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Objective: The aim of this study is to review hypotheses
about the mechanisms of chronic pain and to compare them
with that of tinnitus. Hypotheses about the pathophysiology of
severe tinnitus and chronic pain have been of mainly two
kinds: one of which claims that pathology located in the pe-
riphery (the ear for tinnitus, and peripheral nerves for pain)
can explain the symptoms, while the other claims that the
symptoms are caused by changes in the function of nuclei of
the central nervous system.

Data Sources: A search of the literature from the past 35
years was used.

Conclusions: There is considerable evidence that both
chronic pain and some forms of tinnitus are caused by changes

in the central nervous system and that the anatomic location of the
physiologic abnormality causing the symptoms of chronic pain and
some forms of tinnitus is not the same location to which the symp-
toms are referred, i.e., the ear for tinnitus and the location of injury
for pain. Such changes in the central nervous system may have
been induced by peripheral processes such as tissue damage, but
the changes can persist a long time after complete healing of a pe-
ripheral lesion. Different forms of tinnitus may respond to differ-
ent treatments as is the case for chronic pain. If the different forms
of tinnitus cannot be separated, then the results of studies of the ef-
ficacy of different kinds of drugs may be misleading. Key Words:
Chronic pain—Neural plasticity—Tinnitus.
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Chronic pain and some forms of severe tinnitus are
characterized by hypersensitivity to sensory stimulation
and a change in the perception of certain stimuli. In pa-
tients with chronic pain, stimuli that normally evoke a
sensation of touch or vibration may become painful,
whereas other types of stimuli may actually alleviate the
pain. In patients with severe tinnitus, sounds may be per-
ceived as pas painful and some sounds may cause the pa-
tient’s tinnitus to increase, whereas other sounds may
cause the tinnitus to decrease.

Hypotheses about pain and about tinnitus have con-
cerned a peripheral cause versus a central cause. Hy-
potheses that support a peripheral cause have claimed
that receptors in the ear (for tinnitus) or receptors in the
body (for pain) become hypersensitive and thus cause the
pain. The “central” hypothesis claims that it is specific
parts (nuclei) of the central nervous system that become
sensitized as a result of a peripheral lesion, and the re-
sulting hyperactivity causes the tinnitus or pain. This
means that the etiology can be peripheral but the location
of the pathophysiology is in the central nervous system.

Over the past two decades, the hypothesis that the cen-
tral nervous system is involved in the generation of pain
has gained support (1-3). The hypothesis about a central ori-
gin of pain is based on evidence that even the adult so-
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matosensory nervous system has the capability of reorganiz-
ing itself and modifying synaptic efficacy (neural plasticity).
There is, however, still considerable evidence of a periph-
eral involvement in both tinnitus (4) and pain (5).

Conceptually, it is difficult to accept the possibility
that abnormal neural activity causing a certain sensation
is not being generated at the anatomic location where the
sensation exists, i.e., in the ear in individuals with tinni-
tus and in the specific part of the body that is hurting in
individuals with pain. Thus, a person with tinnitus refers
his or her tinnitus to the ear because it is perceived the
same way as would a sound that reaches the ear, and a
person with chronic pain will refer his or her pain to a
specific part of the body because it is perceived in the
same way as acute pain.

When investigating the cause of tinnitus, it is impor-
tant to regard it as a multimodal disorder that may have
different causes and different pathophysiologies (6-8).
Consequently, a search for a single treatment for all
forms of tinnitus would be futile. The heterogenicity of
tinnitus is another similarity to chronic pain whose symp-
toms are greatly diverse (2,9).

Tonndorf (10) stated, as have others, that the anatomic
location (the cochlea or various parts of the auditory ner-
vous system) of the physiologic abnormality that causes
tinnitus may be different in different individuals. Subse-
quent studies support that concept (7,8). The involvement
of the central nervous system in the generation of certain
forms of tinnitus through neural plasticity has become in-
creasingly evident over recent years. Thus, it is described
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that in some patients with tinnitus, the auditory nerve
may be severed near the brain stem without relief of tin-
nitus (11).

Although the gating hypothesis (12) claims that the
central nervous system is involved in pain mainly by con-
trolling the transmission of pain impulses to the brain by
peripheral input, there is considerable evidence that
chronic pain is a result of changes in the function of spe-
cific structures of the central nervous system and that
these changes are induced by novel input from the pe-
riphery of the nervous system (neural plasticity) (1,2).

NEURAL HYPERACTIVITY AS A CAUSE OF
TINNITUS AND PAIN

Most investigators agree that it is the activation of C-
fibers that causes sensations of acute pain; it is also ac-
cepted that the chronic pain that some individuals expe-
rience is generated by a more complex mechanism than
that involved in acute pain and that in chronic pain,
neural plasticity most likely plays an important role. It is
generally assumed that hypersensitivity can be caused ei-
ther by a centrally mediated increase in the sensitivity of
peripheral receptors or by sensitization of structures in
the central nervous system (1,2). This also seems to be
the case for tinnitus, as there is convincing evidence that
there is a difference between acute tinnitus, i.e., that ex-
perienced after exposure to loud sounds, and chronic tin-
nitus. Chronic pain is often associated with hyperalgesia,
which is an increased response to a stimulus that is nor-
mally painful and that some patients experience in re-
sponse to noxious stimuli (2,13).

There is thus considerable evidence that both chronic
tinnitus and chronic pain involve sensitization of struc-
tures of the central nervous system, and that the changes
in the function of specific parts of the central nervous
system cause a reduction in threshold or an increased ex-
citability of specific nuclei of the central nervous system
to result in hyperactivity and hypersensitivity. There is
considerable evidence that such changes are brought
about by a chain of events that is initiated at the periph-
eral level of the nervous system rather than by simple ab-
normal neural activity of specific neural circuitry.

