity was demonstrated®?
and showed that similar changes may occur because of
other novel manipulations, such as overstimulation®.

Such ‘lateral spread’ of activation is a general sign of
plastic changes and the widening of the response areas
may be regarded as an ‘un-sharpening’ of response areas
and motor projections, thus the opposite to what occurs
in ontogeny where sensory receptive areas are narrowed
by reduction in synaptic efficacy, pruning of axons and
dendrites and apoptosis.

The phenomenon of ‘lateral spread’ may equally well
be explained by sprouting of axons and dendrites to

570 Neurological Research, 2001, Volume 23, September

form new connections. However, many of these
changes occur with a very short delay, which preclude
formation of new connections by sprouting. Morpho-
logic changes have been shown to occur after over-
stimulation in the auditory system”'™”?. Some studies
indicate that outgrowth of new connections may be
involved in chronic pain, where A-fibers in the spinal
cord sprout from a location deep in the dorsal horn of
the spinal cord into parts where C-fibers normally
terminate and make synaptic contacts*?**”. This is
assumed to be the cause of allodynia after peripheral
nerve injuries.

If new connections are made by sprouting of axons,
the effect takes some time to develop while unmasking
of dormant synapses can occur instantly. In their original
study of the establishment of new connections Wall and
coworkers found that the new connections to derma-
tomes that they observed were made without delay. This
means that it could not be a result of sprouting but could
have been caused by an increase in synaptic strength.
Wall and co-workers also showed that electrical
estimation was more efficient in activating dorsal horn
neurons from distant dermatomes than natural stimula-
tions, which indicates that synapses may conduct when
stimulated by high frequency stimulation while being
unresponsive to low frequency stimulation. This means
that pathways in the brain may become activated in
response to novel input if the discharges have a shorter
interval than the normal neural activity.

The fact that dizziness may develop suddenly
excludes sprouting as a cause and indicates that the
anomaly is the result of opening of dormant synapses in
an already anatomically established pathway. Reversal
of opening of ineffective connections may consequently
be possible and there are examples of how training can
alleviate some symptoms of such lateral spread. Thus,
pain can be treated by TENS?®, tinnitus by the Tinnitus
Retraining Therapy (TRT)*°, and synkinesis can be
successfully treated by exercise as shown for the facial
nerve®’.

Hyperactivity and hypersensitivity that may cause
phantom sensations such as tinnitus, tingling and muscle
spasm may be caused by strengthening of synaptic
efficacy (long-term potentiation, LTP) or increased
excitability of sensory receptors or centrally located
neurons or by decreased inhibition. Studies of LTP in
slices of hippocampus in rats or guinea pigs shows that it
is best invoked by stimulation at a high rate. The effect
may last from minutes to days and glutamate and the
NMDA receptor (N-methyl-D-aspartate) have been
implicated in LTP. Unmasking of ineffective synapses
may occur because of increased synaptic efficacy or
because of a decrease of inhibitor?/ input that normally
has blocked synaptic transmission >,

CONCLUSION

The disorders that are caused by plastic changes in the
function of CNS structures are characterized by distinct
and prominent symptoms and signs but few objective
signs, which complicates the diagnosis. The descriptions



of symptoms that patients present can- be confusing
because they often involve the events that were assumed
to have precipitated the symptoms, e.g. trauma to a
peripheral nerve, yet the symptoms of the patient often
seem unrelated to these events. Lack of familiarity with
neural plasticity as a cause of symptoms and signs may
lead to erroneous diagnosis and ineffective treatment.
The uncertainty about which medical specialty is best
suited to care for patients with such disorders further
hampers correct diagnosis and development of effective
treatments.

The hypothesis that plastic changes in the nervous
system may be the cause of symptoms and signs of
certain disorders is attractive because it suggests that
such disorders are potentially treatable, and under-
standing the cause of the plastic changes may make the
disorders preventable. That the risk of acquiring some of
these disorders can be reduced has been demonstrated.
Yet the risk of many other disorders can probably also be
reduced by appropriate intervention.

Many forms of chronic pain can be cured by electrical
stimulation (TENS) but it requires proper diagnosis.
Attempts to treat conditions that were initially triggered
by peripheral events, which then progressed, by surgical
intervention at the site of the pain is usually unsuccessful
in alleviating the pain. This is most likely due to the
resultant changes in the CNS. Equally unsuccessful are
treatments of the ear in attempts to treat tinnitus that is
caused by activity generated in the CNS.

The symptoms and signs that are discussed in this
paper represent only a small fraction of the disorders that
are caused by plastic changes in the central nervous
system and many patients have received inadequate
treatment because of failure to correctly diagnose their
disorder.
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