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Abstract

Auditory information ascends through the brainstem to the cerebral cortices in two parallel pathways, known as the

classical and the non-classical ascending auditory pathways. The importance of the non-classical auditory pathway for

hearing in humans is unknown but its subcortical connection to limbic structures may be important in tinnitus. In this

study we show evidence that non-classical pathways are involved in loudness perception in young individuals but not in

adults. We used the fact that some neurons in the non-classical auditory pathways receive somatosensory input and we

determined the effect on loudness perception of monaural sounds from electrical stimulation of the median nerve at the

wrist. Stimulation of the somatosensory system had the greatest effect on loudness perception in the youngest children

that we studied (7–8 years) and the effect was minimal for individuals above 20 years of age. The effect was an increase in

loudness in 20 of the 40 individuals we studied and a decrease in 4 individuals; 16 experienced no noticeable change in

loudness during somatosensory stimulation. q 2002 Elsevier Science Ireland Ltd. All rights reserved.
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The anatomy of the non-classical pathways is different

from that of the classical pathways, mainly regarding the

thalamic relay nuclei. The classical pathways are inter-

rupted in nuclei in the ventral portion of the medial genicu-

late body (MGB) [1,14,19] while the non-classical pathways

are interrupted in nuclei located in the medial and dorsal

MGB [1,6]. It is generally assumed that the non-classical

auditory pathways branches off from the classical pathways

at the midbrain through connections from the central

nucleus (ICC) of the inferior colliculus (IC) [1], where all

auditory information is interrupted. Both the external

nucleus of the IC (ICX) and the dorsal cortex of the IC

(DCIC) belong to the non-classical auditory system, and

these nuclei receive their input from neurons of the ICC.

Morphologic (retrograde tracers) studies in cats reveal a

dual representation of somatosensory and auditory systems

in some neurons in the external inferior colliculus (ICX) [1],

and there are also connections from the dorsal column of the

somatosensory system and from the trigeminal sensory

system [7,15] to neurons in the ICX and DCIC. Neurons

in the cochlear nucleus (especially the dorsal cochlear

nucleus) also receive input from the somatosensory system

(dorsal column nuclei and the trigeminal sensory nucleus

[7,15]).

The thalamic nuclei of the non-classical pathways (dorsal

and medial parts of the MGB) project to secondary and

association cortices and to regions of the brain that are not

reached directly by the classical auditory pathways such as

structures of the limbic system (the basolateral nucleus of

the amygdala [9] and probably the cerebellum [9]). The non-

classical auditory pathway provides a subcortical route to

the basolateral amygdala nuclei, known as the ‘low route’

[9]. Limbic structures can also be reached through the clas-

sical sensory pathways via primary, and association cortices

(the cortical or ‘high route’ [9]).

While the neurons of the classical ascending auditory

pathways respond distinctly to sound stimuli and are sharply

tuned to the frequency of sounds neurons in the non-classi-

cal pathways are somewhat less sharply tuned and respond

less distinctly to sounds [1,3,16]. While neurons of the clas-

sical auditory pathways respond only to sound stimuli some

neurons of the non-classical auditory pathways also respond

to somatosensory stimuli [1] and their response to sound can

be modulated by stimulation of the somatosensory system as

shown in the cat [2] and the rat [17]. Our previous studies on

the involvement of the non-classical auditory system in
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tinnitus [13] made use of the fact that the non-classical

auditory system receives input from the somatosensory

system and that the transmission of auditory information

in the non-classical pathways can be modulated by somato-

sensory input.

In the current study, we made use of the same method and

presented sounds with no apparent spectral information to

individuals between the age of 7 and 45 years, one ear at a

time and determined if the loudness of the sound changed

during somatosensory stimulation (electrical stimulation of

the median nerve). A change in loudness as a result of

median nerve stimulation was taken as an indication that

the non-classical pathways were involved in loudness esti-

mation of these sounds.