DEVELOPMENT OF CHRONIC PAIN

The fact that the chronic pain that is often seen in con-
nection with (or sequela to) injury of peripheral nerves is
often associated with hyperalgesia has resulted in a hy-
pothesis that postulates that chronic pain is caused by hy-
peractivity of certain neurons in the central nervous sys-
tem, and the wide dynamic range (WDR) neurons are
believed to develop hyperexcitability over a period of
time because of events that occur more peripherally in
the nervous system (2,9,14). Normally, the firing of
WDR neurons does not result in pain sensations, but
when they fire at a high rate, which occurs only when
these neurons have been sensitized, it results in a sensa-
tion of pain in response to stimulation of mechanorecep-
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tors that normally does not give rise to the sensation of
pain. This is known as “allodynia.”® Somehow this ab-
normal activity of the WDR neurons spreads to ascend-
ing pain tracts of the spinal cord, probably by an increase
in synaptic efficacy brought about by neural plasticity.

The contemporary hypothesis of chronic pain assumes
that such novel neural activity may over time affect central
structures in such a way that specific structures become
hypersensitive and hyperactive. Devor (15) outlined dif-
ferent possibilities for neuropathic pain mechanisms and
stated that several processes may be active and contribute
to neuropathic pain: 1) nociceptive afferents may change
their sensitivity in the periphery, and spontaneous activity
may cause ongoing pain; and 2) high threshold receptors
may become sensitized and nociceptor afferents may de-
velop new pathologic impulse generating capabilities.

The evidence of an involvement of the central nervous
system in chronic pain includes the results of studies that
show that a peripheral nerve that innervates a painful re-
gion can be blocked without resulting in a change in the
pain, and indeed it has been reported that in some cases a
spinal cord block did not alleviate the pain (1).

Abnormal neural activity generated by an injured
nerve can make centrally located structures become hy-
peractive or hypersensitive, and thereby prone to rever-
berant, self-sustained activity that causes the sensation of
pain. It could be that some external stimulation of such
hypersensitive nuclei may trigger “‘micro seizures” in the
respective nuclei to trigger pain. It is interesting to note
that not all individuals with peripheral nerve lesions de-
velop chronic pain syndromes. It thus seems that there
must be certain conditions present for the development of
such hyperactivity.

It is generally accepted that sensory input normally
modulates the transmission of neural activity that causes
pain (gate hypothesis) (12), which may be one of the rea-
sons why not all seemingly similar kinds of injuries lead
to the development of chronic pain. It may also explain
why certain forms of stimulation can reduce pain (such as
electrical stimulation of the skin—transdermic electrical
nerve stimulation [TENS]), whereas other forms of stim-
ulation can exaggerate pain.

The prevailing hypothesis on the development of
chronic pain claims that an increased peripheral input or
an abnormal peripheral input such as that resulting from
injury to peripheral nerves may over time sensitize WDR
neurons, and the subsequent high rate of firing of these

“The term “allodynia” is usually defined to mean the pain that is
elicited by stimuli that ordinarily are innocuous (77). “Allodynia” has,
however, also been used to refer to distress caused by pain, and it has
been claimed by some investigators (13) that it is not a response to a
different modality but rather an increase in pain sensation. The word
“hyperpathia” is used to describe an explosive increase in reaction to
pain when a painful stimulus exceeds a certain threshold, with a con-
tinuing sensation of pain after that the stimulation has ceased (77). The
terminology in this respect also used by different investigators differs
somewhat (13).



SIMILARITIES BETWEEN PAIN AND TINNITUS 579

neurons results in the sensation of pain (9,14). There are
several ways how sensitization of WDR neurons might
occur (9) (Fig. 1). It is possible that a loss of inhibition
from low-threshold mechanoreceptors (LTM) causes
such hyperactivity (9,16) (Fig. 1B). In such patients,
TENS stimulation, or rubbing the skin, causes rather than
reduces pain. Normally, activation of LTM neurons does
not evoke pain. The pain evoked in such patients is char-
acteristic of C-fiber pain, which indicates that there must
be new connections being made between neurons that re-
ceive LTM input and those that receive nociceptive af-
ferents. The second mechanism of chronic pain (Fig. 1C)
involves an exaggerated response from nociceptive affer-
ents (C-fibers), which would likely be caused by either
sensitized mechanoreceptors or an abnormal central fa-
cilitating mechanism (9). Such sensitization can occur as
a result of injury to peripheral nerves because of the ab-
normal neural activity generated in such nerves when
they are injured (15).

It has been suggested that an injured nerve can gener-
ate nerve impulses (15) and that the time pattern of such
abnormal neural activity differs from that of naturally oc-
curring impulse traffic in the nerve in question.

DEVELOPMENT OF SEVERE TINNITUS:
SIMILARITIES TO
THE DEVELOPMENT OF PAIN

In some patients, a strong sound can aggravate tinni-
tus, a phenomenon similar to pain triggered by light
touch of specific areas of the skin or to other forms of
neuropathic pain. These attacks of chronic pain may be
similar to the hyperacusis that many individuals with tin-
nitus experience—in these individuals, even weak
sounds can be unpleasant. The worsening of tinnitus af-
ter exposure to a strong sound may be similar to hyper-
pathia or allodynia in cases of chronic pain. As is the case
for chronic pain, the worsening of tinnitus after exposure
to a strong sound can last for many hours. There are also
similarities between tinnitus and the “wind-up” phenom-
enon in pain (17,18). Thus many patients with severe tin-
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FIG. 1. Mechanisms that may ex-
plain certain states of chronic pain. A:
Normal nociceptive  transmission
mechanisms within the spinal dorsal
horn. Large circles: Sensory transmis-
sion; small open circles with + signs:
facilitatory interneurons; filled circles
and — signs: inhibitory interneurons. B: a8
Loss of inhibitory controls and access
to facilitatory mechanisms by A[beta]
afferents. C: Exaggeration of facilita-
tory mechanisms activated by C poly-
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modal afferents. LTM, low-threshold g::érénc
mechanoreceptor afferent; HTM, high-
threshold mechanoreceptive afferent
(9).
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nitus report that strong sounds are painful and that re-
peated exposure to strong sounds lowers the threshold for
pain from any sound.

Some patients with tinnitus find relief after specific
sound stimulation, and the relief can last for hours after
the termination of the specific sound that caused the re-
lief (19), a phenomenon known as residual inhibition.
This phenomenon of residual inhibition may be similar to
the phenomenon that some kinds of pain can be relieved
by stimulation of nerve fibers of the skin, such as that ac-
complished by TENS, after which the relief from pain
sometimes outlasts the stimulation by minutes, hours,
and even days (20). Relief from tinnitus after electrical
stimulation of the cochlea may be effective in reducing
some forms of tinnitus (21) because such electrical stim-
ulation activates neural circuitry in the auditory nervous
system similar to that in the pain system.

Tonndorf (10) likened the suppression of some forms
of tinnitus by electrical stimulation of the ear with what
is known as the “gating hypothesis” for pain that was pre-
sented by Melzack and Wall (12). This gating hypothesis
assumes that activation of afferent fibers of large diame-
ter (A-fibers) can modulate the conduction of pain im-
pulses in the spinal cord.

IS THE ROLE OF THE INFERIOR COLLICULUS
FOR TINNITUS SIMILAR TO THAT OF THE
WDR NEURONS FOR PAIN?

There are several observations that point toward the
inferior colliculus (IC) as the anatomic location of ab-
normalities in some forms of tinnitus. Some neurons in
the 1C may play a similar role in tinnitus as the WDR
neurons play in chronic pain. It is known that the neurons
in the IC are normally under strong GABAergic in-
hibitory influence (22) and that they can fire at a high rate
if the inhibitory influence is eliminated. Tinnitus may
thus result from a decrease of the normal inhibitory input
similar to what has been suggested for pain (Fig. 1B) or
an increase in firing rate of certain neurons as a result of
specific input (Fig. 1C). The abnormal input could be
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loud sounds or neural activity generated by irritation of
the auditory nerve or injury to hair cells in the cochlea.
As a result, neurons of the IC may fire at an abnormally
high rate, which may open connections to other neural
circuits normally not activated by sounds; this result is
similar to that assumed to occur in the WDR neurons in
chronic pain. This would explain the hypersensitivity to
sound that some patients with tinnitus experience and the
feeling of pain when they are exposed to loud sounds.
The observation that the extralemniscal system is in-
volved in certain forms of tinnitus (23) support this hy-
pothesis. The observation that GAB Aergic neurons die at
a faster rate than excitatory neurons with age (24,25),
which may result in a decrease of GABAergic inhibition
in the inferior colliculus (26), may explain why tinnitus
occurs more frequently with increasing age.

There is other evidence that novel stimulation can re-
sult in a development of hyperactivity in specific nuclei
of the brain. The “Kindling” phenomenon is one such ex-
ample that was first demonstrated using electrical stimu-
lation of the amygdala (27), but similar stimulation has
later been found to cause hyperactivity in other nuclei.
Evidence has supported this in that vascular irritation of
a cranial nerve such as the facial nerve can lead to hy-
peractivity in the respective nucleus through mechanisms
similar to the Kindling principle (28,29).

INVOLVEMENT OF THE SYMPATHETIC
NERVOUS SYSTEM IN CHRONIC PAIN

The sympathetic nervous system may also be involved
in the mechanism of chronic pain. Reflex sympathetic
dystrophy (RSD) and causalgia are the terms used for
pain with sympathetic involvement. These forms of
chronic pain are characterized by a high sensitivity to
light touch (mediated by mechanoreceptors—not pain re-
ceptor) (30). Causalgia is associated with injuries to pe-
ripheral nerves, such as those of gunshot wounds. Pa-
tients with RSD have characteristic changes of the skin,
which becomes red and loses its hair, but there is consid-
erable individual variation in the symptoms (9,14). These
conditions are also known as sympathetically maintained
pain (SMP) and it is often, but not always, seen as a se-
quela to injury of peripheral nerves. Chronic pain with
sympathetic involvement can often be alleviated by
blocking the sympathetic nervous system (by blocking
the appropriate sympathetic ganglion or extirpating the
ganglion).

Because pain increases sympathetic activity, pain acti-
vation will increase, which again increases sympathetic
activity (9,13,14). Figure 2 shows a schematic diagram of
a physiologic model of how chronic pain may result from
trauma to a skin area (14). As a result of the trauma, ac-
tion potentials elicited by stimulation of C-nociceptors
reach the spinal cord (via the dorsal root ganglion, DRG)
where WDR neurons are activated and sensitized so that
there is an increase in the activity that ascends to high
centers of the central nervous system from these neurons.
With the WDR neurons sensitized (Fig. 2B), these neu-
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rons respond to activity in nerve fibers of large diameter
(A-fibers) from mechanoreceptors, which are activated
by light touch and produce pain and discomfort (allody-
nia). The model in Figure 2C shows how the sensitized
WDR neurons that respond to activity in fibers of large
diameter, but in Figure 2C the activity was not initiated
by touch but by sympathetic efferent action on sensory
receptors. The model in Figure 2C thus shows how sym-
pathetic activity can cause pain in the absence of physi-
cal stimulation. Because pain increases sympathetic acti-
vation, the basis for creating a vicious circle is then in
place. It has been shown that sympathetic activation can
sensitize mechanoreceptors (31). If this vicious circle is
interrupted for a period of time (e.g., by sympathetic
blockade), the pain may be permanently cured (14,15).
The role of the sympathetic nervous system in chronic
pain has been downplayed by Ochoa (5), who found evi-
dence that the antidromic firing of C-fibers is often im-
plicated in specific pain syndromes. Ochoa claimed that