We tested 30 children between 7 and 18 years and 10

individuals between the age of 20 and 45 years using the

same technique as described earlier [13]. Individuals

listened to trains of impulses (clicks) and compared the

loudness of these sounds when presented with and without

electrical stimulation of the median nerve. The study was

approved by the Institutional Review Board of the Univer-

sity of Texas at Dallas. Parents to children younger than 18

years signed consent forms. Individuals above 18 years of

age signed the same consent forms.

Sounds were presented to one ear at a time using conven-

tional earphones with circumaural cushions. The test sounds

were generated by applying rectangular impulses, 20 mS

duration, at a rate of 40 pps (pulses per second) to the

earphone and the sounds were presented at a level of

approximately 65 dB above normal hearing (HL).

The left median nerve at the wrist was stimulated with

rectangular impulses, 100 mS duration presented at a rate of

4 pps and applied through adhesive surface electrodes. The

reference electrode was placed on muscles of the thenar

eminence. The intensity of the stimulation was slowly

increased until the subjects felt a strong tingling that

radiated out in the fingers that are innervated by the median

nerve, but without any sensation of pain. With the electrical

stimulation off, the sound was presented to the left ear and

the subjects were asked to notice the intensity of the sound.

After approximately 10 s, the electrical stimulation was

switched on for approximately 5 s and the subject was

asked if the loudness of the sound changed during the elec-

trical stimulation. If the person noticed a change in the

loudness of the sound the same sound was presented without

any electrical stimulation and its intensity was varied until it

matched the perception of the sound during electrical stimu-

lation of the median nerve. This procedure was repeated at

least twice, after which the sound was applied to the right

ear and the entire procedure was then repeated for that

(contralateral) ear.

Electrical stimulation of the median nerve caused a

change in loudness that was largest in the 7–8 year group.

In this group of 10 only one did not experience a noticeable

change, 7 experienced an increase and 2 experienced a

decrease in loudness during electrical stimulation of the

median nerve. In the age group 9–12 years 2 of 10 subjects

experienced no noticeable change and one individual

experienced a decrease in loudness. In the age group of

13–19 years 3 of 10 did not experience any noticeable

change in loudness, 2 experienced a decrease and 5 experi-

enced an increase in loudness. In the age group of 20–45,

only 1 of 10 experienced a noticeable change (increase) in

loudness. The effect of median nerve stimulation was simi-

lar in the contralateral and ipsilateral ears with mean differ-

ences of less than 0.1 dB.

Each individual’s change in loudness scores was

regressed on age for both the ipsilateral and the contralateral

conditions. We found a main effect of age for both the

ipsilateral (Fð1; 38Þ ¼ 36:3, P , 0:001) and contralateral

(Fð1; 38Þ ¼ 47:9, P , 0:001) conditions1. Age accounted

for similar amounts of variation in the ipsilateral

(R2 ¼ 0:49, P , 0:001) and contralateral (R2 ¼ 0:56,

P , 0:001) conditions. The model predicts (see Fig. 1)

that, on average, when individuals are young, relatively

small differences in age (i.e. from 7 to 9 years) are asso-

ciated with relatively large decreases in detectable changes

in loudness when the median nerve is stimulated (i.e. from

2.56 to 1.77 dB). Conversely, on average, when individuals

are older relative large increments in age (i.e. from 25 to 43

years) are associated with relatively small decreases in

detectable change in loudness of the sound when the median

nerve was stimulated electrically (i.e. from 0.38 to 0.18 dB).

Thus, on average, the studied effect decreased at a progres-

sively slower rate with individuals detecting no appreciable

difference in loudness levels by 20 years. We therefore

concluded that the involvement of the non-classical auditory
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1 The natural log of age and change in loudness for both the

ipsilateral and contralateral condition was used in the regression

analyses in order not to violate the linearity assumption under-

lying regression.

Fig. 1. Average change in perceived loudness during median

nerve stimulation, as a function of age.



pathways was consistent in young individuals but rare in

adults.