FIG. 2. A physiologic model of pain involving the sympathetic
nervous system. A: Immediate response to cutaneous trauma.
Action potentials in C-nociceptors propagate through the dorsal
root ganglion (DRG) to the spinal cord where they activate and
sensitize wide-dynamic-range (WDR) neurons whose axons as-
cend to higher centers. B: The WDR neurons remain sensitized
and now respond to activity in large diameter A-mechano recep-
tors which are activated by light touch. This state produces allo-
dynia. C: The same sensitized WDR neurons respond again to A-
mechano receptor activity, but this activity is initiated by
sympathetic efferent actions on the sensory receptor, in the ab-
sence of cutaneous Injury or chronic stimulation (13).
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antidromic C-fiber activity (an axon reflex) may cause
neuropathic pain that does not involve A-fibers and can
be reduced by cooling the skin where signs of sensitized
specific modalities of polymodal C-nociceptors indicate
hyperalgesia (which can also explain why pain can be
modulated by changing skin temperature). Ochoa
claimed that many of the signs regarded to be typical for
RSD can, in fact, be explained by local phenomena on
multimodal C-fiber receptors where the sensitivity of dif-
ferent modalities are modulated in connection with an-
tidromic vasodilation (angry backfiring C-nociceptors, or
ABC syndrome) (5).

THE ROLE OF THE SYMPATHETIC NERVOUS
SYSTEM IN CHRONIC PAIN AND TINNITUS

Cochlear hair cells have abundant sympathetic inner-
vation, the function of which is not well known (32,33);
however, it seems reasonable to assume that the libera-
tion of norepinephrine at the terminals of the cochlear
hair cells may have an effect on the function of hair cells
similar to the one has on mechanoreceptors of the skin,
and thus may explain the hypersensitivity to sound in
some patients with tinnitus. It has been shown that nor-
epinephrine is present in the cochlea and that most of it
is not a result of sympathetic activation (34,35). A few
animal experiments show ambiguous results regarding
the effects of sympathetic stimulation (36,37), and only
small effects were seen on click-evoked auditory nerve
compound action potentials from the cochlea, thus not
changes that could be associated with an increased sensi-
tivity of hair cells. However, these studies were done in
the normal animal, and there may be effects of sympa-
thetic activation that occur only under pathologic condi-
tions and thus may have escaped observation in these an-
imal studies. Other studies indicate that the most
apparent effect on the ear from sympathetic activation in-
volves cochlear blood flow (38).

It has been shown that sympathectomy reduces the
temporary threshold shift that follows an exposure to
loud noise (39). The fact that the sympathetic nervous
system has a complex role in tinnitus seems similar to its
role in chronic pain. It has been difficult to determine its
exact role for the latter (refer to the previous discussion
of sympathetically maintained pain). It is not known if
there are similar multimodal C-fiber receptors in the ear,
the modulation of which could cause hyperactivity that
could explain tinnitus. An interaction between the effects
on blood flow and sympathetic stimulation may represent
a multifunction similar to what is seen in pain mediation
of C-fiber receptors that could differentially modulate
neural firing in auditory nerve fibers. Such an abnormal
firing of auditory nerve fibers could then in turn cause a
change in the function of specific nuclei of the auditory
system.

Blocking sympathetic input to the ear or a sympathec-
tomy can alleviate tinnitus in some patients (40-44).
These results, however, were obtained mostly in patients
diagnosed with Meniere’s disease. This would support

the hypothesis that the sympathetic nervous system has a
function regarding the generation of neural activity that
results in some forms of tinnitus similar to what it has in
some forms of chronic pain.

THE IMPORTANCE OF TEMPORAL
INTEGRATION OF NEURAL ACTIVITY

Pain

One of the phenomena associated with chronic pain
consists of a gradual increase in excitability in response
to stimuli presented in succession, which results in a pro-
gressive increase in the discharge rate of central neurons
(known as “wind-up”) (17,18). This phenomenon can be
demonstrated in response to repetitive stimulation of af-
ferent nerve fibers of small diameters (45), but it cannot
be induced by stimulation of afferent fibers of low
threshold (46). “Wind-up” may be regarded as a form of
temporal integration that is a result of temporal summa-
tion of slow synaptic potentials. It is interesting to note
that “wind-up” depends on the activation of N-methyl-D-
aspartic acid receptors (NMDA) (18). This observation
may be important to the treatment of chronic pain, and it
may be an effective treatment when substances that block
the NMDA receptor become available for treatment pur-
poses (experimental drugs such as MK 801 and D-CPP
are currently being tested for this purpose) (2,47). It is in-
teresting to note that, although the sensation of pain from
repeating stimuli is stronger when stimuli are delivered at
longer intervals, the number of nerve impulses that such
stimuli generate in C-fibers is larger when the interstim-
ulus intervals are longer (48-50). This fact supports the
hypothesis that the temporal integration in the “wind-up”
phenomenon occurs at a central location (17,18). This
paradox, how a smaller number of nerve impulses per
stimuli causes a stronger pain sensation when stimuli are
delivered closer together in time, indicates the impor-
tance of temporal summation in the central nervous sys-
tem in the sensation of pain.

Tinnitus

Several investigators provided evidence that in some
cases it is the time pattern of the neural activity in the as-
cending pathways in the central nervous system that de-
termines whether an activation of a peripheral nerve re-
sults in a (normal) sensory perception or a pain sensation
(51).

It has also been suggested that the auditory nervous
system may detect the presence of a weak sound on the
basis of the temporal pattern of nerve activity in many
auditory nerve fibers by sensing the temporal coherence
of neural impulses in a number of auditory nerve fibers
(52). This hypothesis has been used to explain certain
forms of tinnitus that might be related to an abnormal
generation of neural activity in the auditory nerve
(52-54). However, much less is known about the impor-
tance of the temporal pattern of sound in eliciting tinni-
tus than what is known about pain. It is, however, known
that many patients with tinnitus experience an increase in
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tinnitus after an exposure to sound and that this increase
can persist for a long time after cessation of the exposure
to the sound.

IS TINNITUS GENERATED IN THE EAR OR IN
NEURAL STRUCTURES THAT USUALLY
RESPOND TO SOUND?

Although there is indeed evidence that some forms of
tinnitus are generated in the ear, evidence has been accu-
mulating that implicates other parts of the auditory sys-
tem being involved in certain forms of severe tinnitus
(7,8,55,56).

There are also reasons to believe that chronic tinnitus
is generated in a different way than is the acute tinnitus
that is caused by events such as overexposure to sound,
thus similar to what is the case for chronic pain in which
the neural mechanisms are different from those for acute
pain. It is also possible that severe tinnitus is not caused
by neural activity in the anatomic structure that was in-
jured or otherwise primarily affected (the cochlea or the
auditory nerve), but instead is a result of changes in spe-
cific (and different) parts of the central nervous system in
which changes were induced by the injury or by other af-
fects on peripheral structures (the cochlea or the auditory
nerve) as a result of mechanisms similar to neural plas-
ticity. This assumption is supported by the observation
that people who are deaf as a result of cochlear injury or
severance of the auditory nerve can have tinnitus
(55-58). This makes chronic tinnitus resemble a phantom
perception, similar to that of patients with phantom limb
pain (7,59-61). Melzack assumed that phantom limb so-
matosensory sensations were generated in the same brain
areas that are activated by normal stimulation of the re-
spective limb, and he argued that tinnitus is also a phan-
tom sensation (61,62).

There is evidence that tinnitus that can be cured by mi-
crovascular decompression (MVD) of the auditory nerve
where it enters the brain stem (63-67), but the tinnitus may
not be generated in the auditory nerve but rather be caused
by hyperactivity in nuclei of the ascending auditory path-
way that have become hyperactive as a result of vascular
irritation of the cochlear nerve (68). The fact that auditory
evoked potentials recorded from the auditory nerve in-
tracranially and the components of the brain stem auditory
evoked potentials (BAEPs) generated by the auditory
nerve and the cochlear nucleus in patients with tinnitus are
not statistically different from those in individuals with
hearing threshold but no tinnitus that indicates that the
neural activity that gives rise to the tinnitus in such patients
is not generated in the auditory nerve. Small (but not sta-
tistically significant) abnormalities (shorter latency) ob-
served in the components of the BAEP assumed to origi-
nate in midbrain structures may be taken as an indication
that central auditory structures are hyperactive in tinnitus
patients. However, these differences in latency between
patients with and without tinnitus were too small to be sig-
nificantly different from those of individuals with hearing
threshold but no tinnitus (68).
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Stypulkowski (69) showed in animal experiments that
the administration of salicylate, which in humans would
likely cause tinnitus, did not cause an alteration in spon-
taneous neural firing in single auditory nerve fibers.
However, and maybe more important, some investigators
found an abnormal time pattern in the discharges of au-
ditory nerve fibers (70,71) after an administration of sal-
icylate, suggesting an effect on the coherence of neural
activity.

DOES TINNITUS RESULT FROM ACTIVATION
OF THE SAME NEURAL STRUCTURES THAT
ARE ACTIVATED BY SOUND?

Thus, it seems that enough evidence has accumulated
by which investigators can now agree that tinnitus is not
always generated in the ear; however, are the structures
in the central nervous system that generate the neural
activity that gives rise to the sensation of tinnitus in (all)
cases of tinnitus the same auditory nervous system that
processes normal information from the ear when a
sound reaches the ear? Jastreboff and Sasaki (72) found
that the spontaneous activity of neurons in the inferior
colliculus increased considerably in animals that had
been administered salicylate, but there were no similar
increases in the discharges of cortical neurons under
these same conditions (53,73). Assuming that the treat-
ment of these animals produced tinnitus, these results
support the results of other studies that indicate that the
sensation of tinnitus may be mediated via means other
than the classical auditory pathways (74).

The possibility that tinnitus is the result of an activa-
tion of brain areas other than those normally activated
by sound is supported by the finding that in some pa-
tients the sensation of tinnitus can be modulated by
electrical stimulation of the median nerve, whereas the
sensation of a (physical) sound in general cannot be
modulated in a similar way (74). Mdler and Mdler
noted one patient who reported that rubbing his back
with a towel gave rise to a sensation of sound (unpub-
lished observation, 1982). It is known that the ex-
tralemniscal (or adjunct) ascending auditory system re-
ceives input from other sensory systems, including the
somatosensory system (75,76). These results therefore
indicate that the extralemniscal system may be in-
volved in some forms of tinnitus. Thus, neural activity
that results in tinnitus may not always be transmitted
via the same neural pathways that are ordinarily acti-
vated by sound.

The strong psychological component that often accom-
panies chronic tinnitus, just as it does chronic pain, may
partly support the assumption that brain areas other than
those that are normally concerned with sensory (auditory)
stimuli are involved. The extralemniscal system that pro-
jects to association cortices may be responsible for evok-
ing the emotional components of tinnitus. Little is known
about this system, except that its neurons indeed respond
to sound, although in a much less specific way than do
neurons in the classical auditory pathway (75).
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TREATMENT OF TINNITUS AND PAIN

If one should attempt to make use of the knowledge
from research on pain for the treatment of tinnitus, it may
be important to note that both chronic pain and tinnitus
have many different forms and thus tinnitus should be
treated as many different disorders. The treatments that are
effective in relieving different kinds of tinnitus may there-
fore be different from the treatment that is effective for an-
other kind of tinnitus. An important similarity between tin-
nitus and pain is the hypothesis that some forms of tinnitus
are caused by a change in the function of specific parts of
the central nervous system that are brought about by a
novel input from the periphery. The development of most
diseases depend on several factors; all of which usually are
necessary but none of which are sufficient to cause a man-
ifestation of symptoms and signs. This is also generally the
case for chronic pain and tinnitus and it may explain why
diseases such as trigeminal neuralgia can be treated suc-
cessfully both by medicine and by microvascular decom-
pression that presumably removes the irritation of the
trigeminal nerve with the irritation being a necessary (but
not sufficient) factor for the development of the disease.
The medical treatment for TN makes use of drugs that
have anti-epileptic effect which are assumed to suppress
reverberant neural activity in the trigeminal nucleus. Be-
cause such vascular irritation is necessary but not suffi-
cient, removal of one of the other (necessary) factors rep-
resents an effective treatment.