We interpreted our results as signs of involvement of the

non-classical pathways that diminished with age, thus prob-

ably a sign of normal maturation. The fact that some of the

individuals that we studied experienced an increase in loud-

ness when their median nerve was stimulated while a few

individuals experienced a decrease in loudness is in agree-

ment with the reported findings that cells in the ICX can

respond to both auditory and somatosensory stimulation and

can either enhance or suppress the response to sound [1,2].

There are also other possibilities of interaction between

somatosensory and the auditory stimuli. Thus the fact that

some cells in the dorsal cochlear nucleus receive somato-

sensory input provides the neural substrate for such interac-

tion. These pathways may also be regarded as part of the

non-classical auditory pathways that make use of the dorsal

thalamus. The dorsal cochlear nucleus has been implicated

in tinnitus [8].

The change in function of the auditory system that we

observed may be an example of specialization where audi-

tory processing is shifted from the phylogentically older

non-classical system, towards the phylogentically newer

classical auditory system that perform finer analysis of

sounds. Patrick Wall presented the hypothesis of unmasking

of ineffective synapses as a cause of certain forms of neuro-

pathic pain [18] and the results of the present study have led

us to hypothesize that the efficacy of synapses that connect

auditory input to the non-classical auditory pathways

decreases during ontogeny and that these synapses become

ineffective at the time of adulthood.

The synapses that connect auditory information to the

non-classical auditory system and make the non-classical

auditory pathways become involved in loudness perception

may become unmasked later in life as an expression of

neural plasticity. Examples of that have been shown in

connection with severe tinnitus. Thus we showed earlier

that 10 of 26 tinnitus patients experienced distinct changes

in their tinnitus upon electrical stimulation of the median

nerve [13] indicating an involvement of the non-classical

auditory pathways in generating the tinnitus in these 10

individuals. Opening of the subcortical route from the

dorsal thalamus (‘low route’ [9]) to the amygdala by acti-

vation of the non-classical auditory pathways in patients

with tinnitus is further supported by functional imaging

studies that showed that structures that belong to the

limbic system are activated in some patients with tinnitus

[10]. Other studies have also indicated that the non-classi-

cal pathways are involved in some forms of severe tinnitus

[4].

This subcortical route (‘low route’) to the basolateral

amygdala may be the basis for the emotional reactions to

auditory stimuli that are experienced by some patients with

severe tinnitus. Normally, highly processed information that

is carried by the classical auditory system reaches limbic

structures via a long chain of neurons in the cerebral cortex

(‘high route’). Abnormal routing of auditory information to

limbic structures is suggested by the fact that individuals

with severe tinnitus often have an abnormal perception of

loudness (hyperacusis) and some individuals experience

phonophobia [11]. The fact that some individuals with tinni-

tus perceive sounds from skin stimulation may be a sign of

re-routing of tactile information in a similar way as occurs

in individuals with neuropathic pain who experience pain

from normally innocuous cutaneous stimulation (allodynia)

[5,11]. These phenomena may all be explained by unmask-

ing of ineffective synapses [12,18].

The non-classical pathways provide a direct subcortical

route to the amygdala [9] that mediates less processed infor-

mation than the cortical route. Therefore failure in this

maturation process that reduces the involvement of the

non-classical auditory pathways may cause some of the

symptoms in children with some childhood developmental

problems. The finding that the non-classical auditory path-

ways and subsequently the subcortical route to the amygdala

are active in children but not in adults may suggest that

some of the symptoms in individuals with childhood devel-

opmental disorders could be caused by delays of the matura-

tion process that decreases the involvement of the non-

classical sensory pathways.

[1] Aitkin, L.M., The Auditory Midbrain, Structure and Function

in the Central Auditory Pathway, Humana Press, Clifton,

UK, 1986.

[2] Aitkin, L.M., Dickhaus, H., Schult, W. and Zimmermann, M.,

External nucleus of inferior colliculus: auditory and spinal

somatosensory afferents and their interactions, J. Neuro-

physiol., 41 (1978) 837–847.