The observation that vascular compression of cranial
nerves can exist without any symptoms or signs is also
evident from many studies that show that vascular com-
pression is rather common (29). This supports the as-
sumption that vascular compression is not sufficient (but
necessary) to cause symptoms but another factor (or fac-
tors) must also be present in order that symptoms become
manifest (29).

If this is applicable to tinnitus then it implies that re-
moval of the peripheral pathologies may reverse the
changes in the central structures, but the tinnitus may
also be alleviated by medical treatment that reverse the
central changes. There may also be forms of tinnitus
where the peripheral cause can be reversed without a re-
versal of the central cause. The observation that sever-
ance of the auditory nerve does not alleviate tinnitus may
be an example of that.

Other attempts to reverse the changes in the central
nervous system that cause chronic pain by using electri-
cal stimulation (TENS) have been rather successful.
Maskers for tinnitus would be equivalent to TENS for
pain. Although the presently available tinnitus maskers
have proven effective in some patients with tinnitus, a
search for more suitable stimuli for tinnitus maskers
could be of value. The use of drug therapy is another area
in which knowledge that has been gained in studies of
chronic pain may find use in the development of effective
treatment for severe tinnitus. Medical treatments that am-
plify GABAergic inhibition have already been shown to
be effective in treating some forms of tinnitus, but anti-

epileptic drugs that are sodium channel blockers may
also be effective. The observation that a combination of
different drugs is often more effective than a single drug
for treatment of pain may also be applicable to certain
forms of tinnitus. However, it could be that the observa-
tion that tinnitus has many different causes is the most im-
portant lesson that can be drawn from pain research. That
would also explain why different drugs are effective in treat-
ing patients with tinnitus.

The fact that different kinds of drugs may be effective in
treating specific forms of tinnitus makes it difficult to test
the efficacy of drugs that are aimed at treating tinnitus. If it
is not possible to separate different forms of tinnitus that are
treatable with different drugs, then the results may be that no
drug has a beneficial effect in a sufficient number of patients
because the group of patients who may respond to a certain
drug become diluted in the experimental cohort so that the
efficacy does not reach a level that is statistical significant.
The result may then be that none of the drug or therapies ap-
pears to be a valid treatment.

CONCLUSIONS

There is ample evidence that there are similarities be-
tween the pathologic conditions of both tinnitus and pain.
It is therefore possible that the considerable amount of re-
search on pain may add to our understanding of the
pathology of tinnitus and may be helpful in finding new
and better methods for treatment of tinnitus.

REFERENCES

1. Devor M: Central changes mediating neuropathic pain. In: Dubner
R, Gebhart GF, Bond MR, eds. Proceedings of the Fifth World Con-
gress on Pain. Amsterdam: Elsevier, 1988:114-28.

2. Coderre TJ, Katz I, Vaccarino AL, et al. Contribution to central
neuroplasticity to pathological pain: review of clinical and experi-
mental evidence. Pain 1993;52:259-85.

3. Woolf CJ. Evidence for a central component of post-injury pain hy-
persensitivity. Nature 1983;306:686-8.

4. Lenarz T, Schreiner C, Snyder RL, et al. Neural mechanisms of tin-
nitus. Chapter 10. In: Vernon JA, Mdler AR, eds. Mechanisms of
Tinnitus. Boston: Allyn & Bacon, 1995:101-13.

5. Ochoa J. The newly recognized painful ABC syndrome: thermo-
graphic aspects. Thermology 1986;2:65-107.

6. McFadden D. Tinnitus: facts, theories, and treatrments. Washing-
ton, DC: National Academy Press, 1982.

7. Jastreboff PJ. Phantom auditory perception (tinnitus): mechanisms
of generation and perception. Neuroscienc Res 1990;8:221-54.

8. Jastreboff PJ. Tinnitus as a phantom perception: theories and clini-
cal implications. In: Vernon JA, Mgller AR, eds. Mechanisms of
tinnitus. Boston: Allyn & Bacon, 1995;73-93.

9. Price DD, Long S, Huitt C. Sensory testing of pathophysiological
mechanisms of pain in patients with reflex sympathetic dystrophy.
Pain 1992;49:163-73.

10. Tonndorf J. The analogy between tinnitus and pain: a suggestion
for a physiological basis of chronic tinnitus. Hear Res 1987;28:
271-5.

11. Pulec JL. Tinnitus: surgical therapy. Am J Otol 1984:5:479-80.

12. Melzack R, Wall PD. Pain mechanisms: a new theory. Science
1965;150:971-9.

13. Campbell JN, Raja SN, Meyer RA. Painful sequelae of nerve in-
jury. In: Dubner R, Gebhart GF, Bond MR, eds. Proceedings of the
Fifth World Congress on Pain. Amsterdam: Elsevier, 1988;135-43.

The American Journal of Otology, Vol. 18, No. 5, 1997



584

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

Roberts WJI. A hypothesis on the physiological basis for causalgia
and related pains. Pain 1986;24:297-311.

Devor M. The pathophysiology and anatomy of damaged nerve. In:
Wall PD, Melzack R, eds. Textbook of pain. 2nd ed. London:
Churchill and Livingstone, 1984:49-64.

Dubner R. Interaction of peripheral and central input in the main
sensory trigeminal nucleus of the cat. Exp Neurol 1967:17:
186-202.

Mendell LM. Modifiability of spinal synapses. Physiol Rev
1984:64:260-324.

Woolf CJ, Thompson SWN. The induction and maintenance of
central sensitization is dependent on N—methyl-D-aspartic acid re-
ceptor activation: implications for the treatment of post-injury pain
hypersensitivity states. Pain 1991;44:293-9.

Feldmann H. Homolateral and contralateral masking of tinnitus by
noise bands and by pure tones. Audiology 1971;10:138-44.

Willer JC. Relieving effect of TENS on painful muscle contraction
produced by an impairment of reciprocal innervation: an elec-
trophsysiological analysis. Pain 1988;32:271-4.

Aran JM, Cazals 1. Electrical suppression of tinnitus. In: Ciba
Foundation Symposium 85, tinnitus. London: Pitman Books,
1981;217-25.

Pollak GD, Park TJ. The effects of GABAergic inhibition on
monarual response properties of neurons in the mustache bat’s in-
ferior colliculus. Hear Res 1993;65:99-117.

Madler AR, Mdler MB, Yokota M. Some forms of tinnitus may in-
volve the extralemniscal auditory pathway. Laryngoscope 1992;102:
1165-71.

Raza A, Milbrandt JC, Americ SP, et al. Age-related changes in
brainstem auditory neurotransmitters: measures of GABA and
acetylcholine function. Hear Res 1994;77:221-30.

Caspary DM, Milbrandt JC, Helfert RH. Central auditory aging:
GABA changes in the inferior colliculus. Exp Gerontol 1995;30:
349-60.

Willott JE, Parham K, Hunter KP. Response properties of inferior
colliculus neurons in young and very old CBA/J mice. Hear Res
1988;37:1-14.

Goddard GV. Amygdaloid stimulation and learning in the rat. J
Comp Physiol Psychol 1964;58:23-30.

Madler AR, Jannetta PJ. On the origin of synkinesis in hemifacial
spasm: results of intracranial recordings. J Neurosurg 1984:61:
569-76.

Madler AR. Cranial nerve dysfunction syndromes: Pathophysiology
of microvascular compression. In: Barrow DL, ed. Neurosurgical
topics book 13, surgery of cranial nerves of the posterior fossa.
Park Ridge, IL: American Association of Neurological Surgeons,
1993:105-29.

Loh L, Nathan PW. Painful peripheral states and sympathetic
blocks. J Neurol Neurosurg Psychiatr 1978;41:664-71.

Akoev GN. Catecholamines, acetylcholine, and excitability of
mechanoreceptor. Progr Neurobiol 1981;15:269-94.

Densert O. Adrenergic innervation in the rabbit cochlea. Acta Oro-
laryngol (Stockh) 1974;78:345-56.

Densert O, Flock A. An electron-microscopic study of adrener-
gic innervation in the cochlea. Acta Otolaryngol 1974;77:
185-97.

Rarey KE, Ross MD, Smith CB. Quantitative evidence for
cochlear, non-neuronal norepinephrine. Hear Res 1981;5:101-8.
Rarey KE, Ross MD, Smith CB. Distribution and significance of
norepinephrine in the lateral cochlear wall of pigmented and albino
rats. Hear Res 1982;6:15-24.

Lee AH, Mdler AR. Effect of sympathetic stimulation on the round
window compound action potential in the rat. Hear Res 1985;19:
127-34.

Pickles JO. An investigation of sympathetic effects on hearing.
Acta Otolaryngol 1979,87:69-71.

Laurikainen EA, Kim D, Didier A, et al. Stellate ganglion drives
sympathetic regulation of cochlear blood flow. Hear Res 1993;64:
199-204.

Borg E. Susceptibility of the sympathectomized ear to noise-in-
duced hearing loss. Acta Physiol Scand (Stockh) 1982;114:387-91.
Adams D, Wilmot T. Meniere’s disease: long-term results of sym-

The American Journal of Otology, Vol. 18, No. 5, 1997

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.
53.
54.
55.
56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

A. R. MOLLER

pathectomy. J Laryngol Otol 1982;96:705-10.

Wilmot T. Sympathectomy for inner-ear vascular insufficiency. J
Laryngol Otol 1961;75:259-67.

Golding-Wood PH. Cervical sympathectomy in Meniere’s disease.
Arch Otolaryngol 1973,97:391-4.

Passe E. Sympathectomy in relation to Meniere’s disease, nerve
deafness, and tinnitus: a report on 100 cases. Proc R Soc Med
1951;44:760-72.

Passe E. Surgery of the sympathetic for Meniere’s disease, tinnitus,
and nerve deafness. Arch Otolaryngol 1953;57:257-66.

Woolf CJ. Recent advances in pathophysiology of acute pain. Br J
Anesth 1989;63:139—46.

Cook AJ, Woolf CJ, Wall PD, et al. Dynamic receptive field plas-
ticity in rat spinal dorsal horn following primary afferent input. Na-
ture 1987;325:151-3.

Thompson SWN, King AE, Woolf CJ. Activity-dependent changes
in rat ventral horn neurons in vitro: summation of prolonged affer-
ent evoked post-synaptic depolarization produce a d-APV sensitive
wind-up. Eur J Neurosci 1990;2:638-49.

Adriaensen H, Gybels J, Handwerker HO, et al. Nociceptor dis-
charges and sensations due to prolonged noxious mechanical stim-
ulation—a paradox. Hum Neurobiol 1984;3:53-8.

Handwerker HO, Anton F, Reeh PW. Discharge patterns of afferent
cutaneous nerve fibers from the rat’s tail during prolonged noxious
mechanical stimulation. Exp Brain Res 1987;67:493-504.
Koltzenburg M, Handwerker HO. Differential ability of human cu-
taneous nociceptors to signal mechanical pain and to produce va-
sodilatation. J Neurosci 1994;14:1756—65.

Emmers R. Pain: a spike-interval coded message to the brain. New
York: Raven Press, 1981.

Madler AR. On the pathophysiology of tinnitus. Ann Otol Rhinol
Laryngol 1984;93:39-41.

Eggermont JJ. On the pathophysiology of tinnitus: a review and pe-
ripheral model. Hear Res 1990;48:111-24.

Eggermont JJ. The correlative brain: theory and experiment in
neural interaction. Berlin: Springer-Verlag, 1990.