[3] Aitkin, L.M., Tran, L. and Syka, J., The responses of neur-

ons in subdivisions of the inferior colliculus of cats to

tonal, noise and vocal stimuli, Exp. Brain Res., 98 (1994)

53–64.

[4] Cacace, A., Lovely, T., McFarland, D., Parnes, S. and Winter,

D., Anomalous cross-modal plasticity following posterior

fossa surgery: some speculations on gaze-evoked tinnitus,

Hear. Res., 81 (1994) 22–32.

[5] Coderre, T.J., Katz, J., Vaccarino, A.L. and Melzack, R.,

Contribution of central neuroplasticity to pathological

pain: Review of clinical and experimental evidence, Pain,

52 (1993) 259–285.

[6] Graybiel, A.M., Some fiber pathways related to the poster-

ior thalamic region in the cat, Brain Behav. Evol., 6 (1972)

363–393.

[7] Itoh, K., Kamiya, H., Mitani, A., Yasui, Y., Takada, M. and

Mizuno, N., Direct projections from dorsal column nuclei

and the spinal trigeminal nuclei to the cochlear nuclei in

the cat, Brain Res., 400 (1987) 145–150.

[8] Kaltenbach, J.A., Hyperactivity in the dorsal cochlear

nucleus after intense sound exposure and its resemblance

to tone-evoked activity: a physiological model for tinnitus,

Hear Res., 140 (2000) 165–172.

[9] LeDoux, J.E., Brain mechanisms of emotion and emotional

learning, Curr. Opin. Neurobiol., 2 (1992) 191–197.

[10] Lockwood, A., Salvi, R., Coad, M., Towsley, M., Wack, D.

and Murphy, B., The functional neuroanatomy of tinnitus.

Evidence for limbic system links and neural plasticity,

Neurology, 50 (1998) 114–120.

A.R. Moller, P.R. Rollins / Neuroscience Letters 319 (2002) 41–44 43



[11] Møller, A.R., Similarities Between Chronic Pain and Tinni-

tus, Am J. Otol., 18 (1997) 577–585.

[12] Møller, A.R., Symptoms and signs caused by neural plasti-

city, Neurol. Res., 23 (2001) 565–572.

[13] Møller, A.R., Møller, M.B. and Yokota, M., Some forms of

tinnitus may involve the extralemniscal auditory pathway,

Laryngoscope, 102 (1992) 1165–1171.

[14] Morest, D.K., The neuronal architecture of the medial geni-

culate body of the cat, J. Anat. (Lond.), 98 (1964) 611–630.

[15] Shore, S.E., Vass, Z., Wys, N.L. and Altschuler, R.A.,

Trigeminal ganglion innervates the auditory brainstem, J.

Comp. Neurol., 419 (2000) 271–285.

[16] Syka, J., Popelar, J. and Kvasnak, E., Response properties

of neurons in the central nucleus and external and dorsal

cortices of the inferior colliculus in guinea pig, Exp. Brain

Res., 133 (2000) 254–266.

[17] Szczepaniak, W.S. and Møller, A.R., Interaction between

auditory and somatosensory systems: a study of evoked

potentials in the inferior colliculus, Electroenceph. clin.

Neurophysiol., 88 (1993) 508–515.

[18] Wall, P.D., The presence of ineffective synapses and

circumstances which unmask them, Phil. Trans. Royal

Soc. (Lond.), 278 (1977) 361–372.

[19] Winer, J.A., The functional architecture of the medial geni-

culate body and the primary auditory cortex, In D.B.

Webster, A.N. Popper and R.R. Fay (Eds.), The Mammalian

Auditory Pathway: Neuroanatomy, Springer-Verlag, New

York, 1992 pp. 222-409.

A.R. Moller, P.R. Rollins / Neuroscience Letters 319 (2002) 41–4444