Wigand ME, Hellweg FC, Berg M. Tinnitus nach Eingriffen am
achten Hirnnerven. Laryngol Rhinol Orol 1982;61:132-4.

Lenarz T, Schreiner C, Snyder RL, et al. Neural mechanisms of tin-
nitus. Eur Arch Otorhinolaryngol 1993;249:441-6.

House JW, Brackmann DE. Tinnitus: surgical treatment. In: Evered
D, Lawrenson G, eds. Proceedings of the Ciba Foundation Sympo-
sium 85, tinnitus. London: The Pitman Press, 1981:204-216.
Douek E. Tinnitus following surgery. In: Feldmann H, ed. Pro-
ceedings of the Third International Tinnitus seminar. Munster, West
Germany, June 11-13, 1987. Karlsruhe, West Germany: Harsch
Verlag, 1987:64-9.

Melzack R. Phantom limbs, the self and the brain (The D. O. Hebb
Memorial Lecture). Can Psychol Can 1989;30:1-16.

Melzack R. Phantom limbs and the concept of a neuromatrix.
Trends Neurosci 1990,13:88-92.

Melzack R. Phantom limbs. Sci Am 1992;266:120-6.

Schultz G, Melzack JR. The Charles Bonnet Syndrome: phantom
visual images. Perception 1991;20:809-25.

Kondo A, Ishikawa J, Yamasaki T, et al. Microvascular decom-
pression of cranial nerves, particularly of the seventh cranial nerve.
Neurol Med Chir (Tokyo) 1980;20:739-51.

Jannetta PJ. Observations on the etiology of trigeminal neuralgia,
hemifacial spasm, acoustic nerve dysfunction, and glossopharyn-
geal neuralgia: definitive microsurgical treatment and results in 117
patients. Acta Neurochirur (Wien) 1977,20:145-54.

Jannetta PJ. Microvascular decompression of the cochlear nerve as
treatment of tinnitus. In: Feldmann H, ed. Proceedings of IIl Inter-
national Tinnitus Seminar. Karlsruhe, West Germany: Harsch Ver-
lag, 1987:348-52.

Madler MB. Vascular compression of the eighth nerve as cause of
tinnitus. In: Feldmann H, ed. Proceedings of Il International Tin-
nitus Seminar. Karlsruhe, West Germany; Harsch Verlag, 1987:
340-7.

Madler MB, Mdler AR, Jannetta PJ, et al. Vascular decompression
surgery for severe tinnitus: Selection criteria and results. Laryngo-
scope 1993;103:421-7.



SIMILARITIES BETWEEN PAIN AND TINNITUS 585

68. Mdler AR, Mdler MB, Jannetta PJ, et al. Compound action poten-
tials recorded from the exposed eighth nerve in patients with in-
tractable tinnitus. Laryngoscope 1992;102:187-97.

69. Stypulkowski PH. Mechanisms of salicylate ototoxicity. Hear Res
1990:46:113-46.

70. Evans EF, Wilson JP, Borerwe TA. Animal models of tinnitus. In:
Ciba Foundation Symposium 85, Tinnitus. London: Pitman Books
Ltd., 1981:108-138.

71. Schreiner CE, Snyder RL. A physiological animal model of pe-
ripheral tinnitus. In; Feldmann H, ed. Proceedings of the Third In-
ternational Tinnitus Seminar. Karlsruhe, West Germany: Harsch
Verlag, 1987:100-6.

72. Jastreboff PJ, Sasaki CT. Salicylate-induced changes in sponta-
neous activity of single units in the inferior colliculus of the guinea
pig. J Acoust Soc Am 1986;80:1384-91.

73. Ochi K, Eggermont JJ. Effects of salicylate on neural activity in cat
primary auditory cortex. Hear Res 1996;95:63-76.

74. Mdler AR, Mdler MB, Yokota M. Some forms of tinnitus may in-
volve the extralemniscal auditory pathway. Laryngoscope 1992;102:
1165-71.

75. Aitkin L. The auditory midbrain, structure, and function in the cen-
tral auditory pathway. Clifton, NJ: Humana Press, 1986.

76. Graybiel AM. Some fiber pathways related to the posterior thala-
mic region in the cat. Brain Behav Evol 1972;6:363-93.

77. Pain terms: current list with definitions and notes of usage. Pain
Suppl 1986;3:S215-21.

COMMENTS

Although the analogy between chronic pain and tinni-
tus was proposed by Tonndorf in 1987 (1) and further ex-
panded in the 1990s (2,3), this article offers an excellent
review and update of the available data relating pain and
tinnitus and further expands Moller’s recent postulate on
the involvement of the somatosensory system and multi-
sensory neurons in tinnitus (4,5). Although our under-
standing of tinnitus is still limited, it is possible to gain
better insight into the potential mechanisms by using our
knowledge of neurophysiology. This article can be added
to the group of publications that are moving the mecha-
nisms of tinnitus away from the “cochleocentric” view.
Moreover, the postulate of the involvement of neuronal
plasticity in tinnitus emergence, including the “kindling”
and “wind-up” phenomena, has profound theoretical and
clinical implications.

It seems that the limbic and automomic nervous sys-
tems, which are involved in chronic pain (6), are also in-
volved in tinnitus (2). Recent studies on patients with tin-
nitus using the positron emission tomography technique
(7) support the involvement of the limbic system in tinni-

tus, as previously proposed (2,3). Additionally, the coexis-
tence of gaze-related tinnitus with cutaneously evoked tin-
nitus (tinnitus that can be invoked by stroking an area of
the left wrist) (8,9), suggests that, at least under some con-
ditions, the interaction of the somatosensory and auditory
systems can result in the emergence of tinnitus, which can
be directly controlled by the somatosensory signals. Fi-
nally, the recently described changes in the temporal pat-
tern of neuronal spontaneous activity may also be related
to tinnitus (10). Developments in the last decade point out
the importance of investigating other systems, in addition
to the auditory, for the mechanisms of tinnitus. This article
offers another exciting perspective.
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